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Abstract: CLE genes encode a group of small secretory peptides, which regulate cell proliferation and
differentiation in plants. CLE genes have been studied in many plants; however, little is known about
this gene family in potato. In this study, we characterized members of the CLE gene family in potato
Solanum tuberosum (StCLE) and comprehensively analyzed their phylogenetic relationships, structure,
and expression patterns. Using available transcriptomic data, we found a relative high expression
level of StCLES, StCLE12, and StCLE13 in stolons and tubers. Real-time PCR analysis showed that the
StCLE23 gene was upregulated by water deficiency, whereas the expression of StCLE4 and StCLE10
was induced by nitrogen supply. Besides that, using data from transcriptomic studies obtained
previously for plants with the induction the StBEL5 gene, a positive regulator of tuber development,
we found that StCLE4 was among genes upregulated in response to StBEL5 induction, suggesting that
StCLE4 could be a target of StBEL5 transcription factor. However, we did not reveal a direct binding
of StBELS5 to the regulatory sequences of StCLE4 using yeast one-hybrid assay. Taken together, our
data provide basic information for future functional studies of CLE peptides in potato growth and

tuberization and in response to various environmental stimuli.
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1. Introduction

CLAVATA3/EMBRYO SURROUNDING REGION (CLE) peptides are a group of
post-translationally modified peptide hormones that act as mediators of cell-to-cell commu-
nication. CLE peptides are produced from larger polypeptide precursors, which contain
an N-terminal signal peptide, a variable domain, and conserved CLE domain near the
C-terminus [1,2]. Then, CLE domain undergoes proteolytic processing and some post-
translational modifications to yield the functional CLE peptide. In Arabidopsis, CLE peptides
control cell divisions of stem cell in different types of plant meristems including the shoot
apical meristem (AtCLV3) [3], the root apical meristem (AtCLE40 and AtCLE19) [4,5], and
the vascular meristem (tracheary element differentiation inhibitory factor (TDIF) peptides,
which are encoded by AtCLE41 and AtCLE44) [6]. CLE peptides also play roles in sym-
biosis, parasitism, and responses to abiotic cues (reviewed in [7]). Although the CLE gene
family has been studied in many plants, there is still a lack of research on the phylogenetic
relationship and expression of the CLE gene family in potato Solanum tuberosum L. (StCLE).
Potato, a perennial herbaceous plant that forms edible tubers, is one of the world’s most
important food crops. In the present study, we annotated 41 StCLE genes and analyzed
expression levels of the StCLE genes in different tissues and conditions. Tuber development
is associated with active cell divisions that led to thickening of the stolon. TDIF peptides in
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other plants were shown to participate in regulation of secondary thickening in the root and
shoot [8,9]. Using transcriptomic data, we found relative high expression level of potato
TDIF-like genes in stolons and tubers, suggesting these CLE peptides could be involved
in tuber growth regulation. Tuberization is regulated by environmental factors such as
nitrogen supply, day length, water availability, and temperature. Here, we identified
candidate CLE peptides that could mediate signaling from these environmental factors.
We found that the StCLE10 and StCLE4 were induced in potato roots under N-rich growth
conditions. Furthermore, we found that StCLE23 expression was induced in roots under
dehydration stress condition. In addition to this, based on available transcriptomic data we
found that StCLE4 could be regulated by StBEL5 transcription factor, which was previously
characterized as a short-day activated inductor of tuberization. Therefore, in this study
we identified CLE peptides that could be potentially involved in response to water stress,
nitrate-induced reactions, and regulation of tuberization.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

The study was performed with the widely used Solanum tuberosum L. cv. Désirée.
Plants were propagated by two-node stem cuttings and grown in vitro on Murashige-Skoog
(MS) medium with 0.8% (w/v) agar and 1% sucrose under long-day conditions (16 h light:
8 h dark) at 22 °C. Induction of dehydration stress was performed as described in [10] using
14 days-old plantlets. MS medium for different N-availability conditions was modified as
described in [11]. Two-node stem cuttings were kept on N-depleted or N-rich medium for
14 days (shoots were transferred to the fresh medium of the same composition every 7 d)
until roots were formed on the shoots.

2.2. Identification and Phylogenetic Analysis of CLE Genes

To identify CLE genes in potato, BLASTN and TBLASTN analyses with all the Arabidop-
sis thaliana and known Solanum lycopersicum CLEs as queries were used against genomic
sequences of S. tuberosum group Phureja DM1-3 516 R44 available at https:/ /www.ncbi.
nlm.nih.gov/genome /?term=txid4113[orgn] (accessed on 13 May 2021). Alignment of CLE
amino acid (AA) sequences (Table S1) was generated by MEGA7 software using the muscle
algorithm [12]. A phylogenetic tree with 1,000 bootstrap replicates was constructed using
MEGAY7 neighbor-joining method with default parameters [12].

2.3. Gene Structure and Conserved Domain Identification

The exon-intron structures and chromosomal locations for the StCLE genes were
retrieved from the Phytozome v12 (http://www.phytozome.net/ (accessed on 13 May
2021)). The chromosomal locations were visualized by MapInspect software (http://www.
softsea.com/download /Maplnspect.html (accessed on 13 May 2021)). The conserved
residues of CLE peptides were visualized by the MEME program (version 5.1.0, http:
/ /alternate.meme-suite.org/tools/meme (accessed on 13 May 2021)) [13] with default
parameters. Signal peptides were predicted by Signal P 5.0 server [14,15].

2.4. RNA-seq Data Analysis

RNA-seq data were obtained from NCBI project PRJEB2430. Reads quality control
was performed with FASTQC (v. 0.11.5) (http:/ /www.bioinformatics.babraham.ac.uk/
projects/fastqc/ (accessed on 13 May 2021)). The bbduk program from bbtools suite
(v. 37.23) (https://jgi.doe.gov/data-and-tools/bbtools/ (accessed on 13 May 2021)) was
used to filter reads from mitochondrial, plastid, ribosomal potato DNA, and technical
artifacts. TPM (transcripts per kilobase million) values of StCLEs for various tissues were
counted using kallisto [16]. As target sequences coding sequences of DM_1-3_516_R44 v6.1
from SpudDB (http://solanaceae.plantbiology.msu.edu (accessed on 13 May 2021)) were
taken. For heatmap construction the heatmap.2 function of the R package was used.
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2.5. Quantitative RI-PCR Analysis

Total RNA was isolated using a Trizol reagent (Invitrogen, Waltham, MA, USA).
First-strand cDNA was synthesized from 500 pg of total RNA using oligodT primers and
RevertAid reverse transcriptase (Thermo Scientific, Waltham, MA, USA). Quantitative
RT-PCR was performed with EvaGreen intercalating dye (Syntol, Novosibirsk, Russia)
using CFX96 (BioRad, Hercules, CA, USA). Relative expression was normalized against
the ubiquitin gene (PGSC0003DMT400011939). Primers used are listed in Table S2. Each
sample was tested in three technical repeats. At least three biological replicates were used
in each experiment. The statistical significance was evaluated by Student’s -test.

2.6. Yeast One-Hybrid Assay

Transformation of Saccharomyces cerevisiae (strain Y2H Gold (Clontech)) was performed
as described in [17]. The promoter fragments of StCLE4 and StSP6A genes (Table S3) were
cloned into the pHISLEU2GW (kindly provided by Dr Rogers from Cardiff University)
destination vector. Coding sequences of StBEL5 was introduced into pDEST22 (Invitrogen,
Waltham, MA, USA). A yeast one-hybrid assay was performed as described in [18]. The
primers used for cloning are listed in Table S2.

3. Results
3.1. Identification and Phylogenetic Analysis of the CLE Family Genes in Solanum tuberosum

Previously, Goad et al. [19] analyzed genomic data from 57 plant species, and as a
result, 21 CLE-like sequences were identified in potato genome database. However, no
comprehensive analysis of these sequences was carried out, and other CLE genes may
remain unidentified in potato. In this study, we identified previously unknown CLE genes
in potato database and analyzed their sequences. To achieve this, the sequences of all
previously reported CLE genes from Arabidopsis thaliana and Solanum lycopersicum (AtCLEs
and SICLEs, respectively) were used as queries to perform BLASTN and TBLASTN searches
against potato genome at SpudDB (http:/ /solanaceae.plantbiology.msu.edu (accessed on
13 May 2021)) and NCBI (S. tuberosum group Phureja DM1-3 516 R44). As a result, we
identified 41 CLE genes in potato (Table S4), including 20 new genes that have not been
identified by Goad et al. [19]. Eighteen genes (StCLE24-41) have not been annotated
previously as coding sequences possibly due to fact that StCLE genes are often missed by
many standard annotation pipelines [19].

Analysis of chromosomal location showed that the StCLE genes were distributed
throughout all 12 potato chromosomes except for chromosome 6, which does not contain
CLE genes (Figure 1). The CLE genes StCLE26 and StCLE27 are located very close to each
other (approximately 4 kb apart) and have similar sequences (88% identity), suggesting
that they possibly emerged from tandem duplications.

Most of the StCLE genes lacked introns, with the exception of five genes (StCLE14,
StCLE15, StCLE19, StCLE29, and StCLE30). For the StCLE14 gene, two protein isoforms
with different length (164 AA for isoform 1 and 144 AA for isoform 2) were found in NCBI
database due to the presence of second intron in transcript variant X2. The StCLE proteins
contain 66 (StCLE31) to 163 (StCLE14) AA. Like the CLE proteins in other plants [1], potato
CLEs also have a signal peptide at the N-terminus, a central variable domain, and a 12
AA CLE domain at the C-terminus. Similar to SICLEs and AtCLEs, all identified StCLE
proteins contain only one CLE domain. The online MEME software was used to visualize
the conserved residues within 12 AA StCLE domains (Figure 2a). Moreover, we also
searched for CLE homologs in the Solanum lycopersicum genome and found 16 previously
unidentified CLE genes in addition to previously characterized 15 CLE genes (SICLE1-
15) in the tomato genome [20] (Table S5). To do this, BLASTN search against Solanum
lycopersicum cv. “Heinz-1706" genome using potato and Arabidopsis CLE genes as queries
were performed. The sequence consensus over the whole StCLE family was slightly
different from one generated for AtCLEs and SICLEs (Figure 2a); however, six residues


http://solanaceae.plantbiology.msu.edu

Agronomy 2021, 11, 984

4of11

25

CLE29
CLEG6
CLE38

50

s CLET

Mb

(@

A. thaliana

chr 1

(R, P4, Gg, P7, Py, and Hyp) within CLE domain were found to be highly conserved in

Arabidopsis, tomato, and potato CLEs (Figure 2a).

chr2 chr 3

CLE28

chr 4

CLE27
CLE26
CLEIS8
CLEY
CLE7
CLEI9

chrs chr 6 chr 7 chr 8

CLE3 CLE2

CLE33 CLE40

CLES

(.
Q
e

CLE23 CLEI2

CLEIO
CLEI]
CLE34

CLE14
' CLE32

CLE35

CLE22

CLEI7 CLEI3

chr9

CLE25
CLE36

CLES
CLE24

CLE39

chr 10 chr 11 chr 12
CLE4
CLE41
CLE20
CLE30
CLEIS
CLE37
CLEI6

Figure 1. The distribution of StCLE genes on Solanum tuberosum chromosomes.
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Figure 2. Phylogenetic tree and sequence analysis of CLE peptides. (a) Sequence logos for conserved CLE domain of
AtCLEs, StCLEs, and SICLEs visualized by MEME; (b) phylogenetic tree of A. thaliana (green triangles), S. lycopersicum (red
circles), and S. tuberosum (orange squares) CLE protein families. Alignment was done by MEGA7 software with the muscle

algorithm using the AA sequences of CLE proteins.
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To study the phylogenetic relationship of the StCLE family members to Arabidopsis
and tomato CLEs, an unrooted neighbor-joining phylogenetic tree, based on multiple
alignments of the AA sequences of the CLEs, was created (Figure 2b, Figure S1). As
expected, a perfect match was observed for potato CLEs with tomato CLEs (for example,
StCLE7 and SICLE?). Phylogenetic analysis also showed that there were some closely
related homologous CLEs between potato and Arabidopsis. For example, StCLE7 and
StCLE21 demonstrated high similarity with AtCLE45 that is involved in regulation of
pollen tube growth and protophloem differentiation [21,22]. StCLE12 and StCLES had
identical CLE domain to AtCLE41 and AtCLE44, which play crucial roles in vascular
meristem maintenance [23]. AtCLE46 and StCLE30 grouped together, but little is known
about functions of AtCLE46. The StCLE4, StCLE5, StCLE10, StCLE11, StCLE24, StCLE25,
StCLE34, and StCLE36 group is close to nitrate-regulated CLE peptides of A. thaliana
(AtCLE1,-3,-4,-7) [24,25]. For other proteins, no clear homology with AtCLEs was found.

3.2. Expression Profiles of StCLE Genes in Different Tissues According to Transcriptomic Data

To provide some clues on the roles of the StCLE genes in potato growth, the expression
profiles of the StCLE genes in shoot apex, flower, leaf, petiole, stem, stolon (modified shoot,
which gives rise to potato tuber), tuber (young and mature), and root were analyzed using
transcriptomic data from NCBI database (Figure 3). Reads were filtered and counted with
kallisto [16]. Fourteen genes (StCLE2, -5, -10, -15, -18, -25, -27, -29, -32, -34, -35, -38, -40, and
-41) were excluded from the heatmap analysis because they had zero expression levels in
all examined tissues. Twelve StCLE genes (StCLE3, -4, -6, -11, -14, -20, -21, -22, -24, -26, -31,
and -36) demonstrated low expression levels or lack of expression in most of the analyzed
tissues. Five other StCLEs (StCLE9, -12, -13, -23, and -30), on the contrary, demonstrated
high expression levels in almost all analyzed tissues. Ten StCLE genes (StCLE1, -7, -8,
-16, -17, -19, -28, -33, -37, and -39) are highly expressed in some tissues. Several StCLE
genes showed tissue-specific expression patterns. For example, StCLE8 was found to show
abundant expression in shoot apeX, stolon, tubers, and root, but had lower expression levels
in flower, petiole, and leaf. Three StCLE genes, namely StCLE12, StCLES, and StCLE13,
were highly expressed in stolon and tubers, suggesting that corresponding CLE peptides
could be involved in tuber growth regulation.
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Figure 3. Expression profiles of StCLE genes with hierarchical clustering in different parts of potato
and at two stages of tuber development (young and mature tubers). Log2 based TPM value was
used to create the heatmap. The color scale represents the relative signal intensity of TPM values; red
indicates high transcript abundance, and blue indicates low abundance. Zero expression (TPM = 0)
or low expression are represented by the grey color.
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3.3. Expression Profiles of StCLE in Response to Environmental Factors
3.3.1. Expression of StCLEs in Response to Dehydration Stress

In Arabidopsis and other plants, several CLE peptides were found to be involved in
responses to abiotic cues. Specifically, the AtCLE25 gene expression is induced in the root
in response to dehydration stress, and AtCLE25 systemically activates signaling pathway
that leads to stomatal closure thereby enhancing the resistance to dehydration stress [10].
Interestingly, AtCLE25 is also involved in protophloem cell differentiation [26]. In potato,
StCLE6 and StCLE19 are grouped together with AtCLE25 according to phylogenetic analy-
sis (Figure 2b). According to expression data collected previously by [27], StCLE19 was
expressed in phloem, as well as StCLE12, which showed a closer relationship to Arabidopsis
CLE41/44 peptides involved in regulation of cambium cell proliferation and vascular
development [21,28]. In our experiment after dehydration for four hours, we found no
activation of StCLE6 and StCLE19 in roots in response to dehydration stress. However, the
expression of StCLE23 was increased in response to four hours of dehydration (Figure 4).
StCLE23 does not demonstrate any clear homology with known Arabidopsis CLE peptides,
and its possible role in dehydration stress remains to be investigated in more details.

Dehydration

1 Ohr
4 hr

— e o et

StCLEG StCLEIQ StCLE23

Figure 4. Expression of StCLEs in response to dehydration stress. NS., Not Significant; *, p-value < 0.05.

3.3.2. Expression of StCLEs under Low and High Nitrogen Conditions

In Arabidopsis, the expression levels of AfCLE1, AtCLE3, AtCLE4, and AtCLE7 genes
were found to be induced in roots under nitrogen (N) deficient conditions [24,25]. To
identify genes specifically induced by N deficiency in potato, we evaluated the expression
of StCLE genes (which were grouped with nitrate-regulated CLE peptides of A. thaliana
according to phylogenetic analysis) in the roots of plants exposed to different N-availability
conditions. To do this, we cultivated plants on N-rich medium for two weeks, after which
control plants were kept on the same media (N-rich, 10 mM nitrogen), whereas others
plants were transferred to N-depleted medium without a nitrogen source (0 mM nitrogen).
After 48 h, we estimated the expression levels of StCLE genes in the roots of control and
N-depleted plants. No upregulation of StCLE genes was detected in the roots of plants
cultivated on N-depleted medium. However, we observed downregulation of StCLE4 and
StCLE10 expression levels under N-depleted conditions (Figure 5).
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To check the hypothesis that StCLE4 and StCLE10 gene expression is activated by
high nitrogen content, we first cultivated plants on N-depleted media and then exposed
them to the N-rich or N-depleted media for 48 h. We detected upregulation of StCLE4,
StCLE)5, and StCLE10 expression levels (Figure 6) on N-rich media, suggesting that these
genes are activated under high nitrogen conditions. In legume plants, the CLE genes have
been described that are activated in response to high concentration of nitrate (10 mM) and
mediate nitrate-dependent inhibition of symbiotic nodulation [29-33]. These nodulation-
specific CLE genes belong to the same clade as nitrate-regulated CLE peptides of A. thaliana
(AtCLE1, -3, -4, and -7) [24,25]. Therefore, we suggest that StCLE4, StCLE5, and StCLE10
genes, which also belong to the same clade of nitrate-regulated genes, upregulated by high
N condition could mediate nitrate-dependent processes in potato.

% ) n | * ) NS.
Nitrogen
1 0mM
10 mM
— ——
StCLE4 StCLES StCLEID StCLEI]

Figure 6. StCLE4, StCLE5, and StCLE10 are expressed in roots exposed to the N-rich medium (10 mM NO3;~ and 10 mM
NH,*). NS., Not Significant; *, p-value < 0.05, **, p-value < 0.01.

3.3.3. StBEL5 Transcription Factor as a Possible Regulator of the StCLE4 Gene

StBELS acts as a signal mRNA in potato, which moves from leaves to stolons and
mediates the activation of tuberization [34]. The SP6A protein, also known as tuberigen,
is another mobile regulator of tuber initiation that moves from shoots to stolons and
induces tuberization. Expression of both StBEL5 and SP6A genes is activated by short-day
conditions, which are inductive for tuberization in potato (reviewed in [35]). Sharma
et al. [36] performed transcriptomic studies of plants with elevated StBEL5 expression
levels obtained in ethanol-inducible system and identified approximately 10,000 potential
target genes, including genes involved in the biosynthesis or bioactivity of phytohormones
that regulate tuber development [36]. Interestingly, according to the list of differentially
expressed genes from this study, transcription factor StBEL5 upregulates the expression
of StCLE4 (Figure S2). StBEL5 is known to interact with the tandem TGAC motif in the
promoters of target genes [36]. We found that there are three TGAC motifs in a genomic
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DNA sequence corresponding to 500 bp upstream of the start codon of the StCLE4 gene
(Table S3). To check if these motifs could be bound by StBEL5 transcription factor, we
performed yeast-one-hybrid screening. According to our data, StBEL5 did not bind to
regulatory sequences of the StCLE4 gene (Figure 7). At the same time, in our yeast-
one-hybrid screening StBEL5 demonstrated binding with regulatory sequences from the
promoter of the SP6A gene (Figure 7), which was previously shown to be the direct target
of StBEL5 according to the results of electrophoretic mobility shift assay [36].

StBELS +
promS7SP6A

pDEST22 +
promSzSP6A

StBELS +
promStCLE4

pDEST22 +
promStCLE4

StBELS +
pHisLeu

Figure 7. Yeast-one hybrid assay for transcription factor StBEL5 and StSP6A, StCLE4 promoters.
Cells were spotted on selective media lacking Leu and Trp (-LT) and selective media lacking Leu, Trp,
and His (-LTH), contained the indicated concentrations of 3-Amino-1,2,4-triazole (3AT).

4. Discussions and Conclusions

In this study, we annotated 41 CLE genes in S. tuberosum and analyzed their structures,
phylogenetic relationships, and expression profiles in different tissues of potato and in
responses to abiotic cues.

Expression profiles for StCLEs in different organs suggest that corresponding CLE
peptides could play various roles in potato growth. Specifically, StCLE8 and StCLE12 are
expressed at high levels in stolon and tubers. According to phylogenetic analysis, StCLE8
and StCLE12 peptides showed a closer relationship to Arabidopsis AtCLE41 and AtCLE44
peptides, which promote cambium cell proliferation and inhibit xylem cell differentiation
(TDIF) [21,28] (Figure 2b). It is known that TDIF homologs stimulate radial growth of
shoots and roots in various plants [8,9]. However, during tuberization, active cell divisions
resulting in thickening of stolons occur in the perimedullary region of the stolon, but not in
the cambium [37,38]. The molecular mechanisms that control the changes in cell growth
and proliferation during tuberization have not yet been studied in details, and the increased
expression of TDIF-related StCLES and StCLE12 genes in potato stolons and tubers may
suggest that these genes could be possible regulators of tuberization in the potato.

CLE peptides are known as regulators of plant responses to different environmental
factors, such as nutrient availability and dehydration stress (reviewed in [39]). The potato
is very sensitive to water stress: drought could decrease the photosynthetic rate, leaf area,
tuber number, and weight [40]. We found that expression of the StCLE23 gene was activated
under water stress. In Arabidopsis, the AtCLE25 peptide acts as a water-deficiency signal
and mediates stomatal control [10]. However, StCLE23 does not show high similarity
to AtCLE25. StCLE23 clustered together with AtCLE10 that was reported to regulate
protoxylem vessel formation in roots [41]. However, in comparison with AtCLE10, the
StCLE23 peptide has two substitutions in the CLE domain sequence (Ry-to-L, and Ts-to-Ss),
that might confer novel functions to this peptide in the potato. Single AA substitutions
in the CLE domain are known to essentially affect function of the corresponding CLE
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peptide. For example, Arabidopsis AtCLE25 is involved in dehydration response, but its
close homologue, AtCLE26, which differs from CLE25 only by one AA substitution, is
not involved in the dehydration stress response [10]. Future studies should elucidate
whether the StCLE23 peptide is involved in the dehydration response pathway similar to
AtCLE25-activated one, or it acts through other signaling pathways.

In addition to dehydration stress, CLE peptides were also shown to be involved in
the N-nutritional response. In Arabidopsis, AtCLE], -3, -4, and -7 peptides locally regulate
lateral root development under N-limited growth condition [25]. In legume plants, CLE
peptides were found that mediate systemic response to nitrate and transmit signal about N
availability from the root to the shoot [42]. In our study we found that expression of StCLE4,
StCLES, and StCLE10 was activated in the roots, which were exposed to the N-rich medium.
These genes are closely related to nitrate-regulated CLE peptides of A. thaliana, suggesting
that they could be involved in nitrogen-depended regulation of potato development and
a possible negative regulation of tuberization, the latter is known to be inhibited by a
high nitrogen amount. The low amount of nitrogen is one of the signals indicating the
end of the growing season, and it induces tuberization in the potato. We can speculate
that downregulation of StCLE4, StCLE5, and StCLE10 under N-depleted conditions could
have stimulating effect on tuberization; however, further experiments are required to check
this hypothesis.

Other environmental factors that control tuberization include day length and temper-
ature. Tuberization is inhibited by long days and high temperatures and is stimulated by
short days and low positive temperatures [43,44]. Therefore, in a changing environmental
condition, different kinds of mobile signals can mediate organ-to-organ communication
regulating tuber formation. Two mobile signals, which are produced in the leaves un-
der short-days condition and transported to the stolons to induce tuber formation, are
known. The first one represents the StSP6A protein, a member of flowering locus T (FT)-
like protein family, involved in photoperiodic regulation of flowering and some other
developmental processes (reviewed in [39]). It is known that heat-mediated inhibition of
tuber growth correlated with downregulation of StSP6A expression [45]. Another mobile
signal transported from leaves to stolons and stimulating tuberization represents mRNA
of homeodomain transcription factor StBEL5 [36]. Using transcriptomic data, we found
that the StCLE4 expression level was increased upon StBEL5 activation, suggesting that
StCLE4 could be a potential target of StBEL5 transcription factors. Importantly, StCLE4 is
also upregulated at high-nitrogen conditions according to our data; therefore, this gene
can combine regulatory signals derived from different environmental regulators, including
photoperiod-dependent StBEL5-mediated pathway and nitrogen-induced one. To check
the possibility that the StCLE4 gene could be directly regulated by StBELS5 transcription
factor, we performed yeast-one-hybrid assay. However, the direct interaction of StBEL5
with the regulatory sequences of the StCLE4 gene was not found in our assay. Therefore,
either StBEL5 transcription factor activates StCLE4 by binding other regulatory sequences
within its promoter that were not included in the 500 bp-upstream region used in this assay,
or StBELS5 indirectly regulates StCLE4 expression. Functional analysis of the StCLE4 gene
and its possible regulation by different environmental cues is of great interest and should
be addressed in future studies.

Taken together, the present study provides comprehensive analysis of the CLE genes
in the potato that allowed selecting candidate genes for further functional analysis in potato
tuber development and response to environmental cues.
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pAlc:StBELS in stolons on the activity of StCLE4, Table S1: AA sequences of CLE proteins used for
phylogenetic tree construction, Table S2: List of primers, Table S3: Promoter regions of StSP6A and
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https://www.mdpi.com/article/10.3390/agronomy11050984/s1
https://www.mdpi.com/article/10.3390/agronomy11050984/s1

Agronomy 2021, 11, 984 10 of 11

Author Contributions: Conceptualization, all authors; methodology, all authors; validation, M.G.;
investigation, M.G.; writing—original draft preparation, M.G.; writing—review and editing, L.D.,
M.L. and L.L.; visualization, M.G.; supervision, L.D. and L.L.; funding acquisition, L.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was funded by Ministry of Science and Higher Education of the Russian
Federation in accordance with agreement Ne 075-15-2020-922 date 16.11.2020 on providing a grant in
the form of subsidies from the Federal budget of Russian Federation. The grant was provided for
state support for the creation and development of a World-class Scientific Center “Agrotechnologies
for the Future”.

Acknowledgments: Authors acknowledge the Research Resource Center for Molecular and Cell
Technologies of Saint-Petersburg State University for DNA sequencing.

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

References

1. Oelkers, K.; Goffard, N.; Weiller, G.E.; Gresshoff, P.M.; Mathesius, U.; Frickey, T. Bioinformatic analysis of the CLE signaling
peptide family. BMC Plant Biol. 2008, 8, 1. [CrossRef] [PubMed]

2. Jun,],; Fiume, E.; Roeder, A.H.; Meng, L.; Sharma, V.K.; Osmont, K.S.; Baker, C.; Ha, C.M.; Meyerowitz, E.M.; Feldman, L.J.; et al.
Comprehensive Analysis of CLE Polypeptide Signaling Gene Expression and Overexpression Activity in Arabidopsis. Plant
Physiol. 2010, 154, 1721-1736. [CrossRef]

3. Fletcher, J.C. Signaling of Cell Fate Decisions by CLAVATAS3 in Arabidopsis Shoot Meristems. Science 1999, 283, 1911-1914.
[CrossRef] [PubMed]

4.  Hobe, M,; Brand, U.; Miiller, R.; Griinewald, M.; Simon, R. Loss of CLE40, a protein functionally equivalent to the stem cell
restricting signal CLV3, enhances root waving in Arabidopsis. Dev. Genes Evol. 2003, 213, 371-381. [CrossRef]

5. Casamitjana-Martinez, E.; Hofhuis, H.F,; Xu, J.; Liu, C.-M.; Heidstra, R.; Scheres, B. Root-Specific CLE19 Overexpression and the
sol1/2 Suppressors Implicate a CLV-like Pathway in the Control of Arabidopsis Root Meristem Maintenance. Curr. Biol. 2003, 13,
1435-1441. [CrossRef]

6. Hirakawa, Y.; Kondo, Y.; Fukuda, H. Regulation of Vascular Development by CLE Peptide-receptor Systems. |. Integr. Plant Biol.
2010, 52, 8-16. [CrossRef]

7. Yamaguchi, Y.L.; Ishida, T.; Sawa, S. CLE peptides and their signaling pathways in plant development. J. Exp. Bot. 2016, 67,
4813-4826. [CrossRef]

8. Li, X,; Yang, H.; Wang, C.; Yang, S.; Wang, J. Distinct transgenic effects of poplar TDIF genes on vascular development in
Arabidopsis. Plant Cell Rep. 2018, 37, 799-808. [CrossRef] [PubMed]

9.  Gancheva, M.S,; Dodueva, LE.; Lebedeva, M.A.; Tvorogova, V.E; Tkachenko, A.A.; Lutova, L.A. Identification, expression, and
functional analysis of CLE genes in radish (Raphanus sativus L.) storage root. BMIC Plant Biol. 2016, 16, 7. [CrossRef]

10. Takahashi, F; Suzuki, T.; Osakabe, Y.; Betsuyaku, S.; Kondo, Y.; Dohmae, N.; Fukuda, H.; Yamaguchi-Shinozaki, K.; Shinozaki,
K. A small peptide modulates stomatal control via abscisic acid in long-distance signalling. Nat. Cell Biol. 2018, 556, 235-238.
[CrossRef] [PubMed]

11. Ohkubo, Y,; Tanaka, M.; Tabata, R.; Ogawa-Ohnishi, M.; Matsubayashi, Y. Shoot-to-root mobile polypeptides involved in systemic
regulation of nitrogen acquisition. Nat. Plants 2017, 3, 17029. [CrossRef] [PubMed]

12.  Kumar, S; Stecher, G.; Tamura, K. MEGA?7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets. Mol. Biol.
Evol. 2016, 33, 1870-1874. [CrossRef] [PubMed]

13. Bailey, T.L.; Boden, M.; Buske, F.A ; Frith, M.; Grant, C.E.; Clementi, L.; Ren, ]J.; Li, WW.; Noble, W.S. MEME SUITE: Tools for
motif discovery and searching. Nucl. Acids Res. 2009, 37, 202-208. [CrossRef]

14. Armenteros, ].J.A.; Tsirigos, K.D.; Senderby, C.K.; Petersen, T.N.; Winther, O.; Brunak, S.; Von Heijne, G.; Nielsen, H. SignalP 5.0
improves signal peptide predictions using deep neural networks. Nat. Biotechnol. 2019, 37, 420-423. [CrossRef]

15. Nielsen, H.; Engelbrecht, J.; Brunak, S.; Von Heijne, G. A Neural Network Method for Identification of Prokaryotic and Eukaryotic
Signal Peptides and Prediction of their Cleavage Sites. Int. |. Neural Syst. 1997, 08, 581-599. [CrossRef]

16. Bray, N.L.; Pimentel, H.; Melsted, P.; Pachter, L. Near-optimal probabilistic RNA-seq quantification. Nat. Biotechnol. 2016, 34,
525-527. [CrossRef]

17.  Gietz, R.D.; Schiestl, R.H. High-efficiency yeast transformation using the LiAc/SS carrier DNA/PEG method. Nat. Protoc. 2007, 2,
31-34. [CrossRef]

18. Davies, S.E.W. Transcription Factor Interactions at the Promoter of the Arabidopsis Circadian Clock Gene LHY. Ph.D. Thesis,
University of Warwick, Coventry, UK, 2013.

19. Goad, D.M,; Zhu, C.; Kellogg, E.A. Comprehensive identification and clustering of CLV3/ESR-related (CLE) genes in plants finds
groups with potentially shared function. New Phytol. 2017, 216, 605-616. [CrossRef]

20. Zhang, Y; Yang, S.; Song, Y.; Wang, J. Genome-wide characterization, expression and functional analysis of CLV3/ESR gene

family in tomato. BMC Genom. 2014, 15, 1-12. [CrossRef]


http://doi.org/10.1186/1471-2229-8-1
http://www.ncbi.nlm.nih.gov/pubmed/18171480
http://doi.org/10.1104/pp.110.163683
http://doi.org/10.1126/science.283.5409.1911
http://www.ncbi.nlm.nih.gov/pubmed/10082464
http://doi.org/10.1007/s00427-003-0329-5
http://doi.org/10.1016/S0960-9822(03)00533-5
http://doi.org/10.1111/j.1744-7909.2010.00904.x
http://doi.org/10.1093/jxb/erw208
http://doi.org/10.1007/s00299-018-2268-7
http://www.ncbi.nlm.nih.gov/pubmed/29476245
http://doi.org/10.1186/s12870-015-0687-y
http://doi.org/10.1038/s41586-018-0009-2
http://www.ncbi.nlm.nih.gov/pubmed/29618812
http://doi.org/10.1038/nplants.2017.29
http://www.ncbi.nlm.nih.gov/pubmed/28319056
http://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
http://doi.org/10.1093/nar/gkp335
http://doi.org/10.1038/s41587-019-0036-z
http://doi.org/10.1142/S0129065797000537
http://doi.org/10.1038/nbt.3519
http://doi.org/10.1038/nprot.2007.13
http://doi.org/10.1111/nph.14348
http://doi.org/10.1186/1471-2164-15-827

Agronomy 2021, 11, 984 11 of 11

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

Endo, S.; Shinohara, H.; Matsubayashi, Y.; Fukuda, H. A Novel Pollen-Pistil Interaction Conferring High-Temperature Tolerance
during Reproduction via CLE45 Signaling. Curr. Biol. 2013, 23, 1670-1676. [CrossRef] [PubMed]

Depuydt, S.; Rodriguez-Villalon, A.; Santuari, L.; Wyser-Rmili, C.; Ragni, L.; Hardtke, C.S. Suppression of Arabidopsis pro-
tophloem differentiation and root meristem growth by CLE45 requires the receptor-like kinase BAM3. Proc. Natl. Acad. Sci. USA
2013, 110, 7074-7079. [CrossRef]

Hirakawa, Y.; Shinohara, H.; Kondo, Y.; Inoue, A.; Nakanomyo, I.; Ogawa, M.; Sawa, S.; Ohashi-Ito, K.; Matsubayashi, Y.; Fukuda,
H. Non-cell-autonomous control of vascular stem cell fate by a CLE peptide/receptor system. Proc. Natl. Acad. Sci. USA 2008,
105, 15208-15213. [CrossRef] [PubMed]

de Bang, T.C; Lay, K.S.; Scheible, W.-R.; Takahashi, H. Small peptide signaling pathways modulating macronutrient utilization in
plants. Curr. Opin. Plant Biol. 2017, 39, 31-39. [CrossRef]

Araya, T.; Von Wirén, N.; Takahashi, H. CLE peptides regulate lateral root development in response to nitrogen nutritional status
of plants. Plant Signal. Behav. 2014, 9, €29302-1-3. [CrossRef] [PubMed]

Ren, S.; Song, X.; Chen, W.; Lu, R.; Lucas, W.J.; Liu, C. CLE25 peptide regulates phloem initiation in Arabidopsis through a
CLERK-CLV2 receptor complex. J. Integr. Plant Biol. 2019, 61, 1043-1061. [CrossRef]

Lin, T.; Lashbrook, C.C.; Cho, S.K.; Butler, N.M.; Sharma, P.; Muppirala, U.; Severin, A.J.; Hannapel, D.J. Transcriptional analysis
of phloem-associated cells of potato. BMC Genom. 2015, 16, 665. [CrossRef] [PubMed]

Etchells, J.P,; Turner, S.R.; Perez-Alcala, S.; Nieto, M.A.; Barbas, ].A. The PXY-CLE41 receptor ligand pair defines a multifunctional
pathway that controls the rate and orientation of vascular cell division. Dev. 2010, 137, 767-774. [CrossRef] [PubMed]
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. 2008, 50, 67-77. [CrossRef]

Reid, D.E.; Ferguson, B.].; Gresshoff, PM. Inoculation- and Nitrate-Induced CLE Peptides of Soybean Control NARK-Dependent
Nodule Formation. Mol. Plant Microbe Interact. 2011, 24, 606—618. [CrossRef]

Lim, CW.; Lee, YW.,; Lee, S.C.; Hwang, C.H. Nitrate inhibits soybean nodulation by regulating expression of CLE genes. Plant
Sci. 2014, 229, 1-9. [CrossRef]

Lebedeva, M.A.; Yashenkova, Y.S.; Dodueva, LE.; Lutova, L.A. Molecular Dialog between Root and Shoot via Regulatory Peptides
and Its Role in Systemic Control of Plant Development. Russ. J. Plant Physiol. 2020, 67, 985-1002. [CrossRef]

Mens, C.; Hastwell, A.H.; Su, H.; Gresshoff, PM.; Mathesius, U.; Ferguson, B.]. Characterisation of Medicago truncatula CLE34 and
CLEB35 in nitrate and rhizobia regulation of nodulation. New Phytol. 2021, 229, 2525-2534. [CrossRef] [PubMed]

Banerjee, A.K.; Chatterjee, M.; Yu, Y; Suh, S.-G.; Miller, W.A.; Hannapel, D.]. Dynamics of a Mobile RNA of Potato Involved in a
Long-Distance Signaling Pathway. Plant Cell 2007, 18, 3443-3457. [CrossRef]

Hannapel, D.J.; Banerjee, A K. Multiple Mobile mRNA Signals Regulate Tuber Development in Potato. Plants 2017, 6, 8. [CrossRef]
[PubMed]

Sharma, P; Lin, T.; Hannapel, D.]. Targets of the StBEL5 Transcription Factor Include the FT Ortholog StSP6A. Plant Physiol. 2016,
170, 310-324. [CrossRef] [PubMed]

Cutter, E.G. Structure and development of the potato plant. Potato Crop 1992, 65-161. [CrossRef]

Xu, X.; Vreugdenhil, D.; Van Lammeren, A.A. Cell division and cell enlargement during potato tuber formation. J. Exp. Bot. 1998,
49, 573-582. [CrossRef]

Lebedeva, M.A.; Dodueva, L.E.; Gancheva, M.S.; Tvorogova, V.E.; Kuznetsova, K.A.; Lutova, L.A. The Evolutionary Aspects of
Flowering Control: Florigens and Anti-Florigens. Russ. ]. Genet. 2020, 56, 1323-1344. [CrossRef]

Li, W,; Xiong, B.; Wang, S.; Deng, X.; Yin, L.; Li, H. Regulation Effects of Water and Nitrogen on the Source-Sink Relationship in
Potato during the Tuber Bulking Stage. PLoS ONE 2016, 11, €0146877. [CrossRef]

Kondo, Y.; Hirakawa, Y.; Kieber, J.J.; Fukuda, H. CLE Peptides can Negatively Regulate Protoxylem Vessel Formation via
Cytokinin Signaling. Plant Cell Physiol. 2010, 52, 37-48. [CrossRef]

Okamoto, S.; Tabata, R.; Matsubayashi, Y. Long-distance peptide signaling essential for nutrient homeostasis in plants. Curr.
Opin. Plant Biol. 2016, 34, 35-40. [CrossRef] [PubMed]

Abelenda, J.A.; Navarro, C.; Prat, S. From the model to the crop: Genes controlling tuber formation in potato. Curr. Opin.
Biotechnol. 2011, 22, 287-292. [CrossRef] [PubMed]

Ewing, E.E. The Role of Hormones in Potato (Solanum Tuberosum L.) Tuberization. In Plant Hormones; Springer: Dordrecht, The
Netherlands, 1995; pp. 698-724.

Hastilestari, B.R.; Lorenz, J.; Reid, S.; Hofmann, J.; Pscheidt, D.; Sonnewald, U.; Sonnewald, S. Deciphering source and sink
responses of potato plants (Solanum tuberosum L.) to elevated temperatures. Plant Cell Environ. 2018, 41, 2600-2616. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.cub.2013.06.060
http://www.ncbi.nlm.nih.gov/pubmed/23910659
http://doi.org/10.1073/pnas.1222314110
http://doi.org/10.1073/pnas.0808444105
http://www.ncbi.nlm.nih.gov/pubmed/18812507
http://doi.org/10.1016/j.pbi.2017.05.005
http://doi.org/10.4161/psb.29302
http://www.ncbi.nlm.nih.gov/pubmed/25763500
http://doi.org/10.1111/jipb.12846
http://doi.org/10.1186/s12864-015-1844-2
http://www.ncbi.nlm.nih.gov/pubmed/26335434
http://doi.org/10.1242/dev.044941
http://www.ncbi.nlm.nih.gov/pubmed/20147378
http://doi.org/10.1093/pcp/pcn194
http://doi.org/10.1094/MPMI-09-10-0207
http://doi.org/10.1016/j.plantsci.2014.08.014
http://doi.org/10.1134/S1021443720060114
http://doi.org/10.1111/nph.17010
http://www.ncbi.nlm.nih.gov/pubmed/33067828
http://doi.org/10.1105/tpc.106.042473
http://doi.org/10.3390/plants6010008
http://www.ncbi.nlm.nih.gov/pubmed/28208608
http://doi.org/10.1104/pp.15.01314
http://www.ncbi.nlm.nih.gov/pubmed/26553650
http://doi.org/10.1007/978-94-011-2340-2_3
http://doi.org/10.1093/jxb/49.320.573
http://doi.org/10.1134/S102279542011006X
http://doi.org/10.1371/journal.pone.0146877
http://doi.org/10.1093/pcp/pcq129
http://doi.org/10.1016/j.pbi.2016.07.009
http://www.ncbi.nlm.nih.gov/pubmed/27552346
http://doi.org/10.1016/j.copbio.2010.11.013
http://www.ncbi.nlm.nih.gov/pubmed/21168321
http://doi.org/10.1111/pce.13366
http://www.ncbi.nlm.nih.gov/pubmed/29869794

	Introduction 
	Materials and Methods 
	Plant Materials and Growth Conditions 
	Identification and Phylogenetic Analysis of CLE Genes 
	Gene Structure and Conserved Domain Identification 
	RNA-seq Data Analysis 
	Quantitative RT–PCR Analysis 
	Yeast One-Hybrid Assay 

	Results 
	Identification and Phylogenetic Analysis of the CLE Family Genes in Solanum tuberosum 
	Expression Profiles of StCLE Genes in Different Tissues According to Transcriptomic Data 
	Expression Profiles of StCLE in Response to Environmental Factors 
	Expression of StCLEs in Response to Dehydration Stress 
	Expression of StCLEs under Low and High Nitrogen Conditions 
	StBEL5 Transcription Factor as a Possible Regulator of the StCLE4 Gene 


	Discussions and Conclusions 
	References

