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Abstract

The CLAVATA3/endosperm-surrounding region (CLE) peptides control the fine balance
between proliferation and differentiation in plant development. We study the role of CLE
peptides during indeterminate nodule development and identified 25 MtCLE peptide
genes in the Medicago truncatula genome, of which two genes, MtCLE12 and MtCLE13,
had nodulation-related expression patterns that were linked to proliferation and
differentiation. MtCLE13 expression was up-regulated early in nodule development. A
high-to-low expression gradient radiated from the inner toward the outer cortical cell layers
in a region defining the incipient nodule. At later stages, MtCLE12 and MtCLE13 were
expressed in differentiating nodules and in the apical part of mature, elongated nodules.
Functional analysis revealed a putative role for MtCLE12 and MtCLE13 in autoregulation
of nodulation, a mechanism that controls the number of nodules and involves systemic
signals mediated by a leucine-rich repeat receptor-like kinase, SUNN, which is active in the
shoot. When MtCLE12 and MtCLE13 were ectopically expressed in transgenic roots,
nodulation was abolished at the level of the nodulation factor signal transduction and this
inhibition involved long distance signaling. In addition, composite plants with roots
ectopically expressing MtCLE12 or MtCLE13 had elongated petioles. This systemic effect
was not observed in transgenic roots ectopically expressing MtCLE12 and MtCLE13 in a
sunn-1 mutant background, although nodulation was still strongly reduced. These results
suggest multiple roles for CLE signaling in nodulation.
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In the symbiotic interaction between legume plants and rhizobia, root nodules
develop within which the bacteria fix atmospheric nitrogen. Nodule development requires
the spatio-temporal orchestration of developmental programs for infection and organ
formation (Jones et al., 2007). In Medicago truncatula, the microsymbiont Sinorhizobium
meliloti enters via curled root hairs and transcellular infection threads. While infection is
taking place, inner cortical and pericycle cells divide and form the nodule primordium. The
infection threads penetrate primordium cells and bacteria are released into the plant
cytoplasm within membrane-enclosed symbiosomes. Inside the symbiosomes, the bacteria
differentiate into bacteroids and start the nitrogen fixation process (Jones et al., 2007).
Meanwhile, an apical meristem develops and provides new cells for bacterial
internalization. The nodules are of the indeterminate type and have a cylindrical shape.
The perception of bacterial signaling molecules, the nodulation factors (NFs), by
specific LysM-type receptor-like kinases (RLKs) in the epidermis of the host plant, elicits
various responses to allow root hair invasion and cell division (Madsen et al., 2003;
Radutoiu et al., 2003, 2007; Jones et al., 2007; Oldroyd and Downie, 2008). While the inner
cortical cells divide, outer cortical cells arrest in the G2 phase of the cell cycle, resulting in
cytoplasmic bridges, the preinfection threads, through which the infection threads grow
(Yang et al., 1994; van Spronsen et al., 2001).
Opposite pre-existing and NF-induced signal gradients have been proposed to rule
the cortical cell responses (Smit et al., 1995; Heidstra et al., 1997; van Spronsen et al.,
2001). Uridine and ethylene are diffusive signals originating from the vasculature that have
been identified as positive and negative regulators, respectively. In white clover (Trifolium
repens), the auxin flow within the root vasculature was transiently inhibited at the site of
infection, leading to auxin accumulation in the cortical region where the nodule primordia
form (Mathesius et al., 1998). A reduction in auxin flow has been confirmed by radioactive
auxin tracer experiments for M. truncatula and vetch (Vicia faba), but not Lotus japonicus
(Boot et al., 1999; Pacios-Bras et al., 2003; van Noorden et al., 2006; Wasson et al., 2006).
Cytokinins are essential for nodule development because L. japonicus knockout mutants for
the cytokinin receptor gene, LHK1 or M. truncatula transgenic plants with suppressed
expression of the ortholog, CRE1, were defective in nodule primordia formation (GonzalezRizzo et al., 2006; Murray et al., 2007). Additionally, a L. japonicus gain-of-function
mutant for the LHK1 receptor provoked spontaneous nodules, indicating that cytokinin
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signaling is both necessary and sufficient for nodule formation (Tirichine et al., 2007).
Several components that link NF signaling to the initiation of cortical cell division
have been identified. In M. truncatula, NF perception by LysM-type RLKs at the
epidermis, activates a signaling cascade that is mediated by the leucine-rich repeat (LRR)RLK, Doesn’t Make Infections2 (DMI2), and the nuclear potassium channel, DMI1. This
signaling cascade triggers Ca2+ spiking in and around the nucleus. Decoding of this Ca2+
signature by a Ca2+ calmodulin-binding protein (DMI3) results in the activation of the
transcription factors, Nodulation Signaling Pathway 1 (NSP1), NSP2, Ethylene-Responsive
binding domain Factor Required for Nodulation1 (ERN1), and Nodule Inception (NIN)
(Schauser et al., 1999; Catoira et al., 2000; Borisov et al., 2003; Oldroyd and Long, 2003;
Gleason et al, 2006; Andriankaja et al., 2007; Marsh et al., 2007; Middleton et al., 2007;
Oldroyd and Downie, 2008). NSP2, ERN1, and NIN also play a role downstream of the
cytokinin signaling to trigger cortical cell division (Tirichine et al., 2007; Frugier et al.,
2008).
Nodule formation and functioning are energy-consuming processes and legumes
have evolved several strategies to control the number of nodules. One such strategy,
autoregulation of nodulation (AON) (Kosslak and Bohlool, 1984), is activated when the
first nodules develop and involves systemic signals and shoot-controlled factors (Magori
and Kawaguchi, 2009). Insight into this mechanism has been obtained by the identification
of supernodulation mutants of soybean (Glycine max) (nts-1), M. truncatula (sunn), L.
japonicus (har1), and pea (Pisum sativum) (sym29), which are each deficient in an LRRRLK that is required in shoots for AON (Krusell et al., 2002; Nishimura et al., 2002; Searle
et al., 2003; Schnabel et al., 2005). Auxin might be implicated in this process because
sunn-1 mutants display a higher level of long-distance shoot-to-root auxin transport than
wild type plants. Importantly, in contrast to the wild type, this transport is not reduced upon
nodulation (van Noorden et al., 2006).
The LRR-RLKs responsible for AON belong to the evolutionary clade of group XI
RLKs (Shiu and Bleecker, 2001) that includes the Arabidopsis (Arabidopsis thaliana)
receptors CLAVATA1 (CLV1), PXY-like 1-2 (PXL1-2), BARELY ANY MERISTEM 1-3
(BAM1-3), and the putative tracheary element differentiation inhibitory factor (TDIF)
receptor (TDR) (Clark et al., 1997; DeYoung et al., 2006; Fisher and Turner, 2007;
Hirakawa et al., 2008; Ogawa et al., 2008). These LRR-RLKs bind or putatively recognize
CLV3/endosperm-surrounding region (CLE) peptides (Hirakawa et al., 2008; Ogawa et al.,
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2008) that are a group of small (12-13 amino acids) secreted peptides derived from the Cterminal region of preproproteins (Mitchum et al., 2008; Oelkers et al., 2008). The
Arabidopsis genome contains 32 gene family members, of which the best studied is CLV3,
the peptide ligand for a CLV1-containing cell surface receptor complex. Recognition of the
CLV3 peptide is important for stem cell homeostasis within the shoot apical meristem
(SAM) (Ogawa et al., 2008), whereas TDIF, a phloem secreted CLE peptide, binds the
PXY/TDR receptor expressed in the procambial cells and inhibits vascular differentiation
(Hirakawa et al., 2008).
CLE peptides with related sequences exhibit redundancy as proven by similarity in
gain-of-function phenotypes (Strabala et al., 2006; Jun et al., 2008). At least two groups of
CLE peptides can be distinguished. Group-I peptides, exemplified by CLV3, result in
premature root and shoot meristem growth arrest when exogenously applied or ectopically
expressed, indicating that they are promoters of cellular differentiation. Members of group
II, exemplified by TDIF, prevent cellular differentiation, as evidenced by the suppression of
procambium-to-xylem transdifferentiation in Zinnia (Zinnia elegans) cell cultures and
control the rate and orientation of vascular cell division (Ito et al., 2006; Etchells and
Turner, 2010). Although these studies would suggest two groups with opposing functions,
synergistic actions between these groups of peptides have been demonstrated (Whitford et
al., 2008). In Arabidopsis, the proliferation of vascular precursor cells induced by the
group-II CLE41 peptides is enhanced by the addition of CLE6 peptides that otherwise have
an inhibiting effect on root growth when applied at high concentrations and thus belong to
group I. Moreover, genetic studies with clv3, clv1, and bam mutants reveal complex spatiotemporally controlled interactions between putative ligand/receptor complexes (DeYoung
and Clark, 2008).
Cellular dedifferentiation and differentiation processes act at sequential stages of the
nodule development. At nodule initiation, pericycle and cortical cells dedifferentiate (van
Brussel et al., 1992; Timmers et al., 1999; van Spronsen et al., 2001). When sufficient cells
encompassing the nodule primordia have formed, division ceases and the cells differentiate
and become infected with rhizobia. Meanwhile, for indeterminate nodules, an apical
meristem is established that supplies a constant pool of cells for bacterial infection. Hence,
CLE peptides might not only be involved in AON, but also regulate the (de)differentiation
processes that control nodule development.
We analyzed the role of CLE peptides in M. truncatula nodulation. By specialized
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BLAST searches, nine peptide genes were identified in the Mt2.0 release in addition to the
16 previously discovered (Cock and McCormick, 2001; Oelkers et al., 2008). Two genes,
designated MtCLE12 and MtCLE13, were differentially expressed during nodule
development. The expression patterns hint at roles during (de)differentiation throughout
nodule development. Moreover, when MtCLE12 and MtCLE13 were ectopically
overexpressed, an inhibition of nodulation by long-distance signaling was observed.
Furthermore, transgenic plants bearing roots expressing 35S:MtCLE12 or 35S:MtCLE13
had elongated petioles, a systemic effect not observed in sunn-1 mutants, although
nodulation was still strongly hampered.

RESULTS

Search for nodulation up-regulated MtCLE genes

Besides the 16 putative M. truncatula CLE genes described (Cock and McCormick,
2001; Oelkers et al., 2008), we searched for additional MtCLE genes in the expressed
sequence tag (EST) databases (www.tigr.org/tdb/tgi/) and in the M. truncatula genomic
data (Mt2.0) with a PAM30 tBLASTn homology-based algorithm to identify peptide
sequences corresponding to the conserved CLE motif (Supplemental Table S1). Twentyfive MtCLE candidates were identified and designated MtCLE1 to MtCLE25 (Supplemental
Fig. S1). The corresponding CLE preproproteins varied in length between 45 and 221
amino acids and had a high level of sequence divergence outside the CLE motif
(Supplemental Fig. S1). Except for MtCLE3, all proteins contained an N-terminal signal
peptide as predicted by HMM signalP and neural networks (Bendtsen et al., 2004). Two
MtCLE peptide candidates contained multiple CLE domains, namely MtCLE14 and
MtCLE22 had seven and three tandemly arranged CLE domains, respectively.
To determine tissue- or organ-specific expression, quantitative reverse-transcriptase
(qRT)-PCR was carried out for each MtCLE candidate on cDNAs derived from root
elongation zones, nodulated roots (1 month post inoculation), root tips, stems, SAMs,
cotyledons, first leaves, and mature leaves with root elongation zone cDNAs used as the
reference tissue. Transcripts were detected for 15 of the 25 identified MtCLE genes; of
which 10 required 30 or more PCR cycles, indicating low transcript levels or cell-specific
expression. MtCLE2, MtCLE4, MtCLE5, MtCLE11, MtCLE15, and MtCLE24 were mainly
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expressed in root tissues, MtCLE1, MtCLE16, and MtCLE23 predominantly in shoot
tissues, and MtCLE6, MtCLE12, and MtCLE17 in several plant tissues (Fig. 1A). For
MtCLE3 and MtCLE13, expression was restricted to stems and cotyledons and to nodulated
roots, respectively, while for MtCLE20 transcripts were detected in nodulated roots, leaves,
and SAMs. Four MtCLE genes (MtCLE12, MtCLE13, MtCLE16, and MtCLE20) were more
abundantly transcribed in nodulated than in control roots (Fig. 1A). Biological repeats
however only consistently confirmed the differential expression of MtCLE12 and
MtCLE13.
To study the temporal expression during nodule development, the relative transcript
levels of each MtCLE gene was analyzed at 4, 6, 8, and 10 days postinoculation (dpi). The
elongation zone of uninoculated roots, the nodule initiation site, was used as the reference
tissue. MtCLE12 expression was low at 4 dpi (Fig. 1C), but increased until 6 dpi, and
remained high until 10 dpi. MtCLE13 transcript increased until 10 dpi (Fig. 1D). As we
were interested in the function of CLE peptides during nodulation, MtCLE12 and MtCLE13
were selected for further analysis and compared to MtCLE4 given its root-specific
expression (Fig. 1, A and B).
As shown in Supplemental Table S2, the CLE peptide sequence MtCLE12 and
MtCLE13 differ by 4 amino acids. We analyzed the homology of MtCLE12, MtCLE13,
and MtCLE4 to A. thaliana CLE peptides. MtCLE12 and MtCLE13 were most similar to
AtCLE1 to AtCLE7. MtCLE4 was most similar to AtCLE9/10. Upon L. japonicus
nodulation, three CLE genes were described to be up-regulated (Okamoto et al., 2009).
MtCLE12 and MtCLE13 only differed by 3 and 1 amino acid (an A/G change at position
4) with LjCLE-RS1/LjCLE-RS2, respectively.

Effect on root growth and nodulation of exogenous application of MtCLE4, MtCLE12,
and MtCLE13 peptides
To check the effect on root growth, we supplied 10 μM of chemically synthesized
peptides, corresponding to the CLE domain of these three proteins (MtCLE4p, MtCLE12p,
and MtCLE13p; see “Materials and Methods”) exogenously to the primary roots of 2-dayold seedlings. Root length was measured after 8 days of growth. As controls, seedlings
were grown on media either supplemented or not (no peptide) with a synthetic 16-aminoacid peptide corresponding to the C terminus of the Arabidopsis AGAMOUS protein.
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Primary root length for 16 plants per treatment was measured (Fig. 2). After addition of
MtCLE12p or MtCLE13p, an average root length of 91 ± 13.2 mm and 103.4 ± 5.8 mm was
observed, respectively, which did not differ significantly from the average root length
(101.9 ± 8.0 mm) with and without (97.0 ± 6.2 mm) addition of the control peptide. For the
seedlings treated with MtCLE4p, the average primary root length was 73.8 ± 8.0 mm,
which is 24% shorter than the controls. The difference in number of lateral roots per
primary root was not statistically significant. Exogenous peptide application (10 μM up to
50 μM) had no effect on nodule number.
MtCLE12 and MtCLE13 expression pattern in roots and developing nodules

Spatial expression patterns of MtCLE12 and MtCLE13 in roots and developing
nodules was investigated by promoter:GUS analysis and in situ hybridizations. A 2-kb
region upstream for each of MtCLE12 and MtCLE13 was isolated based on the available
genomic data (http://www.ncbi.nlm.nih.gov/) and cloned 5’ to the ß-glucuronidase (uidA)
gene. Transcriptional activation of the uidA gene was visualized by GUS staining.
No GUS staining was observed in uninoculated transgenic roots. At 3 dpi, MtCLE13
expression was detected in cell clusters along root zones susceptible to rhizobial infection
(Fig. 3A). At that time point, some incipient nodule primordia were present, but not all
were at the same stage on a single root. As a result, in-between the most developed
primordia and the root tip, many more incipient nodulation events occurred and the closer
to the root tip, the less developed the primordia. Inoculations with Sm2011-mRFP, carrying
the monomeric red fluorescent protein (mRFP), revealed that pMtCLE13:GUS was
expressed only in regions of bacterial infection. Careful comparison of the infection events
with the GUS staining patterns indicated that the pMtCLE13:GUS expression could be
followed down to nodulation events in which only curled colonized root hairs were visible.
Sections of these infected regions revealed that these clusters corresponded to early
nodulation stages without or only with a few cell divisions. Closest to the root tip, the
pMtCLE13:GUS expression was mainly localized in inner cortical cells (Fig. 3, B and C),
scattered in outer cortical cells (Fig. 3B), and absent in the pericycle and vascular tissues
(Fig. 3, B and C). At positions where cell division was more pronounced in the inner
cortex, the GUS staining pattern was more intense in the dividing cells (Fig. 3, C-E). A
decreasing gradient of pMtCLE13:GUS expression radiated from the inner to the outer
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cortical cells and pericycle (Fig. 3, C-E). Expression was the highest in the dividing cortical
cells, but dividing pericycle cells displayed GUS staining as well. In round, young nodules,
GUS staining was seen throughout the central tissue (Fig. 3F). In elongated nodules, it was
restricted to the apical region, corresponding to the meristematic and early infection zones
(Fig. 3, G and H). Although mostly all the meristematic cells were blue, in some nodules,
the expression was the highest in cells that corresponded to the provascular system (Fig.
3I). In situ hybridizations revealed a similar expression pattern with low transcript levels in
the meristem and cells of the early infection zone (Supplemental Fig. S2). For some
nodules, MtCLE13 transcripts were more clearly detectable in cells of the provascular
strands (Supplemental Fig. S2, C and D).
For pMtCLE12:GUS, no expression was detectable at the earliest stages of nodule
development (Fig. 4A), but appeared in young round nodules (Fig. 4B). Later in nodule
development, pMtCLE12:GUS was restricted to the apical zone of elongated nodules,
similarly to pMtCLE13:GUS, (Fig. 4, C and D).

MtCLE12 and MtCLE13 expression in nodulation mutants

To investigate whether NF signaling is required for the induction of MtCLE12 and
MtCLE13 expression, we analyzed the transcript levels by qRT-PCR before and after
inoculation of nin, the ERN1 mutant branching infection threads1-1 (bit-1), nsp1, nsp2,
dmi1, dmi2, or dmi3 mutants (Fig. 5). The mutant lines did not develop nodules, except for
bit-1, which formed arrested primordia and infection foci (Andriankaja et al., 2007;
Middleton et al., 2007). For MtCLE12, gene expression was induced upon inoculation in
wild-type M. truncatula roots (Fig. 5A), but not in roots of the nodulation mutants, and
likewise for MtCLE13 transcripts, except in bit-1, albeit less abundantly than upon wildtype inoculation. The expression levels of MtCLE4 in the different mutants before and after
inoculation were the same as those for the wild-type inoculated roots.
As a confirmation of the qRT-PCR analysis, pMtCLE13:GUS transgenic roots were
generated in each of the mutant backgrounds and analyzed at 5 dpi. Because nodulation
events are not synchronysized in M. truncatula, consecutive early nodulation stages,
ranging from stages with only a few cell divisions until young nodule primordia, could be
observed along the root at 5 dpi. GUS staining revealed the typical MtCLE13 cluster pattern
in the wild type roots. The bit1-1 mutant was the only mutant in which blue stained cortical
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regions corresponded to infection (Fig. 5C). The other mutants displayed no GUS staining.
These data are in agreement with the qPCR data and reveal that MtCLE13 expression is
linked with the NF induced cortical cell activation.

Induction of MtCLE12 and MtCLE13 transcription by auxin and cytokinin

A correct auxin/cytokinin balance is a prerequisite for nodule formation (Oldroyd
and Downie, 2008; Ding and Oldroyd, 2009). To determine whether auxins and/or
cytokinins affect MtCLE12 and MtCLE13 expression, 10-6 M indole-3-acetic acid (IAA) or
10-7 M 6-benzylaminopurine (BAP) was supplemented to the growth medium of 5-day-old
seedlings. The roots of 18 seedlings were harvested under each condition after 0, 3, 6, 12,
24, and 96 h. Roots from plates without hormone addition were used as a negative control.
No significant differences in MtCLE12 expression were detected in treated versus
control roots. Auxin addition had no influence on the expression of MtCLE13 (Fig. 6), but
in roots treated with 10-7 M BAP, MtCLE13 transcripts were up-regulated after a 3-h
treatment and levels further increased with extended treatment times (up to 24 h) (Fig. 6B).

Effect of ectopic expression of 35S:MtCLE12 and 35S:MtCLE13 on nodulation

To analyze the function of MtCLE4, MtCLE12, and MtCLE13, composite plants
were made that carried transgenic roots ectopically overexpressing one of the three MtCLE
genes. Nodulation of these transgenic roots was assessed at 21 dpi. Nodulation of control
transgenic roots (35S:GUS) resulted on average in 11 ± 4 nodules per root (Fig. 7A). On the
35S:MtCLE4 transgenic roots, an average of 10 ± 4 nodules were counted. No nodules were
detected on 35S:MtCLE12 and 35S:MtCLE13 transgenic roots (Fig. 7A). qRT-PCR
analysis confirmed the ectopic overexpression of the respective constructs .
To determine at what stage these two CLE peptides affect nodulation, we
investigated whether ectopic overexpression of MtCLE12 and MtCLE13 interferes with S.
meliloti NF synthesis. For this purpose, the NF-overproducing strain Gmi6390:2011
(pMH682) (Roche et al., 1991) was inoculated on 35S:MtCLE12 and 35S:MtCLE13
transgenic roots (Supplemental Fig. S3). Similar to results obtained with the wild-type
strain, nodulation was totally abolished, but was unaffected on 35S:MtCLE4 and control
35S:GUS roots.
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To assess whether early NF signaling events still take place in roots ectopically
overexpressing these CLE genes, we analyzed the transcription of the early marker,
ENOD11, by using a GUS transcriptional reporter (pENOD11:GUS), in 35S:MtCLE12 and
35S:MtCLE13 transgenic roots (Journet et al., 2001) and compared it to transgenic roots
ectopically overexpressing either firefly luciferase (LUC) or MtCLE4. The transgenic roots
were inoculated and stained for GUS at 3 dpi. In the 35S:LUC and 35S:MtCLE4 transgenic
roots, GUS staining was observed in the epidermal cells at sites of incipient infection (Fig.
7B), but not in 35S:MtCLE12 and 35S:MtCLE13 transgenic roots (Fig. 7B). These results
suggest that ectopic expression of MtCLE12 and MtCLE13, but not of MtCLE4, inhibits
nodulation at the very early stages of NF signal transduction, before the onset of ENOD11
expression.

Long-distance effect of 35S:MtCLE12 and 35S:MtCLE13 transgenic roots on wild-type
shoots

While analyzing the effect of 35S:MtCLE12 and 35S:MtCLE13 on nodule number,
we noticed that the petioles in these composite plants were longer than those in controls. To
quantify this observation, we compared plants with 35S:MtCLE12, 35S:MtCLE13 and as
control 35S:GUS and 35S:MtCLE4 transgenic roots. After growth in nitrogen-rich medium
for 40 days after germination (DAG), the longest petiole on each plant was measured (Fig.
8A). For each construct, 60 plants were analyzed over three independent experiments. The
average petiole length on control and 35S:MtCLE4 composite plants was 2.32 ± 0.36 cm
and 2.21 ± 0.36 cm, respectively, whereas that on 35S:MtCLE12 and 35S:MtCLE13
composite plants was 3.06 ± 0.36 cm and 3.76 ± 0.36, respectively. To analyze whether
ectopic expression of MtCLE12 and MtCLE13 would have a synergistic effect on the
petioles of the wild-type shoot, composite plants were made carrying transgenic roots
containing both 35S:MtCLE12 and 35S:MtCLE13 constructs (35S:MtCLE12/13). The
average petiole length was 3.44 ± 0.36 cm, which is not statistically different from the
petiole length measured on composite plants with the 35S:MtCLE13 construct alone (Fig.
8A). qRT-PCR was used to confirm ectopic overexpression of each construct.
A longer petiole length could either indicate a specific effect of MtCLE12 and
MtCLE13 on petiole growth or an overall faster development. To distinguish between these
two hypotheses, developmental stages were assigned to each composite plant according to
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the method described by Bucciarelli et al. (2006). Results revealed no clear differences in
the rate of composite plant development (Supplemental Fig. S4). However, plants with
roots expressing 35S:MtCLE13 were out of the range of the control plants and, therefore
deemed to be a little faster in development. Leaf sizes of 35S:MtCLE12 and 35S:MtCLE13
composite plants, calculated with ImageJ (http://rsb.info.nih.gov/ij/), showed no statistically
significant differences compared to controls.

Long-distance effect of 35S:MtCLE12 and 35S:MtCLE13 transgenic roots on
nodulation of wild-type roots

In the Agrobacterium rhizogenes transgenic root assay, cotransformed transgenic
roots were identified by screening for green fluorescent protein (GFP) roots (see "Materials
and Methods"). Often non-GFP-expressing roots grow on the same composite plant,
suggesting that these roots are not cotransformed and contain only endogenous A.
rhizogenes T-DNA(s). We repeatedly saw no nodules on these roots when the composite
plants carried 35S:MtCLE12 and 35S:MtCLE13 transgenic roots. These observations
indicated that the expression of 35S:MtCLE12 or 35S:MtCLE13 in roots, might have a
negative systemic effect on the nodulation of roots that do not express the constructs, but
grow on the same plant. Therefore, genomic DNA was prepared from GFP-fluorescent and
nonfluorescent roots and the presence of the GFP gene was analyzed by PCR. In some
composite plants (Supplemental Fig. 5B), nonfluorescent roots still contained the GFP
gene. Therefore, these observations did not unequivocally demonstrate a negative systemic
influence of 35S:MtCLE12 or 35S:MtCLE13 on nodulation.
With a different procedure (see "Materials and Methods"), composite plants were
generated with small transgenic roots, while the wild-type root was kept intact. At 7 dpi
with Sm2011-GFP, a Nod¯ phenotype was observed on the primary wild-type root of
35S:MtCLE12 and 35S:MtCLE13 composite plants (Fig. 8B) and on average nine nodules
were counted on the primary wild-type roots of 35S:MtCLE4 and 35S:GUS control plants.
Given that plants were grown in an aeroponic system that confined the roots of all the
plants in the same compartment, we can rule out that this phenotype is the result of peptide
diffusion. These data show that ectopic overexpression of MtCLE12 and MtCLE13 not only
abolishes nodulation locally in transgenic roots, but also systemically in nontransformed
roots of the same plant.
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Analysis of the long-distance responses in the sunn-1 mutant background

Nodulation is under the control of AON, a systemic response that involves shootcontrolled factors (Magori and Kawaguchi, 2009). Because of the long-distance responses
observed when MtCLE12 and MtCLE13 are ectopically overexpressed, we investigated
whether MtCLE12 and MtCLE13 are involved in AON and might be perceived by the
SUNN receptor. Therefore, we tested whether the long-distance effects provoked by
35S:MtCLE13 expression on petiole length and on nodulation could be observed in the
sunn-1 mutant background (Schnabel et al., 2005).
In contrast to the results in a wild-type background, the petiole length did not
elongate in composite sunn-1 mutant plants containing roots expressing 35S:MtCLE13
(Fig. 9A). The average petiole length was 2.7 ± 0.66 cm, which is comparable to that of
control plants (2.4 ± 0.66 cm) (Fig. 9A).
On average, only 5.3 nodules occurred on sunn-1,35S:MtCLE13-transformed roots
versus 49.0 nodules on the sunn-1,35S:GUS roots. The long-distance repression of
nodulation was investigated in the sunn-1 mutant background with the "hypocotyl stabbing
method" on plants growing under aeroponic conditions. Nodule numbers were counted at
7 dpi with Sm2011-GFP. Nontransformed primary roots of control plants had on average
74.00 nodules versus 17.65 nodules on the main root of sunn-1 plants that expressed
35S:MtCLE13 in transgenic roots (Fig. 9C). Together, these analyses in the sunn-1 mutant
background revealed that the petiole elongation was SUNN dependent, while the repression
of nodulation was only partially dependent on SUNN.

DISCUSSION

CLE family in M. truncatula

With specialized BLAST searches, 25 MtCLE genes were identified in the Mt2.0
release of the M. truncatula genome that represents approximately 60% of the genome and
more genes are expected upon completion of the genome sequencing. A more accurate
picture of the size of the CLE gene family derives from the analysis of L. japonicus and
Arabidopsis. The genome of L. japonicus is comparable in size to that of M. truncatula
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(470 Mbp) and currently 91.3% of its genome has been sequenced. Thus far, 39 CLE genes
have been identified in L. japonicus (Sato et al., 2008; Okamoto et al., 2009), which is
equivalent to the 32 CLE genes in the completely sequenced Arabidopsis genome (157
Mbp) (Cock and McCormick, 2001; Oelkers et al., 2008).
qRT-PCR detection of 15 MtCLE transcripts revealed six to be expressed specifically
in roots, three in shoots, one in nodules, and five across several tissues, hinting at a CLE
peptide involvement in a multitude of developmental processes throughout the plant
(Mitchum et al., 2008). For the remaining 10 MtCLE genes, no transcripts were detected
because either they are very lowly expressed and/or respond to specific biotic or abiotic
stimuli, or they have low abundant cell-type specific expression, or are pseudogenes.
As we were interested in CLE peptide function during nodulation, MtCLE12 and
MtCLE13 were selected for further analysis because they were up-regulated in nodulated
roots. The CLE domain sequences of MtCLE12 and MtCLE13 are very similar, which is
indicative of redundant functions, but the gene expression patterns, although partially
overlapping, are not identical. For instance, the MtCLE13 expression is specific for
nodulation, while MtCLE12 transcripts occur also at low levels in root tips, cotyledons, and
first leaves. Moreover, upon inoculation, the MtCLE13 expression is up-regulated much
earlier than that of MtCLE12. The promoter of MtCLE13 functions in the NF-activated
cortical cells, its activity is later restricted to the nodule primordium, and is maintained
through nodule maturity, in the apical meristematic zone. In contrast, the MtCLE12
promoter activity occurs first in young round nodules and, similarly to that of MtCLE13, is
later restricted to the apical zone. Finally, the expression of MtCLE13 is induced rapidly by
cytokinin, while that of MtCLE12 is unaffected.
In the genome of L. japonicus, three CLE genes have been identified to be upregulated by rhizobial inoculation (Okamoto et al., 2009). LjCLE-RS1 and LjCLE-RS2 have
a high degree of similarity with the CLE domain of the selected MtCLE genes, but no
nodulation-related MtCLE gene was found with a CLE domain similar to that of LjCLE3.
Interestingly, LjCLE-RS1 and LjCLE-RS2 are also up-regulated at early stages of
nodulation. Based on sequence similarity and expression profiles, MtCLE13 and LjCLERS1/LjCLE-RS2 might exert a comparable function during indeterminate and determinate
nodule development, respectively.
Studies on the putative CLE peptides of Arabidopsis (Ito et al., 2006; Strabala et al.,
2006; Ni and Clark, 2006; Whitford et al., 2008) have shown a direct relationship between

17

CLE domain sequence and induced phenotypes. MtCLE12 and MtCLE13 are most similar
to a group less characterized Arabidopsis CLE peptides (CLE1 to CLE7), that are broadly
expressed with higher expression levels in the root (Sharma et al., 2003; Ito et al., 2006).
Exogenous peptide addition did not suppress procambial to xylem cell transdifferentiation
in a Zinnia cell culture while application of high, but not low, concentrations of peptides
resulted in primary root meristem arrest (Ito et al., 2006; Strabala et al., 2006; Kinoshita et
al., 2007; Whitford et al., 2008). Furthermore, ectopic overexpression of this group of
peptides resulted in root elongation, mild wus loss-of-function phenotypes, mild distorted
leaves, and dwarfing in later growth stages (Strabala et al., 2006). Upon exogenous peptide
addition or ectopic overexpression in transgenic roots of MtCLE12 and MtCLE13, neither
root growth arrest, nor enhanced root elongation were observed. Because root growth
analysis with A. rhizogenes-mediated transformation is technically difficult, phenotypic
analysis of transgenic plants carrying heritable 35S:MtCLE12 or 35S:MtCLE13 constructs
might help to decipher whether these CLE peptides do indeed induce root growth defects.
CLE domain sequence of MtCLE4 is most highly homologous to type-I Arabidopsis CLE
peptides, to which CLV3 belongs. This class of CLE peptides causes root meristem arrest
upon exogenous application or ectopic overexpression. As expected, exogenous MtCLE4p
application inhibited root growth by 24%.

Nodule-related MtCLE12 and MtCLE13 expression is linked with differentiation and
dedifferentiation processes

If MtCLE13 were to be involved in nodulation, its transcription would depend on
early nodulation signaling components. Quantitative detection of MtCLE13 transcripts,
across different nodulation mutants, revealed that functional DMI1, DMI2, DMI3, NSP1,
NSP2, and NIN, but not ERN1, proteins, are necessary for MtCLE13 expression.
Interestingly, the ERN1 mutant, bit1-1, is the only mutant in which cell division is initiated
and small arrested primordia are observed, indicative for active NF signaling toward the
cortex and pericycle (Andriankaja et al., 2007; Middleton et al., 2007). MtCLE13 transcript
expression was quickly induced by cytokinin, but not by auxin, the former being the most
important hormone for primordium initiation (Gonzalez-Rizzo et al., 2006; Murray et al.,
2007; Tirichine et al., 2007). These data show that MtCLE13 transcript expression is
positioned downstream of early NF signaling components and suggest a role downstream to
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cytokinin perception in the control of organ development.
pMtCLE13:GUS analysis indicated that MtCLE13 transcripts are expressed at very
early stages of infection within nodulation-susceptible zones of the root cortex. The
expression pattern is reminiscent of the signal gradient hypothesis in which opposing signal
gradients from the vasculature and from the NF signaling at the epidermis would delimit
the cellular landscape to form a nodule (Smit et al., 1995; Heidstra et al., 1997; van
Spronsen et al., 2001). Because MtCLE13 is induced by cytokinin, its expression pattern
presumably reflects an internal cytokinin gradient in the cortex. Consequently, MtCLE13
peptides might serve as subsequent intercellular signals to control downstream responses.
Once cell division was initiated, the MtCLE13 expression was the strongest in the dividing
cortical and pericycle cells. CLE peptides have been shown to regulate the balance between
cell division and differentiation (Simon and Stahl, 2006; Kondo et al., 2006; Ito et al., 2006;
Whitford et al., 2008). Therefore, the MtCLE13 peptide gradient might maintain cell
division and/or cell identity during the course of nodule development. Analysis of
downstream responses to MtCLE13 peptide overexpression via genome-wide expression
analysis might provide further insight into the MtCLE13 function.
Also the expression of MtCLE12 is correlated with cell division and differentiation.
Expression of MtCLE12 during nodule development was first observed throughout the
mature primordium, where also MtCLE13 expression was detected. The late expression
pattern of MtCLE12 was confirmed by the absence of expression in the inoculated
nodulation mutants, because none of the tested mutants developed nodule primordia of a
stage corresponding with the MtCLE12 expression. By which trigger MtCLE12 expression
is induced is thus far unknown, but application of neither cytokinin nor auxin could activate
MtCLE12 expression. The transcription factor MtHAP2-1, located in nodule meristematic
tissues, is essential for meristem differentiation (Combier et al., 2006). It would be
interesting to determine whether a functional MtHAP2-1 is necessary for MtCLE12
induction or whether MtCLE12 regulates MtHAP2-1 expression.
In mature nodules, both MtCLE12 and MtCLE13 are expressed apically, in a zone
comprising of meristematic cells and cells of the early infection zone. In some nodules,
MtCLE13 expression was higher in the provascular strands of the nodule meristem than that
in other meristematic cell types. Expression of MtCLE12 and MtCLE13 in the nodule apex
again suggests a regulatory role for their encoded peptides in nodule meristem cell
proliferation and/or differentiation.
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MtCLE12, MtCLE13, or a peptide with a related sequence might control nodule
number

The lack of nodule development in transgenic roots ectopically overexpressing either
MtCLE12 or MtCLE13 hints at a role for CLE signaling in controlling nodule number.
Nodulation on 35S:MtCLE12 and 35S:MtCLE13, but not on 35S:MtCLE4, roots was totally
abolished at the level of NF perception: no MtENOD11 expression and no developing
nodules were seen upon inoculation of transgenic roots. This suppressive effect on
nodulation was not phenocopied by exogenous application of synthetic peptides. One
possible reason could be related to a role for posttranslational hydroxyprolination and
subsequent arabinosylation on CLE peptide bioactivity, as suggested for Arabidopsis CLE
peptides AtCLE1till 7 (Strabala et al., 2006; Ohyama et al., 2009). CLV3 arabinosylation
has been found to be critical for high-affinity binding to the CLV1 ectodomain (Ohyama et
al., 2009).
Nodule number is controlled by different processes. Our results suggest that CLE
peptides are specifically involved in AON because nodule development was inhibited
systemically in wild-type roots of composite plants containing roots ectopically
overexpressing either MtCLE12 or MtCLE13. Moreover, ectopic expression of MtCLE12
and MtCLE13 in roots promoted petiole elongation in wild-type shoots of these composite
plants. Taken together, these results demonstrate that MtCLE12 and MtCLE13 peptides can
activate physiological responses at significant distances from the site of transgene
expression. In a sunn-1 mutant background, no petiole elongation was observed, but the
nodule number was strongly suppressed instead of a complete nodule development
inhibition, like that observed in wild-type primary roots. The sunn-1 mutant might possess
residual SUNN activity that could potentially allow MtCLE12 or MtCLE13 perception and
downstream signaling at a level sufficient for only a mild suppression of nodulation, but
insufficient for promotion of petiole elongation. The ectopic expression of LjCLE-RS1 or
LjCLE-RS2 of L. japonicus strongly reduces nodulation locally and systemically (Okamoto
et al., 2009). This inhibitive effect on nodulation was abolished in the hypernodulating1-4
(har1-4) mutant roots, HAR1 being an orthologous gene to SUNN (Okamoto et al., 2009).
The phenotypic differences between mutants could potentially be attributed to differences
in allele functionality, because har1-4 bears a missense mutation in the LRR ectodomain
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and sunn-1 is mutated in the kinase domain (Kawaguchi et al., 2002; Krusell et al., 2002;
Nishimura et al., 2002; Schnabel et al., 2005). Accordingly, a missense mutation in the
LRR ectodomain of CLV1 has a stronger phenotype than a mutation in the kinase domain
(Diévart et al., 2003). Moreover, the har1-4 mutant allele causes a more severe nodulation
phenotype than the har1-5 allele, which is mutated in the intracellular kinase domain
(Kawaguchi et al., 2002; Krusell et al., 2002; Nishimura et al., 2002; Schnabel et al., 2005).
Thus, the differences in phenotype might simply be due to residual activities of the mutant
protein or to a potentially dominant negative effect on interacting receptors, as for mutant
alleles of CLV1 (Diévart et al., 2003).
Because SUNN belongs to the class XI of LRR-RLKs to which a few CLE peptide
receptors belong (PXY/TDR, CLV1), it is tempting to propose that SUNN might be part of
the receptor complex for MtCLE12 or MtCLE13. However, grafting studies have shown
that SUNN and its orthologs are active in the shoot to invoke AON via a shoot-localized
mechanism (Nutman, 1952; Delves et al., 1986, Krusell et al., 2002; Nishimura et al., 2002;
Searle et al., 2003; Schnabel et al., 2005). Consequently, if the MtCLE12 and MtCLE13
peptides, which are produced upon nodulation in the root, could be perceived by SUNN,
long-distance root-to-shoot translocation of the peptides would have to occur, which is in
contradiction to the short-distance signaling activities proposed for many CLE peptides
(Fukuda et al., 2007; Hirakawa et al., 2008; Whitford et al., 2008; Miwa et al., 2009; Stahl
et al., 2009).
Alternatively, the various CLE peptide bioactivities observed upon ectopic
overexpression of MtCLE12 or MtCLE13 in roots might mimic the signaling of structurally
related CLE peptides that are produced in the shoot, the place of action of SUNN and its
orthologs. Because the strong 35S promoter is expressed in the root vasculature, the
ectopically produced CLE peptides might be systemically spread throughout the plant and
be perceived by the SUNN protein in the shoot. As the SUNN proteins might also be
expressed in the root vasculature (Schnabel et al., 2005; Nontachaiyapoom et al., 2007), we
cannot rule out that the mis-expressed CLE proteins in the root vasculature are locally
perceived by SUNN to provoke the observed long distance effects. The shoot-expressed
CLE gene might be MtCLE12 itself, because expression analysis has revealed that
MtCLE12 is also expressed in first leaves and cotyledons, the site of SUNN activity. In this
scenario, MtCLE12 and MtCLE13 activity within the nodule would not be linked with
AON, but rather with balancing proliferation and differentiation as supported by the
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observed expression patterns.
It is equally possible that MtCLE12 and MtCLE13 perception occurs locally in the
root, resulting in secondary signals that travel to the shoot where they are recognized to
provoke AON and petiole length elongation. Interestingly, the expression of MtCLE12 and
MtCLE13 coincide with the activation and progression of AON that is first initiated when
the first nodule primordia are formed and is strengthened as more nodules develop
(Nutman, 1952; Delves et al., 1986; Takats, 1990; Wopereis et al., 2000; Krusell et al.,
2002; Nishimura et al., 2002; Searle et al., 2003; Schnabel et al., 2005, Li et al., 2009).
Besides the long-distance effect on nodulation, 35S:MtCLE12 and 35S:MtCLE13
transgenic roots induced elongation of the petioles of the composite plants. Insights into
petiole growth might hint at downstream responses of MtCLE12 and MtCLE13 signaling.
Petiole length elongation is influenced by auxin, ethylene, abscisic acid, and gibberellins
(Cox et al., 2004; Millenaar et al., 2009; Pierik et al., 2009).
In conclusion, CLE peptides most probably play different roles in nodulation.
Expression patterns hint at roles during cellular differentiation processes, both at the onset
of nodulation and later during nodule meristem development and subsequent homeostasis.
Moreover, intertwined or not, the functional analyses imply a role for MtCLE peptides in
AON. In Arabidopsis, the CLE peptide signaling is intricate and mediated by different
receptor complexes (Miwa et al., 2009; Stahl et al., 2009). In silico analysis of the M.
truncatula genome has revealed additional genes that belong to the class XI of LRR-RLKs
and expression profiling indicates that they are up-regulated in the nodule. Future studies
will investigate the individual roles of each of these peptides and their corresponding
receptors during the nodulation process and will provide a valuable insight into nodule
development and into nodule cell-type determination and regulation of nodule number.

MATERIAL AND METHODS

Biological material

Medicago truncatula Gaertn. cv. Jemalong A17 and J5 as well as nin, bit1-1, nsp1,
nsp2, dmi1, dmi2, dmi3, and sunn-1 mutants (Catoira et al., 2000; Oldroyd and Long, 2003;
Marsh et al., 2007; Middleton et al., 2007) and pENOD11:GUS transgenic seeds (Journet et
al., 2001) were grown and inoculated as described (Mergaert et al., 2003). Sinorhizobium
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meliloti 1021, Sm1021 pHC60-GFP (Cheng and Walker, 1998), Sm1021 pQE81-dsRedT3
(Bevis and Glick, 2002), Sm2011 pBHR-mRFP (Smit et al., 2005), Sm2011 pHC60-GFP
(Cheng and Walker, 1998), and Sm2011 pMH682-Gmi6390 (Roche et al., 1991) were
grown at 28°C in yeast extract broth medium (Vervliet et al., 1975), supplemented with
10 mg L-1 tetracycline for the Sm1021 pHC60-GFP, Sm1021 pQE81-dsRedT3, Sm2011
pBHR-mRFP, Sm2011 pHC60-GFP, and Sm1021 pMH682-Gmi6390 strains.
PCR fragments corresponding to the full-length open reading frames of MtCLE4,
MtCLE12, and MtCLE13 were amplified from M. truncatula cDNA and cloned in
pB7WG2D driven by the CaMV 35S promoter (De Loose et al., 1995; Karimi et al., 2002).
The vector pK7m34GW2-8m21GW3D was used for the simultaneous ectopic expression of
MtCLE12 and MtCLE13 (Karimi et al., 2007). For promoter:GUS analysis, a 2-kb region
upstream of MtCLE12 and MtCLE13 was isolated from genomic DNA based on the
available genomic data (http://www.ncbi.nlm.nih.gov/). The promoters were fused to the
uidA gene in pKm43GWRolDC1 (Karimi et al., 2002). Primers used for amplification are
presented in Supplemental Table S3.
For the qRT-PCR analysis, M. truncatula J5 plants were grown in vitro in square
Petri dishes (12 x 12 cm) on nitrogen-poor SOLi agar (Blondon, 1964). After 7 days, root
tips, SAMs, cotyledons, and first leaves were harvested. Mature leaves, stems, and roots
were harvested from 1-month-old plants grown in perlite and watered with nitrogen-poor
SOLi medium. Nodulated roots were harvested after 1 month from plants inoculated with
Sm1021 pHC60-GFP. For the analysis of temporal expression during nodulation, nodules
were harvested 4 to 10 dpi from plants grown in pouches, watered with nitrogen-poor SOLi
medium, and inoculated with Sm1021 pHC60-GFP. Infection threads were visible from 4
dpi on, nodule primordia at 6 dpi, and small nodules at 8 dpi. Two days later, at 10 dpi,
slightly bigger nodules were observed. Tissue was collected by visualizing the green
fluorescent bacteria under a stereomicroscope MZFLII (Leica Microsystems, Wetzlar,
Germany) equipped with a blue-light source and a Leica GFP Plus filter set (λex = 480/40;
λem = 510 nm LP barrier filter). The zones I of uninoculated roots were isolated at the same

developmental stage as the 4 dpi stage.

In silico identification of M. truncatula CLE genes

BLAST searches were done at The Insititue for Genomic Research (TIGR;
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www.tigr.org/tdb/tgi/) or at the National Center for Biotechnology Information
(www.ncbi.nlm.nih.gov/BLAST/). The CLE family was identified by repetitive searches
similar to those conducted by Cock and McCormick (2001). Repetitive searches were done
at the Medicago Gene Index (MGI) at the Dana-Farber Cancer Institute (Release 9.0) first
with the tBLASTn PAM30 algorithm for the Arabidopsis CLE box consensus
(RXXPXXPXPXH). The first identified sequence, MtCLE1 (Genbank EST AW586793),
that was confirmed to encode a MtCLE-like peptide was based on the predicted peptide
length (<150 amino acids), the presence of a C-terminally localized CLE box, and an Nterminal signal peptide as predicted by HMM signalP and neural networks (Bendtsen et al.,
2004). This first sequence was used to repeat the same search, each time with an additional
homologous CLE box sequence, until no unknown family members were found in the EST
data. These CLE box sequences were used in the same iterative BLAST searches to identify
additional putative CLE peptides from the partially completed genomic sequence (Mt2.0).
Sequences were aligned with AlignX within the VectorNTI Advance v.10 suite of
programs (http://www.invitrogen.com).

RNA extraction, cDNA synthesis, and qRT-PCR analysis

Total RNA was isolated with the RNeasy Plant mini kit (Qiagen, Hilden, Germany)
according to the manufacturer's instructions. After a DNAse treatment, the samples were
purified through NH4Ac (5 M) precipitation, quality controlled, and quantified with a
Nanodrop spectrophotometer (Isogen, Hackensack, NJ). RNA (2 μg) was used for cDNA
synthesis with the Superscript Reverse Transcriptase Kit (Invitrogen, Carlsbad, CA). The
samples were diluted 50 times and stored at -20°C until further use. The qRT-PCR
experiments were done on a Lightcycler 480 (Roche Diagnostics, Brussels, Belgium) and
SYBR Green was used for detection. All reactions were done in triplicate and averaged.
The total reaction volume was 5 μl (2.5 μl master mix, 0.25 μl of each primer [5 μM] and
2 μl cDNA). Cycle threshold (CT) values were obtained with the accompanying software
and data were analyzed with the 2-ΔΔCt method (Livak and Schmittgen, 2001). The relative
expression was normalized against the constitutively expressed 40S ribosomal S8 protein
(TC100533, MGI). Primers used (Supplemental Table S3) were unique in the MGI version
9.0 and the Medicago EST Navigation System database (Journet et al., 2002). Each
experiments was repeated at least three times with independent biological tissue.
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Statistical analysis

To estimate the genotype effects on developmental stage, petiole length, and root
length, the linear mixed model (random terms underlined) y = μ + Genotype + Experiment
+ ε, was fitted to the data, where y represents the variable, μ is the overall mean, Genotype
the fixed genotype effect, Experiment random experimental effects, and ε the random error.
Statistical significance of genotype effects was assessed by a Wald test. In the case of the
nodule number in sunn-1 plants, a generalized linear mixed model (GLMM) of the form y
= μ + Genotype + Experiment +

ε

with a Poisson distribution and a logarithmic link, was

fitted to the data. Again, the statistical significance of genotype effects was assessed by a
Wald test. All analyses were done with Genstat (http://www.vsni.co.uk/software/genstat/).

In vitro application of MtCLE synthetic peptides, auxins, and cytokinins

Peptides

(AGAMOUS,

KRGVpSGANPLHNR;

MtCLE12,

APNNHHYSSAGRQDQT;
DRLSpGGpNHIHN;

and

MtCLE4,
MtCLE13,

DRLSpAGpDPQHNG; lowercase p indicate hydroxylated prolines), with a purity of >89%
(ServiceXS, Leiden, The Netherlands), were dissolved in a filter-sterilized sodium
phosphate buffer (pH 6, 50 mM [43.5 mM NaH2PO4 and 6.2 mM Na2HPO4]). Two-day-old
Jemalong J5 seedlings were grown in vitro in square Petri dishes (12 × 12 cm) on agar HP
696-7470 (Kalys, Bernin, France) containing the SOLi medium supplemented with 1 mM
NH4NO3 and 10 μM peptides (Fiers et al., 2005). The plants were cultured at 25°C, 16-h
photoperiod, and 70 μE m-2m-1 light intensity per day. The roots were covered with
aluminum foil for light protection. After 8 days of growth, the root length of 16 plants
under each condition was measured from the root tip of the primary root to the base of the
hypocotyls with the ImageJ 1.40b program (http://rsb.info.nih.gov/ij/). The experiment was
repeated three times with comparable results.
Auxins (10-6 IAA) and cytokinins (10-7 BAP) were diluted in dimethylsulfoxide and
supplemented to the medium of 5-day-old, in vitro-grown plants. As a control, plants were
grown without supplemented hormones. The growth conditions of the seedlings were the
same as above. After 0 h, 3 h, 6 h, 12 h, and 24 h of incubation, the roots of 18 plants under
each condition were harvested and analyzed by qRT-PCR. The experiment was repeated
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twice with comparable results.

Agrobacterium rhizogenes-mediated transgenic root transformation

The protocol was adapted from Boisson-Dernier et al. (2001). Approximately 48 h
after germination, the radicle was sectioned at 5 mm from the root tip with a sterile scalpel.
Sectioned seedlings were infected by coating the freshly cut surface with the binary vectorcontaining A. rhizogenes Arqua1 strains. The A. rhizogenes strain was grown at 28°C for 2
days on solid yeast extract broth medium with the appropriate antibiotics (Quandt et al.,
1993). The infected seedlings were placed on agar (Kalys) containing the SOLi medium,
supplemented with 1 mM NH4NO3, in square Petri dishes (12 × 12 cm) placed vertically for
5 days at 20°C, 16-h photoperiod, and 70 μE m-2 s-1. Subsequently, plants were placed on
the same medium between brown paper at 25°C and under identical light conditions. One
and 2 weeks later, plants were screened for transgenic roots, characterized by GFP
fluorescence with a stereomicroscope MZFLII (Leica Microsystems) equipped with a bluelight source and a Leica GFP plus filter set. One main transgenic root was retained per
composite plant. Four weeks after infection, plants were transferred to an aeroponic system,
pouches, or perlite-containing pots and incubated with SOLi medium. Three to 7 days after
planting, composite plants were inoculated. The petiole lengths were measured on plants
grown under the same conditions, but incubated with N-containing ISV medium. Forty
days after germination, the longest petiole of each plant was scored by ImageJ
(http://rsb.info.nih.gov/ij/).
In some experiments, the main root was kept on the juvenile plant and infected by
stabbing the hypocotyls with a fine needle containing an A. rhizogenes culture and
cotransformed as described above, after which the plants were grown for 2 weeks at 25°C,
with a 16-h photoperiod and 70 μE m-2 s-1. After the plants had been transferred to an
aeroponic system for 7 days, nodulation was analyzed on the main, untransformed root of
plants bearing GFP-positive hairy roots.

Histochemical localization of GUS activity

GUS activity in cotransformed roots and nodules was analyzed using 5-bromo-4chloro-3-indolyl-β-D-glucuronic acid as substrate (Van den Eede et al., 1992). Roots and
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nodules were vacuum infiltrated during 20 min and subsequently incubated in GUS buffer
at 37°C. Incubation lasted 3.5 h and 7 h for pMtCLE13-GUS and pMtCLE12-GUS,
respectively. After staining, root nodules were fixed, dehydrated, embedded with the
Technovit 7100 kit (Heraeus Kulzer, Wehrheim, Germany), according to the manufacturer's
instructions, and sectioned with a microtome (Reichert-Jung, Nussloch, Germany). The 3μm thick sections were mounted on coated slides (Sigma-Aldrich, St. Louis, MO). For

tissue-specific staining, sections were submerged in a 0.05% (w/v) ruthenium red solution
(Sigma-Aldrich, St. Louis, MO), washed in distilled water, and dried. Finally, sections were
mounted with Depex (BHD, Poole, England). Photographs were taken with a Diaplan
microscope equipped with bright- and dark-field optics (Leitz, Wetzlar, Germany). GUS
activity of pENOD11:GUS roots was visualized after 7 h of incubation.

In situ hybridization
Ten-μm sections of paraffin-embedded nodules were hybridized as described
(Goormachtig et al., 1997). Nodules were harvested, incubated in fixation buffer, and
maintained for twice 15 min under vacuum. A
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S-labeled antisense probe against the

complete open reading frame of MtCLE13 was produced according to standard procedures
(Sambrook et al., 1989). The probe was cloned into pBlueScript (Stratagene, Madison, WI)
and further digested with HindIII restriction enzyme to yield template for radioactive
antisense probe production with T3 RNA polymerase (Invitrogen).

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Figure S1. Sequence alignment of the MtCLE genes.
Supplemental Figure S2. MtCLE13 transcript accumulation in mature nodules by
in situ hybridization.
Supplemental Figure S3. Average nodule number on roots ectopically expressing
GUS, MtCLE4, MtCLE12, or MtCLE13 at 11 dpi with a NF-overproducing
Sinorhizobium meliloti strain.
Supplemental Figure S4. Log10 of the developmental stage of composite plants
carrying roots ectopically expressing GUS, MtCLE4, MtCLE12, MtCLE13, or
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MtCLE12 and MtCLE13.
Supplemental Figure S5. Detailed genotypic analysis of transgenic roots obtained
by A. rhizogenes transformation.
Supplemental Table S1. MtCLE identification.
Supplemental Table S2. Comparison of the CLE peptide sequence of MtCLE4,
MtCLE12, and MtCLE13 with the CLE peptide sequences from Arabidopsis
CLE genes and from LjCLE-RS1, LjCLE-RS2, and LjCLE3.
Supplemental Table S3. Primers used in the analysis.

ACKNOWLEDGEMENTS

We thank René Geurts (Wageningen University, The Netherlands), Pascal Gamas and
Clare Gough (Institut de la Recherche Agronomique-Toulouse, France), Doug Cook
(University of California, Davis, USA), and Giles Oldroyd (John Innes Institute, UK) for
S. meliloti strains and M. truncatula mutants, Annick De Keyser and Christa Verplancke
for skillful technical assistance, Lorin Spruyt, Katja Katzer, Assia Saltykova, and Jorik
Verbiest for their input during their Master projects and theses, Wilson Ardiles for
sequence analysis, Marnik Vuylsteke for help with the statistical analysis, Giel Van
Noorden for critical reading of the manuscript, and Martine De Cock and Karel Spruyt for
help in preparing the paper and figures, respectively.

28

Legends to figures

Figure 1. Expression analysis of MtCLE genes.
A, Heat map of MtCLE expression in different tissues as measured by qRT-PCR. Samples
are cDNA from root elongation zones (root), nodulated roots, 1 month post inoculation
(nod root), root tips, stems, SAMs (sam), cotyledons (cotyl), first leaves (1st leaf), and
mature leaves (leaf). B to D, Expression analysis of MtCLE4, MtCLE12, and MtCLE13,
respectively, by qRT-PCR on cDNA samples of zone-I root tissues of uninoculated plants
(NI) and at 4 dpi, 6 dpi, 8 dpi, and 10 dpi.

Figure 2. Effect of in vitro application of MtCLE4, MtCLE12, and MtCLE13 peptides on
the root length of M. truncatula.
The plants were grown for 6 days on plates containing 10 μM peptides (n = 39 for each
treatment). As control, plants were not treated (H2O) or treated with the AGAMOUS (Ag)
peptide. Data and error bars represent mean ± SD. Asterisk marks a statistically different
group.

Figure 3. MtCLE13 promoter activity during nodulation.
A, Transgenic pMtCLE13:GUS root segment of the susceptible root zone I at 3 dpi. GUS
staining was observed in patches along the root. B, Transversal section through a root
segment at an initial stage of nodule formation when still no cell divisions occur. Blue
staining is the highest in the inner cortical cells. Arrowheads indicate pericycle. C and D,
Longitudinal sections through the root segment shown in (A). In the incipient nodulation
event (indicated by an asterisk in (C)), staining is seen in inner cortical cells, but not in the
pericycle cells. In slightly more developed nodule primordia, where cell divisions are
visible in cortex and pericycle (examples marked by arrows in (C) and (D)), GUS staining
is the strongest in the dividing cells of the cortex but also in the pericycle. E, Transversal
section through a young developing nodule primordium at a stage similar to that in (D).
Cell division is clearly visible in the cortex (arrows). The pericycle cell file is indicated by
an arrowhead. pMtCLE13:GUS is expressed in the cortex and at a low level in the
pericycle, with the highest expression in the dividing inner cortical cells. F, A round, young
nodule with GUS staining throughout the nodule tissue. G, GUS staining of a mature,
elongated nodule. H, Longitudinal section through an elongated nodule. GUS staining is
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seen in the meristematic tissue and early infection zone. I, Longitudinal section through an
elongated nodule, in which the expression is the highest in cells that presumably correspond
to the provascular strands. Scale bars = 1 mm (A, B, D, F, and G) and 0.5 mm (C, E, H, and
I). Abbreviations: m, meristem; i, infection zone; pvs, provascular strands.

Figure 4. MtCLE12 promoter activity during nodulation.
A, pMtCLE12:GUS transgenic root segment of the susceptible root zone I at 3 dpi. No GUS
staining is observed. B, GUS analysis of a young round nodule. MtCLE12 is expressed
throughout the primordium. C, GUS analysis of a mature elongated nodule. Blue staining is
observed in the apical part. D, Longitudinal section through (C). Scale bars = 2 mm.
Abbreviations: m, meristem; i, infection zone.

Figure 5. MtCLE12 and MtCLE13 expression in nodulation mutants.
A and B, Expression analysis of MtCLE12 and MtCLE13 by qRT-PCR on cDNA samples
of zone I root tissues of wild-type plants (WT) and nsp1, nsp2, bit1-1, nin, dmi1, dmi2, or
dmi3 mutants, before inoculation (control) and at 7 dpi. C, pMtCLE13:GUS activity at 5 dpi
in the roots of a wild-type plant and in a bit1-1 mutant. Scale bars = 1 mm

Figure 6. Influence of auxin and cytokinin on MtCLE13 expression.
qRT-PCR analysis of MtCLE13 expression in cDNA samples of roots grown in the
presence of 10-6 M auxin (IAA) or 10-7 M cytokinin (BAP). Growth medium without
hormones was used for the control plants. Samples of 5-day-old plants were taken at 0 h,
3 h, 6 h, 12 h, and 24 h after hormone addition.

Figure 7. Inhibition of nodulation in 35S:MtCLE12 and 35S:MtCLE13 transgenic roots.
A, Average nodule number on roots expressing 35S:GUS, 35S:MtCLE4, 35S:MtCLE12,
and 35S:MtCLE13 at 21 dpi (n = 28–66). Data and error bars represent mean ± SD. B,
pMtENOD11:GUS activity in roots expressing 35S:luciferase (LUC), 35S:GUS,
35S:MtCLE12, and 35S:MtCLE13 at 5 dpi. No staining is visible in the 35S:MtCLE12 and
35S:MtCLE13 samples.

Figure 8. Long-distance effect of roots expressing 35S:MtCLE12 and 35S:MtCLE13 on
petiole length and wild-type root nodulation of composite plants.
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A, Petioles of one 5-week-old composite plant with roots expressing 35S:GUS,
35S:MtCLE12, or 35S:MtCLE13. Graph represents the average petiole length of composite
plants carrying 35S:GUS, 35S:MtCLE4, 35S:MtCLE12, 35S:MtCLE13, or 35S:MtCLE12
and 35S:MtCLE13 transgenic roots at 4 weeks post germination (n = 37-51). Data and error
bars represent mean ± SE. Asterisks mark groups statistically different from the control
(35S:GUS). B, Average nodule number at 7 dpi on the wild-type main roots of composite
plants bearing additional transgenic 35S:GUS (n = 65), 35S:MtCLE4 (n = 10),
35S:MtCLE12 (n = 12), or 35S:MtCLE13 (n = 71) roots. Data and error bars represent
mean ± SD.

Figure 9. Local and systemic responses in the sunn-1 mutant.
A, Average length of the longest petiole of composite plants with roots ectopically
expressing either 35S:GUS or 35S:MtCLE13 at 4 weeks post germination (n = 12). Data
and error bars represent mean ± SE. B, Ln of the nodule number at 7 dpi on 35S:GUS or
35S:MtCLE13 transgenic roots (n = 10-12). C, Ln of the nodule number at 7 dpi on the
wild-type main roots of plants bearing 35S:GUS or 35S:MtCLE13 transgenic roots (n = 1724). Data and error bars represent mean ± SE.
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