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Abstract: CLE (CLAVATA3/Embryo Surrounding Region) peptides regulate different aspects of
plant development. In legumes, CLE peptides are known as key components of autoregulation
of nodulation (AON), which systemically controls the number of nitrogen-fixing nodules formed
on the root upon symbiotic interaction with soil bacteria rhizobia. CLE peptides are produced in
the root in response to rhizobia inoculation and are transported via xylem to the shoot, where they
are recognized by a specific receptor. As a result, a subsequent nodule development is suppressed
by a negative feedback mechanism. In addition, nitrate-induced CLE genes have been identified
in model legumes, which mediate nitrate-dependent inhibition of nodulation. However, little is
known about the functions of nodulation-related CLE peptides, which have not been studied in
Pisum sativum. Here, we studied four homologues of CLE genes in Pisum sativum, which are closely
related to nodulation-suppressing CLEs from other legumes. The expression levels of these genes
were increased in developing nodules. Among them, PsCLE13, PsCLE12, and the PsNIC-like genes
were upregulated in response to nitrate treatment. Moreover, we found that overexpression of the
PsCLE13 and PsCLE12 genes resulted in the decreased nodule number on transgenic roots. The
expression levels of pea homologues of the TOO MUCH LOVE (TML) genes were upregulated in
PsCLE13- and PsCLE12-overexpressing roots in comparison with the control (GUS-overexpressing)
roots, suggesting that inhibitory effect of PsCLE13 and PsCLE12 is mediated through the induction
of the PsTML genes.

Keywords: CLE; nitrate; legume–rhizobia symbiosis; AON (autoregulation of nodulation)

1. Introduction

Legume plants interact symbiotically with soil bacteria rhizobia to initiate the forma-
tion of nitrogen-fixing nodules. The development of symbiotic nodules is governed by
a systemic control, i.e., at the whole-plant level, to balance with the host plant resources
and nutrient supply. Such systemic regulation is implemented via AON (autoregulation of
nodulation) and nitrate-dependent inhibition of nodulation [1]. In developing nodules, the
NIN (NODULE INCEPTION) transcription factor, a master regulator of symbiotic nodula-
tion, triggers the expression of the CLE (CLAVATA3/EMBRYO SURROUNDING REGION)
genes [2,3]. The mature products of these genes are the CLE peptides, consisting of 12–13
amino acids and derived from the CLE domains of CLE precursor proteins. These peptides
are transported from the root to the shoot, where they are recognized by a shoot-acting
receptor complex [4]. The shoot-acting receptor of the CLE peptides is the LRR-RLK kinase
(SUNN (SUPERNUMERIC NODULE) in Medicago truncatula Gaertn., HAR1 (HYPERN-
ODULATION ABERRANT ROOT FORMATION) in Lotus japonicas, and SYM29 in pea

Agronomy 2022, 12, 2840. https://doi.org/10.3390/agronomy12112840 https://www.mdpi.com/journal/agronomy

https://doi.org/10.3390/agronomy12112840
https://doi.org/10.3390/agronomy12112840
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0002-6412-7401
https://orcid.org/0000-0002-2411-9191
https://doi.org/10.3390/agronomy12112840
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy12112840?type=check_update&version=3


Agronomy 2022, 12, 2840 2 of 10

(Pisum sativum L.)) [5–9], which has high sequence similarity with the CLV1 kinase operat-
ing in the shoot apical meristem [5]. Being activated by the root-derived CLE peptides, the
LRR-RLK kinase triggers a feedback response that inhibits nodulation on the root. Several
nodulation-related CLE peptides have been described in model legumes. They include
LjCLE-RS1 (CLE-ROOT SIGNAL 1), LjCLE-RS2 and LjCLE-RS3 in Lotus japonicus (Regel.)
K. Larsen [6,7], MtCLE13, MtCLE12, MtCLE35 in M. truncatula and GmRIC1 (RHIZOBIUM
INDUCED CLE 1), GmRIC2, GmNIC1 (NITRATE INDUCED CLE 1), and GmNIC2) in
soybean (Glycine max (L.) Merr.). The overexpression of corresponding nodulation-related
CLE genes in legumes inhibited symbiotic nodulation and significantly reduced nodule
number [4,10–14].

Activation of the shoot-acting CLV1-like receptor kinase by root-derived CLE peptides
triggers feedback signaling cascade inhibiting nodulation. Among downstream targets of
this pathway, shoot-to-root transported microRNA miR2111 was identified: the amount
of this microRNA was decreased in response to CLE-LRR-RLK activation [15,16]. mi-
croRNA miR2111 downregulates the transcript levels of the TML (TOO MUCH LOVE)
genes in the root, which encode F-box proteins, characterized as the negative regulator
of nodulation [15,16]. Activation of the CLE-LRR-RLK pathway downregulates miR2111
synthesis in the shoot resulting in the upregulation of TML expression in the root, thereby
inhibiting nodulation [15,17].

The development of nodules is an energy-consuming process. Therefore, legume
plants form symbiotic nodules only when there is a lack of nitrogen source in soil, whereas
high concentrations of nitrate inhibit nodulation. Nitrate-dependent inhibition of nodula-
tion is also mediated by root-produced CLE peptides. The NLP (NIN-LIKE PROTEINS)
transcription factors were shown to activate the expression of nitrate-inducible CLE genes
as well as other nitrate-regulated genes in plants. In model legumes, a set of CLE genes
was shown to be activated by both rhizobia and nitrate (for example, LjCLE-RS2, LjCLE-
RS3 [10,18], and MtCLE35 [12–14], whereas other CLE genes (including LjCLE-RS1 [10],
MtCLE13 and MtCLE12 [11], and GmRIC1 and GmRIC2 [9]) are induced only upon nodula-
tion and are not responsive to nitrate treatment.

The functions of nodulation-related CLE genes in P. sativum have not been studied to
date. Previously, we identified 45 CLE gene family members in pea [19]. Here, we focused
on four pea CLE genes that have the higher similarity to nodulation-related CLEs from other
legumes. We examined the expression levels of these genes in developing nodules, studied
the effect of nitrate on their expression, and described the inhibitory effect of overexpression
of the PsCLE13 and PsCLE12 genes on nodulation. Our results suggest that these two genes
play a role in AON and act as negative regulators of nodulation, possibly via modulation
of the expression level of pea homologs of TOO MUCH LOVE (TML) genes.

2. Materials and Methods
2.1. Plant Material, Bacterial Strains, and Growth Conditions

P. sativum cv. Frisson seeds were surface sterilized with concentrated sulfuric acid
for 8 min, washed five times with water, transferred to 1% water agar plates, and germi-
nated at room temperature in the dark for 3–4 days. For expression analysis, plants were
grown in aeroponics system containing aeroponic nutrient medium [20]. Seven days after
germination, plants were inoculated with Rhizobium leguminosarum bv. viciae RCAM1026
(ARRIAM, WDCM 966 [21]) culture grown on YMB (Yeast Extract Mannitol) plates (diluted
to the final concentration OD600 = 0.05). Non-inoculated control roots, together with the
inoculated roots, were harvested and used for RNA extraction. For each time point, the
roots from three different plants were combined in one sample for RNA extraction. The
experiment was repeated three times.

2.2. Nitrate Treatment

Nitrate treatment of pea plants was performed in a hydroponic system. First, plants
were grown on plates containing Fahraeus medium for 5 days and then were transferred
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to the hydroponic system, containing nitrogen-free HY medium [22]. After 3 days, KNO3
was added to the medium to a final concentration of 10 mM. Plant roots were harvested 24
and 48 h after KNO3 treatment and used for gene expression analysis, and untreated plants
were used as a control. RNA was extracted from individual roots; 4–5 biological replicates
were used for each treatment. Two additional independent biological experiments on
nitrate treatment were performed, where 3–5 biological replicates were analyzed for each
treatment group in each experiment.

2.3. Molecular Cloning

The CDS sequences of PsCLE12 and PsCLE13 genes were amplified using high fidelity
Phusion polymerase (Thermo Fisher Scientific, Waltham, MA, USA) with attB sites added (un-
derlined) to the forward and reverse primers (PsCLE12_FOR: AAAAAAGCAGGCTTCATG-
GAGAATACAAGTAATATA; PsCLE12_REV:CAAGAAAGCTGGGTTTCAAGATGGACC-
TGATTATT; PsCLE13_FOR: AAAAAAGCAGGCTTCATGGGTCGGTATACAAATCAAGTG;
PsCLE13_REV: CAAGAAAGCTGGGTTTTACTTGCTTGGTGGTGATTTTC). The PCR prod-
ucts were cloned into the entry vector pDONR207 (Thermo Fisher Scientific, Waltham, MA,
USA) via BP Clonase™ enzyme (Thermo Fisher Scientific, Waltham, MA, USA) and then
into the destination vector pB7WG2D (containing 35S promoter for overexpression and GFP
cassette to select transgenic plants under fluorescence) using LR Clonase™ II enzyme (Thermo
Fisher Scientific, Waltham, MA, USA) The constructs were checked by sequencing and restric-
tion analysis. The resulting vectors (p35S::PsCLE12 and p35S::PsCLE13) were introduced into
Agrobacterium rhizogenes strain ArQUA.

2.4. Agrobacterium Rhizogene-Mediated Pea Transformation

Agrobacterium rhizogene-mediated pea transformation was carried out by stabbing the
hypocotyls as described in [23]. A. rhizogenes Arqua strain bearing the 35S:GUS construct
was used as a control. As a result, composite plants were obtained with emerged transgenic
roots at the infection site. Plants were transferred into pots with vermiculite, watered
with nitrogen-free Farhaeus medium, grown for approximately 7 d at 21 ◦C with a 16-h
photoperiod, and subsequently inoculated with R. leguminosarum bv. viciae RCAM1026.
Rhizobia culture was grown on YMB (Yeast Extract Mannitol) plates and resuspended in
liquid Farhaeus medium to the final concentration OD600 = 0.5–0.7, and 1 mL of suspension
was used for inoculation of each plant. Transgenic roots were selected based on GFP
detection using fluorescence stereo microscope Leica M205 FA (www.leica-microsystems.
com, accessed on 22 October 2022, Leica Microsystems, Wetzlar, Germany) or Zeiss SteREO
Discovery.V12 (Carl Zeiss Microscopy GmbH, Germany). The images were processed
using the ImageJ program (National Institutes of Health, Bethesda, MD, USA) [24]. The
experiment was repeated three times, with 10–15 plants for each group analyzed in one
biological experiment.

2.5. RNA Extraction and cDNA Synthesis

Total RNA was extracted from plant roots using TRIZol reagent according to the
manufacturer’s instructions (Thermo Scientific, Waltham, MA, USA). DNase treatment was
performed using Rapid Out DNA Removal Kit (Thermo Fisher Scientific, Waltham, MA,
USA). NanoDrop 2000c UV-Vis Spectrophotometer (Thermo Scientific, Waltham, MA, USA)
was used to measure RNA concentration and quality.

2.6. Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) Analysis

qRT-PCR analysis was performed using the C1000 thermal cycler with CFX-96 real-
time PCR detection system (Bio-Rad Laboratories, Alfred Nobel Drive Hercules, CA, USA)
with SYBR Green intercalating dyes (Sintol, Moscow, Russia). The data were analyzed by
the CFX Manager software (Bio-Rad Laboratories, Alfred Nobel Drive Hercules, CA, USA)
with the 2–∆∆ Ct method [25]. Ubiquitin and tubulin genes were used as the reference
genes. All the qRT-PCRs were run in three technical repeats. Primers used for qRT-PCR are

www.leica-microsystems.com
www.leica-microsystems.com
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listed in Table S1. Dissociation curves (55–95 ◦C) were used to confirm the specificity of
PCR amplification.

2.7. Statistical Methods and Computer Software

Student’s t-tests were used to compare gene expression levels.
To draw the box plots for nodule number in p35S::PsCLE12, p35S::PsCLE13, and

control 35S::GUS plants RStudio (https://rstudio.com/, accessed on 11 July 2022) was used.
A Mann–Whitney U test was used to compare nodule numbers in MtCLE35-overexpressing
and control (GUS-overexpressing) plants; in each group from 10 to 17 plants were analyzed
in each biological repeat. Three independent biological repeats were performed to analyze
the effect of PsCLEs overexpression.

Multiple alignment of protein sequences was performed using UGENE software
(http://ugene.net/ru/, accessed on 11 May 2022) [26] with Clustal W algorithm. Sequences
were aligned using the MEGAX program (https://www.megasoftware.net/, accessed on
11 May 2022) with the Clustal W algorithm, and the phylogenetic tree was generated using
maximum-likelihood method with 1000 bootstrap replicates.

3. Results
3.1. Nodulation-Related CLE Genes in Pea and their Expression Levels in Response to Rhizobial
Inoculation and Nitrate Treatment

In our previous study [19], we identified 45 transcripts of CLE genes in pea transcriptomic
data [27]. Among them, PsCam040153, PsCam040702, PsCam040984, and PsCam041632 se-
quences were closely related to nodulation-related CLE genes known from other legumes [19].
PsCam040153 and PsCam040702 were the closest homologues of MtCLE12 and MtCLE13,
respectively, which are the negative regulators of symbiosis [11]. Therefore, these genes
were referred to as PsCLE12 (PsCam040153) and PsCLE13 (PsCam040702) [19].

The CLE domain of PsCLE13 appeared to be identical to the ones of LjCLE-RS1 and
LjCLE-RS2 (see Figure 1), which inhibit nodulation in L. japonicus [10]. The CLE domains
of PsCam040153 (which was referred to as the PsCLE12 [19]) has overall high sequence
similarity with MtCLE12; however, it differs from the CLE domains of MtCLE12 in two
positions (Figure 1). The CLE peptide corresponding to PsCam040984, previously referred
to as PsCLE12-like [19], demonstrates high similarity with LjCLE-RS3 from L. japonicus:
their two first amino acids are Trp and Ile but not Arg and Ile, as found in other nodulation-
related CLE peptides. However, PsCLE12-like has the Asn residue at eighth position,
similar to MtCLE12 and PsCLE12. Finally, at the very end of the CLE domain, the PsCLE12-
like peptide has the Asn residue similar to the PsCLE12 and PsCLE13 peptides and their
closest homologs from other legumes. This is in contrast to the CLE peptides from the NIC-
like group, which have the His residue at end of their CLE domains (Figure 1). This group
includes PsCam041632, which is referred to as PsNIC-like. The CLE domains of PsNIC-like
is identical to MtCLE34 and closely related to nitrate-activated CLE peptides (PsNIC1-like)
from soybean. The CLE proteins from the NIC-like group, including MtCLE34, PsNIC-like,
and GmNICs, have sequence similarity not only within the CLE domains but also share the
putative cleavage site sequences downstream of the signal peptide as well as demonstrate
sequence similarity within the variable domain of the precursor proteins [28]. Interestingly,
MtCLE34 was found to be a pseudogene in M. truncatula A17 line but encodes a functional
product in M. truncatula R108 line [28]. However, the MtCLE34 gene from M. truncatula
R108 line was unable to suppress nodulation [28]. The GmNICs from soybean were found
to reduce nodulation acting locally in the root [9].

https://rstudio.com/
http://ugene.net/ru/
https://www.megasoftware.net/
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Figure 1. Nodulation-related CLE peptides in pea and other legumes. The phylogenetic tree was
constructed in MEGA X based on amino acid sequences of the CLE domains using the maximum-
likelihood method. Red dots mark nodulation-related PsCLE genes.

Previously, the expression levels of the PsCLE12 (PsCam040153), PsCLE13 (PsCam040702),
PsCLE12-like (PsCam040984), and PsNIC-like (PsCam041632) genes were shown to be in-
creased in the roots after rhizobial inoculation [19]. Data from this study confirmed the in-
creased expression levels of these genes in developing nodules (Supplementary Figure S1A,B).
Moreover, increased expression levels of the PsCLE12, PsCLE13, PsCLE12-like, and PsNIC-
like genes in nodules were found in transcriptomic data obtained by
Alves-Carvalho et al. [27] (Supplementary Figure S2).

Next, we checked the effect of nitrate treatment (10 mM KNO3) on the expression
levels of the PsCLE genes (Figure 2 and Figure S3). The addition of nitrate activated the
expression of the PsCLE12, PsCLE13, and PsNIC-like genes after 24 h, and the expression
levels of these genes remained increased after 48 of nitrate treatment (Figure 3).
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Figure 2. Expression levels of pea CLE genes in response to nitrate treatment. Results are
means ±SEM of 4–5 biological repeats; Asterisks indicate statistically significant differences com-
pared with the control (* p < 0.05) revealed by a Student’s t test. The gene expression levels were
normalized to 1 against the expression found in the control roots.
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However, the expression level of the PsCLE12-like gene was not influenced by nitrate
addition (Figure 3 and Figure S3). Moreover, we analyzed the expression of pea nitrite
reductase gene (PsNIR, Psat7g123960) [29], whose homologue in Arabidopsis thaliana (L.)
Heynh. was characterized as a nitrate-regulated gene [30]. The expression of the PsNIR
gene was also increased in response to nitrate in our experiments, suggesting the efficacy
of nitrate treatment (Figure 3). Therefore, PsCLE12, PsCLE13, and PsNIC-like are induced
by nitrate treatment, suggesting that these genes could be involved in nitrate-dependent
control of nodulation.

3.2. Overexpression of the PsCLE12 and PsCLE13 Genes Suppresses Nodulation

To find out the roles of two PsCLE genes, PsCLE12 and PsCLE13, in nodulation,
two constructs were obtained where the coding sequences of these genes were placed
under the 35S promoter (35S:PsCLE12 and 35S::PsCLE13). These constructs were used for
A. rhizogene-mediated transformation of pea, and as a result, composite plants with transgenic
roots were obtained, which were selected based on fluorescence of GFP positive marker. As
a control, GUS-overexpressing roots (35S:GUS) were used. Overexpression of PsCLE12 and
PsCLE13 in transgenic roots was confirmed by qPCR analysis (Supplementary Figure S4).

Nodules formed on transgenic roots were counted at 28 dpi. The overexpression of both
genes, PsCLE12 and PsCLE13, resulted in a significant reduction of nodulation (Figure S3).
PsCLE13 was found to be a more potent inhibitor of nodulation since its overexpression
inhibited nodulation almost completely, and only rare unmature nodules were found.
The overexpression of the PsCLE12 gene also significantly reduced nodule number on
transgenic roots; however, the inhibitory effect was less pronounced in comparison with
35S::PsCLE13 roots, and mature nodules were still found on 35S::PsCLE12 roots (Figure 3).

3.3. 35S::PsCLE12 and 35S::PsCLE13 Transgenic Roots Demonstrate the Upregulation of Pea
Homologues of TOO MUCH LOVE Genes

Overexpression of nodulation-inhibiting CLE genes in M. truncatula, resulted in the upreg-
ulation of the TML transcripts in the root, which inhibited nodulation [14,17]. Here, we identi-
fied the homologues of TML genes in pea genome, PsTML1 (Psat3g169800/PsCam036214)
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and PsTML2 (Psat1g087960/PsCam037480) and performed qPCR analysis of PsTML1 and
PsTML2 expression in 35S:PsCLE12 and 35S::PsCLE13 transgenic roots. The expression
levels of both PsTML1 and PsTML2 were significantly increased in PsCLE13- and PsCLE12-
overexpressing roots (Figure 4 and Figure S5).
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Figure 4. Expression levels of PsTML1 and PsTML2 genes in PsCLE12-overexpressing (35S::PsCLE12)
and PsCLE13-overexpressing (35S::PsCLE13) transgenic roots. Asterisks indicate statistically signifi-
cant differences (** p < 0.01; * p < 0.05) revealed by a Student’s t test. Results are mean ± SEM of 3
biological repeats. The gene expression levels were normalized to 1 against the expression found in
the 35S:GUS control roots.

Therefore, our data suggest that PsCLE13 and PsCLE12 could mediate inhibition of
nodulation through the upregulation of PsTML genes in the root.

4. Discussion

Previously, we identified the transcripts of nodulation-related CLE genes in pea [19] found
in transcriptomic data [28]. Moreover, the transcripts of the PsCLE13, PsCLE12, and PsCLE12-like
genes were also identified in the assembly of the pea nodule transcriptome and were designated
as Cle13, Cle12a, and Cle12b, respectively [31]. According to qPCR analysis, all these pea genes
were activated in rhizobia-inoculated roots ([19] and Supplementary Figure S1).

Here, we found that PsCLE12, PsCLE13, and PsNIC-like genes were upregulated by
nitrate addition, whereas PsCLE12-like was not responsive to the nitrate. In contrast to
PsCLE12 and PsCLE13, their close homologues in M. truncatula, MtCLE12 and MtCLE13,
LjCLE-RS1 in L. japonicas, and GmRIC1 and GmRIC2 in soybean were not induced by the
nitrate [9,11]. However, like PsCLE12 and PsCLE13, the MtCLE35 and LjCLE-RS2 gene,
which also belong to the same clade of CLEs, were activated by the nitrate [10,12–14]. Such
differences in the ability of the CLE genes from different legumes to respond to the nitrate
could be explained by distinct distribution of nitrate-responsive regulatory elements in
the promoters of these genes. The ability of the PsNIC-like gene to respond to the nitrate
places this gene together with all other genes of the NIC-like clade in legumes, which are
nitrate-responsive [10,12,28]. Therefore, the PsCLE12, PsCLE13, and PsNIC-like genes could
be possible regulators of symbiosis in response to nitrate in P. sativum.

For two genes, PsCLE13 and PsCLE12, the effect of their overexpression on nodule
number was analyzed, and both these genes inhibited nodulation in pea when overex-
pressed. The inhibitory effect of PsCLE13 on nodulation was more pronounced and an
almost complete block of nodulation was observed in all transgenic roots. However, the
overexpression of PsCLE12 did not result in the complete inhibition of nodule development
in all the transgenic roots analyzed, and mature nodules were still observed on some
35S::PsCLE12 transgenic roots. This corresponds to the findings obtained for the homo-
logues of these peptides in M. truncatula: the 12-amino-acid synthetic MtCLE13 peptide
appeared to be far more potent AON-inducing peptide than MtCLE12 [32]. However, in
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the study by Mortier et al. both the MtCLE13 and MtCLE12 genes inhibited nodulation
completely when overexpressed [11]. In our previous study we found that MtCLE13 over-
expression also completely inhibited nodulation in pea, and this effect was shown to be
dependent on the shoot-acting CLV1-LK kinase PsSYM29 [23]. Moreover, application of
triarabinosylated synthetic GmRIC1 and GmRIC2 peptides also inhibited nodulation in pea
in a PsSYM29-dependent manner [32]. The CLE peptides encoding by the MtCLE13 and
GmRIC2 genes are almost identical to the one encoded by the PsCLE13 gene (they differ
only in one amino acid, see Figure 1), suggesting that the PsSYM29 receptor kinase could
act as the receptor of endogenous CLE peptides from pea as well. However, a future study
highlighting the effect of overexpression of pea PsCLE genes in the sym29 mutant should
provide direct evidence of involvement of the PsSYM29 receptor kinase in the reception of
the CLE peptides encoded by the PsCLE genes.

Previously, it was found that overexpression of MtCLE12, MtCLE13, and MtCLE35
genes in the root resulted in the increased expression levels of the MtTML1 and MtTML2
genes [14,17]. The TOO MUCH LOVE1,2 transcripts are targeted by miR2111, a shoot-
to-root transported miRNA, the amount of which is reduced due to the activation of
nodulation-induced CLE signaling pathway in the shoot. Here, we showed that in the
35S::PsCLE13 and 35S::PsCLE12 transgenic roots the expression levels of PsMTL1 and
PsTML2 were increased. Therefore, our data suggest that the PsCLE13 and PsCLE12
peptides trigger the accumulation of the PsTML transcripts in the root. This finding allows
us to speculate that the conserved systemically acting miR2111-TML module could be
involved in PsCLE12- and PsCLE13-mediated inhibition of nodulation. However, further
studies with use of high throughput RNA and microRNA sequencing of transgenic pea
roots overexpressing PsCLE12 and PsCLE13 are required to elucidate the targets of PsCLE13-
and PsCLE12-mediated pathways inhibiting nodulation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12112840/s1, Figure S1: Expression levels of pea CLE
genes at different timepoints after inoculation with rhizobia; Figure S2: Heatmap representing
expression levels of PsCLE genes in roots and nodules (according to the transcriptomic data by
Alves-Carvalho et al., 2015); Figure S3: Expression levels of pea CLE genes in response to nitrate
treatment: the results of the additional experiment. Figure S4: Expression levels of PsCLE12 (A)
and PsCLE13 (B) in transgenic roots. Figure S5: Expression levels of PsTML1 and PsTML2 genes
in PsCLE12-overexpressing (35S::PsCLE12) and PsCLE13-overexpressing (35S::PsCLE13) transgenic
roots: the results of the additional experiment Table S1: List of primers used for qPCR analysis.
Reference [33] is cited in the supplementary materials.

Author Contributions: Conceptualization, M.A.L. and L.A.L.; investigation, M.A.L., D.S.S. and
D.A.D.; writing—original draft preparation, M.A.L., writing —review and editing L.A.L. and V.A.Z.;
supervision, M.A.L., project administration, funding acquisition—V.A.Z. and L.A.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This project was supported by the Russian Science Foundation project No. 21-66-00012
(overexpression study) and the grant from St. Petersburg State University ID: 93020341 (gene
expression analysis).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The authors thank the Research Resource Center for Molecular and Cell Tech-
nologies of Saint-Petersburg State University for the equipment used in this study and for
the sequencing.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/agronomy12112840/s1
https://www.mdpi.com/article/10.3390/agronomy12112840/s1


Agronomy 2022, 12, 2840 9 of 10

References
1. Gautrat, P.; Laffont, C.; Frugier, F.; Ruffel, S. Nitrogen systemic signaling: From symbiotic nodulation to root acquisition. Trends

Plant Sci. 2021, 26, 392–406. [CrossRef] [PubMed]
2. Soyano, T.; Hirakawa, H.; Sato, S.; Hayashi, M.; Kawaguchi, M. Nodule Inception Creates a long-distance negative feedback loop

involved in homeostatic regulation of nodule organ production. Proc. Natl. Acad. Sci. USA 2014, 111, 14607–14612. [CrossRef]
[PubMed]

3. Laffont, C.; Ivanovici, A.; Gautrat, P.; Brault, M.; Djordjevic, M.A.; Frugier, F. The NIN transcription factor coordinates CEP and
CLE signaling peptides that regulate nodulation antagonistically. Nat. Commun. 2020, 11, 3167. [CrossRef] [PubMed]

4. Reid, D.E.; Ferguson, B.J.; Hayashi, S.; Lin, Y.-H.; Gresshoff, P.M. Molecular mechanisms controlling legume autoregulation of
nodulation. Ann. Bot. 2011, 108, 789–795. [CrossRef]

5. Searle, I.R.; Men, A.E.; Laniya, T.S.; Buzas, D.M.; Iturbe-Ormaetxe, I.; Carroll, B.J.; Gresshoff, P.M. Long-distance signaling in
nodulation directed by a CLAVATA1-like receptor kinase. Science 2003, 299, 109–112. [CrossRef] [PubMed]

6. Krusell, L.; Madsen, L.H.; Sato, S.; Aubert, G.; Genua, A.; Szczyglowski, K.; Duc, G.; Kaneko, T.; Tabata, S.; De Bruijn, F. Shoot
control of root development and nodulation is mediated by a receptor-like kinase. Nature 2002, 420, 422–426. [CrossRef]

7. Schnabel, E.; Journet, E.-P.; de Carvalho-Niebel, F.; Duc, G.; Frugoli, J. The medicago truncatula SUNN gene encodes a CLV1-like
leucine-rich repeat receptor kinase that regulates nodule number and root length. Plant Mol. Biol. 2005, 58, 809–822. [CrossRef]

8. Nishimura, R.; Hayashi, M.; Wu, G.-J.; Kouchi, H.; Imaizumi-Anraku, H.; Murakami, Y.; Kawasaki, S.; Akao, S.; Ohmori, M.;
Nagasawa, M. HAR1 mediates systemic regulation of symbiotic organ development. Nature 2002, 420, 426–429. [CrossRef]

9. Reid, D.E.; Ferguson, B.J.; Gresshoff, P.M. Inoculation- and nitrate-Induced CLE peptides of soybean control NARK-dependent
nodule formation. MPMI 2011, 24, 606–618. [CrossRef]

10. Okamoto, S.; Ohnishi, E.; Sato, S.; Takahashi, H.; Nakazono, M.; Tabata, S.; Kawaguchi, M. Nod factor/nitrate-induced CLE genes
that drive HAR1-mediated systemic regulation of nodulation. Plant Cell Physiol. 2009, 50, 67–77. [CrossRef]

11. Mortier, V.; Den Herder, G.; Whitford, R.; Van de Velde, W.; Rombauts, S.; D’haeseleer, K.; Holsters, M.; Goormachtig, S. CLE
peptides control medicago truncatula nodulation locally and systemically. Plant Physiol. 2010, 153, 222–237. [CrossRef] [PubMed]

12. Mens, C.; Hastwell, A.H.; Su, H.; Gresshoff, P.M.; Mathesius, U.; Ferguson, B.J. Characterisation of medicago truncatula CLE34
and CLE35 in nitrate and rhizobia regulation of nodulation. New Phytol. 2021, 229, 2525–2534. [CrossRef] [PubMed]

13. Lebedeva, M.; Azarakhsh, M.; Yashenkova, Y.; Lutova, L. Nitrate-induced CLE Peptide systemically inhibits nodulation in
medicago truncatula. Plants 2020, 9, 1456. [CrossRef]

14. Moreau, C.; Gautrat, P.; Frugier, F. Nitrate-induced CLE35 signaling peptides inhibit nodulation through the SUNN receptor and
MiR2111 repression. Plant Physiol. 2021, 185, 1216–1228. [CrossRef] [PubMed]

15. Tsikou, D.; Yan, Z.; Holt, D.B.; Abel, N.B.; Reid, D.E.; Madsen, L.H.; Bhasin, H.; Sexauer, M.; Stougaard, J.; Markmann, K. Systemic
control of legume susceptibility to rhizobial infection by a mobile MicroRNA. Science 2018, 362, 233–236. [CrossRef]

16. Takahara, M.; Magori, S.; Soyano, T.; Okamoto, S.; Yoshida, C.; Yano, K.; Sato, S.; Tabata, S.; Yamaguchi, K.; Shigenobu, S. Too
much love, a novel kelch repeat-containing F-Box protein, functions in the long-distance regulation of the legume–rhizobium
symbiosis. Plant Cell Physiol. 2013, 54, 433–447. [CrossRef]

17. Gautrat, P.; Mortier, V.; Laffont, C.; De Keyser, A.; Fromentin, J.; Frugier, F.; Goormachtig, S. Unraveling new molecular players
involved in the autoregulation of nodulation in medicago truncatula. J. Exp. Bot. 2019, 70, 1407–1417. [CrossRef]

18. Nishida, H.; Handa, Y.; Tanaka, S.; Suzaki, T.; Kawaguchi, M. Expression of the CLE-RS3 gene suppresses root nodulation in lotus
japonicus. J. Plant Res. 2016, 129, 909–919. [CrossRef]

19. Samorodova, A.P.; Tvorogova, V.E.; Tkachenko, A.A.; Potsenkovskaya, E.A.; Lebedeva, M.A.; Tikhonovich, I.A.; Lutova, L.A.
Agrobacterial tumors interfere with nodulation and demonstrate the expression of nodulation-induced CLE genes in pea. J. Plant
Physiol. 2018, 221, 94–100. [CrossRef]

20. Lullien, V.; Barker, D.G.; de Lajudie, P.; Huguet, T. Plant gene expression in effective and ineffective root nodules of alfalfa
(Medicago sativa). Plant Mol. Biol. 1987, 9, 469–478. [CrossRef]

21. Afonin, A.M.; Gribchenko, E.S.; Zorin, E.A.; Sulima, A.S.; Zhukov, V.A. DNA methylation patterns differ between free-living
Rhizobium leguminosarum RCAM1026 and bacteroids formed in symbiosis with pea (Pisum Sativum L.). Microorganisms 2021, 9,
2458. [CrossRef] [PubMed]

22. Barker, D.G.; Pfaff, T.; Moreau, D.; Groves, E.; Ruffel, S.; Lepetit, M.; Whitehand, S.; Maillet, F.; Nair, R.M.; Journet, E.P. Growing M.
Truncatula: Choice of substrates and growth conditions. In The Medicago Truncatula Handbook; Samuel Roberts Noble Foundation:
Ardmore, OK, USA, 2006.

23. Osipova, M.A.; Mortier, V.; Demchenko, K.N.; Tsyganov, V.E.; Tikhonovich, I.A.; Lutova, L.A.; Dolgikh, E.A.; Goormachtig, S.
Wuschel-Related Homeobox5 Gene expression and interaction of CLE peptides with components of the systemic control add two
pieces to the puzzle of autoregulation of nodulation. Plant Physiol. 2012, 158, 1329–1341. [CrossRef] [PubMed]

24. Schindelin, J.; Rueden, C.T.; Hiner, M.C.; Eliceiri, K.W. The imagej ecosystem: An open platform for biomedical image analysis.
Mol. Reprod. Dev. 2015, 82, 518–529. [CrossRef] [PubMed]

25. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

26. Okonechnikov, K.; Golosova, O.; Fursov, M.; UGENE Team. Unipro UGENE: A unified bioinformatics toolkit. Bioinformatics 2012,
28, 1166–1167. [CrossRef] [PubMed]

http://doi.org/10.1016/j.tplants.2020.11.009
http://www.ncbi.nlm.nih.gov/pubmed/33358560
http://doi.org/10.1073/pnas.1412716111
http://www.ncbi.nlm.nih.gov/pubmed/25246578
http://doi.org/10.1038/s41467-020-16968-1
http://www.ncbi.nlm.nih.gov/pubmed/32576831
http://doi.org/10.1093/aob/mcr205
http://doi.org/10.1126/science.1077937
http://www.ncbi.nlm.nih.gov/pubmed/12411574
http://doi.org/10.1038/nature01207
http://doi.org/10.1007/s11103-005-8102-y
http://doi.org/10.1038/nature01231
http://doi.org/10.1094/MPMI-09-10-0207
http://doi.org/10.1093/pcp/pcn194
http://doi.org/10.1104/pp.110.153718
http://www.ncbi.nlm.nih.gov/pubmed/20348212
http://doi.org/10.1111/nph.17010
http://www.ncbi.nlm.nih.gov/pubmed/33067828
http://doi.org/10.3390/plants9111456
http://doi.org/10.1093/plphys/kiaa094
http://www.ncbi.nlm.nih.gov/pubmed/33793938
http://doi.org/10.1126/science.aat6907
http://doi.org/10.1093/pcp/pct022
http://doi.org/10.1093/jxb/ery465
http://doi.org/10.1007/s10265-016-0842-z
http://doi.org/10.1016/j.jplph.2017.12.005
http://doi.org/10.1007/BF00015878
http://doi.org/10.3390/microorganisms9122458
http://www.ncbi.nlm.nih.gov/pubmed/34946059
http://doi.org/10.1104/pp.111.188078
http://www.ncbi.nlm.nih.gov/pubmed/22232385
http://doi.org/10.1002/mrd.22489
http://www.ncbi.nlm.nih.gov/pubmed/26153368
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://doi.org/10.1093/bioinformatics/bts091
http://www.ncbi.nlm.nih.gov/pubmed/22368248


Agronomy 2022, 12, 2840 10 of 10

27. Alves-Carvalho, S.; Aubert, G.; Carrère, S.; Cruaud, C.; Brochot, A.-L.; Jacquin, F.; Klein, A.; Martin, C.; Boucherot, K.;
Kreplak, J.; et al. Full-length de novo assembly of RNA-Seq Data in Pea (Pisum sativum L.) Provides a Gene expression
atlas and gives insights into root nodulation in this species. Plant J. 2015, 84, 1–19. [CrossRef]

28. Lebedeva, M.; Dvornikova, K.; Lutova, L. Nitrate-Induced MtCLE34 gene lacks the ability to reduce symbiotic nodule number
and carries nonsense mutation in a few accessions of medicago truncatula. Agronomy 2022, 12, 842. [CrossRef]

29. Gu, B.; Chen, Y.; Xie, F.; Murray, J.D.; Miller, A.J. Inorganic nitrogen transport and assimilation in Pea (Pisum Sativum). Genes 2022,
13, 158. [CrossRef]

30. Konishi, M.; Yanagisawa, S. Identification of a Nitrate-responsive Cis-element in the arabidopsis NIR1 promoter defines the
presence of multiple Cis-regulatory elements for nitrogen response. Plant J. 2010, 63, 269–282. [CrossRef]

31. Zhukov, V.A.; Zhernakov, A.I.; Kulaeva, O.A.; Ershov, N.I.; Borisov, A.Y.; Tikhonovich, I.A. De novo assembly of the pea (Pisum
Sativum L.) Nodule Transcriptome. Int. J. Genom. 2015, 2015, e695947. [CrossRef]

32. Hastwell, A.H.; Corcilius, L.; Williams, J.T.; Gresshoff, P.M.; Payne, R.J.; Ferguson, B.J. Triarabinosylation is required for
nodulation-suppressive CLE peptides to systemically inhibit nodulation in Pisum Sativum. Plant Cell Environ. 2019, 42, 188–197.
[CrossRef] [PubMed]

33. Die, J.V.; Román, B.; Nadal, S.; González-Verdejo, C.I. Evaluation of candidate reference genes for expression studies in Pisum
sativum under different experimental conditions. Planta 2010, 232, 145–153. [CrossRef] [PubMed]

http://doi.org/10.1111/tpj.12967
http://doi.org/10.3390/agronomy12040842
http://doi.org/10.3390/genes13010158
http://doi.org/10.1111/j.1365-313X.2010.04239.x
http://doi.org/10.1155/2015/695947
http://doi.org/10.1111/pce.13325
http://www.ncbi.nlm.nih.gov/pubmed/29722016
http://doi.org/10.1007/s00425-010-1158-1
http://www.ncbi.nlm.nih.gov/pubmed/20379832

	Introduction 
	Materials and Methods 
	Plant Material, Bacterial Strains, and Growth Conditions 
	Nitrate Treatment 
	Molecular Cloning 
	Agrobacterium Rhizogene-Mediated Pea Transformation 
	RNA Extraction and cDNA Synthesis 
	Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) Analysis 
	Statistical Methods and Computer Software 

	Results 
	Nodulation-Related CLE Genes in Pea and their Expression Levels in Response to Rhizobial Inoculation and Nitrate Treatment 
	Overexpression of the PsCLE12 and PsCLE13 Genes Suppresses Nodulation 
	35S::PsCLE12 and 35S::PsCLE13 Transgenic Roots Demonstrate the Upregulation of Pea Homologues of TOO MUCH LOVE Genes 

	Discussion 
	References

