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Plant systemic signaling pathways allow the integration and coordination of shoot and root organ metabolism and development
at the whole-plant level depending on nutrient availability. In legumes, two systemic pathways have been reported in the
Medicago truncatula model to regulate root nitrogen-fixing symbiotic nodulation. Both pathways involve leucine-rich repeat
receptor-like kinases acting in shoots and proposed to perceive signaling peptides produced in roots depending on soil nutrient
availability. In this study, we characterized in the M. truncatula Jemalong Al7 genotype a mutant allelic series affecting the
Compact Root Architecture2 (CRA2) receptor. These analyses revealed that this pathway acts systemically from shoots to
positively regulate nodulation and is required for the activity of carboxyl-terminally encoded peptides (CEPs). In addition,
we generated a double mutant to test genetic interactions of the CRA2 systemic pathway with the CLAVATA3/EMBRYO
SURROUNDING REGION peptide (CLE)/Super Numeric Nodule (SUNN) receptor systemic pathway negatively regulating
nodule number from shoots, which revealed an intermediate nodule number phenotype close to the wild type. Finally, we
showed that the nitrate inhibition of nodule numbers was observed in cra2 mutants but not in sunn and cra2 sunn mutants.
Overall, these results suggest that CEP/CRA2 and CLE/SUNN systemic pathways act independently from shoots to regulate

nodule numbers.

Plant growth capacity is linked to the developmental
plasticity of the root system, allowing acclimatization to
heterogenous and changing soil nutrient availability
and stress environmental conditions (Malamy, 2005;
Giehl and von Wirén, 2014). These extrinsic signals are
perceived locally and relayed by endogenous cues that
can act either locally and/or at long distance through
the whole plant (De Kroon et al., 2009). This implies that
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systemic signaling pathways acting between organs
through the vasculature allow an integration of local
environmental conditions and the coordination of root
and shoot metabolism, development, and growth.
These systemic pathways are critical to allow plants to
optimize nutrient uptake and to set up a foraging be-
havior adapted to local environmental conditions (De
Kroon et al., 2009; Giehl and von Wirén, 2014). Root
system architecture is determined by root growth and
branching to generate lateral roots. Various endoge-
nous cues have been shown to locally and systemically
regulate root system architecture, including nonpeptide
and peptide hormones (Malamy, 2005; Giehl and von
Wirén, 2014). Among those, CLAVATA3/EMBRYO
SURROUNDING REGION (CLE)-secreted signaling
peptides are produced within a specific domain of
Arabidopsis (Arabidopsis thaliana) shoot and root apical
meristems and act locally on stem cell division and/or
differentiation (Tavormina et al., 2015; Oh et al., 2018).
These CLE peptides bind to the CLAVATAL leucine-
rich repeat receptor-like kinase (LRR-RLK) that is spe-
cifically expressed in a neighboring domain as the one
where CLE peptides are produced, allowing the defi-
nition of positional information. A related CLE/LRR-
RLK signaling module involving CLE peptides induced
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by N deficiency was more recently shown to repress
lateral root primordia expansion, therefore contributing
to the regulation of root foraging responses, and was
proposed to act systemically (Araya et al., 2014a,
2014b).

In legume (Fabaceae) plants, the root system forms
another type of lateral organ, the symbiotic N-fixing
nodule (Oldroyd, 2013; Suzaki et al., 2015), which is a
metabolic and developmental adaptation to N-limiting
conditions. Root nodules are formed following a sym-
biotic interaction with specific soil bacteria collectively
referred to as rhizobia. Nodule initiation relies on the
coordination of different processes: first, the perception
of environmental conditions permissive for symbiotic
nodulation, namely, a limited soil N availability and the
presence of compatible rhizobia; second, rhizobial in-
fections initiating in epidermal root hairs and leading to
the formation of infection threads (ITs) that allow bac-
teria to progress from root hairs to root inner cortical
cell layers; and third, an organogenesis program that is
simultaneously initiated, involving cortical and peri-
cycle cell divisions as well as the breaching of the en-
dodermis to form a nodule primordium that will be
reached by ITs filled with rhizobia progressing from
root outer cell layers (Timmers et al., 1999; Xiao et al.,
2014). The nodule primordium then differentiates into a
mature nodule in which symbiotic bacteria fix at-
mospheric N into ammonium, an N source that can be
metabolized by plant cells. The interaction between
plant and rhizobia initiates a molecular dialog where
N-limited plants secrete flavonoids that attract bac-
teria, which in turn produce nodulation factors (NFs;
Oldroyd, 2013; Suzaki et al., 2015). Perception of NFs
by the plant triggers the transcriptional regulation of
nodulation genes, so-called early nodulin genes, such
as EARLY NODULIN11 (ENOD11) that is expressed
at symbiotic recognition (preinfection) and infection
stages (Journet et al.,, 2001). ENODI11 is therefore
considered as a quantitative marker to evaluate the
strengths of early symbiotic signaling and infection
responses to rhizobia.

Nodule formation is an energy-consuming pro-
cess that plants tightly control for costs and benefits
depending on their photosynthetic capacities or on
soil N availability (Suzaki et al., 2015). A regula-
tory pathway negatively controlling nodule num-
ber, so-called Autoregulation of Nodulation (AON;
Caetano-Anollés and Gresshoff, 1991), was initially
characterized through the identification of hyper-
nodulation or supernodulation mutants that were
affected in an LRR-RLK from the subclass XI acting in
shoots, as shown by grafting experiments. This re-
ceptor is most closely related to the Arabidopsis
CLAVATAL1 protein and is referred to as Super Nu-
meric Nodules (SUNN) in Medicago truncatula,
Hypernodulation and Aberrant Root in Lotus japoni-
cus, and Nodule Autoregulation Receptor Kinase
in soybean (Glycine max; Krusell et al., 2002; Searle
et al., 2003; Schnabel et al.,, 2005). The current
AON model proposes that the expression of CLE
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peptide-encoding genes is induced at an early nod-
ulation stage, such as CLE12 and CLE13 in M. trun-
catula, CLE-Root Signall (CLE-RS1), CLE-RS2, and
CLE-RS3 in L. japonicus, and Rhizobia-Induced CLE1
(GmRIC1) and GmRIC2 in soybean (Okamoto et al,,
2009; Mortier et al., 2010; Reid et al., 2011; Nishida
et al.,, 2016). More recently, additional CLE genes
regulated by rhizobium inoculation were identified
(Jardinaud et al., 2016; de Bang et al., 2017; Imin et al.,
2018; Hastwell et al., 2019). These peptides would be
then translocated from nodulated roots to shoots through
the xylem vasculature to bind the LRR-RLK receptors
previously mentioned (Okamoto et al., 2013; Suzaki et al.,
2015; Imin et al.,, 2018). Integration of shoot metabolic
signals would modulate the production of shoot-to-root
systemic signals moving across the phloem to inhibit the
formation of additional supernumerary nodules (Suzaki
etal., 2015). A striking feature of the supernodulation/
hypernodulation mutants is that the excessive nod-
ulation phenotype is also observed under high-nitrate
conditions that are inhibitory to the wild-type plant
nodulation (Carroll et al., 1985; Sagan et al., 1995; Krusell
et al, 2002; Schnabel et al.,, 2005; Jeudy et al., 2010;
Okamoto and Kawaguchi, 2015). This suggested that
AON and nitrate inhibitory pathways may be at least
partially overlapping.

A second systemic pathway acting from shoots to
positively regulate nodulation was more recently
identified in the M. truncatula model. The cra2 (com-
pact root architecture?) mutant identified in the R108
genotype indeed forms a reduced number of nodules
but also an increased number of lateral roots (Huault
et al., 2014). The CRA2 gene encodes an LRR-RLK
receptor from the same subclass XI as SUNN, and
grafting experiments indicated that CRA2 positively
controls nodule number from shoots and negatively
controls the number of lateral roots from roots. The
expression of genes encoding another family of se-
creted signaling peptides than CLE, referred to as
CEPs (for C-terminally Encoded Peptides), was found
to be mostly associated with N deficiency conditions,
and exogenous applications of MtCEP1 peptides
negatively regulated lateral root formation and pos-
itively regulated nodulation (Imin et al., 2013). In-
terestingly, these exogenous applications of MtCEP1
peptides required the CRA2 receptor to regulate both
nodule and lateral root number (Mohd-Radzman
et al., 2016). Accordingly, the LRR-RLK most closely
related to CRA2 in Arabidopsis is a CEP Receptor
(CEPR1) directly binding AtCEP1 peptides to regu-
late N-demand signaling (Tabata et al., 2014). This
highlights that in M. truncatula also, CEP peptides are
likely candidates to be CRA2 ligands, although no
direct binding evidence has been provided vyet
(Mohd-Radzman et al., 2016).

Altogether, these results indicate that at least in the
M. truncatula model legume, two systemic pathways
regulate the number of nodules from shoots: un-
der N-limiting conditions, the CEP/CRA2 pathway
positively regulates nodulation, whereas during
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nodule formation, activation of the CLE/SUNN
negative AON pathway limits the number of addi-
tional nodules formed. Plants are continuously chal-
lenged by fluctuating environmental conditions
(Giehl and von Wirén, 2014): different parts of
root and shoot systems perceive spatial heterogeneity
for beneficial or detrimental conditions as well as
a temporal heterogeneity of resources availabil-
ity throughout the plant life cycle. We therefore hy-
pothesized that a dynamic regulation of negative and
positive systemic pathways regulating nodulation
should exist to fine-tune nodule number depending
on nutrient availability. We then analyzed the genetic
interaction between CRA2 and SUNN pathways. To
this aim, we first identified and characterized a cra2
mutant allelic series in the M. truncatula Jemalong
A17 genotype where a presumptive null sunn mutant
allele was previously reported (sunn-4; Saur et al.,
2011; Mortier et al., 2012). This allowed us to gener-
ate a cra2 sunn double mutant to analyze the genetic
interaction between these two systemic pathways.
We additionally tested interactions between AON-
related CLE peptides and the CRA2 pathway. Fi-
nally, as the nitrate inhibition of nodule numbers is

Systemic Regulation of Symbiotic Nodulation

lost in the sunn mutant, we analyzed how cra2 and
cra2 sunn mutant nodulation was affected by nitrate.

RESULTS

The cra2 Mutant Forms an Increased Number of Lateral
Roots and a Reduced Number of Symbiotic Nodules

Forward genetic screens in a Tnt1 insertional mutant
collection generated in the M. truncatula Jemalong A17-
2HA genotype and in a y-ray mutant collection gener-
ated in the Jemalong A17 genotype were performed to
identify mutants showing a compact root system ar-
chitecture phenotype (so-called cra; Fig. 1A). As mu-
tants with a cra phenotype were previously identified in
the M. truncatula R108 genotype and shown to be af-
fected in an LRR-RLK referred to as MtCRA2 (Huault
et al.,, 2014), the entire MtCRA2 locus was sequenced in
the five cra mutant lines recovered. Genetic lesions were
identified in the MtCRA2 coding region in these five
allelic lines, corresponding to insertions of a transposon
in the cra2-11 and cra2-14 alleles, to a nucleotide inser-
tion in the cra2-12 allele leading to a frame shift, or to
nucleotide substitutions in the cra2-13 (previously

A cra2-15 cra2-14 cra2-13 cra2-12 cra2-11
(TR185)
ATG L 4 L 4 v TAA
intron
(] mE  EEE .
aa:1l 370 487 511 785 799 833 966
nt:1 2500 2889 3289
-ART 14 cra2-
s- ‘d}qr g 5‘ - Kinase domain
7\ 4 % [j LRR domain
<
B C D
=12 - 20 - b 20 +
£ N b b b
=10 2 .
< € 15 b o 15 4
@8 5 £
o] = 3
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Figure 1. Identification of cra2 mutant alleles in the M. truncatula Jemalong A17 genotype. A, Localization of transposon in-
sertions (gray arrowheads), a nucleotide insertion (white arrowhead), or point mutations (black arrowheads) in cra2 mutants
identified in the M. truncatula Jemalong A17 genotype, as well as representative images of the phenotypes of the mutant alleles
grown in vitro on a low-N medium for 14 d. aa, Amino acid; nt, nucleotide. Bars = 0.5 cm. B, Quantification of the primary root
length of wild-type (WT) or cra2-11 to cra2-15 mutant plants grown in vitro on a low-N medium. C, Quantification of the lateral
root number of wild-type or cra2-11 to cra2-15 mutant plants grown in vitro on a low-N medium. D, Quantification of nodule
number of wild-type or cra2-11 to cra2-15 mutant plants 4 weeks postinoculation with rhizobium. In B to D, error bars represent
confidence intervals (@ = 0.05; n = 10), and a Kruskal-Wallis test was used to assess significant differences, as indicated by
lowercase letters (& < 0.01). One representative biological experiment out of two is shown.
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named TR185; Bourion et al., 2014) and cra2-15 alleles
(Supplemental Fig. S1A). These mutations conse-
quently introduced premature stop codons in the LRR
region (at positions 487 and 511 in cra2-14 and cra2-13
alleles, respectively), in the kinase domain (at positions
785 and 799 in cra2-12 and cra2-11 alleles, respectively),
or in an Asn-to-Tyr amino acid conversion in the LRR
region at position 370 in the case of the cra2-15 allele
(Fig. 1A; Supplemental Fig. S1B).

To evaluate the strength of these different cra2 mu-
tant alleles, a quantification of root length and of the
number of lateral roots was performed, revealing that
all mutants similarly have a shorter primary root
(Fig. 1B) as well as an increased number of emerged
lateral roots (Fig. 1C). Despite this strong root pheno-
type, cra2 mutant plants grown on N-rich medium were
not dwarfs, as illustrated 2 months after germination in
Supplemental Figure S2A. In agreement with this,
quantification of shoot dry weight at the end of the
plant growth cycle was not significantly different from
that of wild-type plants (Supplemental Fig. S2B).

The symbiotic nodulation phenotype of the different
cra2 alleles was then analyzed, revealing that all mutant
alleles developed a similarly lower number of nodules
(Fig. 1D), indicating that the five Jemalong A17 alleles
are also similar for their nodule phenotypic strength. To
determine if the cra2 low-nodulation phenotype may be
the consequence of a shoot growth defect, we quantified
shoot and root biomass in a nodulation kinetic from 8 d
postinoculation (dpi) with rhizobium to 35 dpi
(Supplemental Fig. S3). This analysis revealed that at the
early stage (8 dpi), a lower number of nodules was al-
ready detected in cra2 mutants (Supplemental Fig. S3A),
whereas their shoot and root biomass was not signifi-
cantly different from the wild type (Supplemental Fig.
S3, B-D). At later stages, shoot and root biomass of the
cra2 mutants becomes significantly lower.

We additionally analyzed the nodule weight of cra2
mutant nodules, which was similar to the wild type
(Supplemental Fig. S4A). We then assessed the capacity of
the nodules to fix atmospheric N using an acetylene re-
duction assay (ARA; Supplemental Fig. S4, B and C). Even
though, overall, cra2 plants had a significantly reduced
ability to fix atmospheric N due to the lower number of
nodules formed (Supplemental Fig. S4D), cra2 nodules
maintained a wild-type capacity to fix N when the nodule
weight was considered to normalize ARA (specific ARA
activity; Supplemental Fig. S4B). This was in agreement
with the observation that both wild-type and cra2 mutant
nodules have a similar elongated shape and a pink color
associated with leghemoglobin pigments that are required
for an active N fixation (Supplemental Fig. S4E).

Early Symbiotic Signaling, Rhizobial Infections, and
Spontaneous Nodule Formation Are Reduced in
cra2 Mutants

To determine which early symbiotic processes were
altered in the cra2 mutant, we analyzed successively
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their ability to (1) activate an early nodulation response,
(2) become infected by rhizobia, and (3) form so-called
spontaneous nodules independently of the presence of
rhizobia. The expression of the MtENOD11 symbiotic
marker was first analyzed by real-time reverse tran-
scription (RT)-PCR shortly after rhizobium inoculation,
revealing that the induction observed in wild-type roots
was reduced in cra2 mutants (Fig. 2A). However, the
comparison of expression levels between 1 and 2 dpi
with rhizobium suggested rather a delayed response in
the cra2 mutant than an inability to perceive rhizobial
bacteria and to activate an early symbiotic response.

We then analyzed if the number and progression of
symbiotic ITs were affected in cra2 mutants, using a
rhizobium strain constitutively expressing a LacZ
marker. An overall reduced number of ITs was detected
in cra2 roots, and the number of ITs that reached the
root epidermis or the root cortex was lower than in
wild-type roots (Fig. 2B). This suggests that the cra2
mutant has a reduced ability to be infected by symbiotic
rhizobia.

Finally, the ability of cra2 mutants to form nodules in
the absence of symbiotic bacteria was evaluated in roots
ectopically expressing the kinase domain of the Does
Not Make Infections2/Symbiosis Receptor Kinase (DMI2/
SYMRK) early symbiotic gene, previously shown to
efficiently induce the formation of spontaneous nodules
in M. truncatula and other legumes, which are notably
characterized by a peripheral vasculature similar to
infected N-fixing nodules (Ried et al., 2014; Saha et al.,
2014; Fig. 2C). cra2 mutants formed significantly fewer
spontaneous nodules in the absence of rhizobia than
wild-type plants (Fig. 2D), indicating that indepen-
dently of a symbiotic bacterial infection trigger, the
ability to form nodules is reduced in cra2 mutants.

CRA2 Regulates Antagonistically Lateral Root Formation
and Symbiotic Nodule Formation and Is Required for
MtCEP1 Peptide Action

To determine if the CRA2 pathway regulates nodule
and lateral root number depending on its activity
on roots and/or shoots, we performed grafting ex-
periments with cra2-11 and cra2-12 alleles (Fig. 3;
Supplemental Fig. S5). The compact root phenotype
was observed only in grafting combinations associ-
ating cra2 mutant roots with wild-type shoots (Fig. 3,
A and B; Supplemental Fig. S5, A and B), indicating
that CRA2 activity is required in roots to regulate root
system architecture. No significant difference in
shoot dry weight was observed between the various
grafting combinations (Fig. 3, C and D; Supplemental
Fig. S5, C and D), suggesting that the compact root
architecture phenotype is not indirectly caused by a
major shoot growth phenotype. Concerning nodula-
tion, only the cra2 /wild-type grafts showed the low-
nodulation phenotype (Fig. 3, B and E; Supplemental
Fig. S5, B and E), indicating that CRA2 activity is
required in shoots to systemically regulate nodule
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Figure 2. ENOD11 expression, ITs, and spontaneous nodule number
arereduced in cra2 mutants. A, Expression analysis by real-time RT-PCR
of the early nodulation marker MtENOD11 in wild-type (WT) or cra2-
12 roots 1 or 2 dpi with rhizobium, normalized relative to expression
levels in uninoculated control roots. Error bars represent sp from one
representative biological experiment out of three. A Mann-Whitney test
was used to assess significant differences indicated by asterisks (@ <
0.05; n = 2). B, Quantification of IT number in wild-type and cra2-12
roots 6 dpi with a rhizobium strain constitutively expressing a LacZ
reporter. ITs that reached the epidermis (Epidermal ITs) were distin-
guished from ITs that reached the cortex (Cortical ITs). Error bars rep-
resent confidence intervals (& = 0.05; n = 5), and a Mann-Whitney test
was used to assess significant differences, as indicated by asterisks (& <
0.05). One representative biological experiment out of two is shown. C,
Representative images of a section (50 um) of a spontaneous nodule
induced by the ectopic expression of a SYMRK-KD construct, in bright
field (top) or under UV illumination (bottom) to visualize the blue
autofluorescence of lignified cells and of the endodermis. White arrows
indicate vascular bundles. Bars = 100 wm. D, Number of spontaneous
nodules induced by the ectopic expression of a SYMRK-KD construct,
per root of wild-type or cra2-11 plants grown on a low-N medium for
5 weeks without rhizobium inoculation. Error bars represent confidence
intervals (& = 0.05; n >9), and a Mann-Whitney test was used to assess
significant differences, as indicated by the asterisk (a < 0.01). One
representative biological experiment out of two is shown.
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number. Finally, the link with MtCEP signaling pep-
tides was tested. An exogenous treatment with MtCEP1
peptides significantly decreased lateral root number
and conversely increased nodule number in the wild
type, and these two responses were abolished in cra2
mutants (Fig. 4).

SUNN and CRA2 Pathways Act Independently to Regulate
Nodule Number

To determine if a genetic interaction exists between
the systemic positive CRA2 and negative SUNN path-
ways regulating nodulation, we generated cra2 sunn
double mutants by crossing the cra2-11 mutant with the
sunn-4 presumptive null allele available in the Jema-
long A17 genotype (Mortier et al., 2012). Nodulation
phenotyping revealed that cra2 and sunn single mu-
tants develop fewer and more nodules, respectively,
than wild-type plants, as expected (Fig. 5, A-C). The
cra2 sunn double mutant formed an intermediate
number of nodules between cra2 and sunn single mu-
tants, which was also significantly different from wild-
type plants (~2.5-fold higher). It was noticed that
compared with wild-type plants, the nodule number in
cra2 mutants is decreased by a factor of about 3,
whereas the nodule number is increased in sunn mu-
tants by a factor of about 7. Thus, this likely explains
that the nodule number in the cra2 sunn double mutant
is approaching but not similar to the nodule number of
wild-type plants. Interestingly, cra2 sunn double mu-
tants develop a number of nodules that is even higher
than wild-type plants despite a compact root architec-
ture phenotype equivalent to that of cra2 single mu-
tants, as illustrated by representative images for each
genotype in Figure 5B. This result first unambiguously
demonstrates that the cra2 mutation does not affect the
ability of plants to form nodules but instead decreases
their number, and second, that CRA2 and SUNN
pathways independently regulate nodule number
positively and negatively, respectively.

As an alternative to demonstrate relationships be-
tween CRA2 and SUNN systemic pathways, wild-
type and cra2 roots were transformed with an RNA
interference (RNAi) construct designed to silence ei-
ther GUS as a negative control or the MtCLE13 gene
previously shown to encode peptides negatively
regulating nodule number depending on the SUNN
receptor (Mortier et al., 2012). As expected, down-
regulation of MtCLE13 expression (Supplemental
Fig. S6A) increased nodule number in wild-type
plants (Fig. 5D). In the cra2 mutant, an increased
nodulation was similarly observed, indicating that
the negative regulation of nodule number exerted by
MtCLE13 peptides occurs independently or down-
stream of the CRA2 LRR-RLK receptor. Conversely,
wild-type roots ectopically expressing MtCLE13
(Supplemental Fig. S6B) strongly decreased the num-
ber of nodules in wild-type plants, as expected
(Fig. 5E), compared with a non-nodulation-related

563

Downloaded on December 17, 2020. - Published by https://plantphysiol.org
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/cgi/content/full/pp.18.01588/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01588/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01588/DC1
https://plantphysiol.org

Laffont et al.

Figure 3. Symbiotic nodule number is con- A
trolled by CRA2 activity in shoots and lateral
root number by CRA2 activity in roots. A,
Representative images of different grafting
combinations between wild-type (WT) or cra2-
12 plants grown in a perlite-sand mixture on a
low-N medium 2 weeks postinoculation with
rhizobium. Shoot/root grafting combinations
are indicated above each plant. Bar =2 cm. B,
Details of nodulated roots of the different
grafting combinations shown in A. Arrowheads
indicate nodules. Bars = 0.2 cm. C, Quantifi-
cation of the root dry weight (in milligrams) of
the different wild-type/cra2 grafting combina-
tions. D, Quantification of the shoot dry weight
(in milligrams) of the different wild-type/cra2
grafting combinations. E, Quantification of the
nodule number of the different wild-type/cra2
grafting combinations. In C to E, error bars
represent confidence intervals (a = 0.05; n > 9),
and a Kruskal-Wallis test was used to assess
significant differences, as indicated by lower-
case letters (@ < 0.05). One representative bi-
ological experiment out of two is shown.
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WT

cra2-12/
cra2-12

B WT/WT

WT/cra2-12

MItCLE4 gene used as a negative control (Mortier
et al., 2010). These results indicate that the inhibitory
action of MtCLE13 peptides on nodulation is not com-
promised in cra2 mutants.

The Nitrate Inhibition of Nodulation Occurs in cra2
Mutants But Not in sunn or cra2 sunn Mutants

As the sunn mutant was previously reported to form
more nodules than wild-type plants, not only in low-N
conditions but also in the presence of N (Sagan et al.,
1995), we tested if the nodulation capacity of the cra2
and cra2 sunn mutants was affected or not by a nitrate
treatment. The number of nodules was then compara-
tively analyzed in plants grown on a medium supple-
mented with 0.1 mm (low N) or 10 mm (high N) KNO;
(Fig. 6A). On low N, the nodulation phenotype of all
mutants grown in vitro was similar to the one previ-
ously observed with plants grown in a pot (Fig. 5, A-C),
as illustrated in Figure 6B. On high N, the nodule
number was reduced in wild-type plants, as expected,
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as well as in cra2 mutants, despite its already low-
nodulation phenotype (Fig. 6A). In contrast, the nod-
ule number in sunn mutants was not affected by nitrate,
as previously reported (Sagan et al., 1995), and the cra2
sunn double mutant behaved similarly to the sunn
mutant. These results indicate that the negative regu-
lation of nodulation exerted by nitrate is still acting in
cra2 mutants and that this regulation is lost in sunn and
cra2 sunn mutants.

DISCUSSION

In this study, we identified M. truncatula mutants
affecting the CRA2 LRR-RLK receptor involved in the
systemic regulation of legume root system architecture.
This revealed an early defect in the regulation of nod-
ulation affecting the interaction from the primary steps
(i.e. symbiotic signaling and rhizobial infections). These
new mutants also allowed to analyze relationships of
the CRA2 systemic pathway with the SUNN systemic
pathway negatively regulating symbiotic nodulation.
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Figure 4. MtCEP1 peptides decrease lateral root number and increase
nodule number depending on the CRA2 receptor. A, Quantification of
the lateral root number of wild-type (WT), cra2-11, or cra2-12 plants
grown in vitro on a low-N medium for 14 d with or without MtCEP1
peptides. Error bars represent confidence intervals (@ = 0.05; n > 20),
and a Kruskal-Wallis test was used to assess significant differences, as
indicated by lowercase letters (& < 0.05). B, Quantification of the
nodule number of wild-type, cra2-11, or cra2-12 plants grown in vitro
on a low-N medium for 14 dpi with rhizobium with or without MtCEP1
peptides. Error bars represent confidence intervals (e = 0.05; n > 20),
and a Kruskal-Wallis test was used to assess significant differences, as
indicated by lowercase letters (& < 0.05). One representative biological
experiment out of three is shown.

Finally, as the sunn mutant has an excessive nodulation
also under nitrate inhibitory conditions, we tested the
relationship between nitrate and these systemic
pathways.

To characterize the new cra2 allelic series identi-
fied, we evaluated the strength of root and nodula-
tion phenotypes. All five Jemalong Al7 cra2 mutant
alleles have a similarly reduced root growth, in-
creased lateral root branching, and reduced nodule
number, in agreement with phenotypes previously
reported in the M. truncatula R108 genotype (Huault
et al., 2014). The strength of the five alleles is there-
fore independent of the location and of the nature
of mutations (transposon insertion or nucleotide
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substitution/insertion leading to frame shifts in most
of the cases), suggesting that they are null alleles.
Interestingly, the nucleotide substitution in the cra2-
15 allele led to an Asn-to-Tyr amino acid conversion
at position 370, which suggests a functional role of
this specific residue.

Discrepancies between grafting results were reported
for cra2 mutants identified in different genotypes, R108
(Huault et al., 2014) or Jemalong Al7 for the cra2-13
allele previously referred to as TR185 (Bourion et al.,
2014). Indeed, the compact root architecture pheno-
type was either linked to CRA2 activity in roots in R108
alleles (Huault et al., 2014) or to shoot control in Jema-
long A17 (Bourion et al., 2014), whereas in both geno-
types, the cra2 low-nodulation phenotype was linked to
CRAZ2 activity in shoots (Huault et al., 2014; this study).
In this study, we now show using different cra2 mutant
alleles in the Jemalong A17 genotype, cra2-11, and cra2-
12, but also cra2-13/TR185, that the compact root phe-
notype is root controlled, as previously observed in the
R108 genotype. This result was validated by PCR gen-
otyping of the CRA2 locus in the different grafted plant
combinations to unambiguously separate successful
grafts from adventitious root contaminations that are
prone to form in the Jemalong A17 genotype, in contrast
to the R108 genotype. The formation of adventitious
roots with a high frequency in the grafting junction of
Jemalong A17 plants likely explains the discrepancy
with the Bourion et al. (2014) study, wherein the veri-
fication of the genotype of the grafts was not possible as
the causal mutation was not known. In agreement with
the phenotype of lateral root number controlled locally
by roots, the effect of MtCEP1 peptides on lateral root
formation was observed in Jemalong A17 isolated hairy
roots missing shoots (Mohd-Radzman et al., 2015). Fi-
nally, the antagonistic effect of MtCEP1 peptides on
lateral root and nodule numbers requires the CRA2
receptor acting in roots and shoots, respectively, both in
Jemalong Al7 and R108 M. truncatula genotypes
(Huault et al., 2014; Mohd-Radzman et al., 2016; this
study). This result is consistent with the identification in
Arabidopsis of AtCEPR1 and AtCEPR?2 receptors, most
closely related to MtCRAZ2, as required for the systemic
regulation of AtCEP1 target genes (Huault et al., 2014;
Tabata et al., 2014).

It remained unclear from previous studies conducted
in the R108 genotype (Huault et al., 2014) which root
symbiotic processes were affected by the CRA2 sys-
temic pathway. To more precisely evaluate the nodu-
lation phenotype of cra2 mutants, we analyzed the three
main stages of nodule initiation classically defined: the
symbiont recognition (preinfection) stage; the rhizo-
bium infection stage initially affecting epidermal root
hairs and then the root cortex; and nodule organogen-
esis occurring in the inner cortex in M. truncatula. To
determine which of these processes was affected in cra2
mutants, we analyzed (1) the expression of one of the
most specific early-nodulation markers, ENOD11; (2)
the number and progression of ITs; and (3) the number
of spontaneous nodule organs that can form in the
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Figure 5. SUNN and CRA2 pathways act in-
dependently to regulate nodule number. A,
Representative images of wild-type (WT),
cra2, sunn, or cra2 sunn mutant plants grown
in a perlite-sand mixture on low-N medium
4 weeks postinoculation with rhizobium.
Bar = 2 cm. B, Detail of nodulated roots of the
different mutants shown in A. Arrowheads in-
dicate nodules. Bars = 0.5 cm. C, Quantifica-
tion of nodule number of wild-type, cra2,
sunn, or cra2 sunn mutant plants grown as
described in A. Error bars represent confidence
intervals (o = 0.05; n > 20), and a Kruskal-
Wallis test was used to assess significant dif-
ferences, as indicated by lowercase letters
(e < 0.01). One representative biological ex-
periment out of three is shown. D, Quantifi-
cation of the nodule number of wild-type or
cra2-12 plants expressing an RNAi construct
driven by the 35S Cauliflower mosaic virus
promoter and targeting either GUS as a nega-
tive control or the MtCLE13 gene. Plants were
grown in a perlite-sand mixture on low-N
medium, and nodules were quantified
4 weeks postinoculation with rhizobium. Error
bars represent confidence intervals (« = 0.05;
n > 15), and a Kruskal-Wallis test was used to
assess significant differences, as indicated by
lowercase letters (@ < 0.05). One representa-
tive biological experiment out of two is shown.
E, Quantification of the nodule number of
wild-type or cra2-12 plants overexpressing
(35S Cauliflower mosaic virus) either the
MLtCLE13 gene or the nonnodulation-related
MtCLE4 gene as a negative control. Plants
were grown in a perlite-sand mixture on low-N
medium, and nodules were quantified 4 weeks
postinoculation with rhizobium. Error bars
represent confidence intervals (@ = 0.05; n >
10), and a Kruskal-Wallis test was used to as-
sess significant differences, as indicated by
lowercase letters (@ < 0.05). One representa-
tive biological experiment out of two is shown.

absence of a rhizobial trigger. These three parameters
were affected in cra2 mutants, suggesting that multiple
symbiotic stages may be targeted by the CRA2 systemic
pathway. In agreement with an action on rhizobial in-
fections, MtCEP1 peptides, previously shown to act
depending on the CRA2 receptor, conversely increased
the number of symbiotic ITs formed as well as N fixa-
tion and nodulation at moderate levels of nitrate (Imin
et al., 2013; Mohd-Radzman et al., 2016). When ana-
lyzing later nodulation phenotypes, such as nodule size
and capacity to reduce atmospheric N, a similar phe-
notype to wild-type nodules was identified in cra2
mutant nodules, as observed for alleles in the R108
genotype (Huault et al., 2014). This therefore confirms
that a primary function of the CRA2 pathway is to
regulate the number of nodules but not their differen-
tiation or metabolic activity.
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A major reason to generate this novel cra2 allelic se-
ries in the Jemalong Al7 genotype was to analyze ge-
netic interactions between the SUNN and CRA2
antagonistic systemic pathways regulating nodulation
using the sunn-4 mutant, a presumptive null allele
available only in this genotype (Saur et al, 2011;
Mortier et al., 2012). Analysis of the nodulation phe-
notype of cra2 sunn double mutants revealed a nodule
number intermediate between the two single mutants.
Interestingly, this unambiguously shows that the CRA2
pathway regulates the number of nodules but is not
required per se to form a nodule, as cra2 mutants can
still generate a wild-type number of nodules in the sunn
mutant background. This result is consistent with
grafting outcomes, as the wild type/cra2 grafting
combination formed a wild-type number of nodules on
a highly branched root system, highlighting that cra2
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Figure 6. Nodulation phenotypes of cra2 sunn double mutants in low
or high N. A, Quantification of the nodule number of wild-type (WT), cra2,
sunn, or cra2 sunn mutant plants grown in vitro with 0.1 or 10 mm KNO;
14 dpi with rhizobium. Error bars represent confidence intervals (e = 0.05;
n > 15), and a Kruskal-Wallis test was used to assess significant differences
indicated by lowercase letters (@ < 0.05). One representative biological
experiment out of two is shown. B, Representative images of nodulated
wild-type, cra2, sunn, or cra2 sunn mutant plants. Bars = 1 cm.

mutant roots can recover a wild-type ability to nodulate
when grafted onto wild-type shoots. The cra2 sunn
nodulation phenotype additionally strongly suggests
that the CRA2 and SUNN pathways act independently.
This is in agreement with previous results showing that
MtCEP1 peptides can still increase nodulation in the
sunn supernodulation mutant (Mohd-Radzman et al.,
2016). Conversely, we now show that the strong inhi-
bition of nodulation exerted by the MtCLE13 ectopic ex-
pression is still occurring in the already low-nodulating
cra2 mutant, indicating that this AON-related CLE peptide
acts independently of the CRA2 pathway. Strikingly, both
CRA2 and CLE13/SUNN pathways antagonistically
affect the NF induction of the ENODII marker in
M. truncatula (Mortier et al., 2010; this study). However, an
independent action of CRA2 and SUNN signaling to an-
tagonistically regulate nodule number does not exclude
that a coordination between these systemic pathways ex-
ists over time, notably depending on soil N availability
and on the plant C/N metabolic status, as suggested both
in M. truncatula and Arabidopsis (Imin et al., 2013; Araya
et al.,, 2014a, 2014b; Tabata et al., 2014). Further work is
thus needed to determine at which level such coordina-
tion between these systemic regulations might exist.
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Finally, in contrast to cra2 mutant alleles in the R108
genotype that were nearly nonnodulating, cra2 Jema-
long A17 alleles still form some nodules, even though to
a much lower extent than wild-type plants. This
allowed testing the relevance of the CRA2 pathway in
relation to the inhibitory effect of nitrate on nodulation.
Indeed, previous studies reported that a nitrate treat-
ment strongly inhibiting nodulation in wild-type plants
was not able to inhibit sunn excessive nodulation,
suggesting that the sunn nodulation is nitrate tolerant
(Schnabel et al., 2005; Jeudy et al., 2010). cra2 nodulation
was still inhibited by nitrate, whereas nodulation of
sunn and of the cra2 sunn double mutant was nitrate
tolerant. This suggests that the nitrate control of nodule
number seems at best partially overlapping with the
systemic regulation of nodule number. In agreement
with this result, depending on plant species, a nitrate-
local or systemic negative regulation of nodulation was
reported in soybean and in L. japonicus, respectively
(Reid et al., 2011; Okamoto and Kawaguchi, 2015). In
M. truncatula, depending on the N source used, local
and systemic regulations of nodule number and func-
tion have been reported, and the SUNN pathway was
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Figure 7. A model for the systemic regulation of symbiotic nodulation
in M. truncatula. The positive systemic regulation of nodulation is ini-
tiated in N-deficient roots by the production of CEP peptides that would
be transported to shoots through the xylem to activate the CRA2 CEPR-
like receptor, leading to the production of a downstream systemic signal
positively regulating nodulation in roots. In the presence of compatible
rhizobia, symbiotic nodulation is triggered and leads to the production
of specific CLE peptides such as MtCLE13 that would be transported to
shoots through the xylem to act depending on the SUNN CLAVATAT1-
like receptor, leading to the production of a downstream systemic signal
negatively regulating nodulation in roots. These two pathways act
independently of each other to systemically regulate nodulation
depending on N and rhizobium availability.
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linked to the systemic inhibition of nodule number by
nitrate (Jeudy et al., 2010).

CONCLUSION

The antagonistic CEP/CRA2 and CLE/SUNN path-
ways systemically regulating nodulation from shoots
act independently, pointing to a working model where
under N-limiting conditions, the production of several
CEP peptides (Imin et al., 2013), acting through the
CRAZ2 receptor in shoots, generates a downstream sig-
nal(s) positively affecting the nodulation capacity of
roots by regulating notably NF signaling and rhizobial
infections (Fig. 7). In response to compatible rhizobia,
nodule primordia initiate and AON-related CLE pep-
tides are produced, leading to the SUNN-dependent
activation in shoots of inhibitory shoot-to-root sys-
temic signals (Fig. 7). Further work is needed to deter-
mine more precisely which potential signaling peptides
are involved, beyond the already characterized
MtCEP1 and MtCLE12/MtCLE13 peptides, and how
their production is dynamically coordinated over time
depending on soil N availability and whole-plant
metabolic capacity and needs. Finally, systemic mo-
lecular signals and targets of SUNN and CRA2 path-
ways linked to nodule initiation should be identified to
determine if some of those can be common and which
nodulation stages are targeted.

MATERIALS AND METHODS
Biological Material and Growth Conditions

The cra2 mutants were identified by a forward genetics approach carried out
in community screens of the Tnt1 insertional mutant collection generated in the
Medicago truncatula Jemalong A17 (2HA) genotype for cra2-11 and cra2-14 al-
leles (Domonkos et al., 2017) or in a y-ray mutant collection generated in the
Jemalong A17 genotype for the cra2-12, cra2-13/TR185 (Bourion et al., 2014), and
cra2-15 alleles. The sunn-4 mutant allele was isolated by Sagan et al. (1995). The
cra2 sunn double mutant was generated in this study by crossing cra2-11 and
sunn-4 alleles. The PCR genotyping of homozygous cra2 and cra2 sunn mutants
was achieved using primers indicated in Supplemental Table S1. PCR ampli-
fication products were sequenced for the different mutant alleles.

In all cases, M. truncatula seeds were scarified in sulfuric acid (Sigma) for
3 min, washed four times with distilled water, and then sterilized for 20 min in
bleach (12% [v/v] sodium hypochlorite). After washing with sterilized water,
seeds were sown onto 1.5% (w/v) water-agar plates (Bactoagar; Becton Dick-
inson), stratified for 2 d in the dark at 4°C, and then germinated overnight at
24°C. Germinated seedlings were grown in vitro vertically in a growth chamber
at 24°C under a long-day photoperiod (16 h of light, 150 »E intensity) on square
plates on a Fahraeus low-N medium (Truchet et al., 1989). Low-N versus high-
N experiments were performed in vitro on a Fahraeus medium supplemented
with 0.1 or 10 mm KNO;, respectively. Alternatively, germinated seedlings were
gown in pots containing a perlite:sand 3:1 mixture watered every 2 d with i
medium (Blondon, 1964) in a growth chamber (24°C, 16 h of light, 150 uE,
relative humidity of 60%). Finally, to perform a full growth cycle and quantify
biomass, plants were grown on soil watered with SN/2 N-rich medium in a
greenhouse (Gonzalez-Rizzo et al., 2006).

For nodulation experiments, the Sinorhizobium meliloti 1021 strain (Sm1021)
was used for in vitro experiments or the Sinorhizobium medicae WSM419 strain
for plants grown in perlite/sand pots and notably for ARA experiments, as this
strain was previously shown to be a better N fixer than Sm1021 (Terpolilli et al.,
2008). Sm1021 (GMI6526; Ardourel et al., 1994) carrying a pXLGD4 plasmid
expressing a Propema:LacZ marker was used to follow bacterial progression
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from root hairs to cortical cells and quantify infection phenotypes. A
B-galactosidase histochemical assay was performed overnight on 5-dpi roots as
described by Ardourel et al. (1994). Stained roots were observed using a ste-
reomicroscope (Olympus, BX53). Sinorhizobium strains were grown at 28°C on a
yeast extract broth medium (Vervliet et al., 1975) supplemented with 50 mg L~!
streptomycin, 25 mg L~! chloramphenicol, or 10 mg L~! tetracycline for
Sm1021, WSM419, and Sm1021-LacZ strains, respectively. Plants were inocu-
lated with an ODgyppm = 0.05 dilution.

Constructs and Agrobacterium rhizogenes-Mediated
Root Transformation

An RNAi construct targeting the MtCLE13 gene was generated by intro-
ducing a 200-nucleotide MtCLE13 PCR product into the pEntr/D-Topo vector
(Life Technologies) and then recombined (Gateway technology) into the pFRN
vector (Gonzalez-Rizzo et al., 2006) and checked by sequencing (primers indi-
cated in Supplemental Table S1). The GUS RNAi pFRN control vector was
previously described by Gonzalez-Rizzo et al. (2006). The 35S:CLE13 and 35S:
CLE4 vectors were previously generated by Mortier et al. (2010). The SYMRK-
KD vector allowing an efficient formation of spontaneous nodules in M. trun-
catula was previously described by Saha et al. (2014).

Constructs of interest were introduced into the A. rhizogenes Arqual strain,
and recombinant Arqual bacteria were used to transform roots according to the
protocol described by Boisson-Dernier et al. (2001). The A. rhizogenes strains
were grown at 28°C for 2 d on a yeast extract broth-agar medium supplemented
with streptomycin and kanamycin (50 mg L™!). Infected seedlings were grown
in vitro on a Fahraeus medium supplemented with 1 mm NH4NO; (Truchet
et al., 1989) and with kanamycin (25 mg L™') for 1 week at 20°C, and another
1 week at 24°C, under a 16-h-light photoperiod (150 uE intensity). Then,
composite plants with wild-type shoots and transformed roots selected on
kanamycin were transferred either in vitro on growth paper (Mega Interna-
tional) dropped off on Fahraeus without N agar medium, grown for 5 d, and
then inoculated with the Sm1021 strain as described before, or transferred in
pots containing a perlite:sand 3:1 mixture for 5 d and then inoculated with the
WSM419 strain as described before. For generating spontaneous nodules, 35S:
SYMRK-KD composite plants were transferred in vitro on a Fahraeus low-N
medium without rhizobium inoculation, and spontaneous nodules were scored
5 weeks after transfer. Sections (50 um) of spontaneous nodule were obtained
using a vibratome (Leica, VTS1200) on 3% agarose (Sigma)-embedded material
and imaged with a stereomicroscope (Olympus, BX53) in a bright field or under
UV illumination.

Root and Nodule Phenotyping

Nodule number was either scored on seedlings grown in vitro at 14 dpi with
rhizobium or in pots at time points indicated in the figure legends. Lateral root
number was scored on seedlings grown in vitro at 14 d postgermination. Primary
root length was measured using Image]J software (http://imagej.nih.gov).

Peptide exogenous treatments were performed by adding 1 um MtCEP1 to
the low-N Fahraeus medium or to Fahraeus medium supplemented with 5 mm
KNO; for nodulation or lateral root phenotyping experiments, respectively,
according to Imin et al. (2013).

Grafting

Grafts were generated as described in the Medicago Handbook (chapter
Cuttings and Grafts; http:/ /www.noble.org/medicagohandbook/). Grafts
were generated in vitro and then transferred after 3 weeks to pots containing a
perlite:sand 3:1 mixture and watered with a low-N liquid medium, in the same
growth conditions as previously described. Grafts were inoculated 1 week after
the transfer, and the nodule number was scored 2 weeks postinoculation with
rhizobium. Root and shoot dry weights were measured after drying in an oven
at 60°C for 48 h. As in the Jemalong A17 genotype, grafted junctions were highly
prone to form adventitious roots, roots were genotyped to determine their
CRA2 wild-type versus homozygous mutant status, allowing exclusion of ad-
ventitious root contaminations. Details of nodulated roots were imaged using
an AxioZoom V16 macroscope (Zeiss).

Real-Time RT-PCR Gene Expression Analysis

Total RNA was isolated from frozen roots with the RNeasy Plant mini kit
(Qiagen) according to the manufacturer’s instructions. Total RNAs (1.5 ug) were
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used for cDNA synthesis with SuperScript II Reverse Transcriptase (Thermo
Fisher). RT-quantitative PCR experiments were performed with a Light-
Cycler480 SYBR Green I Master Kit on a LightCycler 480 apparatus (Roche
Diagnostics) according to the manufacturer’s instructions. Cycling conditions
were 95°C for 10 min followed by 40 cycles at 95°C for 15 s, 60°C for 15 s, and
72°C for 15 s. A threshold for minimal efficiency was set at 90% to retain
primers. A dissociation curve (55°C-95°C) was performed to assess the speci-
ficity of the amplification, and amplicons were additionally sequenced. The
expression of the genes of interest was normalized against the reference genes
MACTINI1 and MtRBP1 (RNA BINDING PROTEINI) previously selected
using the Genorm software (https://genorm.cmgg.be/; Vandesompele et al.,
2002). All primers used in real-time RT-PCR are indicated in Supplemental
Table S1. Values obtained for the two reference genes were averaged to cal-
culate ratios, and the value of the experimental control condition was set to 1 as
a reference to determine fold changes.

N Fixation Activity

The nitrogenase activity of symbiotic nodules was evaluated through an ARA
performed on individual plants, as reported by Koch and Evans (1966). Briefly,
plants grown in pots with a perlite:sand 3:1 mixture were harvested 4 weeks
after inoculation with rhizobium and placed into glass vials sealed with rubber
septa. Acetylene was injected into each vial and incubated for 3 h at 22°C before
injection into the gas chromatographer (7820A; Agilent Technologies) to de-
termine the amount of ethylene produced by the nodule nitrogenase activity.
The total ARA activity was calculated as nanomoles of ethylene produced per
hour per plant. The specific ARA activity was determined by normalizing ARA
values with the nodule fresh weight (in milligrams). A negative control was
performed by incubating acetylene with noninoculated plants.

Statistical Analyses

Two to three independent biological replicates were performed. Nonpara-
metric tests (available in the Xlstat software; http:/ /www.xlstat.com/) were
used to assess significant differences: a Mann-Whitney test when two condi-
tions were compared, and a Kruskal-Wallis test when more than two conditions
were considered.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers Medtr3g110840 (M. truncatula genome ver-
sion 4.0, https:/ /phytozome.jgi.doe.gov/pz/portal. html; Tang et al., 2014) or
MtrunA17Chr3g0140861 (M. truncatula genome version 5.0, https:/ /medicago.
toulouse.inra.fr/MtrunA17r5.0-ANR/; Pecrix et al., 2018) for MtCRA2;
Medtr4g070970 or MtrunA17Chr4g0035451 for MtSUNN; Medir4g079610 or
MtrunA17Chr4g0040951 for MtCLE13; Medtr3g415670 or MtrunA17Chr3g0082991
for MtENOD11; Medtr6g034835 or MtrunA17Chr6g0463441 for MtRBP1; and
Medtr7g026230 or MtrunA17Chr7g0223901 for MtACTIN11.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Localization of mutations in the different cra2
Jemalong A17 mutant alleles.

Supplemental Figure S2. Shoot growth phenotypes of cra2 mutants.

Supplemental Figure S3. The cra2 low-nodulation phenotype is detected
before scoring for shoot or root biomass phenotypes.

Supplemental Figure S4. N fixation capacity of cra2 mutant nodules and
plants.

Supplemental Figure S5. Symbiotic nodule number is controlled by CRA2
activity in shoots and lateral root number by CRA2 activity in roots.

Supplemental Figure S6. MtCLE13 expression in RNAi or overexpress-
ing roots.

Supplemental Table S1. Primers used in this study.
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