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The Catharanthus roseus RLK1-like (CrRLK1L) family is involved in the regulation of

plant reproduction, growth and development, cell wall integrity sensing, as well as

responses to both biotic and abiotic stress conditions. Extraordinary progress has

been made in elucidating the CrRLK1L family receptor kinases–mediated signaling

pathway, while limited research addressed the functions of CrRLK1L proteins in tobacco.

In this study, we identified and analyzed 48 NtCrRLK1L members from the tobacco

genome. The newly identified NtCrRLK1L members were divided into seven groups

together with the Arabidopsis CrRLK1L members. The syntenic analysis revealed that

four pairs of NtCrRLK1L genes were predicted to have arisen from segmental duplication

events. Expression profiling showed that the NtCrRLK1L genes were expressed in

various tissues, and most NtCrRLK1L genes were induced by salt and drought

stress conditions. Notably, NtCrRLK1L47 was upregulated under drought and salinity

stresses, and the NtCrRLK1L47-GFP fusion protein was located in the cell membrane.

Furthermore, overexpression of the NtCrRLK1L47 gene enhanced the salt tolerance in

tobacco seedlings.

Keywords: FERONIA receptor kinase, CrRLK1L family, environmental stresses, NtCrRLK1L47, tobacco

INTRODUCTION

In the plant kingdom, the individuals live in a complex environment and are constantly threatened
by various stresses. Hence, perceiving external signals and responding accordingly are vital to
development and survival. The receptor-like kinase (RLK) family is one of the largest families,
which can sense extracellular signals and then activate intracellular signaling pathways (Morillo
and Tax, 2006; Lindner et al., 2012; Dievart et al., 2020; Wang et al., 2020). Among them, CrRLK1L
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FIGURE 1 | Phylogenetic analysis of tobacco NtCrRLK1L family members. The phylogenetic tree was generated from the alignment of the full-length protein

sequence of CrRLK1L proteins from tobacco and Arabidopsis by the neighbor-joining (NJ) method. The tobacco CrRLK1L members together with their Arabidopsis

homologs were classified into 7 groups, and distinct groups were marked by different colors.

ABRE element in the promoter regions of all NtCrRLK1L genes
suggests that those genes might be involved in ABA-mediated
stress responses.

Expression Profile of NtCrRLK1L Genes
To preliminarily elucidate the roles of NtCrRLK1L genes in
tobacco growth and development, the RNA-seq data about
NtCrRLK1L genes in three different tissues were obtained from

the NCBI database and analyzed (Edwards et al., 2017). As
the result (Figure 6), among 48 NtCrRLK1L genes, 40 were
detected to be expressed in at least one of the three tested
tissues, and eight were highly expressed in all three tissues,
especially NtCrRLK1L48. Furthermore, several genes exhibited
tissue-specific expression patterns. For example, the expression
of NtCrRLK1L05 in Group VII was detected in the roots only.
In Group III, NtCrRLK1L02 and NtCrRLK1L42 were detected
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FIGURE 2 | The synteny analysis of CrRLK1L members between tobacco and five other species. (A) The gray line represents all the collinear blocks between tobacco

and five other species, while the syntenic CrRLK1L gene pairs were marked by the red line. (B) The CrRLK1L members formed the syntenic pairs between tobacco

and five other species, which were analyzed and visualized by the Venn plot.

Frontiers in Plant Science | www.frontiersin.org 6 June 2022 | Volume 13 | Article 838857

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Li et al. NtCrRLK1L Family in Tobacco

FIGURE 3 | Distribution of NtCrRLK1L genes on tobacco chromosomes. In tobacco, 20 CrRLK1L genes were mapped to 13 tobacco chromosomes, the remaining

members were located on scaffolds (not shown in this figure).

exclusively in the roots. Similarly, NtCrRLK1L09 was detected
exclusively in the shoot apex. Notably, expressions of eight
NtCrRLK1L genes were not detected in those three test tissues.

Validation and Enrichment of Expression
Patterns by qRT-PCR
To confirm and enrich the expression patterns of theNtCrRLK1L
genes from RNA-seq analysis, representative NtCrRLK1L genes
from different groups were selected to perform qRT-PCR
analysis. The tobacco tissues including root, stem, flower, upper
leaf, middle leaf, and lower leaf were obtained to detect the
expression changes of NtCrRLK1L genes. As a result (Figure 7),
the selected NtCrRLK1L genes exhibit multiple expression
patterns. For instance, NtCrRLK1L02 was highly expressed in the

other five tissues exclusively in the roots, and NtCrRLK1L47 and
NtCrRLK1L48 were detected in all six tested tissues, which was
consistent with the RNA-seq analysis. In Group II,NtCrRLK1L07

exhibited a tissue-specific expression pattern and was expressed
exclusively in roots, while NtCrRLK1L39 was expressed in

all tested tissues. This result suggested that the functional

differentiation may occur in the same group of NtCrRLK1L.
Furthermore, several NtCrRLK1L genes were selected to test

whether they could respond to salt and drought stresses. As

a result, the expression patterns of most NtCrRLK1L genes
under salt or drought stress were time-specific. For example,
the expression level of NtCrRLK1L04, NtCrRLK1L06, and
NtCrRLK1L07 reached the peak at 1 h of salt treatment, then
dropped sharply. Notably, NtCrRLK1L19 was inhibited after
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FIGURE 4 | Segmental duplication analysis of the NtCrRLK1L genes. In the tobacco genome, all the putative segmental duplication pairs were marked by gray color,

and the red lines represented the NtCrRLK1L segmental duplication pairs.

1 h of salt treatment, while its expression level reached a peak

(∼4-fold) after 6 h of salt treatment, and the expression of the

NtCrRLK1L19 gene continued to rise under drought treatment.

Among them, NtCrRLK1L47 had the highest expression level
no matter the salt and drought treatment. Its expression level

reached the peak after 6 h by the salt treatment (22-fold) and 1 h

by drought treatment (18-fold). Thence, the NtCrRLK1L47 gene
was selected for further study.

Subcellular Localization Analysis of
NtCrRLK1L47
To further explore the subcellular localization of the NtCrRLK1L
genes, the subcellular localization of the NtCrRLK1L47 gene
was selected for analysis (Figure 8). As revealed by confocal
microscopy, the green fluorescence of the AtCLV1-GFP is only
distributed on the cell membrane as previously reported (Stahl
et al., 2013), whereas the signal of GFP protein was found to
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FIGURE 5 | Statistics diagram of cis-elements in the promoter region of NtCrRLK1L genes. The color represents the numbers of cis-element in NtCrRLK1L gene

promoters.

distribute throughout the whole cell. In addition, the signal of
NtCrRLK1L47-GFP fusion protein was specifically confined to
the membrane. Besides, the co-localization assay was carried
out, and the fluorescence signal of the NtCrRLK1L47-GFP
fusion protein was found to be consistent with AtCLV1-
YFP (Supplementary Figure 3). Considering these clues,
NtCrRLK1L47 protein was proved to localize on the membrane.

Overexpression of NtCrRLK1L47 Enhanced
the Salt Tolerances
The genetic experiments were performed to explore the potential
function of the NtCrRLK1L47 genes in salt tolerance, and

we obtained two overexpression lines of the NtCrRLK1L47
gene,NtCrRLK1L47-OE4 andNtCrRLK1L47-OE5. Then, the root
elongation assay was carried out and no obvious differences
were observed between wildtype and NtCrRLK1L47-OE lines
under normal growth conditions. However, the NtCrRLK1L47-
OE4 and NtCrRLK1L47-OE5 lines showed better growth
performance than wildtype plants under salt treatments. The
root elongation assay showed that significantly longer roots
of the two independent overexpression lines were measured
compared to the wildtype on 150mMNaCl. This result indicated
that NtCrRLK1L47 conferred salt tolerance on transgenic
tobacco seedlings.

Frontiers in Plant Science | www.frontiersin.org 9 June 2022 | Volume 13 | Article 838857

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Li et al. NtCrRLK1L Family in Tobacco

FIGURE 6 | Expression patterns of the NtCrRLK1L genes in the tested tissues (root, shoot, and shoot apex). The data were retrieved from transcriptome data and

visualized by R.

DISCUSSION

The CrRLK1L gene family has been reported to play
important roles in plant development, metabolism, and
stress responses. In the current study, a comprehensive

analysis of the CrRLK1L family in tobacco was carried
out. As a result, a total of 48 tobacco CrRLK1L members

were identified. Furthermore, the phylogenetic and syntenic
analyses were integrated to identify the homologs of tobacco

CrRLK1L genes with reported members and infer their
potential functions. Furthermore, to verify these inferences,
several genes were selected to perform the expression and

function analysis.
In the current study, CrRLK1L family members of tobacco

and Arabidopsis were clustered within seven groups. In Group
III, NtCrRLK1L19 was clustered together with AtBUPS1 and

AtBUPS2 (Figure 1), and their coding genes were predicted
to form the collinear pairs (Figure 2), suggesting that the
NtCrRLK1L19 might be the homolog of AtBUPS1 and AtBUPS2.
Interestingly, it was indicated that the reactive oxygen species
(ROS) served downstream of the BUPS/ANX receptor complex,
which might confer stress response complex (Zhang et al.,
2020a; Kim et al., 2021). Meanwhile, our results revealed
that the promoter of the NtCrRLK1L19 gene contains many
stress-response elements, and this gene was proved to be
induced by salt stress. These clues implied, as the homolog
of AtBUPS1 and AtBUPS2, the NtCrRLK1L19 gene might be
involved in the stress responses. Furthermore, in the same
group, AtTHE1 was reported to function in plant cell wall
synthesis and cell expansion and detected to express in root
and shoot (Hématy et al., 2007; Merz et al., 2017). In our
study, NtCrRLK1L01, NtCrRLK1L02, and NtCrRLK1L04 were
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FIGURE 7 | qRT-PCR analysis of representative NtCrRLK1L genes from different groups. (A) Expression patterns of the NtCrRLK1L genes in different tissues. R (root),

S (stem), F (flower), U (upper leaf), M (middle leaf), and L (lower leaf). To verify the tissue specificity expression of the selected NtCrRLK1L genes, the expression level

of each gene was calculated relative to the root tissue. (B) The expression level of the selected NtCrRLK1L genes under salt stress treatments. (C) The expression

level of selected NtCrRLK1L genes under drought stress treatments. The data were means ±SD from three independent replications. *p < 0.05; **p < 0.01.
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FIGURE 8 | Subcellular localization of NtCrRLK1L47 protein within the cell by GFP assays. The 35::GFP, 35::AtCLV1-GFP, and 35::NtCrRLK1L47-GFP constructs

were transiently transformed and expressed in Nicotiana benthamiana leaf epidermal cells; the GFP signals were visualized on a confocal laser microscope.

clustered together with AtTHE1 (Figure 1), and their encoding
genes were predicted to form collinear pairs with AtTHE1,
respectively (Figure 2), proving that these tobacco genes might
be homologous genes of AtTHE1. Furthermore, NtCrRLK1L01,
NtCrRLK1L02, and NtCrRLK1L04 were identified to form
two segmental duplication pairs, implying that duplication
events were raised after the segregation of these two species
(Figure 4). Interestingly, the expression analysis showed that the
expression patterns of these genes were discrepant.NtCrRLK1L01
and NtCrRLK1L02 were detected to mainly express in the
shoot apex, while NtCrRLK1L04 expressed in all detected

tissues, especially more in the stem (Figures 6, 7). The results
presented here indicated that these duplicated genes might
undergo subfunctionalization.

In Group I, NtCrRLK1L09 was clustered with AtCVY1,
and the encoding gene was predicted to form collinear pairs
with AtCVY1 and OsFLR13, respectively (Figures 1, 2).
Interestingly, OsFLR13 was clustered with AtCVY1 in a previous
study (Yang et al., 2020), which implies that NtCrRLK1L09
acts as the homolog of OsFLR13 and AtCVY1 in tobacco.
AtCVY1 was reported to regulate cell morphogenesis,
flowering, and seed production. In the current study,
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FIGURE 9 | Phenotype and function analysis of NtCrRLK1L47 gene in transgenic tobacco under salt stress conditions. (A) Root growth experiment of wild type and

NtCrRLK1L47 overexpression lines under 0 or 150mM NaCl treatment. (B) The quantification of tobacco root length and the data were collected from more than 15

plants per genotype with three biological replicates. WT, wild type. Values represent means ± SD. **p < 0.01 (t-tests).
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NtCrRLK1L09 was detected to express in flowers (Figure 7),
suggesting this gene might undertake the conserved function
in tobacco.

Furthermore, the CrRLK1L genes in Group VII were
unique to tobacco (Figure 1), suggesting that this family
might appear after the differentiation of these two species.
In addition, NtCrRLK1L32 and NtCrRLK1L33 were found to
fall into the same cluster (Supplementary Table 2), indicating
that the duplication event might drive the expansion of
this group. Considering the unsatisfactory quality of the
tobacco genome, most members from this group could
not map the chromosomes, and there might be chances
to identify duplication events of this group in the future.
Furthermore, various stress-response cis-elements were found
to attend in the promoter region of this group members,
including W-box, MBS, and ARE (Figure 5), indicating that the
members of this group might be involved in stress responses.
Then, several representative genes were investigated with the
expression profile under drought and salt stresses (Figure 7).
Notably, NtCrRLK1L47 could be highly induced by these
two treatments (Figure 7). The subcellular localization analysis
showed that NtCrRLK1L47-GFP fusion protein was localized on
the membrane (Figure 8). Not surprisingly, it was found that
the overexpression of the NtCrRLK1L47 gene could enhance
the salt tolerance in tobacco seedlings (Figure 9), suggesting
that NtCrRLK1L47 may act as a membrane receptor regulating
stress responses.

CONCLUSION

In this study, we identified 48 CrRLK1L genes in the tobacco
genome, and comprehensive and systematic analyses were
performed to interpret the evolutionary relationship of CrRLK1L
family members. Furthermore, the promoter cis-element and
expression pattern analysis showed that many cis-elements
related to stress responses existed in the promoter regions of
the NtCrRLK1L47 gene, and NtCrRLK1L47 was significantly
up-regulated under salt stress conditions. Furthermore,
the genetic experiments also confirmed that NtCrRLK1L47
provides effective resistance against salt stressors. These
results provide insight into understanding the evolutionary
mechanism of NtCrRLK1L genes and could be helpful to
explore the biological functions of NtCrRLK1L members in
the future.
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