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Tünde Nyikó Æ Boglárka Sonkoly Æ Zsuzsanna Mérai Æ
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Abstract Nonsense-mediated decay (NMD) is a quality

control mechanism that identifies and degrades aberrant

mRNAs containing premature termination codons (PTC).

NMD also regulates the expression of many wild-type

genes. In plants, NMD identifies a stop codon as a PTC and

initiates the rapid degradation of the transcript if the

30untranslated region (UTR) is unusually long or if it har-

bors an intron. Approximately 20% of plant transcripts

have an upstream ORF (uORF) in the 50UTR. In theory, if a

uORF is translated, the 30UTR downstream of the uORF

will be long and harbor introns, thus these transcripts might

be degraded by NMD. Therefore, if uORFs can trigger

NMD, uORF containing transcripts would be a major

group of NMD regulated wild-type plant mRNAs. The aim

of this study was to clarify whether plant uORFs could

activate NMD. Here we demonstrate that plant uORFs

induce NMD in a size-dependent manner, a 50 amino acid

(aa) long uORF triggered NMD efficiently, whereas similar

but shorter (31 and 15 aa long) uORFs failed to activate

NMD response. We have found that only *2% of anno-

tated Arabidopsis genes contain a first uORF that is longer

than 35 aa, thus we propose that NMD regulates only a

small fraction of uORF containing transcripts. However, as

mRNAs having uORF that is longer than the critical size

are strongly overrepresented within the up-regulated

transcripts of NMD deficient plants, it is likely that this

subset of natural NMD targets induces NMD because of

containing a relatively long translatable uORF.
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Abbreviations

NMD Nonsense-mediated mRNA decay

uORF Upstream ORF

VIGS Virus-induced gene silencing

UTR Untranslated region

EJC Exon-junction complex

eRF Eukaryotic releasing factor

Introduction

Regulatory elements present in the 50untranslated regions

(50UTR) play a crucial role in post-transcriptional gene

regulation.

In eukaryotes, the 43S preinitiation complex interacts

with the 50 end of the mRNA and starts to scan the tran-

script for AUG codon. Start codon recognition allows

joining of the large ribosomal subunit and the formation of

the final 80S initiation complex (Kozak 2002).

Although this scanning model suggests that the eukaryotic

translation initiates at the first AUG, many transcripts

(20–40% of eukaryotic mRNAs) contain AUGs and/or short

upstream ORFs (uORFs) in the 50UTRs (Churbanov et al.

2005; Hayden and Jorgensen 2007; Hayden and Bosco

2008; Kawaguchi and Bailey-Serres 2005; Tran et al. 2008).

uORFs can negatively regulate the expression of the major

ORF by inhibiting its translation and/or by destabilizing the
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transcript. If uORFs are present in the 50 leader sequence, the

major ORF can be translated only if the scanning ribosomes

do not initiate translation at first AUG instead they resume

scanning and initiate translation at the start codon of the

major ORF (leaky scanning). Alternatively, the major ORF

could be expressed if translation is reinitiated after termi-

nating the translation of uORF (Kozak 2005; Sachs and

Geballe 2006). Both leaky scanning and reinitiation are

supposed to be generally inefficient. Efficiency of the leaky

scanning depends on the start codon context of uORF, while

reinitiation efficacy depends on many factors including the

length of uORF and the intercistronic region (the sequence

between the stop of uORF and the start of major ORF). Re-

initiation is less efficient after translation of longer ORFs

compared with shorter ones. To reinitiate translation, the

ribosome should reacquire initiation components while it is

traversing the intercistronic region. Thus the longer inter-

cistronic region allows more efficient reinitiation (Sachs and

Geballe 2006). The transcript destabilization effects of

uORFs are less understood. Protein products of uORFs might

induce transcript degradation in cis or in trans. Translation of

uORFs could also induce destabilization of mRNA by trig-

gering nonsense-mediated mRNA decay (NMD; Lee and

Schedl 2004; Mendell et al. 2004), a eukaryotic quality

control mechanism that identifies and degrades mRNAs

containing premature termination codons (PTC).

Recent ‘‘unified’’ model of NMD suggests that NMD

recognizes a stop codon as a PTC and initiates the rapid

decay of the transcript if the translation termination is

inefficient (Muhlemann 2008; Neu-Yilik and Kulozik

2008; Rebbapragada and Lykke-Andersen 2009; Shyu

et al. 2008; Silva and Romao 2009). This model proposes

that efficient termination requires interaction of the eRF3

component of the terminating ribosome with the poly(A)

binding protein (PABP). If the 30UTR is unusually long,

eRF3 fails to interact with PABP and instead it binds

UPF1, which then recruits UPF2 and UPF3 NMD factors.

The formation of the functional NMD complex triggers

rapid degradation of the PTC containing transcript (Muhlemann

2008; Neu-Yilik and Kulozik 2008; Rebbapragada and

Lykke-Andersen 2009; Shyu et al. 2008; Silva and Romao

2009). In mammals (but not in invertebrates or yeast),

30UTR located introns can dramatically enhance the

intensity of NMD. During splicing a protein complex

called exon-junction complex (EJC) is deposited on the

mRNA 20–25 nucleotides upstream of the exon–exon

boundary (Le Hir et al. 2000). EJC serves as a binding

platform for UPF3 and UPF2 NMD factors (Le Hir et al.

2001). The translating ribosomes remove EJC from the

mRNA unless it locates in the 30UTR. During mammalian

translation termination a protein complex consisting of

eRF1, eRF3, SMG-1 kinase and UPF1 NMD factor (called

SURF complex) joins to the terminating ribosome. If an

EJC is present on the 30UTR, the UPF1 component of the

SURF can interact with the EJC-bound UPF2. This inter-

action induces SMG-1 mediated phosphorylation of UPF1

leading to the formation of functional NMD complex and

the rapid degradation of the transcript (Kashima et al.

2006).

The mechanistic details how NMD complex formation

leads to the rapid degradation of the target transcript are

not well understood. In yeast, NMD complex formation

likely triggers deadenylation-independent decapping and

accelerated deadenylation resulting in rapid mRNA decay

(Cao and Parker 2003; Hagan et al. 1995; Mitchell and

Tollervey 2003). In animals, UPF1 phosphorylation might

be a key step that connects NMD complex formation and

mRNA decay. SMG-5, -6 and -7, three related 14-3-3 like

domain containing proteins can bind phosphorylated UPF1

and regulate the dephosphorylation of it by recruiting

protein phosphatase 2A (PP2A). In addition, SMG-6 can

cleave the NMD targeted mRNAs close to the PTC (Eberle

et al. 2009; Gatfield and Izaurralde 2004; Huntzinger et al.

2008), while SMG-7 likely binds phospho-UPF1 and

transports it with the associated PTC containing transcripts

into the P-body, a specific compartment for mRNA decay

(Fukuhara et al. 2005).

Little is known about plant NMD (reviewed in Belos-

totsky and Sieburth 2009; Chiba and Green 2009). Previ-

ously we and others have shown that in plants both long

30UTR and 30UTR located introns can trigger NMD effi-

ciently (Hori and Watanabe 2007; Kertesz et al. 2006;

Schwartz et al. 2006; Wu et al. 2007). The key NMD trans

factors are conserved within eukaryotes, plant orthologs of

UPF1, UPF2, UPF3 and SMG-7 (but not SMG-5, SMG-6

or SMG-1) can be found and these factors are required for

plant NMD (Arciga-Reyes et al. 2006; Hori and Watanabe

2005; Kerenyi et al. 2008; Wu et al. 2007; Yoine et al.

2006). The basic mechanism of plant PTC identification

and NMD complex formation could be similar to animal

NMD systems (Kerenyi et al. 2008). The long 30UTR-

based plant NMD, like yeast and invertebrate NMD sys-

tems, measures the distance between the stop codon and

PABP, indicating that efficient translation termination also

requires interactions between PABP and terminating ribo-

somes in plants. Moreover, we have also provided evidence

that intron-based plant NMD, like mammalian NMD, is

mediated by an EJC-like complex (Kerenyi et al. 2008).

The molecular mechanism of PTC containing plant tran-

script degradation is still not known.

In addition to eliminating PTC containing aberrant

transcripts, plant NMD is also involved in the regulation

of wild-type mRNAs, *1 to 2% of transcripts are up-

regulated in NMD deficient plants (Kurihara et al. 2009;

Yoine et al. 2006). For instance, plant NMD is involved in

the selective degradation of alternative splicing products,
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riboswitched transcripts or many noncoding mRNA-like

RNAs (Hori and Watanabe 2005; Kurihara et al. 2009;

Schoning et al. 2008; Wachter et al. 2007). Plant NMD is

autoregulated, the 30UTR of SMG-7 NMD factor is

unusually long and contains two introns, thus it is directly

targeted by NMD (Kerenyi et al. 2008).

NMD regulated genes can be grouped as indirect and

direct targets. Indirect targets are genes, whose expression

is controlled by an NMD targeted gene. Direct targets are

genes, whose mRNAs contain NMD cis elements, hence

their transcripts are degraded by NMD pathway. The two

direct target groups of plant NMD are transcripts with long

30UTR (longer than 3–400 nt) and mRNAs with 30UTR

located introns (Kertesz et al. 2006). We have postulated

that uORF containing transcripts could be a third group of

direct plant NMD targets. In theory, if a uORF is translated,

the 30UTR downstream of the uORF will be extremely long

and harbor introns, thus it could be directly targeted by

NMD. uORFs are present in *20% of plant transcripts,

therefore if plants uORFs can trigger NMD, NMD would

play a very important role in the regulation of many wild-

type plant mRNAs. However, it has not been experimen-

tally tested if plant uORF can destabilize a transcript by

triggering NMD. The aim of this study was to clarify

whether plant NMD can be activated by uORFs.

Here we show that plant uORFs can trigger NMD in a

size-dependent manner, 15 or 31 amino acid (aa) long

uORFs were unable to trigger NMD, while a similar but

longer (50 aa long) uORF induced NMD efficiently. Our

data suggest that only small fraction of uORF containing

plant transcripts are regulated by NMD.

Materials and methods

Plasmid constructs

For agroinfiltrations, genes were cloned into Bin61S binary

vector or into the derivatives of Bin61S. P14, GFP, G-L

and U1DN (previously referred to as UPF1DN) clones

were previously described (Kerenyi et al. 2008; Kertesz

et al. 2006). To create (50U1-G, 50U2-G, 50U3-G, 50U4-G,

50U5-G) 50UTR testing vectors, 50UTR genomic segments

were amplified from Arabidopsis thaliana DNA with pri-

mer pairs (1for1 ? 1rev1, 2for1 ? 2rev1, 3for1 ? 3rev1,

4for1 ? 4rev1, 5for1 ? 5rev1) carrying KpnI sites (primer

sequences are available upon request). These PCR frag-

ments were cloned into GFP binary reporter vector upstream

of GFP ORF.

NoATG-U2-G construct was generated by PCR muta-

genesis from 50U2-G. PCR fragments were generated with

primer pairs mutating ATG (2for1 ? uORFmutR and

uORFmutF ? 2rev1). These overlapping PCR products were

annealed, primer extended, reamplified with 2for1 ? 2rev1

primers and then cloned with KpnI into GFP reporter vector.

Similar PCR mutagenesis was used to generate U2-noPstop-

G construct (primers used: 2for1 ? uO2-noProR and

uO2no-ProF ? 2rev1) from 50U2-G. 31-U2-G (primers

used: 2for1 ? uORF31asR and uO2noProF ? 2rev1)

and 15-U2-G (primers used: 2for1 ? uORF15asR and

uO2noProF ? 2rev1) constructs were generated from

U2-noPstop-G. To test the effect of reduced reinitiation on

NMD sensitivity reporter constructs with shortened inter-

cistronic regions were generated by PCR mutagenesis. PCR

fragments with short intercistronic sequences were gener-

ated with primer pair (2for1 ? 2uORF2rovR) from 50U2-G,

31-U2-G and 15-U2-G templates. These PCR fragments

were digested with KpnI and cloned into GFP vector creating

U2-s-G, 31-U2-s-G and 15-U2-s-G reporter constructs.

To generate reporter constructs lacking major ORF, a

439 nt PCR fragment was produced from 50U1 region,

which contained only a single ATG. This ATG was elim-

inated with PCR mutagenesis (primer used: 1uORFBamH1

F ? NoATGR and NoATGF ? 1uORFXba1 R), and then

the obtained ATG-less PCR fragment was cloned and

sequenced (noORF sequence). The noORF sequence as a

BamHI-XbaI fragment was moved into Bin61s (Bin61S-

noORF), and then the 50UTR segments from 50U2-G,

31-U2-G and 15-U2-G templates were cloned as KpnI

fragments into KpnI cleaved Bin61SnoORF vector

leading to generation of U2-noORF, 31-U2-noORF and

15-U2-noORF constructs.

Agroinfiltration assays

Agroinfiltrations and GFP detections were described

(Silhavy et al. 2002). Leaves of wild-type plants or VIGS

silenced N. benthamiana plants were agroinfiltrated with a

mixture of cultures. The final OD of each culture was

OD600 = 0.4 (except P14, which was OD = 0.2) in the

mixture. The infiltrated leaves were studied at 3 days post

inoculation (3 d.p.i.). Visual detection of GFP fluorescence

was performed using a 100 W handhold long-wave ultra-

violet lamp (UV products, Upland, CA 91786, Black Ray

model B 100AP).

Virus-induced gene silencing

To trigger VIGS, leaves of *21 days old greenhouse

grown N. benthamiana plants were co-infiltrated with a

mixture of three Agrobacterium cultures. One expressed

P14, the second expressed TRV RNA1 (BINTRA6 vector;

Ratcliff et al. 2001), while the third expressed TRV RNA2

(Liu et al. 2002; Valentine et al. 2004) containing a

sequence from N. benthamiana PDS (PDS) or contained
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segments from N. benthamiana PDS and UPF1 (P-UPF1)

or PDS and UPF2 (P-UPF2). PDS, P-UPF1 and P-UPF2

VIGS vectors were previously described (Kerenyi et al.

2008). VIGS induced (and/or agroinfiltrated) N. benth-

amiana plants were grown in a growth chamber under 16 h

light (22�C)/8 h dark (18�C) cycles. At 9–10th days, when

upper leaves of VIGS induced plants started to bleach

(indicating that PDS silencing is efficient), leaves under the

bleaching ones were agroinfiltrated with a mixture of cul-

tures (see above).

RNA gel blot analysis

RNA methods and quantifications were described previ-

ously. PCR fragments labeled with random priming

method were used for Northern analyses. Phosphorimagine

measurements were used to quantify expression of mRNAs

(Kertesz et al. 2006). RT-PCR was carried out with QIA-

GEN OneStep RT-PCR Kit.

Results

uORF containing 50UTR segments could trigger plant

NMD

Many uORF containing mRNAs are up-regulated in NMD

deficient Arabidopsis mutant lines suggesting that these

transcripts are negatively regulated by NMD (Kurihara

et al. 2009). However, it is not known whether these

transcripts are direct or indirect NMD targets. Moreover,

even if they are direct NMD targets, it is possible that their

30UTR segments instead of their uORFs induce NMD. To

test whether uORFs can trigger NMD in plants, we have

cloned the 50UTRs of 5 uORF containing A. thaliana genes

(50UTR segment of At3g53400 is named 50U1. Similarly,

the 50UTRs of At1g70780, At3g01060, At1g08730 and

At3g18000 are named 50U2, 50U3, 50U4 and 50U5,

respectively), which were overexpressed in NMD deficient

mutants (Kurihara et al. 2009; Yoine et al. 2006). These

50UTR segments were incorporated into a binary vector

(GFP) between the 35S promoter and the GFP reporter

gene (Fig. 1a) and then the effects of these leader regions

on GFP expression were studied in agroinfiltration assays.

Although all five genes encode at least one uORF, these

uORF encoded proteins have not been experimentally

detected. The deduced proteins of uORFs derived from

At3g53400 (uORF1), from At1g70780 (uORF2) and from

At3g18000 (uORF5) are well conserved between dicots

and monocots. Therefore it is supposed that these uORFs

are translated and that their protein products are functional

(Hayden and Jorgensen 2007). By contrast, the putative

protein products of the uORFs of At1g01060 (uORF3) and

At3g08730 (uORF4) genes are not conserved suggesting

that their protein products do not play evolutionally con-

served physiological role.

P14 P14
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5’U2-G

uORF2

U1DN UPF1DN
AUG StopR863C

GFP
Start

87 nt 127 nt50aa
P-Stop

NoATG-U2-G GFP
87 127153 nt

U2-noPstop-G
uORF2

GFP
Start

87 12750aa
Stop

U2-s-G
uORF2

GFP
Start

87 2050aa
P-Stop

31-U2-G

uORF2
GFP

Start

87 12731aa
Stop

15-U2-G

uORF2

GFP
Start

87 12715aa
Stop

31-U2-s-G
uORF2

GFP
Start

87 2031aa
Stop

15-U2-s-G
uORF2

GFP
Start

87 2015aa
Stop

31-U2-noORF
uORF2

Start

87 12731aa
Stop

15-U2-noORF
uORF2
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87 12715aa
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noORF

noORF

U2--noORF
uORF2

Start

87 12750aa
P-Stop noORF

GFP GFP
AUG Stop

5’U1-G GFP
AUG Stop

5’U1

5’U3-G GFP
AUG Stop

5’U3

5’U4-G GFP
AUG Stop

5’U4

5’U5-G GFP
AUG Stop

5’U5

P TRV2 PDS

P-UPF1 TRV2 PDS+UPF1

P-UPF2 TRV2 PDS+UPF2

G-L GFP
AUG Stop

600 nt

(A)

(B)

(C)
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Fig. 1 Schematic

representation of transcripts

derived from the constructs used

in this study. UTR segments are

shown as lines, while ORFs are

represented as rectangulars.

Numbers under the lines shows

the length of that segment in

nucleotides. Dashed lines at

noATG-U2-G and at different

noORF constructs indicate that

in these constructs the ORF was

destroyed or was replaced by a

start codon-less sequence. At

VIGS constructs (P, P-UPF1

and P-UPF2) the lines represent

TRV2 RNAs while the

rectangular shows the plant

genes from which segments

were cloned into TRV2 VIGS

vector. Note that the drawings
are not proportional. For details

of the constructs see the text
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To test the effect of these different 50UTR leaders on

GFP expression, the reporter constructs were agroinfiltrat-

ed into N. benthaminana leaves (the construct carrying the

50U1 region upstream of GFP is referred to as 50U1-G.

Similarly, 50U2-G, 50U3-G, 50U4-G, 50U5-G constructs

contained 50U2, 50U3, 50U4 and 50U5 regions, respec-

tively). The GFP construct was infiltrated as a control. As

agroinfiltration induces RNA silencing response, P14 sup-

pressor that inhibits silencing but does not interfere with

NMD (Kertesz et al. 2006) was co-infiltrated with each

construct (P14 was also co-infiltrated in all further exper-

iments but it will not be mentioned later in the main text).

GFP expression was strongly reduced in 50U1-G, 50U2-G,

50U3-G and 50U4-G infiltrated leaves compared to the GFP

control leaves. By contrast, the green fluorescence of the

50U5-G infiltrated leaf was only slightly weaker than the

fluorescence of the GFP infiltrated control leaf (Fig. 2a,

compare the right sides of the different leaves). These data

suggest that the 50U1, 50U2, 50U3 and 50U4 can reduce the

expression of the major gene, while 50U5 might influence

only slightly on it. 50UTRs could inhibit the expression of

the major gene by many different ways including transcript

destabilization. To test whether the negative effect of the

50UTRs on GFP expression is (at least partly) due to NMD,

the reporter constructs were co-infiltrated with a dominant-

negative mutant of UPF1 NMD factor (U1DN). Previously

we have demonstrated that co-infiltration of U1DN leads to

the inactivation of NMD in the infiltrated patch thereby

enhancing the accumulation of co-expressed NMD target

transcripts (Kertesz et al. 2006). If 50UTR reporter con-

structs are targeted by NMD, their mRNA levels will be

increased in U1DN co-infiltrated leaves. Co-infiltration of

U1DN did not lead to significantly enhanced accumulation

of 50U3-G or 50U5-G mRNAs suggesting that these UTRs

were not down-regulated by NMD (Fig. 2b). By contrast,

the mRNA levels of 50U1-G, 50U2-G and 50U4-G were

significantly increased in U1DN co-infiltrated leaves sug-

gesting that 50U1, 50U2 and 50U4 leader regions are nega-

tively regulated by plant NMD (Fig. 2b).

These data suggest that certain but not all plant uORF

containing 50UTR could induce NMD. Next we wanted to

test what features of a 50UTR define whether it can activate

NMD or not. For further studies we selected the 50UTR

segment of At1g70780 (50U2), because it triggered NMD

very efficiently and because the structure of this leader

region is as simple as possible, 50U2 contains only a single

uORF (referred to as uORF2), it has only one AUG (the

start codon of the uORF2) and it does not harbor intron.

uORF2 translation activates NMD

50U2-G mRNAs accumulated to increased levels in U1DN

co-infiltrated leaves suggesting that 50U2-G is negatively

regulated by NMD. However, UPF1 is also involved in

other RNA metabolic pathways including RNA silencing

(Arciga-Reyes et al. 2006; Isken and Maquat 2008; Mango

2001), thus U1DN co-infiltration might enhance 50U2-G

mRNA levels because U1DN inhibited NMD or because it

modified another RNA metabolic pathway. Therefore, we

first wanted to confirm that 50U2-G mRNA is a genuine

NMD target. If 50U2-G is down-regulated by NMD, it

should overaccumulate in plants lacking either UPF1 or

UPF2 NMD trans factors. To test this, UPF1 and UPF2

(Fig. 1d) were inactivated by virus-induced gene silencing

(VIGS), and then G-L (Fig. 1a), a previously characterized

NMD reporter construct, or 50U2-G test construct was

agroinfiltrated into the leaves of UPF1 or UPF2 silenced

plants (P-UPF1 and P-UPF2, respectively). Previously we

have shown that in P-UPF1 and P-UPF2 silenced leaves the

UPF1 or UPF2 transcript levels are significantly reduced

(25–50% of wild-type levels) and that the NMD system

does not function in either P-UPF1 or P-UPF2 silenced

leaves (Kerenyi et al. 2008). As a negative control, leaves

of phytoene desaturase (P) silenced plants were infiltrated

with G-L and 50U2-G constructs. G-L was strongly over-

expressed in P-UPF1 and P-UPF2 leaves relative to P

control leaves (Fig. 3a), thus we concluded that both UPF1

and UPF2 silencing were effective. Importantly, 50U2-G

transcripts accumulated to significantly higher levels in

UPF1 and UPF2 silenced leaves than in the PDS silenced

control leaves strongly supporting that 50U2-G is a genuine

NMD target (Fig. 3a).

50U2-G can be a direct or an indirect NMD target. As

NMD is a translation coupled RNA degradation system, if

50U2-G is a direct target of NMD, the translation of the

uORF should be required for NMD induction. To test this,

we have removed the start codon of the uORF2 (noATG-

U2-G, Fig. 1b), and then we studied the expression of the

noATG-U2-G construct in agroinfiltration assay. The green

fluorescence of the noATG-U2-G infiltrated leaf was very

intense suggesting that the translation of the uORF2 is

required to reduce the expression of the major gene. More

importantly, co-infiltration of U1DN did not effect on the

accumulation of noATG-U2-G mRNA levels indicating that

noATG-U2-G was not targeted by NMD (Fig. 3b, middle

panels). As the translation of uORF2 is required for NMD

mediated down-regulation of 50U2-G, we propose that

50U2-G is a direct target of plant NMD. Next, we have asked

what features of uORF2 are required for inducing NMD.

The specific feature of uORF2 is that it contains a pro-

line-stop. In bacteria, if the last amino acid upstream of the

stop codon is a proline (proline-stop), the translation ter-

mination will be ineffective leading to the rapid degrada-

tion of mRNA (Hayes et al. 2002). As the current NMD

model suggests that inefficient termination could induce

NMD in eukaryotes, we postulated that the proline-stop of
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uORF2 interferes with translation termination thereby

triggering NMD. To test this hypothesis, we changed the

last proline to a glutamine (U2-noPstop-G, Fig. 1b), and

then studied in U1DN co-infiltration assays whether

U2-noPstop-G is still NMD sensitive. As U2-noPstop-G

was overexpressed in U1DN co-infiltrated leaves (Fig. 3b,

right panels), we concluded that proline-stop did not play

an essential role in NMD sensitivity of uORF2.

uORF2 activates NMD in a size-dependent manner

In mammals, mRNAs containing PTC close to the start

codon frequently resistant to NMD (Silva et al. 2008).

When the lengths of the predicted uORFs were compared,

we found that the NMD activating 50UTRs might encode

longer protein than the non-NMD inducer 50UTRs. For

instance, uORF2 could express a 50 aa peptide, uORF1

5 U2-G

U1DN -

5 U1-G

U1DN -

GFP

U1DN -

5 U3-G

U1DN -

5 U4-G
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Fig. 2 Cloning of Arabidopsis 50UTRs upstream of GFP could

reduce the expression of the reporter gene. a The effects of different

50UTRs on fluorescence of GFP reporter gene. The right sides of

N. benthamiana leaves were co-infiltrated with P14 and with GFP

control or with 50U1-G, 50U2-G, 50U3-G, 50U4-G and 50U5-G test

constructs containing the corresponding 50UTR segment cloned

upstream of GFP. The left sides of the leaves were co-infiltrated

with P14, with U1DN (a mutant version of UPF1 NMD factor, which

inhibits NMD in a dominant-negative manner) and with the control or

test construct, which were used to infiltrate the right side of the same

leaves. The U1DN co-infiltrated samples are referred to as U1DN

treated samples (U1DN), while the samples at the right sides are

referred to as non-treated samples (-). Note that P14 was co-

infiltrated with each cultures but it is not shown on the photo. To

evaluate the effect of 50UTR on GFP expression, fluorescence of the

GFP control and the different test constructs should be compared. UV

pictures were taken at 3 days post inoculation (d.p.i.). b Inhibition of

NMD leads to enhanced accumulation of certain 50UTR containing

GFP reporter mRNAs. RNA gel blot assays were carried out with

samples isolated at 3 d.p.i. from leaves infiltrated with test constructs.

Labeled GFP and P14 fragments were used as a probe. For each test

constructs two samples are shown, the non-treated (-) and the U1DN

treated (U1DN) pairs derived from the right and left sides of the same

leaf. The lower bands of each RNA blot show P14 transcripts, while

the upper bands represent the different test mRNAs. To quantify RNA

samples, at each lane the signal intensity of the upper band was

normalized to the corresponding P14 mRNA. To calculate the effect

of U1DN co-infiltration, the normalized test mRNA levels of U1DN

treated (U1DN) samples are compared to the levels of the

corresponding non-treated samples. Enhanced accumulation of the

test mRNA in U1DN treated samples indicates that the transcript is

negatively regulated by NMD. Bold numbers show the fold change of

normalized test transcript levels in the U1DN treated samples relative

to the corresponding non-treated (-) samples. Mean values were

calculated from three independent samples from which two are shown

and the third was run on a separate gel. ± Indicates the standard

deviation of the experiment
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might encode a 38 aa long peptide, whereas the predicted

peptide product of uORF5 is only 29 aa long (Hayden and

Jorgensen 2007). Therefore we postulated that in plants

uORF could activate NMD in a size-dependent manner. To

test this hypothesis, we created two constructs from 50U2-G

in which the length of uORF was reduced from 50 aa to 31

(31-U2-G, Fig. 1b) or to 15 aa (15-U2-G, Fig. 1b) by

removing the middle region of the uORF. The sequences

upstream of the uORFs and the intercistronic sequences

were identical in the three constructs.

To study the effect of the length of uORF2 on gene

expression, 31-U2-G and 15-U2-G test constructs and

50U2-G control construct were agroinfiltrated. We found

that the green fluorescences of the 31-U2-G and especially

of the 15-U2-G infiltrated leaves were enhanced relative to

50U2-G control leaves (Fig. 4a, compare the right sides of

the leaves). To test the effect of NMD, we compared the

expression of 50U2-G, 31-U2-G and 15-U2-G constructs

when they were infiltrated alone or were co-infiltrated with

U1DN. As Fig. 4b shows, co-infiltration of U1DN resulted

in strongly increased expression of 50U2-G transcripts but

failed to enhance the accumulation of either the 31-U2-G

or the 15-U2-G mRNA (Fig. 4b, compare lanes 1 to 2, 7 to

8 and 13 to 14). These data suggest that, unlike 50U2-G

transcripts, the 31-U2-G or the 15-U2-G mRNAs were not

targeted by NMD, they were NMD resistant. Therefore we

concluded that uORFs induce NMD in a size-dependent

manner in plants, short uORFs do not trigger NMD,

whereas longer uORFs can induce NMD efficiently. Next

we wanted to study why short uORF containing transcripts

were resistant to NMD.

Reinitiation is not required for NMD evasion of short

uORF containing transcript

At least three different mechanisms can protect short,

translatable uORF containing transcripts from NMD. In

yeast, uORF harboring mRNAs having stabilizing elements

in the 50UTR downstream of the uORF are resistant to

NMD (Ruiz-Echevarria and Peltz 2000). It has been shown

that in mammals, efficient reinitiation of a downstream

ORF can protect early PTC containing mRNAs from NMD

(Zhang and Maquat 1997). Finally, it has also been pro-

posed that mammalian mRNAs containing PTC close to

the start codon are resistant to NMD because components

of the translation initiation complex are only gradually lost

during elongation, thus eIF4G and the interacting PABP

could still be connected to the ribosome at the termination

after translating a short ORF (Silva et al. 2008). Conse-

quently, PABP can interact with the terminating ribosome

thereby the translation termination will be efficient and the

transcript is not subjected to NMD (referred to as efficient

termination model).

It is unlikely that a stabilizing sequence protected 31-U2-G

and 15-U2-G mRNAs from NMD because the intercistron-

ic regions of these transcripts and the NMD sensitive 50U2-G

P P-UPF1 P-UPF2VIGS:

5 U2-G 5 U2-G 5 U2-GG-L G-L G-L

5 U2-G
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U1DN- U1DN- U1DN- U1DN- U1DN- U1DN-

U1DN

5 U2-G NoATG-U2-G U2-noPstop-G
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1
±0.1

8.6
±0.4

1
±0.4

1.17
±0.27

1
±0.07

6.79
±0.27

(A)

(B)

Fig. 3 50U2-G is a genuine NMD target. a 50U2-G is overexpressed

in plants lacking UPF1 or UPF2 NMD trans factor. 50U2-G test

construct and G-L NMD reporter construct, which has a 600 nt stuffer

sequence cloned into the 30UTR of GFP reporter construct, were

co-infiltrated with P14 into PDS (P), PDS ? UPF1 (P-UPF1) or

PDS ? UPF2 (P-UPF2) co-silenced leaves. The fluorescence of a

construct in P control leaves and in P-UPF1 and P-UPF2 leaves

should be compared. The strong fluorescence of G-L NMD reporter

construct in P-UPF1 and P-UPF2 leaves indicate that the NMD

factors were effectively silenced. RNA gel blot assay show that both

G-L NMD reporter mRNAs and 50U2-G test transcripts are overex-

pressed in both P-UPF1 (P-U1) and P-UPF2 (P-U2) silenced leaves

relative to the PDS silenced control leaves. Labeled GFP and P14

fragments were used as a probe. RNA quantification and comparisons

were described at Fig. 2. Bold numbers show the fold change of

normalized test transcript levels in P-UPF1 or P-UPF2 silenced leaves

relative to the corresponding transcript in P silenced control samples.

b uORF2 translation is required for NMD mediated transcript

degradation. 50U2-G control and noATG-U2-G test constructs were

co-infiltrated with P14 only (-) or were co-infiltrated with P14 and

with U1DN (U1DN) into N. benthamiana leaves. Note that P14 was

co-infiltrated but it is not shown on figure. RNA gel blot assay were

conducted as described at Fig. 2. The right panel shows that proline-

stop is not essential for NMD of 50U2-G transcript as U2-noPstop-G

construct is still efficiently targeted by NMD

Plant Mol Biol (2009) 71:367–378 373

123



mRNAs are identical. By contrast, both reinitiation

and efficient termination models can explain the NMD

resistance of short uORF containing transcripts. Reinitiation

efficiency depends on the length of uORF and the size of

intercistronic region (Kozak 2002; Sachs and Geballe 2006).

Generally the reinitiation is more efficient if the translated

ORF is short. Therefore reinitiation could be more efficient

for 31-U2-G and 15-U2-G than for 50U2-G. Indeed, GFP

expression was more intense in 31-U2-G and in 15-U2-G

infiltrated leaves than in 50U2-G infiltrated leaves. To test

whether efficient reinitiation protects 31-U2-G and 15-U2-G

mRNAs from NMD, similar constructs with reduced reini-

tiation efficiency have been created by shortening the int-

ercistronic sequences from 106 to 20 nt (named as U2-s-G,

15-U2-s-G and 31-U2-s-G, Fig. 1c). These new constructs

were agroinfiltrated alone or were co-infiltrated with U1DN.

Shortening of the intercistronic region likely reduced reini-

tiation because GFP expression of U2-s-G, and 31-U2-s-G

infiltrated leaves was weaker than the fluorescence of leaves,

which were infiltrated with the same constructs having

longer intercistronic segments (Fig. 4a, compare the two

sides of the leaves). Importantly, while U1DN co-infiltration

led to overexpression of U2-s-G transcripts, co-expression of

U1DN did not enhance the expression of either 15-U2-s-G or

31-U2-s-G transcripts (Fig. 4b, compare lanes 3 to 4, 9 to 10

and 15 to 16). These data suggest that although reinitiation

was inefficient when the intercistronic sequence was short-

ened (at least at the 31-U2-s-G transcripts), 31-U2-s-G (and

U2-noORF

noORF

P14

15-U2-noORF 31-U2-noORF
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1
±0.1

7.6
±0.5

(A)

(B)

(C)

Fig. 4 Plant uORFs trigger NMD in a size-dependent manner. a–c
Short uORF containing transcripts are not protected from NMD by

reinitiation. a, b 50U2-G, 15-U2-G and 31-U2-G control constructs

and their derivatives (U2-s-G, 15-U2-s-G and 31-U2-s-G) with

shortened intercistronic segments (reduced reinitiation capacity) were

co-infiltrated with P14 (-) only (a and the uneven lanes at b) or were

co-infiltrated with P14 and with U1DN (U1DN) into N. benthamiana
leaves (the even lanes at b). Note that 50U2-G was used as a control

on the RNA gel blots at (b) the middle and the right panels, therefore

only one sample was run. Thus, in these experiments 50U2-G

quantifications were not possible. c uORF2 triggers NMD size-

dependently even if the major ORF is eliminated. U2-noORF, 15-U2-

noORF and 31-U2- noORF test constructs, in which the GFP major

ORF was replaced with a sequence lacking start-codons, were co-

infiltrated with P14 only (-) or were co-infiltrated with P14 and with

U1DN (U1DN) into N. benthamiana leaves, and then RNA samples

were isolated and gel blot assayed
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15-U2-s-G) mRNAs were still NMD resistant. Therefore it is

unlikely that reinitiation protected short uORF containing

transcripts from plant NMD. To further confirm that reini-

tiation is not required for NMD evasion, GFP regions of the

50U2-G, 31-U2-G and 15-U2-G constructs were replaced

with 439 nt long sequences lacking AUG (U2-noORF, 31-

U2-noORF and 15-U2-noORF, Fig. 1c). As in these con-

structs, AUGs downstream of the uORFs are present only in

the 30UTR sequence derived from the 35S terminator region

and because these AUGs are not present in favorable con-

texts, the reinitiation of these transcripts should be ineffi-

cient. To test whether these mRNAs are targeted by NMD,

the U2-noORF, 31-U2-noORF and 15-U2-noORF reporter

constructs were co-infiltrated with U1DN. We have found

that U2-noORF mRNAs were NMD sensitive, while 31-U2-

noORF and 15-U2-noORF transcripts were NMD resistant

(Fig. 4c, compare lanes 1 to 2, 3 to 4 and 5 to 6).

Taken together, our data show that short uORFs

(15–31 aa long) fail to trigger NMD independently whether

the reinitiation is effective or inefficient, suggesting

that reinitiation is not required for NMD resistance of

short uORF containing transcripts. As neither stabilizing

sequences nor efficient reinitiation can explain the NMD

resistance of short uORF harboring mRNAs, we propose

that in plants, like in mammals, the translation of short

ORFs is terminated efficiently independently from the

length of 30UTR. Consequently, uORFs induce NMD in a

size-dependent manner, short uORF do not trigger NMD,

whereas longer uORFs induce NMD response efficiently.

Only a small set of uORF containing plant transcripts

could be directly regulated by NMD

Approximately 20% of plant mRNAs contain at least one

uORF suggesting that a large fraction of plant transcrip-

tome could be regulated by NMD (Hayden and Jorgensen

2007; Kawaguchi and Bailey-Serres 2005). However, as

we have found that uORFs can induce plant NMD only if

the translated uORF is longer than *30 to 40 aa (Figs. 2,

3; ‘‘Discussion’’), we postulate that NMD could directly

target only a subset of uORF containing plant mRNAs. To

estimate the potential gene set, whose transcripts contain

NMD inducing (‘‘NMD critical’’) uORF, we have analyzed

a 50UTR database (www.abc.hu/RNA/orf.1.html) that was

created by using the annotation of the NCBI 2005 assembly

of A. thaliana (Kertesz et al. 2006). We have postulated

that an NMD critical uORF should be efficiently translated,

thus it should be the first ORF on the transcript and its start

codon should be at least 10 nt from the 50 end. Moreover,

the uORF should be longer than *35 aa. From the 16,800

50UTRs, 3,928 (23.4%) contained at least one uORF but

only 679 (4%) harbored uORF that was longer than 35 aa.

736 genes (3.6% of the genes) contained uORF, which was

longer than 35 aa and the start codon was more than 10 nt

from the 50 end. 331 (2%) genes harbored a first uORF that

was longer than 35 aa and the start codon was at least 10 nt

from the 50 end. These data suggest that the strictest con-

strain is the size-limitation of the uORF.

Recently, protein coding genes that were up-regulated

(97 genes) in both upf1 and upf3 mutant Arabidopsis lines

have been identified (Kurihara et al. 2009). 80 out of these

97 genes were also represented in our 50UTR database.

Importantly, 12 out of the 80 (15%) contained a NMD

critical uORF. As NMD critical uORFs are present only in

2% of genes in the whole database but are present in 15%

of genes which are up-regulated in both NMD mutants, we

concluded that genes containing NMD critical uORFs are

strongly overrepresented (*7.5 times) within the NMD

down-regulated gene set. If we have looked for the repre-

sentation of first uORFs that are shorter than 20 aa but

longer than 10 aa, with a start codon at least 10 nt from the

50 end, we found relatively mild overrepresentation (2.6

times) within the NMD down-regulated genes. Similarly,

Kurihara et al. (2009) has also reported that uORF

containing transcripts were only slightly overrepresented

(*2 times) within the NMD down-regulated genes.

Taken together, as our result suggest that only relatively

long uORFs can trigger plant NMD and that only a small

fraction of mRNAs harbor NMD critical uORFs, we con-

cluded that only a small set of uORF containing genes

could be directly targeted by NMD. However, our data also

revealed that many plant transcripts that contain NMD

critical uORFs are down-regulated by NMD.

Discussion

Previously we have shown that plant NMD targets two

types of mRNAs, transcripts with long 30UTR and mRNAs

harboring 30UTR located introns. Here we have shown that

plant NMD can also efficiently degrade transcripts having a

translatable uORF. Importantly, uORFs induce NMD in a

size-dependent manner, short uORFs failed to trigger NMD

whereas a similar but 50 aa long uORF induced NMD

efficiently.

Size-dependent uORF induced NMD

Many lines of evidence support that plant NMD can target

uORF containing mRNAs. Genes having uORF were sig-

nificantly overrepresented within the up-regulated tran-

scripts in NMD deficient plants (Kurihara et al. 2009). Here

we have provided different experimental evidence that

translation of uORF can subject plant transcripts to NMD

RNA degradation pathway (Figs. 2, 3).
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Importantly, we have found that plant uORFs are size-

dependent NMD cis elements as length reduction of the

uORF2 from 50 to 31 aa abolished the capacity of uORF2

to trigger NMD. Although it has been reported that efficient

reinitiation can rescue PTC containing transcripts in

mammals (Zhang and Maquat 1997), impairment of

reinitiation either by shortening the intercistronic region or

by replacing GFP with a sequence lacking start codon did

not alter the NMD resistance of the short uORF containing

mRNAs in plants. Thus it is unlikely that reinitiation pro-

tects short uORF containing mRNAs from plant NMD.

Instead we propose that short uORFs do not trigger NMD

because their translation termination is efficient, while

longer uORFs induce NMD because their translation ter-

mination is inefficient. In mammals, ß-globin reporter

transcripts are NMD resistant when the PTC is introduced

at codon 15, whereas ß-globin mRNA with a PTC at codon

39 is NMD sensitive. It is proposed that in mammals early

PTCs do not trigger NMD because eIF4G and the bound

PABP are released from the ribosome only gradually dur-

ing elongation, therefore PABP can interact with the eRF3

component of the terminating ribosome if a short ORF but

not if a longer ORF is translated (Silva et al. 2006, 2008).

Mammalian NMD occurs only on transcripts associated

with CBP20-80 cap binding complex at the pioneer round

of translation (Hosoda et al. 2005; Ishigaki et al. 2001),

hence eIF4G and the associated PABP might cooperate

with CBP complex to facilitate translation termination of

uORF containing mRNAs. We postulate that in plants, like

in mammals, the translation is terminated efficiently if the

ORF is very short because PABP could still interact with

terminating ribosome, thus it facilitates termination pre-

venting the formation of NMD complex. However, CBP

complex is not required for plant NMD (Dzikiewicz-Kra-

wczyk et al. 2008), therefore it is likely that in plants,

eIF4E-bound eIF4G and the associated PABP can provide

efficient termination for the short uORF. The critical length

for efficient translation termination in plants could be

around 30–40 aa because 31 aa long uORF failed to induce

NMD, whereas the 50U1 leader that encoded a 38 aa long

predicted peptide (Hayden and Jorgensen 2007) likely

triggered NMD. As a rough estimation we use 35 aa as the

critical length of an uORF to trigger NMD. In mammals it

has been shown that the time required for the translation of

the ORF instead of the length of uORF is critical, shorter

ORFs with stronger secondary structure were still NMD

sensitive (Silva et al. 2008). This suggests that in certain

cases shorter uORFs could activate NMD and in other

cases longer uORF containing transcript could be NMD

resistant.

Our result that short uORFs fail to activate plant NMD

also predicts that plant transcripts with very early PTCs are

not targeted by NMD. Indeed, it is reported that very early

PTCs do not subject plant mRNAs to NMD (Hori and

Watanabe 2007; Wu et al. 2007). However, PTC at the

third codon of the GFP reporter gene could activate plant

NMD (Schwartz et al. 2006). It is possible, that in the latter

case the reinitiation is very efficient after translation of

such an extremely short ORF leading to the efficient

translation of another longer, NMD inducer ORF within the

GFP reporter gene.

The NMD regulated uORF containing transcripts

Based on our experimental data, we have roughly defined

the requirements for an NMD critical uORF as an at least

35 aa long first ORF whose start codon is more than 10 nt

from the 50 end. Bioinformatical analyses revealed that

relatively few genes (2%) harbor NMD critical uORF

indicating that only a small set of uORF containing tran-

scripts are directly regulated by NMD. Moreover, it is

likely that many of these NMD critical uORFs are trans-

lated inefficiently. These data explain the apparently con-

flicting findings that *20% of the plant genes contain

uORF but only 1–2% of the genes are up-regulated in

NMD mutants. However, as genes having NMD critical

uORF are strongly overrepresented (7.5 times) within the

up-regulated genes of NMD mutants, we propose that plant

NMD directly targets a number of mRNAs because they

contain NMD critical uORF. Moreover, it is likely that

certain genes, which are annotated not to contain uORF,

could generate alternative transcript isoforms harboring

NMD critical uORFs. For instance, alternative transcript

isoforms with an NMD inducing uORF could be generated

by alternative transcriptional start site usage, by alternative

splicing within the 50UTR or by translating a uORF from

non-AUG initiation codon. However, the frequency and

biological importance of these potential NMD target alter-

native mRNA isoforms cannot be estimated yet.
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