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Abstract

The 3′ untranslated regions deeply affect many properties of eukaryotic mRNA. In plants, the polyadenine control signals contained in these
regions seem to be more variable than of mammals. Three cDNA libraries derived from the leaf, endosperm and stem tissues of rice were
sequenced from the 3′-end. Of the 9911 transcripts analyzed, 5723 unique transcripts were identified from the leaf sequences, 2934 from the
endosperm and 1254 from the stem. The information entropy and two statistical methods were used to compile a list of rice poly(A) control
signals. Based on their distribution, these signals can be roughly grouped into far-upstream element (FUE), near-upstream element (NUE), T-rich
region (TRE) and downstream element (DE). The distribution of rice conserved regions is similar to the previous model from Arabidopsis and
yeast, with a few differences in word constructions. Interestingly, we also found the word distributions were diverse in the cleavage site of
downstream sequences of different rice tissues. The signal bias in downstream sequences may lead mRNA to be differently cleaved in different
rice tissues.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Most eukaryotic mRNAs contain long 3′ untranslated
regions (UTR) spanning hundreds of nucleotides in front of
polyadenine [poly(A)] tails. These regions affect mRNA
stability (Dreyfus and Regnier, 2002), assist in translation
(Knirsch and Clerch, 2000), determine intracellular localization
(Kislauskis et al., 1994) and control polyadenylation (Mazum-
Abbreviations: UTR, untranslated region; poly(A), polyadenine; CS,
cleavage site; FUE, far-upstream element; NUE, near-upstream elements;
EST, expressed sequence tag; TRE, T-rich elements; CE, cleavage element.
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der et al., 2003). In mammals, the control region of the poly(A)
signal in 3′-end-processing sequences has been widely
investigated and two components are found: 1) the canonical
AATAAA hexamer, located 10 to 30 bases upstream of the
cleavage site (CS) in 90% of all sequenced polyadenylation
elements, and 2) a T- or GT-rich element 20 to 40 bases
downstream of the CS in approximately 70% of mammalian
pre-mRNAs (Colgan and Manley, 1997; Zhao et al., 1999). In
yeast and plants, a predictive model of the 3′-end-processing
signal is more elusive because there is no universally conserved
sequence (word) such as the AATAAA hexamer. The
hypothetical 3′-end-processing signal in plants consists of a
far-upstream element (FUE), one or more A-rich regions known
as near-upstream elements (NUE), and U-rich regions located
upstream of, downstream of, or flanking a CS (Graber et al.,
1999; Rothnie, 1996). Recently, bioinformatic analysis identi-
fied cleavage elements, a new set of poly(A) signals in Arabi-
dopsis that flank both sides of the CS (Loke et al., 2005).
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Table 1
Sequence processing data

Leaf
dataset

Stem
dataset

Endosperm
dataset

General
dataset

The number of EST 15,396 2683 10,245 28,324
The number of poly(A) EST 13,293 2482 9070 24,845
Poly(A) EST percent (%) 86.3 92.5 88.5 87.7
Average length (nt) 488 522 462 482
Genome mapped ESTs 8511 1380 5677 15,568
Genome mapped unique
transcripts

5723 1254 2934 9911
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The genomic sequences of the two main subspecies of
domesticated rice (Oryza sativa), indica cv. 9311 and japonica
cv. Nipponbare, are now available (Goff et al., 2002; Yu et al.,
2002). However, gene identifications and transcript catalogs
covering polyadenylation are still far from complete. Because
the control signals of polyadenylation in plants are still unclear,
polyadenylic sites cannot be predicted from the genomic
sequence alone. In silico experiments combining genome
sequences with reliable expressed sequence tags (ESTs) from
the 3′-end of cDNA clones could help to identify a general
structure of polyadenylation control regions (Beaudoing and
Gautheret, 2001). Here, a large non-redundant 3′ EST dataset
was generated from three rice cDNA libraries and subjected to a
statistical analysis to investigate the 3′-end sequence features of
rice.

2. Materials and methods

2.1. Preparation of 3′-end processing sequence datasets

Three cDNA libraries from the leaf, endosperm and stem
tissues of rice were sequenced from the 3′-end with a
MegaBASE™ 1000 automated sequencer (MD). Details can
be found at www.estarray.org.

Base calling and quality control of the EST sequences were
performed with the Phred program (Ewing et al., 1998). Of
28,324 ESTs, only those sequences containing poly adenines
(A) and a part of vector sequences in 3′-end were analyzed.
After trimming vectors and poly(A) tails, 24,845 ESTs (13,293
from leaf, 9070 from endosperm and 2482 from stem cDNA
libraries) had more than 100 nucleotides (nt). Only the last
100 nt of each 3′ EST were used for alignment with genomic
sequences of O. sativa ssp. indica cv. 9311 (downloaded from
http://rice.genomics.org.cn/rice2/link/download.jsp) with the
MegaBlast program (Zhang et al., 2000). A strict threshold
was set with the following parameters: percentage of identity,
N95%; alignment length, N95 nt; gap openings and mismatches,
b5 nt; and the end of the aligned query sequence (q. end) had to
be the 100th nucleotide. ESTs that aligned genomic sequences
in the same position were regarded as the same transcript. The
search identified 5723, 2934 and 1254 unique transcripts in the
leaf, endosperm and stem libraries, respectively. The 150
nucleotides upstream and 100 nucleotides downstream of the
cleavage sites were used for further word detection. These data
can be downloaded at http://www.estarray.org/est/download.
asp.

2.2. Entropy of the sequence segments of the sliding window

Given a probability distribution P=(p1,p2…pn), its entropy
H ( p) could be defined as:Hð pÞ ¼ Eð−logpÞ ¼ −P

n

i¼1
ð pi⁎logpiÞ,

where E is the expectation (Shannon, 1948).
A sliding window was employed to intercept the segment in

all of the tested sequences. For example, if the length of the
window was 10 nt, 241 segments could be obtained along the
250 nt in each sequence. For a segment j, we could compute its
probability distribution as p( j)= [PA( j), PT( j), PC( j), PG( j)].
Here PAð jÞ ¼ SumAð jÞ
SumA;T;C;Gð jÞ, where SumA( j) is the sum of base A in

the segment j of all tested sequences, and SumA,T,C,G( j) is the
total number of A, T, C and G in this segment j. Therefore, the
entropy of sequence segment j is:

Hð jÞ ¼ −½pAð jÞ⁎logpAð jÞ þ pTð jÞ⁎logpTð jÞ
þ pCð jÞ⁎logpCð jÞ þ pGð jÞ⁎logpGð jÞ�

Two was used as the fundus of the logarithm

2.3. Detection of putative cis-elements

Initially, significant word detection was performed through
R'MES, a set of programs used to find words that occur in a
given DNA sequence with an unexpected frequency based on
Markov chain models (Reinert et al., 2000; Schbath, 2000). As
suggested by van Helden et al. (2000), 3 was chosen as the
Markov chain order. Because a higher Z-score in the program
results would lead to the inclusion of words with a low count
(Graber et al., 1999), only words with a Z-score more than 3.49,
which corresponds to a first-order risk α=1/46, and a raw count
frequency more than 3 times the random frequency (e.g. the
random frequency of a 6 nt word is 1/46=2.44e−4) were
regarded as an unexpected frequency element.

Then, χ2 test was performed to analyze positional bias.
Every sequence was divided into 25 classes (from 1 to 250, with
a class interval of 10). For each word, the number of
occurrences in each class was compared to the expected
number of occurrences, calculated on the basis of a flat
distribution hypothesis (van Helden et al., 2000). Different χ2

values were chosen based on the length of the word, such as 50
for a 6 nt word. The Perl script for the entire process can be
downloaded at www.estarray.org. Finally, Cluster3.0 software
(Eisen et al., 1998) was used to cluster significant words.

3. Results

3.1. General statistics of EST datasets of three cDNA libraries

Of a total 28,324 ESTs sequenced by ourselves (Genbank
accession No.: BI794850–BI804839, BI807369–BI813841,
BM037978–BM039065, BM418528–BM422313, BQ905903–
BQ909262), 24,845 ESTs with poly(A) tails were found in
the leaf (13,293), endosperm (9070) and stem (2482) cDNA
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Fig. 1. Distribution of nucleotide and information entropy. A, The nucleotide distribution between 150 nt upstream and 100 nt downstream of CS in all sequences.
B, Information entropy of stem, endosperm and leaf sequences from 60 nt upstream to 30 nt downstream with a series of window lengths (e.g. Len3 is a window
length of 3 nt).
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libraries of rice. After mapped to the genomic sequences of O.
sativa ssp. indica cv. 9311 with a very strict threshold, total 9911
cleavage sites (CS) in rice genomic sequences were used for
further analysis. A summary of these results is shown in Table 1.

3.2. Analysis of cis-element distribution and length

The nucleotide distribution in the interval between 150 nt
upstream and 100 nt downstream of the CS is shown in Fig. 1A.
It was a region with a relatively low GC content (40% on
average). Significant fluctuation appeared in the positions from
−35 to +15, indicative of the presence of centralized cis-
elements. Notably higher C and T contents at position −1 to −2,
and a high abundance of adenines at positions 0 to +1 (80%),
were characteristic of the conservative composition of the poly
(A) site (CA/TA, 79.4%).

A series of sliding windows of different lengths were used
to show the segment entropy variation within the sequences
(Fig. 1B). After increasing the width of the windows, the line
of entropy became flatter, signifying that the continuous
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conservation of nucleotides was no more than 10 nt. In general,
there were three peaks in the region between −60 to 30 of the CS,
which may represent the existence of a specific sequence
composition. At position 0, the highest peak represented the
conservation of sequence at the poly(A) site. In this position,
within a window of 10 nt, the trend of the entropy variation
remained unchanged, however the values changed greatly. The
smallest value was 3 nt in width, meaning that the longest
possible length of conserved sequences is less than 3 nt. The
peak at position −10 represented the value from a T-rich region
located at about −10 nt upstream of the poly(A) site. The third
peak at −30 nt upstream of poly(A) site, characterized an A-rich
region, which was similar to an NUE. At the −10 and −30
positions, the entropy values displayed only minor changes
within 10 nt, and the width of region scales increased. However,
a peak analogous to the FUE was not found, implying a higher
Fig. 2. Distribution of conserved regions in rice sequences. A, The distribution of si
were generated through the scanning methods of Markov chain model and the χ2 test
25 classes with 10-nt intervals (e.g. U1 means the 1st class from 1 to 10 nt of upstream
Nseq divided by the number of total sequences (9911) with the percentage of the to
upstream element; NUE, near-upstream element; TRE, T-rich region; DE, downstre
degree of polymorphism in element composition and position.
Interestingly, only the entropy curves of the stem library had a
fourth peak at downstream position 8.

3.3. Detection of potential elements

The Markov chain model and χ2 test were used to measure
the over-representation and position biases of words. These
significant words were screened as putative cis-elements.
Twenty-five classes with 10-nt intervals were used to determine
the distribution of significant words and to perform K-mean
(K=4) clustering (Fig. 2A). The words in cluster I were putative
FUEs, which mainly distributed 40 nt upstream of the CS. Two
repetitive GT words were located approximately 100 nt
upstream, while the remaining seven appeared 50–70 nt
upstream and had a core motif of TGTA. The words in cluster
gnificant words was performed by K-mean (K=4) clustering. Significant words
. Sequences 150 nt upstream and 100 nt downstream of the CS were divided into
sequences.). Nseq is the number of sequences in which the word could be found.
tal in parentheses. B, The model of for rice mRNA poly(A) signals. FUE, far-
am element.



Fig. 3. Two typical downstream elements were scanned in stem, leaf and endosperm sequences from 10 nt upstream to 30 nt downstream of a CS. The Y-coordinate was
the percentage of sequences in which the word was found in this position.
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II, putative NUEs, were distributed 10 to 40 nt upstream of a
CS. The most significant word was AATAAA, which had the
highest Z-score and χ2 value of all of the words found in this
analysis. Of the 1979 sequences that could be scanned using this
word, 854 of them were found in the predicted positions and
accounted for 8.6% of the 9911 3′-UTR sequences. ATATAT
appeared in 2281 sequences, but only 568 (5.7%) of them were
10–40 nt upstream of a CS. The other words in this cluster also
consisted exclusively of A and T letters, with the sole exception
of the ATGAAT hexamer. Cluster III appeared to be more
dispersive than the other three clusters, with words mainly
found in a region that spanned 10 nt upstream to 40 nt
downstream of cleavage sites. Since all of these words had more
than four T letters, they were designated as T-rich elements
(TRE). The AAAAAA hexamer, its two substitutions in which a
letter A changed to G, and the TTTTTT hexamer were mainly
distributed downstream of poly(A) sites and were included in
cluster IV. These four words were denoted as downstream
elements (DE).

In summary, based on the generated position distribution
profile and base frequency statistic, a general model of the
conservative elements of 3′-end processing and their distribu-
tion in rice is displayed in Fig. 2B.

3.4. Tissue specific distribution of downstream elements

The entropy results reveal that there is a fourth peak in the
downstream of CS only observed in the curve generated from
stem-derived sequences. Thus, the tissue distributions of two
typical downstream elements, AAAAAA and TTTTTT, were
analyzed from 10 nt upstream to 30 nt downstream of a CS
(Fig. 3). The AAAAAA hexamer was found in more than 3% of
endosperm UTRs after a CS, 123 times more than a random
distribution. However, this signal was weaker in the analyses of
leaf and stem tissues. Only 1.5% of stem 3′-UTR, less than half
that was found in endosperm, contained the AAAAAA
hexamer. The poly(T) signal was stronger in the downstream
region in all three tissues, but was stronger and more con-
centrated in the stem. It indicated the distributions and intensity
of conserved signal were diverse in the downstream sequences
of different rice tissues.

4. Discussion

4.1. The structure of conserved regions in the 3′-UTR of rice

Using computational methods to analyze entropy and
conserved regions, a compilation of rice poly(A) control signals
was produced from 3′-UTR datasets covering 9911 unique
cleavage sites. The distribution of conserved regions in rice is
similar to the previous working models in Arabidopsis and
yeast, but there are still small differences in word constructions.

Information entropy analysis revealed that the strongest
signal appeared at the CS and a conservative region with a
length of less than 3 nt. Based on the statistical result, 79% of
rice 3′-UTRs have CA or TA in the CS, therefore it is the most
probable signal at this position. This result is consistent with the
findings from six eukaryotic species (Graber et al., 1999), which
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indicates that the CS signal is the most conserved positioning
signal in all eukaryotes.

The function of an FUE is to enhance the formation
efficiency of plant mRNA (Rothnie, 1996). Two FUE element
clusters were identified in the rice genome. One is a word
cluster covering the core TGTA motif, generally 50–70 nt
upstream of the CS, which was reported to contribute to the
efficiency of 3′-processing and has been correlated with
transcript stability in yeast (Graber, 2003). The second FUE is
a GT-repeat element around 100 nt upstream of a CS. In Ara-
bidopsis, FUEs are usually T-rich elements that are found
approximately 100 nt upstream of a CS (Loke et al., 2005; Zhao
et al., 1999). Therefore, these result show that different words
and positions have been selected in rice and Arabidopsis to
control poly(A) efficiency.

The AATAAA sequence is the most significant NUE, and is
equally prevalent in both Arabidopsis (Graber et al., 1999) and
rice in 8.6% 3′-UTRs which are located in 10–30 nt upstream of
a CS. The word TATATA was identified as an FUE, but its
location differs by 20–30 nt from that of the NUE in yeast (van
Helden et al., 2000). However, its position distribution showed
that it is a significant NUE in rice.

In Arabidopsis, cleavage elements (CE) are conserved
regions 10 nt upstream to 20 nt downstream of cleavage sites
that contain a subset of small cis-elements: two T-rich sequences
flanking both sides of the CS (Loke et al., 2005). The con-
struction and positions of CEs correspond to TREs and DEs in
our rice model. The only difference is that the DE in rice also
includes the AAAAAA hexamer and some A-rich elements, all
of which are as significant as the TRE in downstream sequences.

4.2. Control signal variation in different rice tissues

Herein, we also found that word distributions were diverse in
the CS downstream sequences of different rice tissues. In the
entropy distribution of sequences from rice stems, there was a
special fourth peak at 15 nt downstream of the CS. After
scanning the DE above around this position, the intensity of the
poly(A) signal and the distribution of the poly(T) signal both
differ from those of other tissues. Considering that the CS
downstream sequences followed the 3′-end of the cDNA and
that this position was so close to CS, we thought that this signal
might be related to the choice of cleavage position. Research
has indicated that the alternative polyadenylation phenomenon
is common in mammalian (Gautheret et al., 1998) and plant
genes (Meyers et al., 2004). It has been estimated that at least
49% of human genes and 31% of mouse genes have alternative
polyadenylation sites (Yan and Marr, 2005). Moreover, dif-
ferential poly(A) sites have been shown to occur in a tissue- or
disease-specific manner (Edwalds-Gilbert et al., 1997). Statis-
tical biases in the distribution of alternative mRNA forms
among EST libraries of different tissues have also been found
for the human and mouse genomes (Beaudoing and Gautheret,
2001). In this study, the results suggest that the mRNA tran-
scribed in rice stem cells is preferentially cleaved from the
genome before the poly(T) signal. Nevertheless, clarification of
the relationship between the tissue-specific regulation of
polyadenylation and the signals distributed downstream of the
CS requires further analysis with a large number of 3′ ESTs.
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