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Alternative splicing and proteome diversity in plants:
the tip of the iceberg has just emerged
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Alternative splicing has recently emerged as one of the

most significant generators of functional complexity in

several relatively well-studied animal genomes, but

little is known about the extent of this phenomenon

in higher plants. However, recent computational and

experimental studies discussed here suggest that

alternative splicing probably plays a far more significant

role in the generation of proteome diversity in plants

than was previously thought.

Many genes in higher eukaryotes contain introns that are
removed post-transcriptionally from the precursor mRNA
(pre-mRNA) during the production of functional mRNAs.
However, in some instances, the splicing machinery can
process the same pre-mRNA differently by selectively
joining different protein coding elements (exons). This
potentially leads to the generation of structurally and/or
functionally distinct proteins. The extent to which
alternative splicing can contribute to the proteome (the
full protein complement of a genome) diversity in humans
has become evident with the sequencing of the human
genome. The unexpectedly small number of genes, which
do not fully account for the presence of many protein
isoforms, suggested that alternative splicing contributes
significantly to human proteome diversity. According to
recent estimates, ,40% of human genes are alternatively
spliced [1]. Although alternative splicing is thought to be
less prevalent in plants than it is in higher eukaryotes,
recent computational analyses of alternative splicing in
Arabidopsis thaliana are beginning to question this
assertion.

Multiple complementary DNAs (cDNAs) or expressed
sequence tags (ESTs) that map to the same genomic locus
but deviate from the predicted mRNA sequence for that
locus suggest that of the estimated 27 170 protein-coding
genes in Arabidopsis, 1267 have alternate splice isoforms
generating 2678 proteins in total (http://www.tigr.org/

tdb/e2k1/ath1/altsplicing/splicing_variations.shtml). How-
ever, the estimation that 5% of all predicted genes are
alternatively spliced according to computational analyses
is probably an underestimate of alternative splicing in this
species. First, the number of publicly available ESTs from
Arabidopsis (,179 000) is nowhere near that from
relatively well-studied genomes (e.g. ,5 million ESTs in
human). Second, the full-length cDNAs are available for
only approximately half of all predicted genes [2]. More
importantly, ESTs from genes with low expression levels or
with expression at a particular developmental stage or
physiological condition, which are likely to be alternatively
spliced, might be scarcely represented in the databases.

Functional groups of alternatively spliced genes

In parallel with the large-scale detection of alternatively
spliced genes, various commonalities are beginning to
emerge between animals and plants. Approximately 75%
of the alternatively spliced genes in humans encode
proteins involved in signalling and gene regulation, such
as receptors, and signal transduction and transcription
factors [1]. Similarly, the great majority of alternatively
spliced genes in Arabidopsis encode proteins with
regulatory functions (http://www.tigr.org/tdb/e2k1/ath1/
altsplicing/splicing_variations.shtml). In addition, the
genes associated with various stress responses seem to
be particularly prone to alternative splicing in both plants
and animals (recent examples are given in [3] and Table 1).
For instance, alternative splicing of Toll-like plant disease
resistance genes is well known [4]. The list for the
alternatively spliced genes associated with abiotic stress
responses is also rapidly expanding. A couple of recent
examples are: the relative abundance of the two splicing
forms of the Arabidopsis SOS4 (salt overly sensitive 4)
gene is regulated by salt stress [5]; and OsIM from rice
(Oryza sativa), which encodes an alternative oxidase
functioning in the removal of stress-induced reactive
oxygen species, is alternatively spliced under salt stress
[6]. The ratio of the two splicing forms, OsIM1 and OsIM2,Corresponding author: Kemal Kazan (kemal.kazan@csiro.au).

Update TRENDS in Plant Science Vol.8 No.10 October 2003468

http://plants.trends.com

http://www.tigr.org/tdb/e2k1/ath1/altsplicing/splicing_variations.shtml
http://www.tigr.org/tdb/e2k1/ath1/altsplicing/splicing_variations.shtml
http://www.tigr.org/tdb/e2k1/ath1/altsplicing/splicing_variations.shtml
http://www.tigr.org/tdb/e2k1/ath1/altsplicing/splicing_variations.shtml
http://www.trends.com


differs between salt-tolerant and salt-sensitive varieties.
In the salt-tolerant variety, OsIM1 is maintained at a high
level, whereas in the salt-sensitive variety, its transcript
level decreases rapidly after a short exposure to salt stress
[6]. Similarly, a water stress and plant defence-associated
MAP-kinase gene of rice is alternatively spliced to
generate at least two splicing forms. One of these forms
has auto-phosphorylation and kinase activities associated
with stress tolerance; the exact role of the second one
remains unknown [7].

Comparative studies of large numbers of human, mouse
and rat genes suggest that evolutionary change measured
as exon creation or loss occurs at a faster rate in
alternatively spliced genes than those not subjected to
alternative splicing [8]. Assuming that alternative splicing
in plants is also associated with an increased evolutionary
change, alternative splicing in stress-associated regulat-
ory genes might be useful for acquiring certain adaptive
benefits that are important for survival under stress
conditions.

Future prospects

The key issues in the future are: (i) the large-scale
identification of alternative splicing events, (ii) the
determination of the developmental stage and/or physio-
logical conditions under which splicing patterns for a given
gene are altered, (iii) the mechanisms of how splice-site
selection is achieved, and (iv) the identification of the
differential function of splicing isoforms produced by
alternative splicing (Figure 1).

The lack of extensive sequence information in many
plant species currently prohibits large-scale identification
and comparative analysis of alternative splicing events in
plants. Thus, additional insights into the extent of
alternative splicing in plants would benefit from the
availability of genomic and large collections of EST
sequences that preferably originate from diverse cDNA
libraries. However, in the short term, an approach recently
developed for high-throughput detection of alternative
splicing in yeast [9,10] can be adapted for Arabidopsis and
rice, which already have extensive sequence information
available. This method takes advantage of the situation
that alternative splicing of a gene creates different exon–
exon junctions. DNA chips carrying short micro-array
probes spanning these junctions are then used to screen
the RNA from specific tissues, developmental stages or
physiological functions for genome-wide detection of
alternative splicing events.

So far, almost none of the splicing forms identified based
on computational analyses in Arabidopsis have been
verified and characterized experimentally. Determining
the potential functions of splicing forms and how different
splice forms are regulated are other areas of future
research. Determining the potential functions of splicing
forms could be studied by overexpression [11] or silencing
of the alternative splicing forms in transgenic plants and
testing the potential effects of these modifications on plant
phenotype. Currently, little is known about the mechan-
isms regulating alternative splicing in plant genes.
Specific recognition of splice sites involves interaction
between cis-acting elements and trans-acting factors.
Although few trans-acting factors have been isolated
from plants based on similarities to the animal trans-
acting factors [12,13], virtually nothing is known about the
nature of cis-acting elements. A highly conserved putative
cis-acting element recently identified in the genes encod-
ing chloroplast-specific ascorbate peroxidase (chlAPX)
isoenzymes of higher plants probably represents one of
the first examples of a plant cis-acting element that
modulates the tissue-specific alternative splicing patterns
of the chlAPX gene [14]. Mutational analysis of this
element revealed the functional significance of AU- or
U-rich motifs [14]. This is in consistent with the suggestion
that the abundance of AU- or U-rich motifs in plant introns
possibly contributes to intron recognition and splice-site
selection.

So far, several proteins [e.g. serine-rich (SR) and
heterogeneous nuclear ribonucleoprotein (hnRNP)-like
proteins] associated with either regulation or execution
of splicing in plants have also been identified [12,13]. It is
likely that the relative levels of these factors in each tissue
or physiological condition determine the splice-site selec-
tion in plant cells. To date, the potential roles of few of
these factors have been investigated in plants. For
instance, the Arabidopsis splicing factor AtSRp30 causes
several developmental changes by altering the splicing
patterns of various pre-mRNAs when overexpressed in
transgenic plants [15]. Similarly, overexpressing a kinase
containing a LAMMER motif, conserved in proteins
associated with the splicing machinery, results in differ-
ential expression of genes associated with stress and

Table 1. Recent examples of alternatively spliced stress-

associated plant genes

Species Gene Protein product Refs

Biotic stress

Flax L6 Resistance protein [17]

Flax M Resistance protein [18]

Arabidopsis RPS4 Resistance protein [19]

Tobacco N Resistance protein [20]

Arabidopsis RPP5 Resistance protein [21]

Tomato Bs4 Resistance protein [22]

Barley Mla Resistance protein [23]

Rice OsMAPK5 MAP kinase [7]

Water stress

Rice OsMAPK5 MAP kinase [7]

Salt stress

Arabidopsis SOS4 Pyridoxal kinase [5]

Rice OsIM1 Alternative oxidase [6]

Wounding

Tomato Prosys Systemin precursor [24]

Heavy metal stress

Maize Bronze 2 Glutathione-S-transferase [25]

Heat stress

Maize HSP22 Heat shock protein [26]

Oxidative stress

Spinach chlAPX Ascorbate peroxidase [27]

Rice photolyase DNA repair protein [28]

Light

Tobacco ZGT Circadian-clock protein [29]

Arabidopsis AtGRP7 RNA-binding protein [30]

Pumpkin HPR Hydroxypryuvate reductase [31]

Other stresses

Arabidopsis AtMMH DNA repair protein [32]

Tomato LeCBDGK Diacylglycerol kinase [33]

Apple MdSPDS Spermidine synthase [34]
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defence responses as well as up-regulation of genes with
roles in protein turnover as revealed by DNA microarray
analysis [16]. However, it is likely that some of the effects
observed after constitutive overproduction of these
regulatory proteins might be because of non-specific
activation of various signal transduction pathways with
regulatory effects on several other genes.

Conclusion

Although much research is needed to uncover the extent
and regulation of alternative splicing in plants, it is
already clear that this phenomenon occurs in plants on a
much wider scale than was previously thought. The

recently completed sequence of the rice genome and
increased availability of sequence information from
several other plant species should provide additional
impetus to research alternative splicing in plants.
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CAF-1 and MSI1-related proteins: linking nucleosome
assembly with epigenetics
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A key question in developmental biology is how

epigenetic states of gene activity are maintained faith-

fully through successive rounds of cell division. Recent

observations in Arabidopsis thaliana point to an import-

ant and conserved role for chromatin assembly factor-1

and the MSI1 class of chromatin-related proteins in

perpetuating epigenetic marks on chromatin.

The maintenance of correct gene activity patterns in
specified cell lineages is crucial for proper development of
multicellular organisms. Much of the information needed
to maintain repressed or active states of transcription isCorresponding author: Steven van Nocker (vannocke@msu.edu).
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