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Abstract Control of gene expression is exerted by multiple
steps such as transcription, mRNA processing, mRNA
export, mRNA degradation, translation, and posttransla-
tional events. Recent discovery of small RNAs has
enhanced the impact of posttranscriptional regulation, in
particular, alterations in mRNA stability in the regulation of
gene expression. Therefore, mRNA turnover is an impor-
tant process not only for setting the basal level of gene
expression but also as a regulatory step. Compared to the
mechanism of transcription, much less information is
available regarding mRNA degradation machineries. How-
ever, in the past several years, various components involved
in the mRNA degradation process have been identified in
eukaryotes. In particular, progress in the plant field has
revealed the involvement of mRNA turnover in a wide
variety of developmental processes and hormonal
responses. Here, we provide an overview of machineries
involved in general mRNA degradation and mRNA
surveillance systems in plants.

Introduction

The control of mRNA stability is important for regulation
of gene expression. Accumulating findings regarding
general mRNA degradation pathways in yeast indicated
that there are two general pathways, a deadenylation-
dependent decapping pathway and a 3′ to 5′ decay pathway
(Fig. 1). In each case, the removal of poly(A) tails from the
3′ end of transcripts, called deadenylation, is the initial and
rate-limiting step of the mRNA degradation. The complex
of Ccr4p and Pop2p has been identified as a predominant
deadenylase (Tucker et al. 2001, 2002; Chen et al. 2002).
This event triggers the removal of the cap at the 5′ end of
the mRNA by the decapping enzyme, a complex of Dcp2p
and Dcp1p (Beelman et al. 1996; LaGrandeur and Parker
1998; Dunckley and Parker 1999). Following decapping, the
message is degraded by Xrn1p, a processive exoribonuclease
that hydrolyzes RNA in a 5′ to 3′ direction to completion
(Muhlrad and Parker 1994). Alternatively, transcripts can be
degraded in a 3′ to 5′ direction by the exosome following
deadenylation. These two pathways comprise the bulk of
mRNA decay in yeast (Anderson and Parker 1998). As
specialized mRNA turnover pathways, nonsense-mediated
mRNA decay (NMD), nonstop mRNA decay (NSD), and
no-go decay (NGD) have been reported (Fig. 2). The NMD
pathway is responsible for the degradation of mRNAs bearing
premature nonsense codons. Such transcripts are degraded
either through the deadenylation-independent decapping path-
way or through accelerated deadenylation probably followed
by 3′ to 5′ decay (Elliott et al. 1989; Muhlrad and Parker
1994; Cao and Parker 2003; Lejeune et al. 2003; Mitchell and
Tollervey 2003; Takahashi et al. 2003). In the NSD pathway,
transcripts lacking translation termination codons are degraded
rapidly from 3′ to 5′ direction by exosome (Frischmeyer et al.
2002; van Hoof et al. 2002). Translation elongation arrest
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induced by strong secondary structure triggers the NGD, in
which an endonucleolytic cleavage occurs in the vicinity of
the stalled ribosome leading to exonucleolytic degradation of
the mRNA by Xrn1p and exosome. In addition to an active
translation, Dom34p and Hbs1p, homologs of translation
termination factors eRF1 and eRF3, are required for this
cleavage (Doma and Parker 2006). Interestingly, the complex
of Dom34p and Hbs1p itself shows endoribonuclease activity
in vitro, with Dom34p as an active unit (Lee et al. 2007).

Information about mRNA degradation pathways in
multicellular eukaryotes, including plants, is limited by
contrast to yeast. Considering the fact that most compo-
nents for the general mRNA degradation machinery are
conserved in eukaryotes, multicellular eukaryotes and yeast
are likely to use similar basic mechanisms for mRNA de-
gradation. However, some different aspects have also been
reported. For example, several in vitro studies showed that
3′ to 5′ degradation pathway by exosome is the main
degradation pathway for at least some mRNAs in mam-
mals, although it is not clear yet what pathway is dominant
in vivo (Chen et al. 2001; Wang and Kiledjian 2001;
Mukherjee et al. 2002). In this 3′ to 5′ degradation pathway,
the resulting oligonucleotide cap structure is removed by a
scavenger decapping enzyme, DcpS (Liu et al. 2002).

Moreover, analyses of enzymes responsible for mRNA
degradation in plants revealed the link between mRNA
turnover and gene silencing as well as the involvement of
mRNA turnover in the developmental processes and
hormonal responses. Therefore, figuring out the mRNA
degradation mechanisms in plants is important in that it will
increase understanding of the general significance of
mRNA turnover control. In this review, we will summarize
information regarding mRNA degradation pathways and
responsible components identified in plants.

Fig. 1 General mRNA degradation pathways in eukaryotes. The
mRNA body is protected by a cap structure and poly(A) tail at the 5′
and 3′ ends, respectively. mRNA degradation pathways in yeast
(black), mammal (red), and plant (green) systems are indicated by
arrows. Initially, the poly(A) tail is removed by deadenylation.
Deadenylated mRNA is degraded by 5′ to 3′ degradation followed
by decapping, or alternatively by 3′ to 5′ degradation. In mammals, the
scavenger decapping step is reported to follow. The responsible
enzyme(s) for each step is represented by a Pac-Man. Also, endonuclease
activity of the exosome, not shown in the figure, is likely involved

Fig. 2 mRNA surveillance system. Schematic view of nonsense-
mediated mRNA decay (NMD), nonstop mRNA decay (NSD), and
no-go decay (NGD) is indicated. A Premature termination codon is
recognized by a surveillance complex, UPF1, UPF2, and UPF3. NMD
in yeast triggers deadenylation-independent decapping or accelerates
deadenylation. B NMD in metazoans induces endoribonucleolytic
cleavage in the vicinity of premature codon. C In NSD, a stalled
ribosome at the 3′ end of the transcript recruits Ski7p, Ski complex,
and exosome to degrade mRNA from 3′ to 5′ direction. D In NGD,
translation elongation arrest triggers endoribonucleolytic cleavage in
the vicinity of the stalled ribosome. eRF3 and eRF1 (Dom34p and
Hbs1p are their respective homologs in yeast) are translation termi-
nation factors
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General mRNA Degradation Pathways

Deadenylases

Two deadenylase complexes responsible for the shorting of
the poly(A) tail have been studied in yeast. As a major
cytoplasmic deadenylase, the complex of Ccr4p/Pop2p
(also called as Caf1p) and several associated factors have
been identified (Tucker et al. 2001; Denis and Chen 2003).
Based on the mutant analysis, Ccr4p seems to be the
catalytic subdomain of this complex (Tucker et al. 2002),
and mutations in the catalytic domains of Ccr4p abolish its
functions in vivo (Chen et al. 2002). It has been suggested
that Pop2p might also have nuclease activity (Daugeron
et al. 2001), though it has a role in enhancing the activity of
Ccr4p. The second enzyme complex is a poly(A) binding-
protein (PABP)-dependent poly(A) nuclease, referred to as
PAN (Lowell et al. 1992; Sachs and Deardorff 1992). This
enzyme is composed of at least two subunits, Pan2p and
Pan3p, of which Pan2p seems to be the catalytic subunit.
Studies carried out using mutants deficient in Pan2p and/or
Pan3p have shown that PAN is responsible for the control of
poly(A) length of newly synthesized mRNA. It shortens the
poly(A) tail from about 150–200 nucleotides to the 70–90
nucleotide length, which is characteristic of mature yeast
mRNAs (Brown and Sachs 1998). For cytoplasmic dead-
enylation, PAN has a function for residual deadenylation
process in the yeast strain lacking the predominant dead-
enylase, Ccr4p (Tucker et al. 2001).

Homologous proteins of Ccr4p/Pop2p complex and PAN
have been identified in multicellular eukaryotes, including
plants (Dupressoir et al. 2001; Chen et al. 2002; Uchida et al.
2004). Functional analysis of mammalian CCR4/POP2 and
PAN revealed the biphasic deadenylation pathway by the
consecutive action of these two distinct deadenylases.
During the first phase of deadenylation, PAN shortens the
poly(A) tail to about 110 nucleotides with a relatively slow
process. PAN is then replaced by CCR4/POP2 complex for
the second phase. In this phase, not only is the remaining
poly(A) tail removed by CCR4/POP2-mediated deadenyla-
tion, but DCP2-directed decapping is also active, which
renders the transcripts susceptible to the following rapid 5′
to 3′ exonucleolytic degradation (Yamashita et al. 2005a).
Interestingly, the deadenylation mediated by PAN and
CCR4/POP2 is coupled with the translation termination
through the competitive interaction of translation termina-
tion complex eRF1/eRF3 and the two deadenylase com-
plexes to PABP. The translation-dependent exchange of
eRF1/eRF3 for deadenylase complexes that occurs on PABP
is a trigger of deadenylation (Funakoshi et al. 2007). This
deadenylation coupled with the translation termination is
conserved in yeast, and the involvement of two deadenylase
complexes, Pan2p/Pan3p and Ccr4p/Pop2p, is suggested

(Hosoda et al. 2003; Funakoshi et al. 2007; Siddiqui et al.
2007).

Arabidopsis has multiple potential homologs of the
CCR4/POP2 complex, therefore functional analysis is ham-
pered by the possible redundancy and regulatory complexity
of gene families encoding the components. However, gain-
and loss-of-function analyses of the POP2 homolog
(CaCAF1) of chili pepper, Capsicum annuum, indicate
interesting phenotypes. Overexpression of CaCAF1 in
tomato shows significant growth enhancement and increase
of pathogen resistance, while silencing of CaCAF1 in the
pepper plants shows growth retardation and enhancement of
susceptibility to various types of pathogens. The level of
several transcripts that might contribute to these phenotypes,
such as those related to cell wall formation and salicylic
acid- and jasmonic acid-mediated signaling pathways, is
increased in the CaCAF1-overexpressing plants (Sarowar
et al. 2007). Considering the fact that CaCAF1 shares high
homology with POP2 of many other eukaryotes, CaCAF1
might be a part of a poly(A)-specific exoribonuclease, as
in yeast and mammals, and the role of CaCAF1 in plant
growth and pathogen resistance would then implicate the
biological significance of deadenylation in plants.

Multicellular eukaryotes have an additional poly(A)
ribonuclease, designated PARN, that is absent in yeast. In
vitro analysis indicated that PARN is a Mg2+-dependent
deadenylase and its activity is inhibited by PABP under the
physiological salt concentration (Korner and Wahle 1997).
PARN has cap-binding activity and preferentially dead-
enylates capped mRNAs (Dehlin et al. 2000b; Gao et al.
2000). Immunodepletion experiments in HeLa cell extracts
suggested that PARN is a major cytoplasmic deadenylase
(Korner et al. 1998; Dehlin et al. 2000a; Gao et al. 2000).
Moreover, PARN is also involved in default poly(A) tail
removal during Xenopus meiotic maturation (Korner et al.
1998; Copeland and Wormington 2001). SiRNA-mediated
downregulation studies revealed the involvement of PARN
in the NMD pathway (Lejeune et al. 2003). PARN also
functions in the rapid deadenylation of mRNA containing
AU-rich element (ARE) promoted by the ARE-binding
protein, tristetraprolin (Lai et al. 2003).

Homologous proteins of PARN are found in many
eukaryotes, including plants. Arabidopsis thaliana PARN-
like protein, AtPARN, showed poly(A)-specific degradation
activity in vitro. GFP fusion experiments suggested that,
similar to human PARN, AtPARN is localized both in cy-
toplasm and the nucleus. Based on the mutant analysis, it
appears that AtPARN is essential for embryo development
(Chiba et al. 2004). Some embryo-specific transcripts have
longer poly(A) tails in the mutant, suggesting that deadeny-
lation of several specific mRNAs by AtPARN is critical
for proper embryo development (Reverdatto et al. 2004).
Interestingly, a weak and viable AtPARN mutant was
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isolated during the ABA-hypersensitive mutant screening.
Characterization of this leaky allele revealed the involve-
ment of AtPARN in ABA, salicylic-acid, and stress
responses in Arabidopsis (Nishimura et al. 2005). However,
direct substrates for AtPARN have not been elucidated yet.

Decapping Enzymes

In yeast and multicellular eukaryotes, decapping is cata-
lyzed by a complex consisting of two subunits, Dcp1 and
Dcp2, with Dcp2 as the catalytic subunit. Several different
regulatory factors are required for its activity. Edc1p-Edc3p,
Dhh1p, Pat1p, and Lsm1p–Lsm7p are reported as associ-
ation factors in yeast (Coller and Parker 2004). hEDC3 and
Rck/p54, homologs of Edc3p and Dhh1p, respectively, and
an additional factor, Hedls/Ge1, are identified as associating
proteins in humans. Hedls/Ge1 is required for the interac-
tion of hDCP1 and hDCP2 (Fenger-Gr et al. 2005).

The critical role of decapping in cell growth and de-
velopment is suggested by the pleiotropic phenotype
displayed by decapping component mutants in several
species, such as Drosophila, Saccharomyces cerevisiae,
and Schizosaccharomyces pombe (Beelman et al. 1996;
Hatfield et al. 1996; Dunckley and Parker 1999; Sakuno et
al. 2004; Lin et al. 2006). Additionally, the important role
of decapping in postembryonic development has been
indicated in Arabidopsis (Xu et al. 2006; Iwasaki et al.
2007). AtDCP2, AtDCP1, and VARICOSE (VCS) are
isolated as proteins homologous to hDCP2, hDCP1, and
Hedls/Ge1, respectively. AtDCP2 is an active subunit of a
decapping complex, and the mutation analysis indicated
that the Nudix domain is important for the activity. AtDCP1
and VCS can enhance the AtDCP2 activity in vitro.
Analyses of interacting factors both in vivo and in vitro
suggested that these three components interact with one
another within a big complex. AtDCP1, AtDCP2, and VCS
are localized in cytoplasmic foci called the processing
bodies (P-bodies), where most mRNA degradation machin-
ery is accumulated. Interestingly, T-DNA insertion lines of
these three components showed a similar seedling lethal
phenotype having growth that is severely perturbed at the
cotyledon stage (Xu et al. 2006).

Global analysis of mRNA profiles in the mutant of
AtDCP2 using microarrays indicated that the mRNA level
of 142 transcripts was elevated more than fivefold
compared to wild type. These putative targets of AtDCP2
include mRNAs of many different functional categories,
such as signaling molecules, transcription factors, trans-
porters, and metabolism-related proteins. In the mutants of
AtDCP2 and VCS, some of these putative targets showed
higher levels of expression and the capped state, suggesting
that these two proteins are components of decapping
machinery for several specific targets (Goeres et al. 2007).

Although AtDCP2 and XRN4, 5′ to 3′ exoribonuclease (see
below), are likely to work in the sequential steps of the
same degradation pathway, none of the transcripts elevated
in the xrn4 mutant showed greater expression in the mutant
of AtDCP2. This result suggests that other unidentified
exoribonucleases might exist (Souret et al. 2004; Olmedo
et al. 2006; Goeres et al. 2007).

Isolation and characterization of Arabidopsis mutants
defective in miRNA-guided silencing revealed that transla-
tional repression is a mode of plant miRNA action that is
more widespread than originally thought (Brodersen et al.
2008). Decapping component VCS is required for this
miRNA-mediated translational repression, as in animals
(Eulalio et al. 2007; Brodersen et al. 2008), providing
evidence of the link between mRNA decapping and action
of at least some of the plant miRNAs.

5′ to 3′ Exoribonucleases

Yeast has two 5′ to 3′ exoribonucleases. Xrn1p, localized in
the cytoplasm, is a main enzyme catalyzing mRNA
degradation following decapping, whereas Xrn2p (also
called Rat1p), localized primarily in the nucleus, is an
essential enzyme involved in the processing of rRNA and
small nucleolar RNAs (snoRNAs; Hsu and Stevens 1993;
Johnson 1997). Three members of the Arabidopsis XRN
family were isolated as homologs of Xrn2p/Rat1p, and no
Xrn1p-like gene was identified. All of them showed 5′ to 3′
exoribonuclease activity in the yeast heterologous expres-
sion system. Among them, AtXRN4 is localized in the
cytoplasm; therefore, it is the best candidate for a functional
homolog of the yeast Xrn1p (Kastenmayer and Green
2000). Although several substrates of AtXRN4 were
identified using reverse genetics and microarray analysis,
AtXRN4 is only required for the degradation of a few of
the transcripts and not critical for the general degradation of
unstable transcripts tested. Interestingly, the substrates of
AtXRN4 include the 3′ end products produced by miRNA-
mediated cleavage (Souret et al. 2004; German et al. 2008).

During the search of Arabidopsis mutants that promote
RNA-dependent RNA polymerase (RdRp)-dependent
cosuppression, a novel biological role of AtXRN4 in
transgene-dependent gene silencing was revealed. AtXRN4
functions to negatively regulate gene silencing by degrad-
ing decapped transgene mRNA, which is required to initiate
or maintain silencing by serving as a template for RdRp
(Gazzani et al. 2004). Additionally, deep sequencing
analysis of small RNAs in the xrn4 mutant indicated that
AtXRN4 negatively regulates the level of 21-nucleotide
small RNAs processed from the endogenous transcripts as
well. Endogenous uncapped transcripts, which likely act as
substrates of small RNA biogenesis, accumulate more in
the xrn4 mutant compared to the wild type. Simultaneous
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loss of ABH1, a subunit of the mRNA cap binding com-
plex, enhances the level of these small RNAs, suggesting
that an integral function of XRN4 and ABH1 is to prevent
the production of small RNAs from the endogenous tran-
scripts (Gregory et al. 2008). AtXRN4 is also involved in
the degradation of target mRNAs of long siRNAs (lsiRNAs),
a new class of endogenous small RNAs with size range of 30
to 40 nucleotides in Arabidopsis. AtlsiRNA-1, induced by
Pseudomonas syringae infection, is processed from the
natural antisense transcript. This lsiRNA down-regulates
the expression of the antisense transcript, AtRAP, by
AtXRN4-mediated 5′ to 3′ exoribonucleolytic degradation
following decapping. Down-regulation of AtRAP results in
the increased resistance to both virulent and avirulent
strains of P. syringae (Katiyar-Agarwal et al. 2007).

Involvement of AtXRN4 in the ethylene response
pathway is uncovered by identification of ETHYLENE-
INSENSITIVE 5 (EIN5) as AtXRN4. Based on genetic
analysis, EIN5 appeared to be acting in the ethylene
signaling pathway (Olmedo et al. 2006; Potuschak et al.
2006). EIN3, a main transcription factor, is rapidly induced
in response to ethylene, whereas in the absence of ethylene,
the EIN3 protein is quickly degraded through a ubiquitin/
proteosome pathway mediated by F-box proteins, EBF1
and EBF2. Interestingly, EBF1 and EBF2 mRNAs are
ethylene inducible, suggesting the existence of a negative
feedback regulation for fine-tuning the EIN3 level (Binder
et al. 2007; Kendrick and Chang 2008). The function of
AtXRN4 in the ethylene signaling pathway is likely to
antagonize the negative feedback regulation of EIN3 by
down-regulating EBF1 and EBF2 mRNA levels (Olmedo et
al. 2006). However, EBF1 and EBF2 mRNAs are not likely
to be direct targets for AtXRN4 because the half-life of
both transcripts in the ein5/atxrn4 mutant is the same as in
the wild-type (Souret et al. 2004; Potuschak et al. 2006),
suggesting that more complex action must be involved.

Similar to AtXRN4, AtXRN2 and AtXRN3 also func-
tion as endogenous suppressors of transgene-induced silenc-
ing, probably by degrading aberrant transgene RNAs in the
nucleus. In addition, AtXRN2 and 3 are involved in the
maturation process of miRNA, such as degradation of looped
end products derived from miRNA precursors (Gy et al.
2007). Interestingly, levels of these three AtXRNs are likely
to be controlled by another repressor, FIERY1 (FRY1),
which is a bifunctional nucleotidase/phosphatase convert-
ing 3′-phosphoadenosine 5′-phosphate (PAP), a toxic by-
product of sulfate assimilation, to 5′AMP and Pi (Saito
2004; Gy et al. 2007). Increased PAP in the fry1 mutant
could be an inhibitor of AtXRNs as observed in yeast
(Dichtl et al. 1997). Recent genetic analyses of the fry1
mutants indicated the role of FRY1 as a negative regulator of
drought stress response (Wilson et al. 2009), in addition to
its involvement of FRY1 in photomorphogenesis (Kim and

von Arnim 2008). The phenotypic similarity of the xrn2/
xrn3 double mutant suggested that the photomorphogenic
phenotypes of fry1 mutant are likely attributed to modified
XRN activity (Kim and von Arnim 2008).

3′ to 5′ Exoribonucleases

The exosome is a multisubunit complex responsible for
the 3′ to 5′ exoribonucleolytic degradation of RNAs, both
in the nucleus and the cytoplasm. The yeast exosome,
identified first and best analyzed, consists of a core
complex containing ten different subunits and nucleus- or
cytoplasmic-specific-associating proteins that are required
for its function. Six subunits (Rrp41p, Rrp42p, Rrp43p,
Rrp45p, Rrp46p, and Mtr3p) show homology to the
catalytic domain of phosphorolytic bacterial RNase PH
and archaeal exosome. Three other subunits (Rrp40p,
Rrp4p, and Csl4p) indicate homology to S1 and KH
RNA-binding proteins. These nine subunits form a ring-
type structure. The tenth subunit, Dis3p (also known as
Rrp44), is homologous to a bacterial RNase II that is a
hydrolytic 3′ to 5′ exoribonuclease (Mitchell et al. 1997;
Allmang et al. 1999). Structural and functional analysis
revealed that Dis3p is the only subunit responsible for the
hydrolytic 3′ to 5′ exonucleolytic activity of the exosome
core (Liu et al. 2006; Dziembowski et al. 2007). Moreover,
this subunit also has recently been shown to contain
endonuclease activity that is of functional consequence in
vivo (Lebreton et al. 2008; Schaeffer et al. 2009). Other
subunits do not have enzymatic activity, but are required for
the interaction of associated proteins with Dis3p (Liu et al.
2006; Dziembowski et al. 2007). In the nucleus, the
exosome is involved in the processing of rRNA, snoRNA,
and snRNA. It is also involved in the quality control of
many types of RNA, such as mRNAs, tRNAs, and rRNAs,
together with the nucleus association factors, an RNase
D-like protein (Rrp6p) and a putative RNA-binding protein
(Lrp1p). In the cytoplasm, the exosome functions in minor
degradation pathways for normal transcripts. It also
participates in NMD, NSD, and NGD. The exosome in
the cytoplasm is activated by Ski7p, a putative GTPase and
the Ski2p/Ski3p/Ski8p complex (Houseley et al. 2006). The
exosome is also required for ARE-mediated mRNA
degradation in human cells and for the degradation of the
5′ fragment cleaved by RNA interference (RNAi) in Dro-
sophila (Mukherjee et al. 2002; Orban and Izaurralde 2005).

Arabidopsis also conserved several proteins homologous
to the exosome components. Two of them, AtRRP41 and
AtRRP4, have been characterized in detail. AtRRP41 is a
phosphorolytic exoribonuclease that complements the
defects in the 5.8S rRNA processing and 3′ to 5′ degradation
observed in the yeast temperature-sensitive mutant of
Rrp41p, as well as the lethal phenotype of its null mutant
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(Chekanova et al. 2000). AtRRP4 is a hydrolytic 3′ to 5′
exoribonuclease that contains S1 and KH RNA-binding
domain. Both are physically interacting and identified in a
high molecular mass complex in Arabidopsis, strongly
suggesting that AtRRP41 and AtRRP4 are likely to be
members of the plant exosome (Chekanova et al. 2002).
Other components of the complex, as well as AtRRP41 and
AtRRP4, are identified by tandem affinity purification.
Nine subunits of the exosome core, except for the Dis3p
homolog, are identified. There are two genes that may
encode the Dis3p homolog in the Arabidopsis genome,
suggesting that the exosome composition may differ
between yeast and multicellular eukaryotes (Chekanova
et al. 2007). In fact, the Dis3p homologue in humans does
not seem to be associated stably with the exosome complex,
although the rest of the components appear to be quite
similar to yeast (Allmang et al. 1999; Raijmakers et al.
2004; Liu et al. 2006). Additionally, AtRRP41 is unique in
that it retains the full catalytic activity (Chekanova et al.
2000). Interestingly, mutant analyses of AtCSL4,
AtRRP41, and AtRRP4 in Arabidopsis implicated the
distinct functions of each subunit of the exosome. AtRRP41
and AtRRP4 are essential for the developmental of female
gametophytes and embryogenesis, respectively, whereas
AtCSL4 is dispensable for growth and development. More-
over, the exosome targets are identified by applying tilling
microarray analysis to the mutants of AtRRP41 and AtRRP4,
in which these genes are knocked down by the inducible
RNAi system. In addition to a subset of snRNAs, snoRNAs,
tRNAs, andmRNAs, a wide variety of RNAs are identified as
the exosome substrates, including mRNAs that did not
properly complete 3′ end processing, primary microRNA
processing intermediates, tandem-repeat-associated siRNA
precursors, and noncoding RNAs (Chekanova et al. 2007).
As an additional physiological impact of exosome function,
involvement of the exosome in the cuticle wax biosynthesis
in Arabidopsis is indicated by the analysis of a wax-deficient
eceriferum7 (cer7) mutant. The CER7, a functional homo-
log of yeast Rrp45p, plays a role in keeping the cuticular
wax levels high in stems and siliques by controlling tran-
scription of a key gene for wax production in an indirect
way (Hooker et al. 2007).

Specialized mRNA Degradation Pathways

mRNA Surveillance System

The NMD pathway, which is responsible for the degrada-
tion of selective mRNAs containing a premature termina-
tion codon (PTC), is well conserved among eukaryotes.
The mechanism of NMD is studied extensively in yeast
and mammals, leading to the identification of three core

components: UPF1, UPF2, and UPF3. It has been postulat-
ed that mammalian transcripts are targeted for NMD only if a
stop codon is located more than 50 nucleotides upstream of
an exon–exon junction (Nagy and Maquat 1998). During the
splicing, an exon junction complex (EJC) interacting with
UPF2 and UPF3 binds to 20 to 25 nucleotides upstream of
the exon–exon junction (Le Hir et al. 2000). In the absence
of PTC, the ribosomes can displace EJC from mRNAs, but
when termination is premature, the remaining EJC down-
stream of the aberrant stop codon triggers NMD (Chang et
al. 2007). UPF1 is recruited to prematurely terminating
ribosomes through interactions with the release factors,
where it can complex with UPF3 via UPF2. Then, the
phosphorylation of UPF1 is promoted by SMG1 (Kashima
et al. 2006; Ivanov et al. 2008). The phosphorylation/
dephosphorylation of UPF1 controlled by SMG proteins is
critical for NMD (Yamashita et al. 2005b). The phosphor-
ylated UPF1 inhibits a new round of translation initiation
and triggers degradation of mRNA (Isken et al. 2008).
Yeast, which contains fewer introns, has a different strategy
to distinguish an aberrant stop codon from a normal one.
The main determinant to trigger NMD is an exceptionally
long 3′ UTR, which prevents normal translation termination
by association of eRF1 and eRF3 with cytoplasmic PABP
(Amrani et al. 2004). Although this “faux 3′-UTR” model is
incompatible with some observations in yeast—such as
NMD still being active in mRNAs without poly(A) tails or
in the PABP-deleted strains (Meaux et al. 2008)—an
abnormal 3′UTR can activate NMD in a similar way in
Drosophila as well (Behm-Ansmant et al. 2007). Recent
studies in mammalian NMD indicate that mammalian
NMD is also generally triggered by a longer 3′ UTR, as
observed in yeast and Drosophila and the EJC located
downstream of the PTC functions as an enhancer (Buhler
et al. 2006).

Degradation of PTC-containing transcripts derived both
from intron-containing and intronless genes has been
observed in plants (Jofuku et al. 1989; Voelker et al.
1990; Dickey et al. 1994; van Hoof and Green 1996; Isshiki et
al. 2001; Arciga-Reyes et al. 2006; Wu et al. 2007).
Unusually long 3′ UTRs in the intronless NMD targets are
indicated as a key feature to distinguish a PTC from the
authentic termination codon in plants. mRNAs with longer 3′
UTRs are more effectively processed by NMD pathways
(Kertesz et al. 2006; Hori and Watanabe 2007). Moreover,
introns in the 3′ UTR act as cis-elements for NMD as well. As
in mammals, the distance between PTC and its downstream
intron is important to trigger NMD (Kertesz et al. 2006; Hori
and Watanabe 2007; Wu et al. 2007). However, there are
some exceptions suggesting that the effect of introns on NMD
might be more complex in plants. In the case of the rice
WAXY gene, proper splicing of an intron upstream of the PTC
is required for NMD (Isshiki et al. 2001). Even in the last
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exon, a PTC presented in a magnesium chelatase mutant of
barley also induced NMD (Gadjieva et al. 2004).

The core components UPF1, UPF2, and UPF3 have been
identified in plants. Additionally, homologues of mammali-
an SMG7 and components of EJC are found in Arabidopsis
(Pendle et al. 2005; Kerenyi et al. 2008). Mutant analyses
of upf1 and upf3 in Arabidopsis (Hori and Watanabe 2005;
Arciga-Reyes et al. 2006) as well as down-regulation of
UPF2 expression by virus-induced gene silencing (VIGS)
in Nicotiana attenuata indicated that all three components
are required for NMD function in plants (Wu et al. 2007).
Detailed analysis of these three factors by the transient
NMD assay in Nicotiana benthamiana combined with
VIGS revealed that UPF1, UPF2 and SMG7 are involved
both in long 3′ UTR-based and intron-based NMD, whereas
EJC components are required only for intron-based NMD,
as expected (Kerenyi et al. 2008). The low-beta-amylase1
(lba1), a missense mutant of upf1, and an allelic series of
ufp1 mutants in Arabidopsis indicate pleiotropic pheno-
types, such as floral abnormalities, altered seed develop-
ment, and seedling lethality, suggesting that NMD regulates
a subset of genes important for plant development and
survival. Indeed, gene expression profile analysis in the
lba1 mutant identified several putative targets of UPF1-
dependent NMD, including many transcription factors and
metabolic enzymes involved in a wide variety of functions
(Yoine et al. 2006). Moreover, an analysis of a hypomor-
phic smg7 mutant in Arabidopsis revealed that an essential
function of SMG7 in NMD is required for exit from
meiosis (Riehs et al. 2008). Interestingly, SMG7 in flower-
ing plants conserved the exceptionally long 3′ UTR
containing two introns, suggesting that SMG7 itself is also
a direct target for NMD. In fact, SMG7 expression in
N. benthamiana is increased in leaves where UPF1 and
UPF2 are silenced, but not in leaves where EJC compo-
nents are silenced, indicating that SMG7 mRNAs are
negatively regulated by long 3′ UTR-based NMD. Since
SMG7 is functional for both types of NMD in plants,
intensity of NMD is likely feedback-controlled through the
autoregulation of SMG7 (Kerenyi et al. 2008).

Once PTC-containing transcripts are recognized as target
mRNAs for NMD, they are degraded by mechanisms
similar to those of general mRNA decay. However, the
selection of degradation strategies after the recognition of a
PTC differs among species. In yeast, PTC-containing
transcripts are degraded exonucleolyticly from both RNA
ends (Muhlrad and Parker 1994; Hagan et al. 1995; Cao and
Parker 2003), whereas in flies, endonucleolytic cleavage in
the vicinity of the nonsense codon leads to elimination of
PTC-containing transcripts (Gatfield and Izaurralde 2004).
Mammalian NMD has been suggested to use similar
degradation mechanisms as in yeast NMD (Chen and Shyu
2003; Lejeune et al. 2003; Couttet and Grange 2004). A

revised mechanistic model was provided recently, in which
the degradation induced by NMD is initiated by endonu-
cleolytic cleavage near PTC, indicating that the degradation
mechanism of PTC-containing mRNAs is conserved in
metazoans (Eberle et al. 2009). Furthermore, SMG6 is
reported to be a responsible endonuclease both in Drosophila
and human cells (Huntzinger et al. 2008; Eberle et al. 2009).
Together with the newly discovered endonuclease activity in
the exosome, it is clear that endonuclease activity is more
important for eukaryotic decay processes than originally
thought (Wilusz 2009). Although plants have similar mRNA
degradation machinery, further investigation is needed to
determine which pathway contributes to NMD and the
contribution of endonuclease activity. Two other mRNA
surveillance systems, NSD and NGD, have been demon-
strated in yeast; however, similar degradation pathways have
not been identified in plants.

mRNA Degradation Coupled with Translation

In addition to NMD mentioned above, NSD and NGD are
mRNA degradation systems coupled with translation. The
link between mRNA degradation and translation other
than the rapid decay of nonsense mRNAs is evident in
plants, such as for the ferredoxin-1 (Fed1) mRNA in pea
and the cystathionine gamma-synthase-1 (CGS1) mRNA in
Arabidopsis.

Fed1 mRNA, encoding the major chloroplast isoform of
ferredoxin, is regulated in response to light/dark conditions
at the level of transcription in etiolated seedlings and at the
posttranscriptional level in green leaves (Elliott et al. 1989;
Gallo-Meagher et al. 1992; Petracek et al. 1998). In green
leaves, Fed1 mRNA is rapidly degraded in the dark and is
stabilized in the light (Petracek et al. 1998). The cis-
element responsible for this posttranscriptional light regu-
lation is the internal light regulatory element (iLRE) that
spans the 5′-UTR and the first one-third of the Fed1 coding
region (Dickey et al. 1992). Several lines of evidence
indicated that the change in the translation efficiency/mode
of mRNA association with polyribosomes is a factor for
determining mRNA stability of Fed1 in response to light
conditions (Dickey et al. 1994, 1998; Petracek et al. 1997,
1998; Hansen et al. 2001).

Cystathionine gamma-synthase (CGS) catalyzes the first
committed step of the methionine biosynthesis pathway in
higher plants (Matthews 1999). The CGS1 gene is neg-
atively feedback regulated at the mRNA stability level in
response to S-adenosyl-L-methionine (AdoMet), a direct
metabolite of methionine (Chiba et al. 1999, 2003). A
nascent peptide designated as the MTO1 region, encoded
by the first exon of CGS1 itself, is sufficient and essential
for this process (Ominato et al. 2002). Moreover, ongoing
translation is critical for the posttranscriptional regulation of
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CGS1 mRNA (Lambein et al. 2003). Consistent with this
result, detailed analyses using a cell-free system have
revealed that temporal translation elongation arrest imme-
diately downstream of the MTO1 region occurs in response
to AdoMet prior to CGS1 mRNA degradation (Onouchi
et al. 2005). In NMD, NSD, and NGD pathways, the
responsible role players are recruited to an empty A-site of
the ribosome to trigger mRNA degradation. In contrast,
when the translation elongation of CGS1 mRNA is tempo-
rarily arrested, the A-site is occupied by the peptidyl-tRNA,
suggesting that this nascent peptide-mediated posttran-
scriptional regulation is conducted by a novel mechanism
(Onouchi et al. 2005).

Conclusions

We are still far from a complete understanding of the
machinery for general or specific mRNA degradation in
plants. However, unique features of mRNA degradation
mechanisms have been identified. For example, several
components responsible for mRNA decay are involved in
hormonal responses, such as ABA and ethylene. In
addition, mutant analyses of these components suggested
that mRNA turnover is also involved in developmental
processes. Studies using Arabidopsis and other model
systems, such as forward and reverse genetics and
functional genomics, will help to address how mRNA
stability is regulated to conduct multiple physiological
activities in plants. Finally, the recent demonstration that
Parallel Analysis of RNA Ends (PARE) (German et al.
2008) and other next-generation deep sequencing strategies
(Addo-Quaye et al. 2008; Gregory et al. 2008) can be used
to detect mRNA decay intermediates with high sensitivity,
should contribute to elucidating mRNA decay pathways
and players in eukaryotic systems in general.
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