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Abstract. In contrast to prokaryotes, the proximity of genes in eukaryotic genomes has not

previously been known to play any significant role in their expression profiles. However, re-

cently reported phenomena in human, mouse, yeast and a few plant species indicate such role:

chimeric mRNAs and proteins produced via alternative transcription termination, splicing and

translation of the Tail-to-Head (T2H) neighboring genes. To further verify this evidence at

the genomic scale, we scanned the rice and Arabidopsis genomes for the presence of T2H gene

pairs at a distance of less than 1000 bp. Our studies suggest that “non-stopping” transcription

and alternative splicing of some of these T2H pairs may produce chimer transcripts. We ob-

tained cDNA support for 100 Arabidopsis and 42 rice T2H pairs to be transcribed into chimeric

mRNA(s). Analysis of 155 chimeric transcripts from both species revealed 71 mono-cistronic

and 58 bi-cistronic mRNAs potentially encoding chimeric or separate proteins.
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1. Introduction

The “one-gene, one-protein” rule proposed by Beadle and Tatum suggests that the number of
proteins in an organism must not exceed the total number of genes in its genome. However, in eu-
karyotes one gene may code for many mRNAs through alternative splicing and other mechanisms
[14]. For example, less than 30,000 genes in human genome code for over 100,000 different pro-
teins [21](see also: http://www.ornl.gov/sci/techresources/Human Genome/project/info.shtml).
A recently reported phenomenon of transcription induced chimeric (TIC) genes generates addi-
tional mRNA variants [1,17].

Transcription of the eukaryotic genes begins at a transcription start site (TSS) of promoter,
and ends at a regulated termination point [20,24]. Neighboring genes are usually separated
from each other by intergenic nonexpressed regions [12]. However, occasionally the regulated
termination point of one gene fails to work effectively and results in transcription to continue
until the termination point of the next downstream gene located in tandem on the same strand
of the DNA (Tail-to-Head, T2H). Such read-through transcription produces mRNA comprising
of exons from both the neighboring T2H. Furthermore, alternative splicing of these chimeric
pre-mRNA might give various alternative chimeric mRNAs consisting of exons from both the
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genes, where intergenic spacer may serve as a part of a new exon or intron. The translation
of such a chimeric mRNA will produce a chimeric protein with domains from both the original
proteins [1,5,10,11,17,18,19,23].

Akiva et al [1] identified, through in silico studies, over 200 cases of intergenic splicing, in-
volving 421 genes in the human genome and then experimentally demonstrated the existence of
at least half of the resulting fusion proteins in the human tissues. They also showed that: (1)
unique splicing patterns dominate the functional and regulatory nature of the resulting tran-
scripts, and that (2) there is an intergenic distance bias in the fused genes compared to the
non-fused genes. It was suggested that that the hundreds of fused genes identified are only a
subset of a large number of fused genes present in human cells.

Parra et al [17], by relying on both computational and experimental analysis, is estimated
that 4%–5% of the tandem gene pairs in the human genome can be eventually transcribed into
a single RNA sequence encoding a putative chimeric protein. Moreover, transcription-induced
chimerism followed by retroposition might result in a new and active fused gene in eukaryotes
[1,6,16,17].

The transcription induced chimerism was reported also in plants. Thus, comparisons of full-
length cDNAs and genomic DNA in Arabidopsis revealed that some adjacent loci are transcribed
into long RNAs covering two annotated genes of T2H arrangement. Alternative splicing of
some of these transcripts generates bi-cistronic transcripts which span both their coding and
intergenic sequences and contain two complete open reading frames. Others are spliced to
generate mono-cistronic transcripts coding for fused or chimer, proteins derived from both loci
[22]. Recently, Muralla et al [15] reported that in Arabidopsis the non-stop transcription of the
adjacent genes BIO3 (AT5G57600; encodes the third enzyme, dethiobiotin synthetase, in the
biotin biosynthetic pathway) and BIO1 (AT5G57590; associated with the second reaction in the
pathway). These genes are organized in T2H fashion and in addition to individual BIO3 and
BIO1 transcripts, produces two different types of chimeric BIO3-BIO1 transcripts, via alternative
splicing. One of the fused transcripts produced such is mono-cistronic and encodes a bifunctional
fusion protein. The second chimeric mRNA variant is bi-cistronic, with distinct but overlapping
reading frames. It was also shown that protein encoded by the mono-cistronic transcript has
the dual functionality. So, in contrast to most biosynthetic enzymes in eukaryotes, encoded by
separate genes, biotin biosynthesis in Arabidopsis involves a bifunctional locus catalyzing two
sequential reactions in the same metabolic pathway [15].

The current work was aimed to explore the role of the T2H location of genes in their expression
profiles, both in rice and Arabidopsis, at the whole genome level. Below we present the results
of the comparative analysis of gene organization in these genomes and discuss the possible
functional and evolutionary implications of our findings.

2. Materials and methods

Following sets of publicly annotated 12 chromosomes of rice (NC 008394.1, NC 008395.1,
NC 008396.1, NC 008397.1, NC 008398.1, NC 008399.1, NC 008400.1, NC 008401.1, NC 008402.1,
NC 008403.1, NC 008404.1, NC 008405.1 ; February 2008) and 5 chromosomes of Arabidopsis
(NC 003070.6, NC 003071.4, NC 003074.5, NC 003075.4 and NC 003076.5; July 2008) were used
for this study.

Gene ontology data for rice and Arabidopsis were obtained from the genome annotations and
TAIR WEB-site, (ftp://ftp.Arabidopsis.org/home/tair/Genes/Gene OntologyATH
GO.20031202.txt), respectively.
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A search for cDNA/mRNA support of TIC potential of the T2H genes selected (by criteria de-
scribed below) was performed by using TIGR Database of Rice Transcript Assembles (Release
2, totally 247,516 transcripts; ftp://ftp.tigr.org/pub/data/plantta/Oryza sativa/Oryza sativa
release 2.fasta) and 6 sets of totally 138,017 Arabidopsis cDNA sequences (ATH1.cdna.gz from
ftp://ftp.tigr.org/ pub/data/a thaliana/ath1/ SEQUENCES; cDNA full reading 020509.txt.gz,
cDNA full reading 050524.txt.gz, cDNA full reading 030312.txt.gz, and cDNA full reading
051102.txt.gz from http://rarge.gsc.riken.jp/ archives/ rafl/sequence; ATcdna155.bz2 from
http://gremlin3dev.gdcb.iastate.edu/AtGDB/download.php). To map cDNAs/ transcripts on
T2H genes, we applied EST MAP program (http://www.softberry. com) that finds the best
alignment of a transcript with a region of genome sequence and reconstructs the exon-intron
gene structure taking into account splice site weight matrices.

Analysis of the genome annotations of rice and Arabidopsis was performed using computer
programs specially developed by us for this task. The pairwise comparison of amino acid se-
quences has been carried out by BLAST program [3]. Search for statistically significant open
reading frames (ORFs) was done by the BESTORF program (http://www.softberry.com).

In search for putative TIC genes, only T2H genes at a distance ≤ 1000 bp have been selected
for further analysis. TIC potential of these T2H genes was analyzed by the following criteria
based on known cDNA:

• The presence of at least one cDNA/mRNA supporting ”non-stop” transcription of a pair
of adjacent T2H genes.

• Supporting cDNA/mRNA covering ≥ 500 bp or 2/3 of the annotated gene length from
every adjacent genes.

• Mapping similarity level (between putative exons and cDNA/mRNA) ≥ 95%.
• Mapping homology length (as exons) ≥ 10 nucleotides (nt).
• A gap is not allowed between the compared genomic and corresponding cDNA sequences.

3. Main results

3.1. Structural characteristics of the annotated genes of Arabidopsis and rice. Anal-
ysis of annotations of Arabidopsis and rice genomes revealed interesting features of their gene
structure and organization. Some of these features relevant for this study are summarized in
Table 1, while, many others have been discussed by [2]. Overall, the Arabidopsis genome was
found to be much better annotated than the rice genome, especially in defining the gene bound-
aries. For example, 26,264 protein coding genes have been annotated in rice. However, the
position of the ATG start codon is unknown in 3,247 genes, and such genes were not included
in our analysis. By contrast, in Arabidopsis all 26,877 genes are annotated with known ATG
start codon.

We studied how often the neighboring genes can be produced by duplications during the
evolution and found that only a minor fraction of both rice and Arabidopsis adjacent gene pairs
show significant protein sequence similarity between genes in pairs (about 2.2% and 7% of 23,005
and 26,872 pairs, respectively). At the same time, at least 6% rice and 12.6% Arabidopsis gene
pairs share one or more GO code therefore having similar function and/or cell compartment.

For 1545 and 148 genes with cDNA/mRNA support in Arabidopsis and rice, respectively, the
5’-UTR of the mRNA is not known. It does actually mean that the start of these genes is not
fully identified. The distribution of 5’-UTR lengths in Arabidopsis and rice genes is presented in
Fig. 1. Hundreds of genes in both organisms are annotated with very short (≤ 20 nt) 5’-UTR.
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Although the minimal length of the 5’-UTR sufficient for the normal translation of the mature
mRNA is unknown, we suppose that it is not less than 10-20 nt. On the other side, in some
cases the 5’-UTR is very long (even more than 1000 nt). The role of such very long 5’-UTRs is
not clear, but they may contain unrecognized introns and such pre-mRNA molecules could be
potential targets for the alternative splicing of the 5’non-coding exons in a tissue-specific and/or
development stage-dependent manner [4,9].

3.2. The mutual location of annotated neighboring genes. The neighboring genes can
occur on a genome in either H2H, T2H or T2T fashion. In eukaryotes, except the rare cases where
the genes are organized in operons in some of the organisms, every gene has its own regulatory
elements for transcription initiation (promoter) and termination. Analyzing the location of
the genes in relation to each other in Arabidopsis and rice revealed some very interesting facts.
Indeed, a bias in favour of one of these mutual orientation types is known and this is also observed
in both studied plant genomes (Table 1). Nevertheless, a comparison of the distribution of the
intergenic distances in H2H, T2H and T2T pairs reveals a significant difference: genes in T2T
pairs show a tendency to be located more closely than in the other two types.

In the Arabidopsis genome, 2155 T2T gene pairs are located at a distance less than 100 bp.
This is in striking contrast with only 145 H2H and 466 T2H pairs with genes at this distance. The
similar, but less strong, tendency is observed in the rice genome: 487 T2T pairs versus 235 H2H
and 65 T2H pairs. Although this difference between Arabidopsis and rice is probably related
to the big difference in the sizes of these genomes, this observation suggest some functional
restriction for the presence of the H2H and T2H genes within the proximity of each other.

One interesting observation is the existence of overlapping genes in both the genomes (Table
1). In particular, 1021 and 280 Arabidopsis and rice gene pairs with cDNA support were found
to contain overlapping genes, where the prevalence of T2T type pairs is obvious. Moreover, in
comparison to Arabidopsis, in rice most of the overlapping area includes coding sequences (CDS)
of both the genes (124 pairs) or even, in 84 cases, one gene is completely inserted in the other
one of the pair.

Pairwise BLAST comparison of 23017 rice and 26877 Arabidopsis proteins revealed a signif-
icant difference in evolutionary conservation for various types of neighboring gene pairs, H2H,
T2H and T2T. Thus, we found only 235 interspecies conservative H2H pairs (with BLAST E-
value ≤ 10−10). The similar picture is observed with T2T pairs. By contrast, T2H pairs seem
more conserved: rice and Arabidopsis genomes have 11614 pairs with interspecies conservation.
About 50% of these pairs are pairs with a tandem gene duplication.

3.3. Potential transcription-induced chimeras in Arabidopsis and rice genomes. The
observed presence of thousands of adjacent gene pairs in a T2H pairs indicated a possibility
of existence of chimeric transcripts both in rice and Arabidopsis. To investigate this idea we
analyzed 6895 Arabidopsis and 1386 rice T2H genes separated by an intergenic spacer of less than
1000 bp, following criterion stated above and using the accurate mapping cDNAs to the exons on
the genomic sequence by EST MAP program (http://www.softberry.com). We performed the
mapping procedure for 138,017 and 247,516 Arabidopsis and rice cDNA sequences, respectively,
on the chromosomal regions of the corresponding species, including both genes of the T2H pair
(hereafterin referred as Gene 1 and Gene 2) and the intergenic spacer (IGS) between them. The
mapping revealed 6 different variants (classes) of potential alternative splicing in the sense of
origin of their exons involved (i.e. covering Gene1, Gene2 and, in most cases, IGS, too; Table
2). Results of this study are summarized in Table 3.
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The cDNA mapping results demonstrate that 100 Arabidopsis and 42 rice T2H pairs undergo
read-through transcription and following alternative splicing which produce chimeric mRNA(s),
including 82 and 11 cases when both genes have cDNA support to be transcribed also separately,
26 and 9 cases with cDNA support for additional independent transcription of only one of the
two genes (Gene 1 or Gene 2) of a pair, respectively. In Arabidopsis alternative splicing of read-
through transcripts of 100 T2H pairs gives, at least, 110 different chimeric mRNAs (9 pairs with
2 alternative splicing variants and 1 pair with 3 alternative splicing variants), among them in
90 cases only the canonical GT-AG splicing sites are used, in 5 cases mRNA consists of a single
exon and the remaining portion includes non-canonical exon-intron boundaries. Alternative
splicing of the read-through transcripts of 42 T2H pairs in rice results in, at least, 45 different
chimeric mRNAs (2 pairs with 2 alternative splicing variants and 1 pair with 3 alternative
splicing variants), where in 25 cases only the canonical GT-AG splicing sites are used, in 5 cases
mRNA consists of a single exon and the remaining portion includes non-canonical exon-intron
boundaries.

Another interesting result of this study is the observation of 6 different classes of alternative
splicing of the read-through transcripts in the sense of origin of their exons (Table 2, 3). Out of
155 chimeric mRNAs from both organisms, 73 ones (49 in Arabidopsis and 24 in rice) include,
at least, one exon completely or partially located in the IGS of the corresponding T2H pair.
These finding indicates that in about 40% cases alternative splicing producing a chimeric mRNA
captures, at least, one new (alternative) exon. In 82 (61 in Arabidopsis and 21 in rice) cases, an
alternative splicing generating chimeric mRNA seems to be a combination of exons from Gene
1 and Gene 2 of T2H pair.

To explore protein coding potential of mTIC genes, we performed a search for statistically sig-
nificant ORFs in chimeric mRNAs by BESTORF program (http://www.softberry.com). Results
of the analysis are summarized in Table 3. In Arabidopsis, 90 T2H pairs produce 95 chimeric
mRNA(s) capable of encoding a putative mTIC protein(s) of 30 aa or longer. For the remaining
15 chimeric mRNAs for 10 T2H pairs we failed to identify any open reading frame (ORF) ≥ 30
aa. Fifty chimeric mRNAs contain a single ORF for a putative mTIC protein and 45 chimeric
mRNAs include 2 separate ORFs (hereafter, the mRNAs with one and two ORFs will be re-
ferred as “mono-cistronic” and “bi-cistronic”, respectively; [22]). Excluding 3 chimeric mRNAs,
putative chimeric proteins for mono-cistronic mRNAs are homologous to both (28 cases) or only
one (19) of annotated Protein 1 and Protein 2. For 45 bi-cistronic mRNAs, in 28 cases mTIC
Protein 1 and mTIC Protein 2 are homologous to Protein 1 and 2, respectively; in 5 cases both
mTIC Protein 1 and mTIC Protein 2 are homologous to both Protein 1 and Protein 2; in 12
cases mTIC Protein 1 and mTIC Protein 2 show similarity to only one of Protein 1 and 2 (Table
3). The lists of mono- and bi-cistronic chimeric mRNAs are given in Tables 4a and 4b.

In rice, 42 T2H pairs produce 38 chimeric mRNA(s) encoding a putative mTIC protein(s) of 30
aa or longer; for the remaining 7 chimeric mRNAs in 5 T2H pairs we did not identify any ORF for
≥ 30 aa. 21 and 17 chimeric mRNAs are mono-cistronic and bi-cistronic, respectively. Excluding
2 chimeric mRNAs, putative chimeric proteins for mono-cistronic mRNAs are homologous to
both (4 cases) or only one (15 cases) of Protein 1 and Protein 2. For 17 bi-cistronic mRNAs, in
8 cases mTIC Protein 1 and mTIC Protein 2 are homologous to Protein 1 and 2, respectively;
in 2 cases both mTIC Protein 1 and mTIC Protein 2 are homologous to both Protein 1 and
Protein 2; in 4 cases mTIC Protein 1 and mTIC Protein 2 show similarity to only one of both
proteins; in 3 cases putative mTIC proteins show no similarity with Protein 1 and Protein 2
(Table 3, 4a, 4b).
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One of the mono-cistronic chimeric mRNAs found in Arabidopsis is schematically illustrated
in Fig. 2. It includes 2 exons (out of 5) from Gene 1 and all 3 exons from Gene 2. How-
ever, 4 (out of 5; excluding the second exon) of the chimeric mRNA only partially cover the
corresponding original exons (“alternative” exons are shorter). Potential mTIC protein of 431
aa is chimera which is homologous to both annotated proteins and similar to GDSL-motif li-
pase/hydrolase family protein (amino acids 123-295, out of 356 aa; 98% similarity) as well as
to integral membrane protein (1-283, out of 283; 90%), respectively. Therefore, the chimeric
protein is likely to be a slightly changed isoform of the integral membrane protein with addi-
tional domain(s) from the GDSL-motif lipase/hydrolase family protein. Such a hybrid protein
with sharing domains from both neighboring genes was recently described in Arabidopsis: the
non-stop transcription of the adjacent genes BIO3 (At5g57600) and BIO1 (At5g57590) genes of
T2H arrangement produces mono-cistronic chimeric mRNA encoding a fusion functional protein
catalyzing two sequential reactions in the biotin biosynthetic pathway [15].

An example of the bi-cistronic chimeric mRNA is given in Fig. 3. It includes a complete
single exon of Gene 1, IGS and all 4 exons of Gene 2. At least, 2 ORFs are encoded by this
chimeric mRNA and they encode proteins identical to Protein 1 and 2, respectively.

The mono- and bi-cistronic chimeric mRNAs encode, totally, 195 putative proteins. Although
our search conditions allowed any protein of 30 aa or longer, most (171) of them are ≥ 50 aa,
including 150 proteins of 100 aa or longer.

4. Discussion

A read-through transcription of neighbouring T2H genes gives rise to chimeric pre-mRNA
combining sequences of both genes and spacer which can further undergo alternative splicing.
Thus, we have found 155 (110 in Arabidopsis and 45 in rice) chimeric mRNAs covering both
annotated genes of T2H pair. Most of these chimeric transcripts seems to be real TIC genes,
because (a) they have cDNA support; (b) both annotated genes of 93 (out of 161) T2H pairs,
as well as one of 2 annotated genes of 35 T2H pairs also have cDNA support (i.e. transcribed
separately), and only in 24 cases (2 in Arabidopsis and 22 in rice) there is no cDNA support
for the annotated genes; (c) no gap is available between the genomic and corresponding cDNA
sequences.

Our studies also revealed that in 40% cases alternative splicing resulting in a chimeric mRNA
involves, at least, one new (alternative) exon. Moreover, our mapping analysis revealed that the
first exon of Gene 1 and/or the last exon of Gene 2 of 47 and 23 T2H pairs from Arabidopsis
and rice, respectively, are incomplete in the genome annotations studied. In particular, we have
identified 3 (1 first and 2 last) and 4 (3 first and 1 last) new exons in Arabidopsis and rice.

Exploration of the protein coding potential of 155 chimeric mRNAs revealed 71 mono-cistronic
and 62 bi-cistronic transcripts. In 36 bi-cistronic mRNAs the adjacent ORFs encode proteins
homologous to proteins encoded by Gene 1 and Gene 2 of a pair, respectively. 32 mono-cistronic
mRNAs are capable to encode a protein of homology to both annotated genes of T2H pair (like
with domains from both proteins). Here it should be mentioned that previously [22] described 60
chimeric mRNAs (29 bi-cistronic and 31 mono-cistronic) covering 58 T2H pairs in Arabidopsis.
Now, only for 8 T2H pairs we mapped the same bi-cistronic mRNAs (AT2G25620-AT2G25610,
AT3G26310-AT3G26300, AT3G45640-AT3G45650, AT4G00030-AT4G00040, AT4G35870-
AT4G35880, AT4G20830-AT4G20840, AT5G57140-AT5G57150 and AT5G65360-AT5G65350).
The remaining 50 and 92 T2H pairs producing chimeric RNAs, identified by [22] and us, respec-
tively, are completely different.
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For 22 chimeric mRNAs (out of 155) for 15 T2H pairs (out of 142) neither a single ORF
nor double ORF (encoding ≥30 aa) was found. This could have arisen from multiple reasons,
including: (a) such mRNAs represent incomplete splicing variants; (b) sequencing errors; and
(c) a limited prediction capacity of the BESTORF program. Moreover, some of them may
not even be coding any protein in which case, it would be worthwhile investigating how such
mRNAs avoid decaying by cell control mechanisms to minimize the damage resulting from
genome mistakes or metabolic processes, by nonsense-mediated mRNA decay, nonstop mRNA
decay, and no-go mRNA decay? Along with other types of quality control that occur during the
complex processes of mRNA biogenesis, these mRNA surveillance mechanisms help to ensure the
integrity of protein-encoding gene expression (for a review see: [8]). However, it was also found
that many such “abnormal” transcripts are stable: they do not undergo the degradation process
for reasons still to be understood. Moreover, these transcripts are generally more abundant than
the correctly spliced partner in various cell lines and tissues [8,13]. In this sense, TIC mRNAs
may be the result of prevention of a decay of the nonstop mRNAs covering two T2H genes with
retained introns and/or intergenic spacers. Intron and/or IGS retention is the least characterized
event of all alternative splicing types, because this phenomenon is mostly excluded in studies,
due to the difficulty to differentiate it from genomic DNA or incompletely-processed transcripts.
For example, studies show that up to 15% of human genes present at least one intron retention
event, and that at least 22% of all informative introns-retention events are also present in the
mouse transcriptome [7].

Parra et al [17], by relying on both computational and experimental analysis, is estimated that
at least 4–5% of the tandem gene pairs in the human genome can be eventually transcribed into
a single RNA sequence encoding a putative chimeric protein. While the reality and functional
significance of most of these chimeric transcripts remains to be determined, they provide strong
evidence that this phenomenon does not correspond to mere technical artifacts and that it is
a common mechanism with the potential of generating hundreds of new proteins in the human
genome. In other words, tandem chimeras seem to be a means to increase protein variety and
complexity in the human genome. Moreover, the non-stop transcription of adjacent genes in
T2H manner raises some additional possibilities in regulation of genes, like:

(1) transcription of the second gene of T2H pair comes under control of a promoter of the
first gene;

(2) formation of the 3’-end of the chimeric transcript will be conducted by polyadenylation
signals of the second gene;

(3) the destination compartment of a protein expressed by the second T2H gene is deter-
mined by transit signals of the first gene.

Of course, these findings and the corresponding suggestions presented in this report require
further theoretical and experimental studies. Moreover, some important additional aspects of
functional role of the gene neighbourhood in higher eukaryotes are yet to be discovered.
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Table 1. Some features of the annotated protein-coding nuclear genes of Arabidopsis and rice.

Arabidopsis Rice

All1 Support2 All1 Support2

Total number of genes analyzed 26877 18818 23017 16091

Intron-less genes 5885 3372 4322 3092

Genes with known 5’-UTR (of any length) 18788 17273 16943 15943

Genes with ATG codon in the second or further exons 2963 2963 2972 2972

H2H gene pairs (←→) :

all

inter-gene spacer ≤ 600 bp

related3

homologous4

6404

1631

557

93

3327

949

321

39

5438

512

181

51

2763

264

75

16

T2H gene pairs (→→,←←):

all

inter-gene spacer ≤ 1000 bp

related

homologous

14038

6895

2295

1698

7040

3770

1059

639

11830

1386

1041

390

5960

842

409

134

T2T gene pairs (→←)5 :

all

inter-gene spacer ≤ 100 bp

related

homologous

6403

2155

522

105

3361

1504

283

71

5460

487

163

57

2794

294

64

42

Overlapping gene pairs :

all

T2H

H2H

T2T

one gene is completely included by another one

CDS with CDS

1388

57

66

1265

33

48

1021

18

30

973

14

11

603

26

222

355

198

337

280

13

75

192

84

124
1All annotated genes including ones without cDNA support; 3247 rice genes with unknown ATG start codon

position were excluded. 2Genes with cDNA support; a gene pair of adjacent location belongs to this group,

if (i) both genes have cDNA support, and (ii) there is no another gene between them; 3233 rice genes with

unknown ATG start codon position were excluded. 3These genes have, at least, one common GO code of known

function/process/cell compartment. 4BLAST E-value ≤10−10. 5T2T genes are located adjacently in a fashion of

Tail-to-Tail.

Table 2. Classification of alternative splicing events found to produce chimeric mRNAs in Arabidopsis and

rice.

Class # Description

1 Ex[Gene 1] + Ex[Gene 1 - Gene 2]

2 Ex[Gene 1] + Ex[Gene 1 - Gene 2] + Ex[Gene 2]

3 Ex[Gene 1] + Ex[IGS] + Ex[Gene 2]

4 Ex[Gene 1] + Ex[Gene 2]

5 Ex[Gene 1 – Gene 2]

6 [Gene 1 - Gene 2] + Ex[Gene 2]

Ex[Gene 1] and Ex[Gene 2] : exon(s) derived from only Gene 1 and Gene 2, respectively; Ex[IGS]: exon (s)

derived from only intergenic spacer (IGS); Ex[Gene 1–Gene 2]: exon(s) derived from Gene 1, IGS and Gene 2.
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Table 3. Integral characteristics of the T2H pairs with cDNA support to produce chimeric mRNA(s) via the

read-through transcription and consequent alternative splicing in the Arabidopsis and rice genomes.

Description of characteristics AT1 OS2

T2H pairs with, at least, one chimeric mRNA potential supported by cDNA 100 42

cDNA support is also available for both genes of T2H pair

cDNA support is also available for one of genes of T2H pair

cDNA support is available for only chimeric mRNA

82

26

2

11

9

22

Alternative splicing producing chimeric mRNA, Class 13

Class2

Class3

Class4

Class5

Class6

8

16

3

61

8

14

7

9

2

21

4

2

T2H pairs produces mono- and/or bi- and/or tri-cistronic chimeric mRNA(s)4 encoding putative

mTIC protein(s)5, total

mTIC protein(s) without similarity7 to Protein 18 and/or Protein 29

mTIC protein(s) with similarity to Protein 1 and/or Protein 2

906

3

87

376

5

32

Mono-cistronic chimeric mRNAs, total10 50 21

mTIC protein with similarity to both Protein 1 and Protein 2

mTIC protein with similarity to Protein 1 or Protein 2 (not to both)

mTIC protein with similarity to neither Protein 1 nor Protein 2

28

19

3

4

15

2

Bi-cistronic chimeric mRNAs, total11

mTIC Protein 1 and mTIC Protein 2 with similarity to Protein 1 and Protein 2, respectively

mTIC Protein 1 and/or mTIC Protein 2 with similarity to both Protein 1 and Protein 2

mTIC Protein 1 and/or mTIC Protein 2 with similarity to Protein 1 or Protein 2 (not to both)

Both mTIC Protein 1 and mTIC Protein 2 without similarity to Protein 1 or Protein 2

41

27

5

9

0

17

8

2

4

3

Tricistronic chimeric mRNAs, total

mTIC protein(s) with similarity to both Protein 1 and Protein 2

mTIC protein(s) with similarity to Protein 1 or Protein 2 (not to both)

4

2

2

0

0

0
1AT: Arabidopsis thaliana. 2OS: Oryza sativa. 3See: Table 3. 4mRNA containing one, two and three ORFs,

respectively, where every ORF encodes a putative protein of ≥30 aa. 5Protein encoded by mapped chimeric

mRNA. 6Both mono- and bi-cistronic chimeric mRNAs are available for some T2H pairs. 7BLAST E-value

≤ 10−10. 8Protein encoded by Gene 1 of T2H pair. 9Protein encoded by Gene 2 of T2H pair. 10Alternative

chimeric mono-cistronic mRNAs for some T2H pairs encode a putative protein showing similarity to both or only

one of the annotated proteins. 11Putative proteins encoded by different ORFs of the same chimeric bi-cistronic

mRNA show similarity to both or only one of the annotated proteins.

Table 4a. T2H pairs with chimeric mono-cistronic mRNAs in Arabidopsis and rice.

T2H pair mRNA Supporting

cDNA

ORF D2

Location Protein H1

2 3 4 5 6 7 8

AT1G53163-AT1G53165 3122 nt,22 exons 68414.m06023 5-3025 1007 aa 1,2 517

AT1G61000-AT1G60995 2923 nt,24 exons 68414.m06868 5-2926 974 aa 1,2 207

AT1G69550-AT1G69545 2601 nt, 3 exons 68414.m07998 192-2294 701 aa 1 54

AT1G72890-AT1G72900 1989 nt, 2 exons 68414.m08432 656-1744 363 aa 1,2 477

AT1G80190-AT1G80200 1836 nt, 4 exons AY600540 1068-1682 205 aa 2 918

AT2G28100-AT2G28105 1002 nt, 4 exons AY735590 307-804 166 aa 2 163

AT2G31450-AT2G31440 1056 nt, 7 exons AY088444 151-900 250 aa 2 160

AT2G35040-AT2G35035 1282 nt, 8 exons BX819257 231-1112 294 aa 2 114
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Table 4a (continued)

2 3 4 5 6 7 8

AT2G35820-AT2G35830 894 nt, 3 exons AF428270 213-779 189 aa 1,2 22

AT2G36325-AT2G36330 1295 nt, 5 exons 68415.m04459 5-1297 431 aa 1,2 240

AT2G37680-AT2G37678 941 nt, 6 exons 68415.m04621 5-943 313 aa 1,2 506

AT2G43240-AT2G43235 2576 nt,15 exons 68415.m05374 5-2365 787 aa 1,2 23

AT2G43440-AT2G43445 2464 nt, 4 exons 68415.m05399 5-2377 791 aa 1,2 766

AT2G43750-AT2G43745 1227 nt, 2 exons AY219095 491-898 136 aa 2 193

AT3G13062-AT3G13065 2403 nt,15 exons AY518289 144-2204 687 aa 2 307

AT3G14700-AT3G14710 1546 nt, 4 exons BT015055 176-1501 442 aa 2 146

AT3G17668-AT3G17670 1101 nt, 9 exons 68416.m02256 5-1105 367 aa 1,2 345

AT3G20395-AT3G20390 1501 nt, 8 exons BX824388 710-1270 187 aa 2 123

AT3G20720-AT3G20730 2294 nt, 2 exons AK176813 204-1895 564 aa 2 89

AT3G22440-AT3G22450 1302 nt, 2 exons DQ132688 207-1139 311 aa 2 242

AT3G26780-AT3G26782 3336 nt, 4 exons 68416.m03350 29-3163 1045 aa 1,2 97

AT3G52910-AT3G52905 1645 nt,10 exons 68416.m05831 5-1648 548 aa 1,2 275

AT3G62000-AT3G61990 719 nt, 7 exons BX842420 1-477 159 aa 1,2 205

AT4G02150-AT4G02140 543 nt, 3 exons BT012121 3-137 45 aa nh 340

AT4G14310-AT4G14305 3314 nt, 9 exons 68417.m02204 5-3130 1042 aa 1,2 126

AT4G18195-AT4G18197 2287 nt, 4 exons 68417.m02705 161-2290 710 aa 1,2 518

AT4G18197-AT4G18205 2182 nt, 3 exons 68417.m02705 1-2184 728 aa 1,2 521

AT4G22290-AT4G22285 2925 nt,13 exons 68417.m03224 5-2929 975 aa 1,2 224

AT4G32272-AT4G32270 1093 nt, 8 exons 68417.m04591 5-1096 364 aa 1,2 303

AT4G32610-AT4G32605 2289 nt, 6 exons 68417.m04643 464-2134 557 aa 1,2 195

AT4G35870-AT4G35880 4950 nt, 9 exons AY096495 3-227 75 aa 1 450

AT4G36520-AT4G36515 1184 nt, 4 exons AK222172 3-227 75 aa nh 292

AT5G58000-AT5G58003 2922 nt,15 exons 68418.m07256 3-2924 974 aa 1,2 205

AT5G61810-AT5G61800 2332 nt, 4 exons 68418.m07756 172-1605 478 aa 1 65

AT5G66160-AT5G66170 1726 nt, 6 exons AK222135 1182-1589 136 aa 2 214

AT4G16560-AT4G16550 1730 nt,12 exons 68417.m02504 2-1732 577 aa 1,2 491

AT4G22285-AT4G222803 1478 nt, 4 exons 68417.m03222 151-1395 415 aa 2 639

1496 nt, 3 exons 68417.m03223 147-1142 332 aa 2 639

AT4G27740-AT4G27745 655 nt, 3 exons 68417.m03986 5-448 148 aa 1,2 612

AT5G03800-AT5G03795 4331 nt, 5 exons 68418.m00347 5-4168 1388 aa 1,2 306

AT5G57260-AT5G57250 4452 nt, 3 exons 68418.m07152 5-4456 1484 aa 1,2 112

AT1G51538-AT1G51540 3462 nt, 7 exons 68414.m05801 5-3112 1036 aa 1,2 289

AT2G41997-AT2G41000 1176 nt, 5 exons 68415.m05064 5-829 275 aa 1,2 237

AT4G28811-AT4G28815 2642 nt,12 exons 68417.m04119 5-2644 880 aa 1,2 647

AT5G40405-AT5G40410 3468 nt, 2 exons 68418.m04901 5-3472 1156 aa 1,2 220

AT5G51540-AT5G51545 2582 nt,19 exons 68418.m06391 5-2584 860 aa 1,2 12

AT4G39480-AT4G39490 3039 nt, 2 exons 68417.m05585 75-3041 989 aa 1,2 839

AT5G47077-AT5G47075 194 nt, 2 exons AY803256 38-196 53 aa nh 679

AT1G52310-AT1G52315 1898 nt, 2 exons AY299255 1104-1262 53 aa 2 577

AT3G10410-AT3G10405 864 nt, 8 exons BT000426 1-603 201 aa 2 1

AT5G10040-AT5G10050 600 nt, 1 exons BT014910 77-337 87 aa 1 42
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Table 4a (continued)

2 3 4 5 6 7 8

Os01g0142600-Os01g0142800 778 nt, 4 exons TA39333 4530 170-781 204 aa 2 563

Os01g0918300-Os01g0918200 452 nt, 3 exons CR284004 3-254 84 aa 1,2 787

Os02g0190800-Os02g0190700 650 nt, 3 exons TA49881 4530 134-412 93 aa nh 57

Os03g0324200-Os03g0324300 2695 nt, 2 exons TA35110 4530 337-2256 640 aa 1,2 906

Os04g0632100-Os04g0631900 1616 nt, 4 exons TA52445 4530 116-1618 501 aa 1,2 196

Os01g0843800-Os01g0843900 512 nt, 2 exons CF961539 285-515 77 aa 2 129

Os01g0945200-Os01g0945100 476 nt, 2 exons CI390256 95-496 134 aa 2 687

Os03g0738200-Os03g0738300 1481 nt, 7 exons TA53879 4530 1-732 244 aa 1 808

Os04g0310800-Os04g03107003 802 nt, 2 exons TA45267 4530 3-599 199 aa 1,2 193

516 nt, 2 exons CI284742 110-355 82 aa 2 193

Os06g0278000-Os06g0277900 1476 nt, 7 exons TA59386 4530 23-1249 409 aa 2 253

Os07g0495400-Os07g0495300 845 nt, 2 exons CB629989 231-849 273 aa 2 544

Os07g0628400-Os07g0628300 840 nt, 3 exons TA59975 4530 384-641 86 aa 2 182

Os09g0560100-Os09g0560200 2469 nt, 2 exons TA60485 4530 887-2230 448 aa 2 439

Os11g0158800-Os11g0158700 329 nt, 2 exons C71893 122-331 70 aa 2 86

Os01g0695600-Os01g0695500 763 nt, 5 exons TA37575 4530 184-564 127 aa 2 305

Os02g0651100-Os02g0651200 623 nt, 1 exons CA755595 268-588 107 aa 2 126

Os05g0485800-Os05g0485700 1018 nt, 4 exons TA48227 4530 1-606 202 aa 1 177

Os08g0225000-Os08g0224900 1000 nt, 6 exons TA60831 4530 2-715 238 aa 1,2 432

Os08g0436000-Os08g0435900 515 nt, 3 exons CF987854 69-518 150 aa 2 851

Os11g0429800-Os11g0429900 509 nt, 2 exons TA70105 4530 1-135 45 aa nh 120

Table 4b. T2H pairs with chimeric bi-cistronic mRNAs in Arabidopsis and rice.

T2H pair mRNA Supporting

cDNA

ORF1 ORF2 D2

Location Protein H1 Location Protein H1

1 2 3 4 5 6 7 8 9 10

AT1G51360-AT1G51370 2691 nt,4 exons AK228894 29-658 210 aa 1,2 1121-2425 435 aa 2 311

AT1G69550-AT1G69545 4629 nt,3 exons AK226752 75-2177 701 aa 1 2322-4430 703 aa 2 54

AT1G74630-AT1G74640 3522 nt,4 exons AK220733 1-1911 637 aa 1 2312-3421 370 aa 2 310

AT2G20810-AT2G20815 2182 nt,7 exons AY735579 19-357 113 aa 1 738-2099 454 aa 2 207

AT2G25620-AT2G25610 2722 nt,7 exons AF436827 276-1451 392 aa 1 2115-2648 178 aa 2 411

AT2G28830-AT2G28820 2775 nt,6 exons AK226821 56-2017 654 aa 1 2345-2779 145 aa 2 130

AT2G30890-AT2G30900 1707 nt,6 exons AY262050 3-251 83 aa 1 83-1583 367 aa 2 664

AT2G32240-AT2G322353 2090 nt,5 exons AY219116 2-544 181 aa 1 962-1891 310 aa 2 99

2165 nt,5 exons AY219117 2-544 181 aa 1 963-1619 219 aa 2 99

AT3G23255-AT3G23260 1423 nt,8 exons BX824147 3-668 222 aa 1 1059-1427 123 aa 2 247

AT3G23340-AT3G23350 2203 nt,9 exons AY735606 1-768 256 aa 1 1373-2005 211 aa 2 144

AT3G26310-AT3G26300 3362 nt,4 exons AY139766 905-1468 188 aa 1,2 1694-3193 500 aa 1,2 222

AT3G45640-AT3G45650 3088 nt, 11 exons AY090981 59-1168 370 aa 1 1253-2926 558 aa 2 553

AT3G49060-AT3G49055 2329 nt,6 exons AY735613 21-554 178 aa 1 643-1710 356 aa 2 245

AT3G58990-AT3G58980 2016 nt,2 exons AY142548 21-779 253 aa 1 1159-2019 287 aa 2 51

AT3G59330-AT3G59320 2224 nt,16 exons AK227436 607-1008 134 aa 1,2 1027-2043 339 aa 1,2 191

AT4G00030-AT4G00040 2259 nt,4 exons BT001993 43-678 212 aa 2 968-2122 385 aa 1 213

AT4G19410-AT4G19400 2224 nt,17 exons AK228936 118-1290 391 aa 1 1573-2016 148 aa 2 31

AT4G28025-AT4G28020 1747 nt,13 exons AK226675 20-517 166 aa 1 626-1678 351 aa 2 288
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Table 4b (continued)

1 2 3 4 5 6 7 8 9 10

AT4G28390-AT4G28380 1960 nt,4 exons 68417.m04063 78-1214 379 aa 1 1117-1215 33 aa nh 356

AT5G02680-AT5G02690 1553 nt,4 exons AK228657 3-197 65 aa 1 1431-1556 42 aa nh 594

AT5G26880-AT5G268703 1552 nt,7 exons BX842289 1-792 264 aa 1 928-1290 121 aa 2 30

1702 nt,6 exons AK227520 24-812 263 aa 1 1100-1462 121 aa 2 30

AT5G27390-AT5G27395 1649 nt,17 exons 68418.m03270 1099-1353 85 aa 2 1390-1653 88 aa 2 166

AT5G44650-AT5G44660 2825 nt,7 exons AK228589 196-1035 280 aa 1 1607-2731 375 aa 2 406

AT5G48080-AT5G48090 2924 nt,17 exons AY735708 623-1426 268 aa 2 1910-2725 272 aa 2 261

AT5G50645-AT5G506404 2074 nt,15 exons AK230278 248-964 239 aa 2 1011-1895 295 aa 2 177

960 nt,2 exons BT011575 262-366 35 aa nh 619-771 51 aa nh 177

AT5G51960-AT5G51970 1687 nt,7 exons AK176901 20-328 103 aa 1 478-1569 364 aa 2 96

AT5G57140-AT5G57150 3073 nt,8 exons AY136380 258-1241 328 aa 1 1443-2120 226 aa 2 815

AT5G60370-AT5G60380 1831 nt,11 exons AY735742 2-508 169 aa 1 764-1687 308 aa 2 886

AT5G63400-AT5G63390 2718 nt,12 exons AY735745 23-760 246 aa 1 222-2520 433 aa 2 409

AT5G65360-AT5G65350 1123 nt,2 exons AK117157 80-487 136 aa 1,2 390-488 33 aa nh 33

AT4G22285-AT4G22280 1495 nt,4 exons BX842369 147-1025 293 aa 2 1310-1456 49 aa 2 639

AT4G21065-AT4G21070 4013 nt,15 exons 68417.m03047 3-1112 370 aa 1 1236-3923 896 aa 2 270

AT2G07671-AT2G07777 1728 nt,3 exons AY648320 192-446 85 aa 1 931-1545 205 aa 2 119

AT2G07701-AT2G07702 1498 nt,1 exon AY131999 392-619 76 aa 2 844-1299 152 aa nh 544

AT2G18210-AT2G18200 1556 nt,1 exon DQ069798 21-392 124 aa 1,2 1216-1518 101 aa 1,2 538

AT2G31680-AT2G31670 1272 nt,1 exon BT011004 368-487 40 aa 2 486-1160 225 aa nh 89

AT2G35840-AT2G35850 1396 nt,9 exons AY735594 2-937 12 aa 1 960-1199 80 aa 2 747

AT3G59090-AT3G59100 1553 nt,15 exons BX823658 414-518 35 aa nh 414-1223 270 aa 1 651

AT4G20830-AT4G20840 4231 nt,1 exon AY062595 31-1650 540 aa 1,2 2462-4078 539 aa 1,2 109

AT2G43750- AT2G43745 1441 nt,1 exon AY219096 491-955 155 aa 2 1096-1221 42 aa nh 193

AT3G49060- AT3G49055 2229 nt,7 exons AY735614 21-554 178 aa 1 643-2082 480 aa 2 245

AT5G63810-AT5G63820 3839 nt,22 exons AK228789 173-793 207 aa 1 888-2483 532 aa 1 46

AT2G07707- AT2G07708 1877 nt,1 exon DQ069799 1048-1368 107 aa nh 1311-1622 104 aa 2 82

Os03g0839000-Os03g0838900 831 nt,6 exons CB621473 423-521 33 aa nh 514-687 58 aa 2 732

Os06g0715400-Os06g0715500 2280 nt,10 exons TA31927 4530 3-284 94 aa 1 1171-1941 257 aa 2 325

Os09g0458400-Os09g0458700 3851 nt,2 exons TA48792 4530 123-716 198 aa 1 3098-3652 185 aa 2 304

Os01g0250400-Os01g0250300 1464 nt,3 exons TA40716 4530 13-105 31 aa nh 14-106 31 aa nh 441

Os01g0121700-Os01g0121600 2980 nt,12 exons TA49554 4530 123-2126 668 aa 1 2702-2983 94 aa 2 226

Os02g0151500-Os02g0151600 812 nt,7 exons CB656280 2-151 50 aa nh 629-817 63 aa 2 246

Os04g0212100-Os04g0212200 2314 nt,13 exons TA46072 4530 64-1605 514 aa 1,2 1508-1606 33 aa nh 319

Os06g0155500-Os06g0155400 1173 nt,3 exons TA66723 4530 1-750 250 aa 1 1048-1176 43 aa 2 293

Os06g0625900-Os06g0625800 5446 nt,9 exons TA43613 4530 298-2733 812 aa 1 3028-4302 425 aa 2 130

Os12g0298800-Os12g0298700 848 nt,3 exons CB634952 2-376 125 aa 1 691-852 54 aa 2 310

Os01g0142100-Os01g0142000 3954 nt,14 exons TA29627 4530 64-1686 541 aa 1 3519-3947 143 aa 2 607

Os02g0760600-Os02g0760700 1392 nt,2 exons TA62667 4530 162-548 129 aa 1 755-1036 94 aa nh 68

Os03g0757300-Os03g0757500 1934 nt,1 exon TA46207 4530 357-953 199 aa 2 1027-1869 281 aa 2 263

Os04g0250000-Os04g0250100 1099 nt,4 exons TA37582 4530 158-571 138 aa nh 501-608 36 aa nh 147

Os04g0250100-Os04g0250200 1642 nt,4 exons TA37582 4530 85-192 36 aa nh 466-660 65 aa nh 225

Os04g0255500-Os04g0255600 697 nt,1 exon TA68096 4530 58-342 95 aa nh 540-701 54 aa 2 194

Os07g0685500-Os07g0685600 361 nt,4 exons CF992329 29-658 210 aa 1,2 1121-2425 435 aa 2 505

1Homologous to Protein 1 (1), to Protein 2 (2), to both Protein 1 and (1,2), to neither Protein 1 nor Protein 2

(nh). 2Distance (bp) between neighboring genes. 3For these T2H pairs 2 alternative chimeric bi-cistronic mRNAs

are available.
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Figure 1. The Distribution of 5’-UTR lengths in Arabidopsis (grey) and rice (black)genes with cDNA/mRNA

support. Abscise axis – 5-‘UTR length in bp; ordinate axis-a fraction of the corresponding genes (%).

Figure 2. Potential TIC gene which is supported by cDNA (At2g36330.1 68415.m04459; ATH1.cdna.gz)

covering both genes of the T2H pair. Gene with cDNA support (gb AK2216761) encodes protein similar to

GDSL-motif lipase/hydrolase family protein. Gene 2 with cDNA support (gb BT002934) encodes protein similar

to integral membrane protein. Correspondence between exons of the neighboring genes (E1.1 – E1.5 and E2.1 –

E2.4) and putative TIC gene (Etic1 – Etic5): Etic1 – E1.3 (partial), Etic2 – E1.4, Etic3 – E2.1 (partial), Etic4

– E2.2 (partial), Etic3 – E2.3 (partial). Similarity between putative TIC protein and genes of the T2H pair:

amino acids 1-172 and 173-431 from chimeric protein and amino acids 123-295 (98% identities) and 1-283 (90%

identities) from AT2G36325 and AT2G36330, respectively.
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Figure 3. A potential TIC gene which is supported by cDNA (gb AK228894.1) covering both genes of the T2H

pair, the Gene 1 and the Gene 2. This TIC gene pair produces a chimeric mRNA which contains 2 ORFs separated

by 462 nucleotides (bi-cistronic mRNA). Gene 1 with cDNA support (gb BX817596) encodes protein similar to

unknown proteins from Arabidopsis, Vitis vinifera and Populus trichocarpa, containing InterPro domain stress

responsive dimeric alpha-beta barrel (InterPro:IPR013097). Gene 2 with ESTsupport (gb EL178293) encodes

protein similar to Arabidopsis F-box family protein, FBL13 (TAIR:AT5G53840.1). Correspondence between

exons of the neighboring genes (E1.1 and E2.1 – E2.4) and putative TIC gene (Etic1 – Etic4): Etic1 – E1.1 +

[Intergenic spacer] + E2.1, Etic2 – E2.2, Etic3 – E2.3, Etic4 – E2.4. ORFs for the Gene 1 and the Gene 2 encode

proteins identical to proteins encoded by ORF 1 and ORF 2, respectively.
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