








RESULTS

Analysis of Mtenod40 sORF translation in alfalfa roots. The
Mtenod40 transcript is approximately 700 bp long and contains
several sORFs in all three reading frames (Fig. 1A). One of
these, sORF I, is highly conserved and corresponds to peptides
of 10 to 13 amino acids in different species (42). The Mtenod40
transcript contains the longest 59 region upstream of nucleo-
tide box I published so far (12), as demonstrated by reverse
transcription-PCR (data not shown). To investigate the trans-
lational capacity of Mtenod40, a series of translational fusions
to the uidA gene driven by the constitutive cauliflower mosaic
virus 35S promoter were constructed using a vector without an
initiating methionine and having instead a polylinker. In this
way, the different AUG codons present in the Mtenod40 se-
quence could be assayed for their capacity to initiate transla-
tion. After conventional particle gun bombardment, the con-
structs were transiently expressed in alfalfa seedlings. Two days
later, GUS activity, converting X-D-glucuronic acid (X-D-
GlcA) into a blue insoluble product, was estimated as the
number of blue spots on roots compared to a 35S-uidA control
(Fig. 2). The relative values given in Fig. 2 reflect the observed
number of blue cells (in which GUS activity reached the
threshold level required for detecting a blue spot on the root),
related to the number of cells obtained when the same amount
of 35S-uidA control DNA was bombarded (35S-uidA, 100%;
Fig. 2A, construct 1). The vector used had no activity itself
(Fig. 2A, construct 2). In addition, bombarding a translational
fusion of the Mtenod40 promoter and uidA also yielded GUS
activity in alfalfa cells, although at reduced levels compared to
the 35S CaMV promoter fusion (data not shown).

The fusion with the start codon of the 13-amino-acid oli-
gopeptide (sORF I) sequence of Mtenod40 in frame with the
uidA gene (nucleotide 103 of Mtenod40; pTra40-M2) was effi-
ciently translated (Fig. 2A, construct 4) despite the presence of
a preceding 8-amino-acid sORF. Translation was observed in
epidermal and outer cortical cells of intact roots (Fig. 3A and
B) as well as in cultured cells (data not shown). In contrast,
translation of uidA was abolished when the reporter gene was
fused to a second out-of-frame ATG located within the 13-
amino-acid sequence (nucleotide 130 of Mtenod40; pTra40-
M3; Fig. 2A, constructs 6 and 7). Thus, the AUG of sORF I is
recognized as an efficient translation start site, in contrast to
the internal AUG codon, which is present in another frame.
Furthermore, translation of the preceding 8-amino-acid sORF
was also very efficient, suggesting that sORFs do not prevent
reinitiation at the following ORF (Fig. 2A, construct 3). De-
letion of the first sORF did not affect translation of sORF I.

Then, the reporter gene was fused to the next AUG codon,
M4, which is located 8 bp after the stop codon of sORF I
within the M3 sORF (Fig. 1A) and codes for a 7-amino-acid
peptide. Translation was detectable, albeit inefficient (Fig. 2A,
construct 8). The next ATG, M5, the start of a 5-amino-acidFIG. 3. Microscopic analysis of alfalfa roots fixed 2 days after mi-

crotargeting with enod40 derivatives. (A and B) Transversal sections
showing transient expression of an Mtenod40-uidA translational fusion
in outer cortical cells of alfalfa roots. The colored GUS reaction
product is indicated by arrows: (A) 80-mm section; (B) 8-mm section.
(C to F) Cortical cell divisions 2 days after microtargeting. Note the
difference in cell length of recently divided and nondivided cells
(brackets). Nuclei are indicated by arrowheads. (C and D) Whole roots
in phase contrast, showing cortical cell divisions. (E and F) Sections (8

mm) of cortical cell divisions as seen in bright-field mode (E) and
fluorescence (F). (G) Early root primordium. Extensive concomitant
divisions (within brackets) are found in the pericycle (p) and endoder-
mis (e). Bars: 25 mm (A, E, and F), 15 mm (B), 20 mm (C and G), and
50 mm (D).
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sORF, also showed reduced translation, whereas M6, corre-
sponding to the sORF-spanning region 2 (sORF II), was
clearly translated (35%; Fig. 2A, constructs 9 to 11). To con-
firm that the stop codon of sORF I arrested protein transla-
tion, fusions downstream in the three reading frames were
constructed. Translation was not detected in any case (Fig. 2A,
construct 12). Fusions to AUG codons of other reading frames
within sORF II (M7 and M8) or after sORF II (e.g., M9) also
exhibited undetectable or very low levels (less than 1%) of
translation (Fig. 2A, constructs 14 to 16).

Mutation of ATG codon M6 completely abolished GUS
activity, indicating that sORF II translation started from this
codon (Fig. 2A, construct 13). Interestingly, even between two
Medicago species (M. sativa and M. truncatula), sORF II is not
conserved in either size or amino acid sequence except for the
amino acids encoded in the region of the so-called box II (Fig.
1). Moreover, AUG M6 only exists in enod40 genes of a few
legume species and tobacco, and the nucleotide sequences of
the different enod40 genes after box II are not conserved.

These results suggest that sORFs do not arrest 59-to-39 ri-
bosome scanning and that reinitiation can occur along the
enod40 transcript. Two sORFs spanning the conserved nucle-
otide regions of Mtenod40 can be efficiently translated in root
tissues.

Activity of the different Mtenod40 regions depends on trans-
lation of sORFs. Expression of enod40 in roots resulted in
cortical cell divisions (9). In order to study the molecular
mechanism of enod40 action, a microtargeting apparatus was
used to introduce DNA in alfalfa root cells to monitor events
related to enod40 expression in a defined root region. Two days
after microtargeting, the bombarded area was inspected for
cortical cell division. Particles were found only in superficial
cell layers (epidermis and outermost cortex) and were used to
localize the bombarded area (diameter, less than 0.5 mm). Cell
divisions detected in the inner cortex below this area (Fig. 3),
without divisions in the underlying pericycle and endodermis,
were observed as either (i) foci of recently divided cells show-
ing a dense cytoplasm and conspicuous nuclei (Fig. 3C) or (ii)
foci of divided cells that had already started to elongate (Fig.
3D). Sectioning confirmed the presence of divided cells (Fig.
3E and F). Early root primordia (Fig. 3G) were distinguished
from cortical cell divisions by the occurrence of concomitant,
extensive divisions of the pericycle, i.e., below the endodermis,
which is recognized by the presence of Casparian strips and a
strong autofluorescence.

The enod40 activity of different constructs was monitored in
a semiquantitative manner by counting the number of foci of
dividing cortical cells. Transient expression of the Mtenod40
construct in alfalfa roots induced cortical cell divisions at high
frequency, giving an fdiv value (cell division foci per root) of
0.51. This frequency is more than two times higher than those
obtained in our previous experiments using conventional par-
ticle bombardment of whole roots from transgenic alfalfa
plants carrying an Msenod12A promoter-uidA fusion (9). The
empty vector had no effect (fdiv 5 0.02; Table 1). In agreement
with our previous experiments, constructs spanning either box
I or II had similar activity (corresponding to D7 and D5, re-
spectively; Fig. 1B), as both also induced divisions at high
frequency (Table 1). Mutating the start codon of the 13-amino-
acid peptide sequence (ATG changed to ACG; p35S-D7-ACG

sORF I) abolished the cell division-inducing activity of D7
(fdiv 5 0.03), suggesting that translation of sORF I is required
for activity. Mutating the ATG codon of sORF II yielded a D5
derivative with highly reduced activity. Deletions containing
the conserved nucleotide box II but not the entire sORF II did
not show significant activity (Table 1, p35S-Mtenod40-D8 and
p35S-Mtenod40-D4, respectively). In contrast, a short region
spanning the unmodified sORF II retained biological activity,
indicating that translation of this sORF might be responsible
for the induction of cortical cell divisions elicited by D5 (Table
1, p35S-Mtenod40-D12). These values are significantly differ-
ent, as demonstrated by a chi-square statistical test (P , 0.01).

Thus, microtargeting of Mtenod40 and two nonoverlapping
deleted derivatives induced a cell-specific growth response in
alfalfa roots. The cortical cell division-inducing activity ob-
served for enod40 deletions required the translation of two
sORFs of 13 and 27 amino acids, sORFs I and II, respectively,
spanning the conserved nucleotide boxes of the enod40 tran-
script.

Translation of sORF I and sORF II regulates Mtenod40
activity in alfalfa roots. Neither in Northern blots nor in cDNA
libraries have we identified Mtenod40 cDNAs corresponding
only to D7 or D5 (not shown). Therefore, we decided to study
the effects of sORF translation on the complete Mtenod40
transcript. Microtargeting of the Mtenod40 sequence with a
mutated start codon for sORF I (p35S-Mtenod40-ACG sORF
I and p35S-Msenod40-ACG sORF I; Table 1) had significantly
reduced activity (fdiv 5 0.09 and 0.11, respectively). This was
surprising, since the activity of the 39 region of Mtenod40 (see
above) was expected to be retained in this derivative (only
lacking sORF I). In addition, a construct in which the stop
codon of the 13-amino-acid peptide-encoding sequence was
mutated (p35S-Mtenod40-TCA sORF I), resulting in a longer
sORF incorporating extra codons (up to 59 amino acids; as-

TABLE 1. Microtargeting of alfalfa seedlings with enod40
DNA constructs

Construct No. of
focia

No. of roots
examined fdiv 6 SEb

pDH51 1 64 0.02 6 0.02
p35S-Mtenod40 18 35 0.51 6 0.09

p35S-Mtenod40-D7 8 20 0.40 6 0.11
p35S-Mtenod40-D5 11 30 0.37 6 0.09
p35S-Mtenod40-D7-ACG sORF I 1 38 0.03 6 0.03
p35S-Mtenod40-D5-ACG sORF II 1 15 0.07 6 0.07

p35S-Mtenod40-D4 3 20 0.15 6 0.08
p35S-Mtenod40-D8 0 20 0.00 6 0.00
p35S-Mtenod40-D12 6 12 0.50 6 0.15

p35S-Mtenod40-ACG sORF I 4 46 0.09 6 0.04
p35S-Msenod40-ACG sORF I 1 9 0.11 6 0.11
p35S-Mtenod40-TCA sORF I 2 33 0.06 6 0.04
p35S-Mtenod40-mod.sORF I 8 27 0.30 6 0.09
p35S-SoyMtenod40 1 15 0.07 6 0.07

p35S-Mtenod40-ACG sORF II 2 15 0.13 6 0.09

p35S-Mtenod40-DRNA 2 15 0.13 6 0.09

a Number of cortical cell division foci observed 2 days after microtargeting.
b Number of cortical cell division foci per bombarded root.
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terisk in Fig. 1A), was also inactive (Table 1; fdiv 5 0.06). The
nucleotide changes assayed might disturb either translation of
the peptide or the mRNA in this region.

To confirm that sORF I was responsible for activity, a mu-
tant Mtenod40 sequence was created in which the 13-amino-
acid peptide-encoding nucleotide sequence was modified while
keeping the amino acid sequence intact (taking advantage of
codon degeneracy). This yielded a construct (p35S-Mtenod40-
mod.sORF I) with significantly high activity (fdiv 5 0.30), con-
firming that the translation product of the 13-amino-acid
sORF is crucial for enod40 activity. Finally, the Mtenod40
sORF I sequence was replaced by a 12-amino-acid-encoding
sequence corresponding to the soybean Gmenod40 sORF I
peptide (33). This p35S-SoyMtenod40 derivative was inactive
(Table 1; fdiv 5 0.07). This confirmed that the sORF I-derived
peptide is essential for Mtenod40 activity.

These experiments also suggest that translation of sORF II
may require translation of sORF I. To test this hypothesis, we
assayed constructs in which uidA was fused to the ATG-M6 of
sORF II with either a mutated ATG or TAA codon in sORF
I (Fig. 2A, constructs 17 to 19; cf. construct 11). Mutating the
initiating codon of sORF I increased the translational activity
of sORF II, whereas increasing the size of sORF I dramatically
reduced the capacity to reinitiate translation at sORF II.
Hence, the level of sORF II translation does not correlate with
the biological activity of the mutated Mtenod40 transcripts.
Nonetheless, a point mutation of the ATG of sORF II abol-
ishing its translation (Fig. 2A, construct 13) reduced the bio-
logical activity of Mtenod40 (Table 1; fdiv 5 0.13). This indi-
cates that translation of sORF II is important for cell division
activity of the Mtenod40 transcript.

From these experiments, we concluded that translation of
both sORF I and sORF II is required for full Mtenod40 activ-
ity. The effect of the 39 Mtenod40 region in alfalfa roots de-
pends on the presence and correct size and sequence of the
13-amino-acid peptide encoded by sORF I, even though dele-
tions spanning either sORF I or sORF II are active. These
results revealed a complex level of regulation acting on the
Mtenod40 mRNA and are in line with the fact that nucleotide
boxes I and II are highly conserved in enod40 genes from
several species.

enod40 sORF-encoded oligopeptides require a minimum
size to be detected by in vitro translation. Having shown that
the start codon of the Mtenod40 13-amino-acid sORF I can be
recognized as a translation start site (in bombarded roots) and
that sORF I is required for enod40 activity, we searched for the
presence of the encoded peptide in planta by several methods
based on immunodetection. Polyclonal antibodies against the
13-amino-acid MtENOD40 peptide coupled to ovalbumin
were prepared and affinity purified using the synthetic peptide.
In Western blots using high-resolution gels optimized for de-
tection of small peptides, these antibodies specifically recog-
nized as little as 20 ng of the synthetic MtENOD40 13-amino-
acid peptide, giving a band at 1.5 kDa (Fig. 4A), whereas the
preimmune serum did not react with this sample. In ELISA, as
little as 1 ng of synthetic peptide could be detected (data not
shown). Then, we assayed total extracts and subcellular frac-
tions of roots and mature nodules using both Western blots (70
mg of total protein was loaded per lane) and ELISA (up to 600
mg of total protein was loaded per microtiter well). Moreover,

ELISA was also used to test fractions obtained by separating
up to 600 mg of protein extract from mature nodules through
HPLC. Similarly, several subcellular fractions of root extracts
(corresponding to soluble, nuclear, and microsomal fractions)
were tested at different time points after inoculation of M.
sativa with S. meliloti. Even though weak signals could be
detected at higher molecular weights, no signal corresponding
to a small oligopeptide was detected either during early nodule
development or in mature nodules by any method using the
different extraction procedures (data not shown). However,
immunocompetition experiments revealed the presence of
small amounts of an antigen related to the 13-amino-acid pep-
tide in nodules (Fig. 4B). Interestingly, quantification of
enod40 transcripts by Northern blotting indicated that they
constitute approximately 0.5% of the total amount of mRNA
in the nodule, accumulating rapidly during early nodule devel-
opment (Fig. 4C).

Thus, while enod40 is a very abundant mRNA in the nodule,
the oligopeptide is either present at a very low concentration
or unstable under our extraction conditions. To test the latter
possibility, we added up to 2 mg of the synthetic peptide to
nodule extracts, and the presence of the peptide was tested at
different time points by Western blotting. The immunological
signal had already disappeared after 1 min of incubation (Fig.
4E). Nevertheless, the peptide was stable in a soluble fraction
inactivated by SDS treatment or fractionated to retain constit-
uents of less than 10 kDa (Fig. 4E). These data indicate that
oligopeptides may be highly unstable in plant extracts, due
either to degradation or to binding to a component that masks
it very rapidly from the antibodies.

We then tested the in vitro translation of various amounts of
purified Mtenod40 RNA (transcribed in vitro) using both
wheat germ and reticulocyte extracts (Fig. 5). No significant
signal was observed in several experiments (Fig. 5A, constructs
1 and 2) using either Msenod40 or Mtenod40 RNAs. The oc-
casionally translated short peptides (such as those depicted in
Fig. 5B, lane 2) showed no correlation with the synthesized
peptide using HPLC or immunoprecipitation (data not shown;
see below). In addition, no in vitro translation products were
observed using deletion derivatives of enod40 (Fig. 5, con-
structs 9 and 10). We tested the stability of the putative oli-
gopeptide encoded by sORF I by adding the synthetic 13-
amino-acid peptide to the extracts used for in vitro translation.
The immunological signal disappeared again very rapidly (less
than 1 min) (Fig. 4F). It is likely that the short unstable enod40
peptides need to be coupled to or protected by a large protein
or subcellular structure to avoid rapid degradation. An enod40
derivative containing a point mutation in the stop codon of
sORF I that should give translation of a 59-amino-acid peptide
was then tested (Fig. 1A, asterisk). A clear band of the ex-
pected size was observed on gels after in vitro translation (Fig.
5, constructs 3 and 5). This in vitro translation product was not
detected when the start codon of sORF I was mutated (Fig. 5,
construct 4), further confirming that it corresponds to the mu-
tated sORF I. Moreover, constructs with point mutations en-
coding the predicted peptides of 39 and 22 amino acids, re-
spectively (Fig. 5, constructs 6 and 7), were tested. These
transcripts are almost identical to Mtenod40, suggesting that
the ATG of sORF I is indeed recognized but that peptides of
less than 39 amino acids are very unstable and therefore can-
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not be detected under conditions for in vitro translation. This
also suggests a correlation between the minimum size of a
sORF whose product can be detected by in vitro translation
and, as mentioned in the previous section, the maximum size of
an upstream sORF that allows further 39 translation (Fig. 2A,
construct 19). As expected, small peptides could not be de-
tected using pMtenod40-modified sORF I or pMtenod40-ACG
sORF I (Fig. 5, constructs 12 and 13). The latter one occasion-
ally showed short translated peptides similar to pMtenod40,
confirming that these are not sORF I related. Finally, the
presence of a poly(A) tail in the enod40 mRNA was required
for detection of the in vitro translation products (Fig. 5, con-
struct 11).

To explain the presence of two biologically active regions in
the enod40 transcript, it was previously hypothesized that the
39 region might inhibit translation of sORF I (42). We tested
this hypothesis by two different approaches. First, we intro-
duced the 39 region (D5) immediately downstream of the uidA
sequence in the in-frame translational fusion with sORF I
(pTra40M2-D5). Translation was reduced by half compared to
pTra40M2 (Fig. 2B). Introducing this 39 sequence in an in-
verted position (pTra40M2-inv.D5) yielded translation at the
same level as that obtained without it. Second, in vitro trans-
lation of the 59-amino-acid sORF I Mtenod40 derivative (with
a mutated stop codon) in the presence or absence of the 39
Mtenod40 D5 sequence (Fig. 5, constructs 3 and 8) showed no
significant effect of this 39 region on sORF I translation.

Thus, the ATG codon of sORF I is recognized as a transla-
tion start site in roots and during in vitro translation. Detection
of peptide products corresponding to an encoded sORF by in
vitro translation requires a minimum size. The MtENOD40
oligopeptide(s) might be very difficult to detect due to high
instability, even in plant tissues where transcripts accumulate
abundantly. Nevertheless, epitopes related to the sORF I-en-

FIG. 4. Analysis of enod40 gene products and their stability. (A)
Western blot of synthesized peptides showing the specificity of anti-
ENOD40 13-amino-acid peptide antibodies. Lane C, 100 ng of a con-
trol peptide with a rearranged 13-amino-acid sequence; lane Gm, 100
ng of the Gmenod40 12-amino-acid peptide (31); lanes MtENOD40,
100, 50, or 20 ng of the Mtenod40 13-amino-acid peptide as marked.
(B) ELISA immunocompetition assays. Root and nodule soluble ex-
tracts were used against 10 ng of bound Mtenod40 peptide. Antibodies
were added alone (water control) in the presence of 500 ng of synthetic
peptide (MtPep) or 500 mg of root or nodule extract. (C) Northern blot
showing hybridization of an Mtenod40 probe to RNA isolated from S.
meliloti-inoculated alfalfa roots during nodule development. Time af-
ter inoculation is indicated (hours or days [d]). The constitutively
expressed Msc27 was used as a control for RNA loading. (D) Northern
quantification of the Mtenod40 transcript amount in nodules. Lane
Tot, 5 mg of total nodule RNA (approximately 2% corresponds to
mRNA); lane PolyA, 200 ng of nodule poly(A)-containing RNA;
1,000, 100, and 10 pg of in vitro-transcribed Mtenod40 mRNA were
used for calibration. Quantification of the hybridization signals indi-
cates that Mtenod40 signals correspond to 50 and 80 pg for total and
poly(A) RNA, respectively. (E and F) Western blots showing
MtENOD40 13-amino-acid peptide stability in nodule extracts (E) and
in wheat germ in vitro translation extracts (F). Mt, MtENOD40 pep-
tide without extract; Nod1Mt, nodule extract denatured with 1% SDS
before adding the peptide; nodule fractions enriched in proteins of
.10 or ,10 kDa incubated with the peptides for the indicated time
periods (minutes). 1WG and 2WG, with and without wheat germ
extracts for the indicated time periods (minutes or hours), respectively.
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coded peptide may exist in nodule extracts. The 39 enod40
region did not show any significant effect per se on translation
of the 59 sORF I.

Deletion of an Mtenod40 inter-sORF region spanning a pre-
dicted RNA structure affects biological activity. Translation of
Mtenod40 sORFs is necessary for full biological activity, al-
though translation of either sORF is sufficient in the deletion-

containing mRNAs. Hence, our results suggest that a novel
type of regulation of sORF activity may exist in the whole
transcript that is lacking in the deletion derivatives. We there-
fore decided to analyze the Mtenod40 mRNA in a genomic
context. The sequence of a 3-kb Mtenod40 genomic region
(containing a 1-kb upstream and a 1.3-kb downstream region)
was determined, and its GC percentage was analyzed. The
Mtenod40 mRNA separates from the isochore of the Medicago
genome (38% GC 4) from the beginning of the transcript (Fig.
6B), suggesting a larger functional Mtenod40 region than that
corresponding to the sORFs. In our previous work, we pro-
posed that the Mtenod40 transcript codes for a highly struc-
tured RNA, based on calculations of the free energy of folding
(12). By applying the same computer program using small
(around 40 bp) scanning windows, we could now predict the
presence of a highly structured RNA region which is located
between the two sORFs of the Mtenod40 transcript (Fig. 6C,
first panel; ns . 5; this number illustrates that this structure
has a very low probability of appearing randomly on the same
nucleotide sequence; for details see reference 12). This struc-
ture lies on the functional enod40 region predicted by the
isochore analysis of the nucleotide sequence to lie between the
two conserved nucleotide boxes. Therefore, a deletion was
made to modify this “inter-sORF” region (Fig. 1, DRNA)
without affecting the coding sequences of the sORFs. This
Mtenod40 derivative showed a significant reduction in biolog-
ical activity (Table 1, fdiv 5 0.13) after microtargeting, indicat-
ing that the RNA region between sORF I and sORF II is also
required for gene function. To show whether an RNA struc-
ture may be conserved, the presence of RNA structures was
sought in various enod40 genes (Fig. 6C, panels 2 to 4). Inter-
estingly, in a relatively homologous position (between the two
conserved nucleotide boxes), highly probable predicted struc-
tures were found in enod40 genes from white clover, soybean,
and rice (see Discussion).

We then tested whether this deletion of the inter-ORF re-
gion of the Mtenod40 transcript would inactivate translation of
the sORFs. A translational fusion to sORF II in which this
RNA region was deleted was used to bombard roots. No effect
on translation of sORF II was detected in comparison to the
fusion containing this RNA region (Fig. 2B, construct 20) (cf.
construct 11). To analyze the effect of this region on sORF I
translation, we introduced a point mutation in the sORF I
ATG in a corresponding construct. Inactivation of sORF I
affected sORF II translation as reported for the complete
enod40 transcript (Fig. 2B, construct 21; cf. construct 17), in-
dicating that sORF I is likely translated.

Therefore, an RNA region present between the Mtenod40
sORFs regulates the elicitation of cortical cell division, most
likely without perturbing translation of the sORFs. These re-
sults reveal a new level of regulation acting on enod40 activity.

DISCUSSION

Peptides encoded in sORFs may act as signals during the
induction of cortical cell divisions in roots. Here we demon-
strated that enod40-induced cell division in the alfalfa root
inner cortex depends on the translation of two sORFs. Our
assay was based on the introduction of Mtenod40 by microtar-
geting in the region of emerging root hairs where rhizobia and

FIG. 5. In vitro translation of Mtenod40 and Msenod40 RNA using
wheat germ extracts. (A) Predicted peptides after in vitro translation of
different Mtenod40 mRNA derivatives. Detection of an in vitro trans-
lation product of the expected size is denoted by 1. Solid boxes
indicate sORF I and sORF II present in the Mtenod40 and Msenod40
genes. TAG and TGA in bold type indicate the stop codon for a
modified sORF I peptide after creation of a point mutation in the stop
codon for sORF I (TAA to TCA). ACG in bold type indicates a point
mutation changing the ATG start codon of sORF I to ACG. Predicted
peptide values are in kilodaltons. (B) Radioactive products detected
after in vitro translation of the different enod40 constructs, numbered
as in panel A. Lane C, control translation reaction without mRNA.
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Nod factors induce cortical cell division. Division frequencies
in our assay were comparable to those obtained by microtar-
geting chitin oligosaccharides or Nod factors (26, 36). Both the
need to transduce a secondary signal from superficial cell lay-
ers where particles land into responsive cells in the inner cortex
and the instability of the enod40 gene products are expected to
lower this value. In order to analyze the effects of the bom-

barded constructs, we studied responses induced only 2 days
after bombardment. Longer times may introduce further vari-
ables (e.g., light conditions or hormonal changes during devel-
opment). Apparently, enod40 is not an inducer of cell division
per se, but other factors likely present only in the inner cortex
are required to complete cell cycle activation. Stable constitu-
tive expression of enod40 in transgenic plants resulted in a
large proportion of dividing root cortical cells when grown
under nitrogen-limited conditions (9) as well as accelerated
nodulation (10), further suggesting that our transient assay is
related to the biological activity of enod40 in the root cortex.

enod40 is unusual in that it contains many sORFs, and the
two peptides whose translation controls biological activity are
encoded as such, in contrast to other eukaryotic small peptides,
which are produced by cleavage of larger precursors containing
signal sequences or related features (plant examples include
systemin [32] and phytosulfokines [27]). Several reports sug-
gest that plants do make use of peptides as signals in develop-
ment, since both peptidic signals and putative receptors for
them have been found (reviewed in reference 3). Moreover,
mutations in these receptors influenced plant differentiation
(2, 41). In our biological assay, however, we could not detect an
effect of the synthetic peptide corresponding to sORF I (our
unpublished results). The peptide may require certain modifi-
cations to become active, as has been shown for the phytosul-
fokine peptide growth factor (27). sORF-encoded small pep-
tides may be able to diffuse out of the cell to act extracellularly,
or alternatively, they may have intracellular targets that could
be reached directly after translation. This is the case for the
5-amino-acid-encoding sORF in the 23S rRNA in E. coli,
where the pentapeptide likely is produced and immediately
binds its intracellular target, the rRNA (39). Several examples
of the cis effects of upstream sORFs on 39 translation mediated
through binding to ribosomes have also been reported (25, 29)
in eukaryotic cells. In these cases a 39 long ORF codes for the
protein having biological activity, in contrast to enod40 genes,
where only sORFs are found all along the transcript.

sORF-encoded peptides can be translated in plant tissues.
We have previously proposed that enod40 may code for a
nontranslatable RNA (12). This was based on the fact that it
lacked long ORFs, the computer-assisted prediction that it
forms highly stable secondary structures, and the fact that it did
not produce detectable in vitro translation products, properties
shared with biologically active RNAs. In addition, the enod40
RNA did not copurify with polysomes (1). In this work, how-
ever, using selected point mutants, we demonstrated that
translation, size, and correct amino acid sequence of the 13-
amino-acid sORF I as well as translation of sORF II are
necessary for the biological activity of enod40. This supports
the hypothesis that sORF-encoded peptides are biologically
active, though we cannot exclude that translation from the
enod40 RNA may alter either the secondary structure or its
decay or its capacity to interact with other proteins to form a
ribonucleoprotein. sORF-encoded peptides may exert critical
functions in sORF-RNAs through a variety of mechanisms (15,
25, 29, 43).

Localization of the peptide in the cell might help us in
determining such a mechanism. Immunocompetition experi-
ments indicated the presence of a domain related to the
enod40 sORF I-encoded peptide in alfalfa nodule extracts, in

FIG. 6. Structural analysis of the Mtenod40 sequence. (A) Sche-
matic representation of the Mtenod40 genomic sequence (accession
number X80263). The cDNA sequence is represented by a striped box;
sORF I and sORF II are indicated. (B) Analysis of the GC content of
the Mtenod40 gene. The sequence upstream of the transcription start
site shows an average GC content of 40% (dashed line), which is
equivalent to the isochore of the Medicago genome. However, the
cDNA sequence has an average GC content of 50% (dashed line). (C)
Stability analysis of the enod40 genes. enod40 transcripts were scanned
for predicted RNA structures (windows from 30 to 300 bp; increment,
2 bp), and the number of standard deviations (ns: value indicating the
dispersion of the free energy of folding for each window, as described
in reference 12) was calculated. Selected scans corresponding to spe-
cific window sizes (around 40 bp) are depicted for four enod40 tran-
scripts: Mtenod40 (accession number X80264) for M. truncatula;
Trenod40 for Trifolium repens (accession number AJ000268); Gm-
enod40 for Glycine max (accession number X69154), and Osenod40 for
Oryza sativa (accession number AB024054; nucleotides 2200 to 2642
corresponding to transcript 22). Regions containing highly stable pre-
dicted RNA structures measured by a high ns are indicated with an
arrowhead. Bars indicate the position of conserved nucleotide se-
quences 1 and 2 in the different transcripts.
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agreement with previous experiments done in soybean (42).
However, by using Western analysis or direct immunological
approaches in alfalfa plants, we could not detect this enod40
gene product even in young nodules, in which the transcript is
very abundant. Oligopeptides are rapidly degraded in nodules
and in vitro translation extracts, suggesting that immunological
approaches may not be adequate to detect them biochemically.
The high level of mRNA available for translation in the divid-
ing cells of the nodule primordium may ensure continuous
production of the oligopeptides in the cell via monosomes or a
transient association with polysomes. Alternatively, the en-
coded peptides may be integrated into a larger protein com-
plex (e.g., by coupling to an acceptor protein or a downstream
sORF peptide) or into a structure (e.g., a ribonucleoprotein
particle during translation), which could explain the presence
of epitopes related to the enod40 sORF I peptide in nodule
extracts.

The recognition of the sORF I ATG was demonstrated both
in vivo using reporter gene fusions and in vitro by translation of
a larger peptide. The soybean sORF I was also shown to be
translated in tobacco protoplasts using a green fluorescent
protein reporter gene (42). Our translational analysis indicated
that sORFs do not prevent reinitiation at downstream AUG
codons in either differentiated epidermal and cortical cells or
nondifferentiated cultured cells. The different Mtenod40
sORFs are therefore likely to be translated with variable effi-
ciency. Several plant mRNAs contain upstream sORFs that
reduce translation of ORFs further downstream (15, 25, 29,
43). This was also the case for sORF II translation, as shown
here using point mutations of sORF I. Several mechanisms to
translate consecutive or overlapping ORFs exist in plant vi-
ruses (reviewed in reference 15) and might also exist in plants,
where a polycistronic mRNA has recently been found (16).
Even though sORFs are not generally considered gene prod-
ucts, our work indicates that both sORFs are required for
enod40 function, and hence it acts as a polycistronic transcript.

A puzzling result is that replacement of sORF I by the
homologous sORF I of soybean yielded an inactive derivative.
This revealed a certain level of “species specificity” for sORF
I regulation of enod40 action in alfalfa roots. A specific amino
acid sequence might be required for appropriate function, sug-
gesting that even nonconserved amino acids of the small pep-
tide may play roles in target recognition. Strict sequence spec-
ificity of upstream sORFs has also been shown in translational
regulation in mammalian cells (29).

Two regions of Mtenod40 are functionally connected. Our
data indicate that the action of sORF II depends on the trans-
lation of sORF I and this regulation is lost in the deleted
Mtenod40 derivative spanning the 39 region (D5). In addition,
this control is exerted not only at the level of translation, since
either the altered size or the absence of sORF I had negative
effects on enod40 biological activity but decreased or increased
sORF II translation, respectively. In these experiments, we
also cannot exclude that interactions of the bombarded con-
structs with the endogenous alfalfa enod40 gene occurred, af-
fecting either its transcription or translation. However, no
enod40 mutant legume is yet available to analyze such an effect.

It has been proposed that the sORF I-encoded ENOD40
peptide is the active gene product and that the 39 region might
control its translation (even in trans on the endogenous gene

42). However, we could not detect activity of the enod40 pep-
tide in plant tissues, and the work based on a tobacco proto-
plast assay (42) could not be reproduced (35). This model
cannot explain the effects of several point mutations that we
detected as affecting Mtenod40 activity in alfalfa roots. These
mutations may perturb either the transcript stability or the
capacity of the RNA to interact with the ribosomes or other
intracellular target, having an indirect effect on enod40 func-
tion. Hence, we think that the identified regions and sORFs
are more likely required for determining the subcellular site
where enod40 is translated. This regulation can be overcome
when using the deleted versions spanning only the sORF re-
gions. Interestingly, RNA signals present in the 39 untranslated
regions of several genes have been shown to be involved in
localization of mRNA translation (30), a feature that may be
essential when the encoded gene products are unstable (such
as the enod40 oligopeptides). An alternative hypothesis is that
sORF-mediated translational control of the transcript may also
be exerted to allow stability or export of the RNA into the
cytoplasm (as shown in animals [19]). Finally, the translation
process per se might impose certain properties on the enod40
mRNA. Nevertheless, we think that our experiments using the
complete transcript are likely to reflect appropriately enod40
gene regulation in vivo, since shorter forms of the enod40
transcript have not been detected in planta.

Microtargeting of the sORF I or sORF II region alone is
sufficient for enod40 activity, whereas the inter-ORF region is
inactive. This region, presenting predicted stable RNA struc-
tures, may determine transcript localization or stability. Alter-
natively, the critical parameter might be the correct spacing
between sORFs that is also affected by the deletion of this
region. Further studies on the involvement of RNA structures
in gene function might await more sensitive methods to assay
enod40 activity. A predicted highly structured RNA region
related to that of Mtenod40 was detected in almost all enod40
cDNAs found in the databases except for the tobacco gene. In
this case, only a PCR product has been cloned, and we cannot
exclude that this RNA structure is not required in this nonle-
gume plant or that the cloned fragment corresponded to a
nonfunctional gene. Despite the large sequence variation de-
tected in the inter-ORF region between enod40 genes, it seems
that a conserved stem structure could be detected even in the
distantly related nonlegume rice plant. The predicted RNA
structures were folded using an appropriate window according
to the maximum ns value (Fig. 7). By comparing the two highly
related sequences of Trifolium repens and M. truncatula, a
compensatory mutation seemed to be present in the stem RNA
region (arrow), further reinforcing the validity of the presence
of an RNA structure in the enod40 transcripts. Hence, this
inter-ORF region, even though probably not directly respon-
sible for gene function, seems to be involved in enod40 gene
regulation.

sORF translation and structured RNA signals might be im-
portant elements in the regulation of genes lacking long ORFs,
particularly those having functions related to growth and dif-
ferentiation, as shown here for enod40 regulation in nodule
organogenesis. Further analysis of the mechanism of enod40
action in development [such as the identification of putative
receptors or targets for the peptide(s) and/or structured RNA
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region, as well as their subcellular localization] may uncover
novel means of translational control of the cell.
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