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MtHAP2-1 is a CCAAT-binding transcription factor from the model legume Medicago truncatula. We
previously showed that MtHAP2-1 expression is regulated both spatially and temporally by microRNA169.
Here we present a novel regulatory mechanism controlling MtHAP2-1 expression. Alternative splicing of an
intron in the MtHAP2-1 5�leader sequence (LS) becomes predominant during the development of root nodules,
leading to the production of a small peptide, uORF1p. Our results indicate that binding of uORF1p to
MtHAP2-1 5�LS mRNA leads to reduced accumulation of the MtHAP2-1 transcript and may contribute to
spatial restriction of MtHAP2-1 expression within the nodule. We propose that miR169 and uORF1p play
essential, sequential, and nonredundant roles in regulating MtHAP2-1 expression. Importantly, in contrast to
previously described cis-acting uORFs, uORF1p is able to act in trans to down-regulate gene expression. Our
work thus contributes to a better understanding of the action of upstream ORFs (uORFs) in the regulation of
gene expression.
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Alternative splicing (AS) is an important post-transcrip-
tional regulatory mechanism contributing to the func-
tional complexity of higher eukaryotes. It can participate
in increasing protein diversity by generating multiple
transcripts from a single gene (Graveley 2001; Kazan
2003). In addition, AS can reduce gene expression by
yielding isoforms that are degraded by nonsense-medi-
ated mRNA decay (NMD) or other mechanisms (Hill-
man et al. 2004). In some cases, AS occurs within the 5�
leader sequence (LS) of the gene, leading to post-tran-
scriptional regulation or inhibition of translation, as well
as to the production of proteins with different properties
(Procissi et al. 2002; Halterman et al. 2003; Hu et al.
2005; Roberts et al. 2005).

Overall organism complexity does not necessarily cor-
relate with the complexity of the respective genome
(∼25,000 genes in humans and ∼19,000 genes in nema-

todes, for example). Indeed, the human genome contains
significantly fewer genes than was initially predicted at
the outset of the Human Genome Project, with only
∼1.5% of the total length serving as protein-coding exons
(International Human Genome Sequencing Consortium
2001). However, human genes are more complex, with
AS generating a larger number of protein products. In
certain cases, one gene can generate thousands of spliced
variants (Soller 2006). Traditional gene-by-gene investi-
gations of AS mechanisms are now being complemented
by global approaches (Matlin et al. 2005; Blencowe 2006;
Cuperlovic-Culf et al. 2006) and the publication of AS
databases (http://www.ebi.ac.uk/asd). Recent genome-
wide studies have indicated that up to 70% of human
genes undergo AS (Baek et al. 2005). A big proportion of
these genes encode proteins involved in signaling and
gene regulation (Modrek and Lee 2002).

Although our knowledge of the extent of this phenom-
enon in higher plants is still poor, recent computational
and experimental studies suggest that AS probably plays
a far more significant role in the generation of plant pro-
teome diversity than was previously thought. The pro-
posal that 21% of all predicted Arabidopsis genes are
alternatively spliced (Wang and Brendel 2006) is probably
an underestimate since (1) the number of publicly avail-
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able expressed sequenced tags (ESTs) from Arabidopsis
(∼1.5 million) is far below that for other relatively well-
studied genomes (nearly 8 million ESTs for the human
genome; http://www.ncbi.nlm.nih.gov/dbEST/dbEST_
summary.html), (2) full-length cDNAs are available for
only approximately half of all predicted genes (Chung et
al. 2006), and (3) ESTs from genes with low expression
levels or with expression at a particular developmental
stage or physiological condition, which are more likely
to be alternatively spliced, are likely to be poorly repre-
sented in the databases.

Among the various cis elements in mRNAs that par-
ticipate in regulating translation are AUG codons within
transcript leaders (upstream AUGs) and, in some cases,
associated upstream ORFs (uORFs). Up to 50% of eu-
karyotic mRNAs contain AUG codons within their tran-
script leader regions (Suzuki et al. 2000). uAUGs are con-
spicuously common in genes involved in the control of
cellular growth and differentiation, including oncogenes
and transcription factor genes (Kozak 1987, 1991, 2002).
The best documented mode of action of uORFs is the
inhibition of translation through a mechanism called ri-
bosome stalling. In this case, the ribosome stalls during
either the elongation or termination phase of uORF
translation, creating a block in subsequent ribosome
scanning.

The symbiotic interaction between leguminous plant
species and bacteria collectively known as rhizobia leads
to the de novo development of differentiated organs,
known as nodules, on the roots of host plants. A fine-
tuned molecular dialogue is established between plant
and bacteria during nodulation, for which key players are
the bacterial-produced lipooligosaccharides called Nod
factors. Four main differentiated zones can be identified
in a mature nodule: the meristematic apical zone (a plant
stem cell compartment), the infection zone, the fixation
zone, and the senescent zone (Vasse et al. 1990; Patriarca
et al. 2004). Although early nodulation events, including
Nod factor signaling and infection, have been exten-
sively investigated, later stages of nodulation such as
meristem differentiation and nodule organogenesis re-
main poorly understood (Foucher and Kondorosi 2000;
Patriarca et al. 2004).

We previously identified MtHAP2-1, a HAP2-type
transcription factor of the CCAAT-box-binding family
(CBF), called NF-Y in humans and HAP in plants and
yeast (El Yahyaoui et al. 2004). HAP proteins form het-
erotrimeric complexes that bind to the CCAAT consen-
sus motif that is present in 30% of eukaryotic promoters
(Mantovani 1998). HAP protein complexes appear to play
central roles during development by regulating cell divi-
sion and/or differentiation in eukaryotes (Bhattacharya
et al. 2003; Di Agostino et al. 2006). In plants, HAP genes
have been shown to be key regulators of embryogenesis,
chloroplast biogenesis, flowering-time control, or blue
light and abscisic acid responses, for example (Lotan et
al. 1998; Kwong et al. 2003; Lee et al. 2003; Miyoshi
et al. 2003; Ben-Naim et al. 2006; Warpeha et al. 2007).
MtHAP2-1 plays a key role during nodule development,
possibly by regulating nodule meristem function, and its

expression is regulated by a microRNA, miR169 (Com-
bier et al. 2006). The complementary expression pattern
of MtHAP2-1 and miR169 indicates that the function of
miR169 may be to restrict MtHAP2-1 expression to the
meristematic zone as part of a process that is essential
for nodule differentiation (Combier et al. 2006).

Here we describe a previously unknown post-tran-
scriptional mechanism that regulates MtHAP2-1 expres-
sion during nodulation. AS of an intron in the MtHAP2-1
5�LS increases during nodule development, leading to
the production of a small polypeptide, uORF1p. Interest-
ingly, in contrast to previously described cis-acting
uORFs, uORF1p is able to act in trans to down-regulate
gene expression. We present a model in which both
miR169 and uORF1p contribute to spatial and temporal
regulation of MtHAP2-1 expression during nodule devel-
opment.

Results

AS of the MtHAP2-1 intron 1, located in the 5�LS

The 5�LS of MtHAP2-1 comprises two short exon se-
quences, E1 (33 base pairs [bp]) and E2 (55 bp), flanking a
large intron, I1 (865 bp) (Fig. 1A). Analysis of the avail-
able Medicago truncatula EST databases (http://medicago.
toulouse.inra.fr/Mt/EST) identified a set of eight ESTs
corresponding to MtHAP2-1. Interestingly, one of these
(MtBB39H03) contains part of the MtHAP2-1 5�leader
intron sequence, suggesting that AS may occur in the
MtHAP2-1 5�LS.

Real-time RT–PCR analysis showed that MtHAP2-1
expression is very low in noninoculated M. truncatula
roots. During nodule development, MtHAP2-1 expres-
sion in nodules peaks 4 d after inoculation with Sinorhi-
zobium meliloti, and then expression decreases during
later stages of nodulation (Fig. 1B; Combier et al. 2006).
Since AS of introns located in 5�LSs may have an impor-
tant effect on gene expression and regulation (Lahousse
et al. 2004; Roberts et al. 2005), we further investigated
AS of the intron I1 in the MtHAP2-1 5�LS. Primers
within either the intron1 or the exon1–exon2 junction
were used to quantify the expression of the alternatively
and normally spliced forms of MtHAP2-1, respectively.
As a control, PCR using primers hybridizing within the
fourth intron (I4) of MtHAP2-1 resulted in no amplifica-
tion, allowing us to rule out the presence of contaminat-
ing genomic DNA. As shown in Figure 1C, low expres-
sion of MtHAP2-1 in roots correlates with the presence
of the alternatively spliced form in noninoculated roots
and in nodules 14 and 21 dpi, whereas in young nodules
(4 dpi), which show the highest level of MtHAP2-1 ex-
pression, about 90% of MtHAP2-1 is normally spliced.
Intriguingly, AS increases during nodule development,
with the alternatively spliced form reaching about 50%
of total MtHAP2-1 expression 21 d after inoculation. Fur-
thermore, Western blot analysis using a polyclonal anti-
MtHAP2-1 antibody revealed that, as for the MtHAP2-1
transcript, MtHAP2-1 protein expression in nodules
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peaks 4 d after inoculation and then decreases during
nodule development (Fig. 1D). Interestingly, this de-
crease in MtHAP2-1 protein levels correlates with an
increase of the MtHAP2-1 alternatively spliced form, 14
and 21 dpi. In addition, qRT–PCR analysis showed that
the weak expression of MtHAP2-1 in different plant or-
gans correlates with the presence of the alternatively
spliced form (data not shown). Taken together, these re-
sults suggest that AS of the intron 1 of MtHAP2-1 is
regulated during nodule development and may result in
reduced MtHAP2-1 accumulation.

The alternatively spliced version of MtHAP2-1, con-
taining intron 1, will be hereafter referred to as MtHAP2-
1-AS and the normally spliced form will be called
MtHAP2-1-NS.

Specific silencing of MtHAP2-1-AS leads to a nodule
growth defect

RNAi has been successfully used in cultured Drosophila
cells to specifically silence the unspliced form of a given

gene, allowing segregation between the unspliced and
spliced variants (Celotto and Graveley 2002). To test
the functional role of AS of MtHAP2-1 during nodule
development, an RNAi construct was generated using
a sequence located in the first intron of MtHAP2-1
(RNAiintron1). Specific silencing of MtHAP2-1-AS was
confirmed by qRT–PCR analysis (Supplemental Fig. S1).
We showed previously that silencing of both alterna-
tively and normally spliced forms of MtHAP2-1, using a
sequence located in the 3�UTR (RNAiMtHAP2-1), led to
the formation of small, nonfunctional (non-nitrogen-fix-
ing) nodules, arrested in growth (Combier et al. 2006). In
contrast, nodules formed on transgenic roots carrying
the RNAiintron1 silencing cassette are nitrogen fixing,
with a normal differentiated structure and an active
and persistent meristem (Fig. 2A). Nevertheless, due to
the small size of these RNAiintron1 nodules compared
with control nodules, it is clear that growth has been
significantly modified. Importantly, MtHAP2-1 tran-
script and protein levels in these nodules, 21 d after in-
oculation, were significantly higher than for wild-type

Figure 1. MtHAP2-1 intron 1 is alternatively spliced. (A) Schematic representation of MtHAP2-1 gene structure. Exons (E1–E6) are
represented with boxes and introns (I1–I5) are shown as thick lines. MtHAP2-1 first intron (I1), shown with a discontinuous bar, is
located in the 5�LS. Sequence of the 5�LS is shown at the bottom with exons E1 and E2 underlined. Deduced amino acid sequences
of uORF1 (red), uORF2 (blue), and uORF3 (gray), are shown under the nucleotide sequence. (B) Expression analysis of MtHAP2-1 during
nodule development. MtHAP2-1 transcript levels were determined by qRT–PCR with cDNA obtained from M. truncatula roots
inoculated with S. meliloti at the indicated time points. The expression values were normalized using the expression level of MtEF1�

as an internal standard (El Yahyaoui et al. 2004) and related to the value of MtHAP2-1 expression level before inoculation (0 dpi), which
is set at 1. Mean expression values and SEM values were calculated from the results of three independent experiments. (C) qRT–PCR
analysis of the expression levels of alternatively (dark gray) and normally spliced (light gray) MtHAP2-1 transcripts. The expression
values were normalized using the expression level of MtEF1� as an internal standard and related to the value of the total MtHAP2-1
gene expression at each time point, which is set at 100%. (D) MtHAP2-1 protein expression analysis. (Top panel) Total proteins from
nodules were extracted at the indicated time points, expressed in days after inoculation, and protein extracts (50 µg) were separated
and analyzed by immunoblotting using anti-MtHAP2-1 polyclonal antibodies. (Bottom panel) Equal loading in each lane was con-
firmed by Ponceau S staining.
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plants (Fig. 2B,C). These results imply that the MtHAP2-
1-AS is required for normal nodule development, and
suggest that this form negatively regulates MtHAP2-1
transcript and protein accumulation.

Overexpression of MtHAP2-1 without its regulatory
sequences results in small, nitrogen-fixing nodules

Our results indicate that both MtHAP2-1 5� and 3�-ter-
minal sequences play key roles in the regulation of nod-
ule development. To further test this idea, MtHAP2-1,
without its 5� and 3� regulatory regions, was overex-
pressed in M. truncatula roots. Overexpression of
MtHAP2-1 in the transgenic roots was confirmed by
both qRT–PCR and Western blot analysis using anti-
MtHAP2-1 polyclonal antibodies (Supplemental Fig.
S2B,C). Transgenic roots developed nitrogen-fixing nod-
ules, with a normal and differentiated structure. How-
ever, nodule size was again significantly reduced, as
compared with the controls (Supplemental Fig. S2A).
This result provides further evidence that altered spatial
and temporal expression of MtHAP2-1 results in altered
nodule organogenesis.

A GUS fusion reveals that uORF1 is expressed
in the nodule infection zone

Analysis of the sequence of the first intron of MtHAP2-1
revealed 11 uORFs potentially encoding polypeptides of
between 4 and 62 amino acids. We focused our analysis
on the three longest ORFs, named uORF1, uORF2, and
uORF3, potentially encoding polypeptides of 62, 50, and
34 amino acids, respectively (Fig. 1). If the first intron is
unspliced, ribosome scanning could initiate translation
at the uAUGs codons of these uORFs rather than at the
AUG at the start of the main MtHAP2-1 ORF. To test
this hypothesis, ∼2.3-, ∼2.4-, and ∼2.6-kb upstream
MtHAP2-1 genomic promoter sequences extending as far
as the uATGs of uORF1, uORF2, and uORF3, respec-
tively, were fused to a GUS reporter gene and M. trun-
catula roots were transformed with these three con-
structs. Whereas roots expressing fusions with uORF2
and uORF3 did not show any GUS expression (data not
shown), the fusion with uORF1 revealed GUS expression
(red staining) located in the infection zone of mature
nodules (zone II) (Fig. 3A) but not in the meristematic
zone (zone I) where MtHAP2-1 is expressed. This obser-
vation strongly suggests that the AUG of uORF1 can
initiate translation, and therefore may lead to the syn-
thesis of the 62-amino-acid polypeptide in nodule tis-
sues.

Overexpression of uORF1 leads to a severe nodule
developmental defect

To obtain more functional information, uORF1 was
overexpressed in M. truncatula roots, under the control
of the constitutive 35S promoter. Very small nodules
were formed on transgenic roots 21 d after inoculation,
and nodule sectioning revealed only poorly differentiated
zones, enclosed by the endodermis, thus indicative of
early growth arrest (Fig. 4A). Importantly, MtHAP2-1
transcript and protein levels were greatly reduced in
these nodules 5 d after inoculation (Fig. 4B,C). This phe-
notype is very similar to that observed in RNAiMtHAP2-1

Figure 2. RNAiintron1 transgenic roots show a nodule growth
defect. (A) Light microscopy images of longitudinal sections (50
µm) of nodules of M. truncatula transgenic roots expressing
either an RNAiintron1 construct (right) or an empty-vector con-
trol (left). Pictures were taken 21 d after inoculation with S.
meliloti. Bar, 100 µm. (B) MtHAP2-1 transcript levels were de-
termined by qRT–PCR with cDNA obtained from empty-vector
control, and RNAiintron1 M. truncatula nodules 21 d after in-
oculation with S. meliloti. The expression values were normal-
ized using the expression level of MtEF1� as an internal stan-
dard and related to the value of the MtHAP2-1 transcript level in
the RNAiintron1 transgenic plants, which is set at 100%. Mean
expression values and SEM values were calculated from the
results of two independent experiments. (C, top panel) Total
proteins from empty-vector control and RNAiintron1 M. trun-
catula nodules were extracted 21 d after inoculation with S.
meliloti, and protein extracts (50 µg) were analyzed by immu-
noblotting using anti-MtHAP2-1 polyclonal antibodies. (Bot-
tom panel) Equal loading in both lanes was confirmed by Pon-
ceau S staining.
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nodules, for which MtHAP2-1 transcript and protein lev-
els are also significantly reduced (Fig. 4B,C; Combier et
al. 2006). These data imply that uORF1 can act in trans
to negatively regulate MtHAP2-1 accumulation, and
confirm that the precise regulation of MtHAP2-1 expres-
sion is required for normal nodule development.

Expression of the uORF1 protein in trans leads
to reduced accumulation of a MtHAP2-1 5�LS-AS
containing transcript

To gain further insight into the control of MtHAP2-1
expression by uORF1, a 35S:GUS fusion construct, with
or without the alternatively spliced, intron1-containing,
MtHAP2-1 5�LS (Fig. 5A), was coexpressed with either
35S:uORF1, 35S:uORF2, or 35S:uORF3 in Nicotiana
benthamiana leaves. Both MtHAP2-1 5�LS-AS and
MtHAP2-1 5�LS-NS transcripts are detected after tran-
sient delivery of a MtHAP2-1 5�LS-AS-GUS fusion
(Supplemental Fig. S3), confirming that AS of MtHAP2-1
5�LS occurs in N. benthamiana and validating our strat-
egy to use N. benthamiana as a heterologous system.
Importantly, overexpression of uORF1 led to decreased
GUS expression and reduced GUS transcript and protein
levels only when coexpressed with the 35S:5�LS-GUS
construct (Fig. 5B–D, lanes 1,2). The higher GUS expres-
sion level observed with the 35S:5�LS-AS-GUS compared
with the 35S:GUS construct is probably due to intron-
mediated enhancement, a phenomenon that has been re-
ported to confer up to 100-fold enhancement of gene ex-
pression (Kim et al. 2006). No effect on GUS expression
was detected when uORF1 was coexpressed with
35S:GUS-3�UTR (data not shown) or when uORF2 or
uORF3 were used for coinfiltration, thus indicating a

clear specificity for uORF1 action on the MtHAP2-1 5�LS
(Supplemental Fig. S4). To confirm that uORF1 is indeed
translated in N. benthamiana, an HA-tagged version of

Figure 4. Overexpression of uORF1 in roots leads to
MtHAP2-1 degradation and a defect in nodule organogenesis.
(A) Light microscopy images (50 µm) of longitudinal sections of
nodules of M. truncatula transgenic roots expressing either a
35S:uORF1 construct (right) or an empty-vector control (left).
Pictures were taken 21 d after inoculation with S. meliloti. Bar,
100 µm. (B) MtHAP2-1 transcript levels were determined by
qRT–PCR with cDNA obtained from empty-vector control,
35S:uORF1 and RNAiMtHAP2-1 M. truncatula transgenic roots 5
d after inoculation with S. meliloti. The expression values were
normalized using the expression level of MtEF1� as an internal
standard and related to the value of the MtHAP2-1 transcript
level in the control plants, which is set at 100%. Mean expres-
sion values and SEM values were calculated from the results of
two independent experiments. (C, top panel) Total proteins
from empty-vector control, 35S:uORF1 and RNAiMtHAP2-1

M. truncatula transgenic roots were extracted 5 d after inocu-
lation with S. meliloti, and protein extracts (50 µg) were ana-
lyzed by immunoblotting using anti-MtHAP2-1 polyclonal an-
tibodies. (Bottom panel) Equal loading was confirmed by Pon-
ceau S staining.

Figure 3. uORF1 is expressed in the infection zone of mature
nodules. Histochemical localization of �-glucuronidase (GUS)
activity (A, red color) and nuclear staining using DAPI (B) of
longitudinal sections of nodules from M. truncatula transgenic
roots expressing a uORF1-GUS fusion construct. Dark-field (A)
and fluorescence (B) microscopy images were taken 21 d after
inoculation with S. meliloti. (B). Differentiated zones can be
distinguished in the mature nodule after nuclear staining with
DAPI (Vasse et al. 1990). (I) Meristematic zone. (II) Infection
zone. (III) Nitrogen fixation zone. Bar, 50 µm.
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uORF1 was generated. As for the untagged version of
uORF1, expression of 35S:uORF1-HA led to decreased
GUS expression, and reduced GUS transcript and protein
levels, only when coexpressed with the GUS construct
containing the MtHAP2-1 5�LS (Fig. 5B–D, lanes 1,3).
Expression of the uORF1-HA fusion protein was con-
firmed by Western blotting using anti-HA antibodies. No
effect on the expression of 35S:5�LS-GUS was observed
when using a mutated form of uORF1, in which the ATG
start codon had been mutated to AGG to prevent protein
translation initiation (Supplemental Fig. S4). Finally, we
found that uORF1p is able to down-regulate expression
of both MtHAP2-1 5�LS-AS and MtHAP2-1 5�LS-NS-con-
taining transcripts (Supplemental Fig. S3).

Taken together, these data provide strong evidence
that the uORF1p peptide acts in trans to down-regulate
MtHAP2-1 expression by targeting the 5�LS.

uORF1p binds to both MtHAP2-1-AS
and MtHAP2-1-NS-containing mRNA

To investigate whether uORF1p can interact directly
with the MtHAP2-1 5�LS-containing mRNA, we made
use of an RNA pull-down assay. uORF1p, transiently
expressed in N. benthamiana leaves, was found to bind
both MtHAP2-1 5�LS-AS and MtHAP2-1-NS biotinylated
RNA (Fig. 6A, lanes 2,3). The specificity of this binding
was demonstrated by the inability of uORF1p-HA to
bind to the streptavidin resin alone (data not shown) or
after incubation with a biotinylated control RNA of the
same length corresponding to the unrelated Arabidopsis
transcription factor AtMYB30 (Fig. 6A, lane 4). Interest-
ingly, no uORF1p binding was detected after incubation

Figure 5. uORF1p expression in N. benthamiana leaves leads
to reduced levels of GUS fused to MtHAP2-1 5�LS-AS. Expres-
sion analysis of GUS (�-glucuronidase) 2 d after Agrobacterium-
mediated transient expression of the GUS fusions shown in A
together with either an empty vector control (1), untagged
35S:uORF1 (2), or 35S:uORF1-HA (3). (A) Schematic represen-
tation of the GUS fusions used in this experiment. MtHAP2-1
5�LS, containing the first intron (discontinuous line), was fused
to the �-glucuronidase (GUS) gene under the control of the 35S
promoter. (B) GUS expression determined by GUS histo-
chemical staining of N. benthamiana leaf discs. (C) GUS tran-
script levels determined by qRT–PCR. The expression values
were normalized using the expression level of NbEF1� as an
internal standard and related to the expression value of
35S:5�LS-GUS + untagged 35S:uORF1, which is set at 100%.
Mean expression values and SEM values were calculated from
the results of seven independent experiments. (D) Western blot
analysis showing GUS protein (middle panel) and uORF1-HA
(top panel) expression levels. Ponceau S staining of ribulose-1,5-
bisphosphate carboxylase/oxygenase (rubisco) for confirmation
of equal loading in each lane is shown at the bottom.

Figure 6. uORF1p binds specifically to MtHAP2-1 5�LS RNA.
Western Blots with an anti-HA antibody showing uORF1p-HA
recovered after the RNA pull-down assays. (A, lane 1) Input of
uORF1p-HA corresponds to 10% of the total N. benthamiana
protein extract used for each binding assay. uORF1p-HA was
eluted from the streptavidin beads after incubation with bioti-
nylated MtHAP2-1 5�LS-AS-corresponding (lane 2) or MtHAP2-
1-NS-corresponding (lane 3) RNA. uORF1p-HA was not eluted
from the streptavidin beads after incubation with the biotinyl-
ated AtMYB30- (lane 4) or MtHAP2-1 �5�LS-corresponding
RNA (lane 5). (B) Increasing amounts of total N. benthamiana
protein extracts expressing uORF1p (1 mg, lane 1; 5 mg, lane 2;
and 25 mg, lane 3) were used for the binding assay. uORF1p-HA
was eluted from the streptavidin beads after incubation with
biotinylated MtHAP2-1 5�LS-AS-corresponding RNA. (C) In-
creasing ratios of biotinylated to nonbiotinylated MtHAP2-1
5�LS-AS-corresponding RNA (0:1, lane 1; 1:3, lane 2; 1:1, lane 3;
and 1:0, lane 4) were used for incubation with the streptavidin
beads prior to binding of uORF1p-HA. (D) Competition experi-
ment in which uORF1p was first bound to streptavidin beads
containing a 1:1 mix of biotinylated to nonbiotinylated
MtHAP2-1 5�LS-AS RNA (input of uORF1p, lane 1) prior to
elution using MtHAP2-1 5�LS-AS (eluted uORF1p, lane 2) or
AtMYB30 nonbiotinylated RNAs (eluted uORF1p, lane 4). The
amount of uORF1p remaining on the beads after treatment with
MtHAP2-1 5�LS-AS (lane 3) or AtMYB30 nonbiotinylated RNAs
(lane 5) is also shown.
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with a biotinylated RNA corresponding to MtHAP2-1
deleted from its 5�LS (MtHAP2-1 �5�LS) (Fig. 6A, lane 5),
strongly suggesting that uORF1p physically interacts
with the E1 and/or E2 exon sequence(s) present in
MtHAP2-1 5�LS (Fig. 1).

uORF1p was able to bind MtHAP2-1 5�LS-AS biotinyl-
ated RNA in a dose-dependent manner (Fig. 6B, lanes
1–3). No uORF1p was eluted from the beads when a non-
biotinylated MtHAP2-1-AS RNA was used for incuba-
tion with the streptavidin resin (Fig. 6C, lane 1). Differ-
ent ratios of nonbiotinylated to biotinylated MtHAP2-1
5�LS-AS RNAs were used for binding to the streptavidin
beads, further demonstrating the quantitative character
of uORF1p binding to MtHAP2-1 5�LS (Fig. 6C, lanes
1–4). Finally, a competition experiment was performed
in which uORF1p was first bound to MtHAP2-1 5�LS-AS
RNA-containing beads (Fig. 6D, lane 1) and then par-
tially eluted from the resin using a nonbiotinylated
MtHAP2-1 5�LS-AS- (Fig. 6D, lane 2) but not a nonbioti-
nylated AtMYB30- (Fig. 6D, lane 4) corresponding RNA.
Figure 6D also shows the amount of uORFp1 protein
that remained attached to the beads after competition
with both RNAs (nonbiotinylated MtHAP2-1 5�LS-AS
[lane 3] and AtMYB30 [lane 5]).

These results clearly show that uORF1p is able to bind
in a quantitative manner to an mRNA containing either
the alternatively or the normally spliced MtHAP2-1
5�LS, and suggest that this could be the mechanism
by which uORF1p mediates the negative regulation of
MtHAP2-1 expression in planta.

Discussion

In this study, we show that AS of intron 1, present in the
5�LS of MtHAP2-1, regulates MtHAP2-1 expression dur-
ing nodule formation. Unlike the many examples de-
scribed for Drosophila and Caenorhabditis elegans,
there are very few cases of developmental switches being
controlled by AS in plants, and more particularly, in le-
gumes (Lorkovic et al. 2000; Macknight et al. 2002;
Cheung et al. 2006). Regulation of MtHAP2-1 expression
thus provides a good model to determine the molecular
mechanisms that have evolved in plants to control pre-
mRNA processing.

A dual regulation by miR169 and uORF1p controls
MtHAP2-1 expression and nodule function

Data presented here, together with our previous work on
regulation of MtHAP2-1 by miR169, suggest that a dual
regulation by miR169 and uORF1p controls MtHAP2-1
expression. We previously demonstrated that miR169 is
expressed in the infection zone of the nodule (Combier et
al. 2006). Likewise, GUS expression in the infection zone
of nodules from uORF1-GUS transgenic plants (Fig. 3)
strongly suggests that ORF1p expression also localizes
to this region of the nodule. Misregulation of either
miR169 or uORF1p expression has a major effect on
MtHAP2-1 transcript and protein expression, which cor-
relates with a nodule growth defect: Roots expressing

the RNAiMtHAP2-1 silencing cassette or overexpres-
sing miR169 or uORF1p possess significantly reduced
MtHAP2-1 levels that correlate with precocious nodule
meristem abortion, whereas roots expressing the
RNAiintron1 silencing cassette or a miR169-resistant
form of MtHAP2-1, or overexpressing MtHAP2-1 with-
out its regulatory regions, possess increased MtHAP2-1
levels that correlate with a nodule growth defect. Al-
though one could argue that nodule growth deficiency,
in RNAiintron1 or 35S:uORF1 transgenic plants, might
lead to altered MtHAP2-1 expression, this seems un-
likely, since MtHAP2-1 expression is unaltered in Medi-
cago mutants presenting a reduced nodule growth phe-
notype (T. Vernie, J.-P. Combier, P. Gamas, and A.
Niebel, unpubl.), such as lin (Kuppusamy et al. 2004) and
nip (Veereshlingam et al. 2004). We therefore conclude
that nodule growth defect in RNAiintron1 or 35S:uORF1
plants is (1) not sufficient to explain the reduced expres-
sion of MtHAP2-1 and (2) due to reduced MtHAP2-1 ex-
pression, and not vice versa.

We propose that restriction of MtHAP2-1 expression
to the meristematic zone of the nodule is essential for
normal nodule development, and that this is achieved by
both miR169 targeting of the MtHAP2-1 3�UTR and al-
ternative processing of the MtHAP2-1 5�LS. The pattern
of both miR169 expression and AS occurrence in nodules
suggests that the control of MtHAP2-1 expression is
finely regulated. miR169 expression and AS appear to be
complementary from a temporal point of view, since
miR169 transcript abundance peaks 10 d after inocula-
tion and decreases later during nodule formation
(Supplemental Fig. S5), whereas AS increases during nod-
ule development, reaching a maximum 21 d after inocu-
lation (Fig. 1C; Supplemental Fig. S5).

Figure 7 proposes a model for the regulation of
MtHAP2-1 expression. In this model, miR169 and
uORF1 play essential, sequential, and nonredundant
roles in the control of MtHAP2-1 expression, with
miR169 acting during the early stages of nodule devel-
opment and uORF1p taking over this function later in
nodulation. Our data show that uORF1p acts on both
alternatively and normally spliced MtHAP2-1 tran-
scripts, since (1) silencing of MtHAP2-1-AS also leads to
the accumulation of MtHAP2-1-NS (Supplemental Fig.
S1), (2) uORF1p is able to down-regulate the expression
of both the alternatively and normally spliced forms of
MtHAP2-1 5�LS in N. benthamiana (Supplemental Fig.
S3), and (3) uORF1p binds to both MtHAP2-1-AS and
MtHAP2-1-NS-corresponding RNAs (Fig. 6A). Taken to-
gether, these results strongly suggest that E1 and/or E2
exons are the target sequences of uORF1p binding for
regulation of MtHAP2-1 expression.

Expression of MtHAP2-1 is controlled by a novel
post-transcriptional regulatory mechanism

uORF-mediated regulation of gene expression is well
studied, especially in animals, where inhibition of trans-
lation is the best documented mode of action (Morris et
al. 2000; Kozak 2002). Translation of a uORF can pro-
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duce a cis-acting peptide that causes effector molecule-
dependent stalling of the ribosomes at the end of the
uORF. In other cases it is the length or position, or other
features of the uORF, rather than the encoded peptide,
that determine the efficiency with which ribosomes
reinitiate downstream translation. Translation of the
uORF can also control gene expression by affecting the
stability of the mRNA (Gaba et al. 2005). Finally, trans-
acting factors may participate in regulatory mechanisms
(Vilela and Mc Carthy 2003). uORF-mediated transla-
tional regulation in cis has been reported for several
plant genes including Opaque 2 and Lc in maize, and
SAMDC, ATB2, and SAC51 in Arabidopsis (Imai et al.
2006, and references therein).

Here we describe a novel mode of action for a uORF.
The major findings to emerge from our experiments are
the following: (1) The regulatory effect of uORF1p on
MtHAP2-1 expression is dependent on AS of the first
intron in the 5�LS of MtHAP2-1; (2) despite the fact that
the context of uORF1 start codon (CCTTTTATGA) is
not very favorable (Kozak 2002), initiation of translation
at uAUG1 can be detected in the nodule infection zone

(Fig. 3); (3) roots overexpressing uORF1 display a nodule
developmental defect that correlates with reduced
MtHAP2-1 transcript and protein expression (Fig. 4); (4)
transient expression of the uORF1 protein in N. ben-
thamiana leads to a reduction on the level of a GUS
fusion containing the alternatively spliced MtHAP2-1
5�LS (Fig. 5); and (5) uORF1p is able to bind both the
alternatively and normally spliced MtHAP2-1 5�LS-cor-
responding mRNAs (Fig. 6).

This work demonstrates that uORF1p is able to act in
trans to down-regulate gene expression, although our
data do not allow us to exclude the possibility of addi-
tional cis regulation mediated by MtHAP2-1 uORF1. It is
still unclear how binding of uORF1p to the MtHAP2-1
5�LS-corresponding mRNA leads to reduced transcript
accumulation. We can exclude this to be due to transi-
tive silencing mediated by the 5�LS in N. benthamiana,
because expression of uORF2, uORF3, or a mutated ver-
sion of uORF1 in which the ATG start codon had been
mutated to AGG, does not result in transcript down-
regulation. Since uORF1p acts in trans, we do not expect
down-regulation of MtHAP2-1 expression to be due
to ribosome stalling mediated by the uORF nascent
peptide, in contrast to previously described cis-acting
uORFs. It is possible that overexpression of uORF1p
somehow results in blockage of either (1) transcription,
resulting in reduced accumulation of MtHAP2-1 mRNA,
or (2) translation, leading to degradation of a nontrans-
lated transcript by NMD or other mechanisms. How-
ever, the fact that a mutant version of uORF1p also binds
the MtHAP2-1 5�LS-corresponding mRNA but does not
result in transcript degradation (J.P. Combier and S.
Rivas, unpubl.) makes these two possibilities less likely.
Alternatively, it is tempting to speculate that uORF1p
may recruit additional proteins involved in nucleic acid
degradation. Since uORF1p-dependent mRNA down-
regulation is active in N. benthamiana, it is likely that,
although BLAST analysis did not identify any uORF1-
like gene in other organisms, the protein(s) required for
uORF1p-dependent mRNA down-regulation are con-
served among different plant species.

To our knowledge, this is the first report of a uORFp
acting in trans to down-regulate gene expression follow-
ing AS, and therefore it contributes to a broader under-
standing of the role played by uORFs in the regulation of
gene expression. Further studies are now required to de-
termine to what extent this mechanism can be general-
ized beyond the control of MtHAP2-1 expression during
nodule development.

Materials and methods

Biological material

M. truncatula Gaertn cv. Jemalong genotype A17 was grown
aeroponically as described (Journet et al. 2001) and inoculated
with the S. meliloti strain RCR2001 pXLGD4 (GMI6526)
(Ardourel et al. 1994) as described previously (El Yahyaoui et al.
2004). Agrobacterium-mediated transient expression in N. ben-
thamiana leaves was performed as described (Rivas et al. 2004).

Figure 7. Model for regulation of MtHAP2-1 expression to or-
chestrate nodule development. (A) Four days after inoculation,
the nodule structure is not well differentiated. miR169 and
uORF1p not being expressed, MtHAP2-1 presents a higher ex-
pression level, evenly distributed throughout the nodule (data
not shown). (B) Ten days after inoculation, miR169 is expressed
in the nodule infection zone (II), leading to MtHAP2-1 transcript
down-regulation and restricting MtHAP2-1 expression to the
meristematic zone (I) and normal nodule growth (Combier et al.
2006). (C) Twenty-one days after inoculation, AS of MtHAP2-1
occurs, resulting in expression of uORF1p in the infection zone.
uORF1p binding to the MtHAP2-1 transcript induces
MtHAP2-1 transcript degradation, thereby restricting MtHAP2-1
expression to the meristematic zone of the nodule.
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Root transformations were performed as reported previously
(Combier et al. 2006).

Vectors and constructs

PCR amplification was performed using Pfx polymerase (Invit-
rogen) and used primers are shown in Supplemental Table S1.

For M. truncatula root transformation, pPEX-derived vectors
were used (Combier et al. 2006). To generate the RNAiintron1

construct, a 249-bp sequence from the intron 1 was amplified
using intron1RNAi5� and intron1RNAi3� primers, and cloned
into pPEX RNAi vector. For the uORFs-GUS fusions, 2300-,
2373-, and 2616-bp sequences upstream of uATG1, uATG2, and
uATG3, respectively, were amplified with primers MtHAP2-
1Pro5� and uORF1GUS3�, uORF2GUS3�, and uORF3GUS3�,
respectively, and cloned into a pPEX-GUS vector. The
35S:uORF1, 35S:uORF2, and 35S:uORF3 constructs were made
after uORF1, uORF2, and uORF3 PCR amplification, with
uORF1 5� and uORF1 3�, uORF2 5� and uORF2 3�, and uORF3 5�

and uORF3 3� primers, respectively, and cloning into pPEX. For
the MtHAP2-1 overexpression construct, the MtHAP2-1 gene
was amplified with MtHAP2-1 5� and MtHAP2-1 3�2 primers
and cloned into the pPEX vector.

For the N. benthamiana transient assays, a 35S:ORF1-HA
construct was generated after amplification of uORF1 using
uORF1 5� and uORF1 3� primers and cloning into the pBIN19g
vector (Rivas et al. 2004). For overexpression of HA-tagged
uORF1 mutated in the start codon ATG, we used the uORF1
AGG 5� primer. To generate the GUS fusion to the alternatively
spliced MtHAP2-1 5�LS, the 5�LS was amplified using 5�LS5�

and 5�LS3� and cloned in position 5� of the GUS cassette in the
pPEX GUS vector.

Histochemical staining and microscopy studies

Nodule sections (50 µm thick) were prepared and observed as
described (Combier et al. 2007). Histology of the nodule was
performed on fixed material embedded in Technovit 7100 resin
(Hereaus Kulzer). Four-micron thick sections were observed in
dark field or epifluorescence microscopy after nuclear staining
with DAPI (diaminophenylindol). In all cases, shown figures are
representative of three to five independent transformation ex-
periments, in which about 30 transgenic roots were chosen and
∼10–20 individual nodules were observed.

RNA extraction and qRT–PCR analysis

Material for RNA analysis was ground in liquid nitrogen, and
total RNA was isolated using the SV total RNA extraction kit
(Promega) according to the manufacturer’s recommendations.
Reverse transcription was performed using 3 µg of total RNA
and SuperScript reverse transcriptase II (Invitrogen). qPCR was
run on a LightCycler system (Roche Diagnostics) according to
the manufacturer’s recommendations. MtEF1� or NbEF1� were
used as an internal standard (El Yahyaoui et al. 2004). Primers
used in the different experiments are listed in Supplemental
Table S1. The specificity of the amplifications was verified by
sequencing of the PCR products and by melting curve analysis
at the end of each experiment. Efficiency of the amplification
was verified by the analysis of standard curves.

Primers uORF1q5� and uORF1q3� were used to quantify the
MtHAP2-1 unspliced form, and exon1–2 and MtHAP2-1TP4
primers were used for quantification of the spliced form. Am-
plification of either form was confirmed by sequence analysis of
the obtained PCR fragments. Intron4 5� and intron4 3� primers,

aligning at intron 4 of MtHAP2-1, were used to confirm the
absence of contaminating genomic DNA.

Anti-MtHAP2-1 antibody production

Anti-MtHAP2-1 polyclonal antibodies were raised in rabbit by
Eurogentec (http://www.eurogentec.be) against two peptides in
the N terminus of MtHAP2-1; namely, 1MAMQPVYLKEHEGNV15

and 64APSKNLVRGVEQLFD78.

Expression analysis

Histochemical GUS staining were performed and analyzed as
described (Combier et al. 2006).

To analyze protein expression, root material or N. bentami-
ana leaf discs were ground in liquid nitrogen and 50–100 mg of
powder were resuspended in 100 µL of extraction buffer (50 mM
Tris-HCl at pH 7.4, 150 mM NaCl, 10% glycerol [v/v], 1 mM
DTT, 1 mM PMSF, 1% plant protease inhibitor cocktail
[Sigma]) and centrifuged at 10,000g for 10 min at 4°C. Protein
concentration in the supernatant was determined with the Brad-
ford protein assay kit (Bio-Rad), using BSA as a standard. Fifty
micrograms of total protein were separated on a NuPage 4%–
12% Bis-Tris gels (Invitrogen) according to the manufacturer’s
instructions and transferred onto Protran BA85 nitrocellulose
membranes (Schleicher & Schuell) by wet electroblotting (Mini-
Protean II system; Bio-Rad). For detection of MtHAP2-1 and
GUS, the blots were incubated with anti-MtHAP2-1 polyclonal
antibodies (1:10,000 dilution) and rabbit anti-� glucuronidase
polyclonal antibodies (1:1,000 dilution; Fitzgerald Industries In-
ternational), respectively. After incubation with the secondary
antibody (anti-rabbit IgG-peroxidase, 1:15,000; Sigma), bands
were visualized using the ECL Plus kit (Amersham Pharmacia
Biotech) under standard conditions. For detection of HA-tagged
uORF1p, blots were incubated with anti-HA rat monoclonal
(clone EF10) antibodies (Roche), linked to horseradish, at a final
dilution of 1:1,000.

RNA pull-down assays

MtHAP2-1 with no 5�LS was amplified by PCR from cDNA
from M. truncatula nodules, 4 d after inoculation with S. me-
liloti, using primers MtHAP2-1 5� and 3�LS3� and cloned into a
pGEM-T vector (Promega). This construct was named MtHAP2-
1�5�LS.

Alternatively spliced MtHAP2-1 5�LS was amplified using
primers 5�LS5� and 5�LS3� from M. truncatula genomic DNA,
cloned into pGEM-T and named MtHAP2-1 5�LS-AS.

Finally, normally spliced MtHAP2-1 was amplified from M.
truncatula nodules, 4 d after inoculation with S. meliloti, using
primers 5�LS5� and 3�LS3� and cloned into pGEM-T. This con-
struct was named MtHAP2-1-NS.

As a control, the coding sequence of the Arabidopsis tran-
scription factor AtMYB30 (At3g28910) was also amplified and
cloned into pGEM-T.

PCR fragments containing either MtHAP2-1�5�LS,
MtHAP2-1 5�LS-AS, or MtHAP2-1-NS were amplified using the
M13 Fwd and M13 Rev primers, and used for in vitro transcrip-
tion using a Riboprobe Combination System SP6/T7 (Promega),
in the presence of biotinylated UTP. The biotinylated RNAs (or
different ratios of nonbiotinylated to biotinylated RNAs) were
bound to streptavidin magnetic beads (µMACS Streptavidin Kit;
Milteny Biotec) for 1 min at room temperature and incubated
with various amounts of a total protein extract containing HA-
tagged uORF1p from N. benthamiana agroinfiltrated leaves, for
1 h at 4°C, as described (Campalans et al. 2004). Bound proteins
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were eluted in protein loading buffer and analyzed by Western
Blot using anti-HA rat monoclonal (clone EF10) anti-
bodies (Roche) as described above. Nonbiotinylated MtHAP2-1
5�LS-AS-corresponding RNA was also used in competition ex-
periments to elute the bound uORF1p.

Accession numbers

The GenBank accession number of MtHAP2-1 and uORF1p de-
scribed in this study is EF488826.
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