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Identification of CDK gene family kA
and functional analysis of CgCDK15 under
drought and salt stress in quinoa

Wangtian Wang'?, Wenyu Liu® and Baogiang Wang'?

Abstract

as one of the oldest cultivated crops in the world, quinoa has been widely valued for its rich nutritional value

and green health. In this study, 22 CDK genes (CqCDKO1-CqCDK22) were identified from quinoa genome using
bioinformatics method. The number of amino acids was 173-811, the molecular weight was 19,554.89 Da-
91,375.70 Da, and the isoelectric point was 4.57-9.77. The phylogenetic tree divided 21 CqCDK genes into six
subfamilies, the gene structure showed that 12 (54.5%) CqCDK genes (CqCDK03, CqCDK04, CqCDK05, CqCDKO06,
CqCDK07, CqCDK11, CqCDK14, CqCDK16, CqCDK18, CqCDK19, CqCDK20 and CqCDK21) had UTR regions at 5'and 3’
ends. Each CDK protein had different motifs (3-9 motifs), but the genes with the same motifs were located in the
same branch. Promoter analysis revealed 41 cis-regulatory elements related to plant hormones, abiotic stresses,
tissue-specific expression and photoresponse. The results of real-time fluorescence quantitative analysis showed
that the expression level of some CDK genes was higher under drought and salt stress, which indicated that CDK
genes could help plants to resist adverse environmental effects. Subcellular localization showed that CqCDK15 gene
was localized to the nucleus and cytoplasm, and transgenic plants overexpressing CqCDKT5 gene showed higher
drought and salt tolerance compared to the controls. Therefore, CDK genes are closely related to quinoa stress
resistance. In this study, the main functions of quinoa CDK gene family and its expression level in different tissues
and organs were analyzed in detail, which provided some theoretical support for quinoa stress-resistant breeding.
Meanwhile, this study has important implications for further understanding the function of the CDK gene family in
quinoa and our understanding of the CDK family in vascular plant.
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Introduction

The growth of plant organs directly depends on the
parameters of the frequency of cell division, cell cycle
and cell number and size, these processes are controlled
by molecular mechanisms that coordinate and regulate
cell cycle processes with nutrition, hormones, develop-
ment, and environmental signals [1]. Molecular mecha-
nisms are involved in the orderly progression of cells
at various stages of the cell cycle and their appropriate
response to extracellular cues [1]. Protein phosphoryla-
tion is well known as one of the major mechanisms that
control cell cycle progression, it affects the cell cycle by
altering protein activity, protein subcellular localiza-
tion, target protein degradation, and dynamic changes in
protein complex [2]. Among various kinases, cell cycle-
dependent protein kinase (CDK) family is important for
cell division control [3]. They form complexes with cyclin
subunits and further drive the cell cycle by phosphorylat-
ing key target proteins needed for cells to move from one
stage to the next [4]. The activity of CDK proteins is regu-
lated in complex ways, such as through phosphorylation
and/or dephosphorylation by specific kinases associated
with regulatory proteins [5]. CDKs, a large class of ser-
ine/threonine protein kinases, were originally discovered
due to their role in regulating the cell cycle, and they have
different regulatory roles in many cell development pro-
cesses in eukaryotes [6].

CDK proteins in plants can be divided into eight classes:
CDKA to CDKG and cyclin-dependent kinase (CKL) [7].
CDK proteins of different subclasses in plant growth
and development process have obvious structural and
functional differences [8]. For example, Type A, which
has a PSTAIRE motif and is responsible for binding to
cyclin, the subfamily contains only one CDK gene, called
CDC2A or CDKA, it was found in Arabidopsis thali-
ana Homozygous CDKA mutants can be distinguished
by lack of root growth, significantly reduced cotyledon
expansion and hypocotyl elongation, minute rosette leaf,
and formation of fully sterile flowers [9]. There are two
genes homologous to the CDKA gene in alfalfa in alfalfa:
CDKA; 1; 1 and CDKA; 2; 1; they show multiple abili-
ties of the complement yeast CDC28 mutant, whose cell
cycle is blocked at the G1-S and G2-M phases, suggest-
ing a distinct role for the CDKA gene in cell cycle regu-
lation [10]. Type B CDKB with PPTALRE or PPTTLRE
motifs, are plant-specific kinases that are involved in
different cellular functions, and their expression is sub-
ject to strict cell cycle control [1]; ATCDKBI; 1 is highly
expressed in guard cells and stomatal precursor cells of
cotyledons, indicating that B-type CDK plays \ important
roles in stomatal development [11]. The C-type CDKC
kinases with PITAIRE motifs, are the closest homologs of
the metazoan CDK9 protein, which has no defined role
in cell cycle control and can form complexes with CYCT,
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it is hypothesized that its CTD by phosphorylating RNA
polymerase II plays a role in transcriptional elongation
[12, 13] and that CDKC2 has a key role in regulating cell
division and drought responses in Arabidopsis [14]. The
E-type CDK motif with the SPTAIRE motif, it was first
discovered in alfalfa [15], and CDKE is a homologue of
mammalian CDK8 that interacts with cyclin C, and nega-
tively affects transcription as part of RNA polymerase
II holoenzyme [16]. ATCDKE]1 has been found to play
crucia roles in floral organ and cell expansion in leaves
[15]. CDKD can form complex with CYCH, which can be
phosphorylated by CDKF to exert CAK enzyme activity
[17]. G-type CDK with PLTSLRE motifs, among them,
CDKG]1 regulates AS of splicing factor U2AF65A in veg-
etative tissues and CalS5 Mrna in pollen [18]. CKL-type
with (V, I, L) (K, R) FMAREI motifs where motif changes
of residues depend on the type of CKL, ranging from
CKLI1 to CKL15 [8].

At present, CDK gene family has been identified in
many plants, including tobacco (Nicotiana tabacum)
[19], tomato (Lycopersicon esculentum) [20], rice (Oryza
sativa) [21], potato (Solanum tuberosum) [22], alfalfa
(Medicago sativa) [23] and so on. It has been reported
that the reduction of mesophyll cell division in wheat is
positively correlated with the inhibition of CDKA1 activ-
ity [24]. In addition to the primary role of CDK genes in
regulating cell cycle processing [25], many studies have
linked CDK genes to drought and salt stress tolerance in
plants. Abiotic stresses such as low temperature, drought,
salt and heavy metals can hinder plant growth and devel-
opment, thus significantly reducing plant productivity
and yield [26]. CDK genes from Arabidopsis have been
reported to be involved in the drought stress response
by regulating blue light-mediated stomatal opening and
controlling reactive oxygen species (ROS) homeostasis
[27]. In addition, the CDKG2 gene has been found to
confer salt tolerance and promote flowering in Arabi-
dopsis thaliana [28]. In a recent study, Zhao [14] showed
that CDK2 increases cell division and drought tolerance
in Arabidopsis thaliana by regulating cycle genes and
stomatal development-related genes. In summary, CDK
genes play important roles in enhancing plant tolerance
to abiotic stresses.

Quinoa (Chenopodium quinoa Willd) is a facultative
halophyte, adapting not only to high soil salinity but also
to other abiotic stresses such as drought, high tempera-
ture, ultraviolet radiation, and low temperature [29]. It
is rich in a variety of nutrients needed by human beings,
with a variety of nutritional health effects [30]. Quinoa is
a new type of functional food with high nutritional value
and has broad application prospects [31]. Although the
role of multiple CDK gene families in some species has
been demonstrated in the context of plant growth and
abiotic stress tolerance [19-23], few studies on CDK



Wang et al. BMC Genomics (2023) 24:461

genes have been reported in quinoa, considering the
potential regulatory role of CDK protein in plant growth
and development in response to environmental stress,
it is necessary to carry out genome-wide analysis of this
gene family in quinoa. Therefore, in this study, we iden-
tified the CDKs gene of quinoa, and comprehensively
analyzed the basic information of quinoa CDKs protein,
gene structure, chromosome distribution, gene duplica-
tion and so on. Real-time quantitative polymerase chain
reaction to determine expression patterns under drought
and salt stress. These results will be helpful to understand
the mechanism of cell cycle regulation and the function
of CDK gene in quinoa under drought and salt stress.

Materials and methods

Plant materials and treatments

The quinoa cultivar long quinoa L1 was selected from
Gansu Academy of Agricultural Sciences. Quinoa seeds
were disinfected in 75% ethanol for 30 s, rinsed with
sterile water for 3 times, then disinfected in 10% sodium
hypochlorite solution for 15 min, rinsed with ster-
ile water for 5 times, dried them and sown on MS solid
medium, the culture was carried out at 25 °C. The seed-
lings were cultured at 25 ° C for 16/8 hours until ger-
mination. The germinated seeds were planted in 1:1:1
pot containing sand, perlite, and peat (15 seedlings per
pot with a diameter18 cm ), it was cultured in in a solar
greenhouse (humidity 60-70%, light time 12 h, day/night
temperature 28 °C/18°C). The seedlings were treated with
20% PEG stress and 100 mmol/L NaCl stress when they
were 2 months old. (1) PEG stress: watering the seedlings
from the roots with 20% PEG, 200 ml per pot; (2) salt
treatment: 100 mmol/L NaCl 100 ml per pot; 0.5 g per
potat0, 3,6,9,12 and 24 h after PEG and salt treatment;
Three biological replicates were performed at each time
point, and leaves were collected provisionally and stored
in liquid nitrogen and then stored in a refrigerator at -80 °
C for subsequent experiments.

Search and identification of CDK gene members in quinoa

The genome, CDS sequence, amino acid sequence and
GFF annotation files of quinoa were obtained by Phyto-
moze VI12.1 database (https://phytozome.jgi.doe.gov/
pz/portalhtml). Arabidopsis thaliana CDK protein
sequences as target sequences to predict the CDK can-
didate genes of quinoa in the quinoa genome [32]. The
obtained quinoa CDK candidate genes were predicted
and analyzed by Pfam (http://pfam.xfam.org/family)
[33], NCBI-CDD(Conserved Domains Database)(https://
www.ncbi.nlm.nih.gov/cdd/) [34], and SMART (http://
smart.embl-heidelberg.de/) [35] online tools for pro-
tein conserved domains of the CDK family, resulting in
22 CDK gene members were identified in quinoa. Basic
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Physicochemical Properties and Phylogenetic Tree
Analysis of Proteins.

The amino acid number, isoelectric point, molecular
weight and hydrophobicity of 22 quinoa CDK proteins
were analyzed by ExPASy (https://web.expasy.org/prot-
param/) [36] with the default parameters, and the sub-
cellular localization was analyzed by Psort-Prediction
(http://psortl.hgc.jp/form.html) [37]. The CDK pro-
tein sequences of Arabidopsis thaliana (29), Rice (20)
and Quinoa (22) were Multiple sequence alignment by
Clustal W method in MEGA11 [38] software, the maxi-
mum likelihood was used to construct a phylogenetic
tree using the poisson model with pairwise deletion set to
1000 repeats and other parameters are default. The illus-
tration of the evolutionary tree+was through Evolview
(http://120.202.110.254:8280/evolview) [39].

Analysis of Gene structure and conserved motifs
According to the GFF annotation file information of CDK
family genes, GSDS 2.0 (Gene Structure Display Server
2.0) (http://gsds.cbi.pku.e-du.cn/) [40] was used to ana-
lyze the structural features of CqCDK genes, and analyze
the conserved motifs of amino acids by MEME (Multiple
Em for Motif Elicitation) online software (http://meme-
suite.org/tools/meme) [41], and the number of motif
search is set to 10, other parameters default.

Analysis of chromosome localization and gene replication
At the same time, according to the gene annotation infor-
mation, TBtools software [42] was used to draw quinoa
CDK gene chromosome mapping. Duplicate gene pairs
were analyzed by TBtools, and the identified duplicated
gene pairs analysis was performed using the Ka/Ks func-
tion of TBtools.

Secondary structure, upstream cis-regulatory element
analysis and protein interaction network mapping

The secondary structure of amino acids was analyzed
by on-line software (https://npsaprabi.ibcp.fr/cgibin/
npsa_automat.pl?page=npsa_sopma.html) [43]. Accord-
ing to the GFF annotation files of quinoa, the 2000 bp
of DNA sequence upstream of transcription start site of
CDK family gene sequence was extracted by using the
sequence extraction function of TBtools, then Plant-
CARE (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/) [44] was used to search and analyze the
cis-regulatory elements in these promoter regions. The
CDK protein interaction network was constructed based
on orthologous proteins from the model plant Arabi-
dopsis thaliana, and the network diagram was drawn by
String software (option value>0.8) (http://Stringdb.org/)
[45].
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Expression analysis, RNA extraction and real-time
quantitative PCR of CDK family genes
The expression data of CDK genes in quinoa were
obtained from the transcriptome data of different tis-
sues and organs (No: PRJNA394651), as well as the
above-ground tissues of quinoa seedlings under drought,
high temperature, salt and low phosphorus (No:
PRJNA306026) stress, the data were standardized by
Log2 method, and the heat map was drawn by TBtools.
Total RNA of leaves (100 mg) was extracted using the
AG RNAEX Pro Reagent (AG, Shanghai), and the syn-
thesis of cDNA used the Superscript TM III reverse tran-
scriptase kit (AG, Shanghai). Gene-specific amplified
primers were designed on NCBI-Primer designing tool
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). RT-
qPCR analysis was performed with 2 xquantitect-sybr-
green-pcr-mix (Qiagen) in the abi-viia 7 real-time PCR
system of Applied Biosystems, USA, as follows: denatur-
ation at 95 ° C for 30 S followed by denaturation at 95 ° C
for 5 s for 40 cycles; At last, annealing/extension was car-
ried out at 60 °C for 1 min. The experiment was repeated
three times with an independent RNA sample.

Subcellular localization of the protein encoded by
CqCDK15 gene

According to the principle of homologous recombina-
tion, the cloned CqCDK15 gene was ligated into the
expression vector containing green fluorescent protein
(GFP), and the constructed vector plasmid was trans-
formed into Agrobacterium tumefaciens strain GV1300
by electroporation, the PCAMBIA1302: : CqCDK15-GFP
vector was constructed, and the vector was transferred
into the protoplasts by the protoplast transient transfec-
tion technique [46], incubated for 16 h at shading room
temperature, and a small amount of the protoplasts solu-
tion was dripped onto the slides with a pipette, gently
cover the coverslip onto the slide at one end to avoid cre-
ating bubbles. A small amount of lens oil was added to
the surface of the coverslips. Finally, the spatial expres-
sion of the protein encoded by CqCDK15 was observed
under a confocal laser microscope and recorded.

Transformation of Arabidopsis thaliana with CqCDK15 gene
and determination of related physiological indexes

The coding sequence of CqCDKI5 gene (without the
terminator sequence) was inserted into the pCAM-
BIA-1302-EGFP vector to obtain the recombinant
plasmid. The recombinant plasmid pCAMBIA-1302:
CqCDK15 was transferred into Agrobacterium-tumefa-
ciens GV3101. After screening and identification of the
positive clones, the transgenic Arabidopsis lines were
obtained by infusing the inflorescences of Arabidopsis
thaliana with floral dip method [47]. After the seeds of
TO generation were collected, the transgenic seeds of
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TO generation were sterilized in 6.25% NaClO solution
for 15 min, washed with ddH,O for 5 times, the positive
plants were selected on MS medium containing 50 pg/ml
hygromycin b until the homozygous transgenic plants of
T3 generation were selected for further analysis.

PCR detection: the kanamycins resistant transgenic
plants and the wild type Arabidopsis thaliana leaves
were selected as materials, and their DNA was extracted
respectively. The positive control was the recombinant
plasmid DNA of CqCDK15-OE, wild-type DNA was
the negative control. Reference primer pairs hyg-417
BP (F: AAATCCGCGTGCACGAGGT; R: TCGTTAT-
GTTTATCGGCACTTTGCA); transgenic plant PCR
detection was performed. For salt stress and drought
treatment, seeds of transgenic and wild type lines were
sterilized and cultured with 20% PEG and 100 mM NacCl,
respectively. After growing on MS Medium at 22 ° C for
7 days, the plant phenotype was observed and the root
length was measured.

Statistical analysis

Each experiment was repeated at least three times and
values were expressed as means*SE. All the statisti-
cal analyses were performed using SPSS software (IBM,
Armonk, NY) and OriginPRO8 software (OriginLab
Corp., Northampton, MA, USA). Differences among
means for treatments or lines were evaluated by Tukey
HSD test at 0.05 levels. For assays the different measure-
ments were subjected to a one-way analysis of variance

(ANOVA).

Results

Basic physicochemical properties and phylogenetic tree
analysis

Using the known CDK protein sequence of Arabidopsis,
the whole genome of quinoa was compared and analyzed,
and 22 CqCDK genes were identified. The Expasy was
used to further confirm the 22 CDKs obtained by iden-
tification, and finally named as CqCDK0I-CqCDK22
(Table 1). The number of amino acid residues of CqCDK
protein ranged from 173 aa (CqCDK15) to 811 aa
(CqCDKO04), and their molecular weight ranged from
19554.89 Da (CqCDK15) to 91375.70 Da (CqCDKO04).
Theoretical isoelectric points are located between 4.57
(CqCDK16) and 9.77 (CqCDKO07), which can be roughly
divided into two categories: basic proteins (CqCDKO03-
CqCDK09, CqCDK11-CqCDK15, CqCDK18, CqCDK?20,
CqCDK22) and acidic proteins (CqCDKO01, CqCDKO02,
CqCDK10, CqCDK16, CqCDK17, CqCDK19,
CqCDK21). The hydrophobicity index was less than 0,
indicating that the proteins encoded by CDK genes were
hydrophilic proteins. Subcellular prediction showed that
eight CqCDK proteins were located in the nucleus, six in
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Table 1 Analysis of physicochemical properties of proteins encoded by CDK gene family

Gene accession No Gene Size (aa) Molecular weight (D) Isoelectric point GRAVY Subcellular Localization
AUR62024153RA CqCDKO1 755 85557.31 5.71 -0.881 Nucleus
AUR62029661RA CqCDKo2 591 6617242 5.02 -0.519 Mitochondrial
AUR62002003RA CqCDKo3 506 57034.03 9.1 -0.606 Microbody
AUR62039460RA CqCDKo4 811 91375.70 7.06 -0.105 Microbody
AUR62003799RA CqCDKO5 506 57005.04 9.07 -0.601 Microbody
AUR62006460RA CqCDKo6 309 35055.56 8.26 -0.280 Cytoplasm
AUR62000247RA CqCDKo7 288 31905.51 9.77 -1.168 Nucleus
AUR62000549RA CqCDKo8 458 51581.29 9.34 -0474 Nucleus
AUR62000572RA CqCDK09 283 3241587 7.07 -0.023 Microbody
AUR62020476RA CqCDK10 636 72430.27 6.72 -0.633 Nucleus
AUR62006592RA CqCDK11 327 36429.91 9.66 -0.968 Nucleus
AUR62006902RA CqCDK12 472 53033.88 8.82 -0.375 Microbody
AUR62006925RA CqCDK13 508 57247.82 847 -0.327 Nucleus
AUR62028402RA CqCDK14 512 56898.13 9.26 -0.825 Nucleus
AUR62033763RA CqCDK15 173 19554.89 949 -0.176 Cytoplasm
AUR62010957RA CqCDK16 479 53527.81 457 -0.446 Cytoplasm
AUR62025896RA CqCDK17 600 67472.56 514 -0.389 Plasma membrane
AUR62029816RA CqCDK18 309 3501549 8.26 -0.266 Cytoplasm
AUR62021462RA CqCDK19 479 53441.72 458 -0435 Cytoplasm
AUR62015735RA CqCDK20 419 47562.72 9.59 -0.500 Cytoplasm
AUR62005577RA CqCDK21 779 87463.3 5.84 -0.862 Nucleus
AUR62029943RA CqCDK22 420 47159.09 8.99 -0.397 Microbody
CDKL
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Fig. 1 Phylogenetic tree of CDK gene in quinoa, Arabidopsis and rice
Note: The phylogenetic tree was constructed using MEGA-11 based on
the maximum natural method; bootstrap repeats 1000 times. Different
subpopulations are highlighted in different colors. Black solid circle, or-
ange solid star and green solid star represent CDK protein from Arabidopsis
thaliana, quinoa and rice, respectively.

the microbody (peroxisome), six in the cytoplasm, one in
the plasma membrane, and one in the mitochondria.

To further understand the CDK genes in quinoa, phy-
logenetic trees were constructed using 29 and 20 CDK
genes from Arabidopsis and rice, respectively (Fig. 1,
Table S1). The results showed that 21 CDK genes of qui-
noa were divided into six subfamilies, and CqCDK04 gene
showed a single branch. CDKA subfamily did not contain
CDK genes of quinoa. CDKB subfamily contained two
CqCDK genes (CgCDK06 and CqCDKI8), and CDKC
subfamily contained five CqCDK genes (CqCDKO03,
CqCDKO0S5, CqCDK07, CqCDK11 and CqCDKI14), CDKD
subfamily contains three CqCDK genes (CqCDKI0,
CqCDK15, CqCDK22), CDKE subfamily contains three
CqCDK genes (CqCDK08, CqCDK12, CqCDK20), and
CDKEF subfamily contains two CqCDK genes (CqCDK09
and CqCDK16), CDKG subfamily contains four CqCDK
genes (CqCDKO02, CqCDK09, CqCDK13 and CqCDK17).
In phylogenetic tree analysis, the alleles of most genes are
closely related. In quinoa, there were nine pairs of paralo-
gous gene (CqCDK01/CqCDK21, CqCDK02/CqCDK17,
CqCDK09/CqCDK13, CqCDK08/CqCDK12, CqCDK06/
CqCDK18, CqCDK16/CqCDK19, CqCDK07/CqCDK11,
CqCDKO03/CqCDKO05), no homologous genes were found
in the CDK genes of quinoa, rice and Arabidopsis.

Gene structure and basic motif analysis
The gene structure of exons/introns plays key roles in the
evolution of gene families, so we analyzed the number
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and location of exons/introns in the CqCDK family, the
results of the gene structure map (Fig. 2) showed that
12 CqCDK (54.5%) genes have UTR regions at 5" and 3’
ends, and six CqCDK (27.3%) genes have UTR regions
at only one end. CqCDK09, CqCDK12, CqCDKI13 and
CqCDK15 genes did not have UTR regions. CqCDK08
has 16 exons, CgCDK1I2 has 15 exons, CgqCDK04 has 14
exons, CqCDK03, CqCDKO05, CqCDKI4 and CqCDK20
have 12 exons, CqCDKOI and CqCDKIO have eight
exons, CqCDKO02, CqCDK2l and CgCDK22 have
seven exons, CqCDKI11 and CqCDKI7 have six exons,
CqCDK06, CqCDK07 and CqCDKI18 have five exons,
CqCDK15 have four exons, and CgCDK16 and CqCDK19
have two exons, CgCDK09 and CqgCDK13 have one exon.

The basic motifs of CDK family proteins were pre-
dicted by MEME software, and 10 conserved motifs were
retrieved from the 22 CDK proteins in quinoa (shown in
Fig. 3). We can observe that each CDK protein has differ-
ent motifs (3—-9 motifs), but genes with the same motifs
are located in the same branch (as shown in Fig. 3 below),
and motif 4 is present in 21 CqCDKs; motif 7 and Motif
8 are present in 20 CqCDXKs, motif 1, motif 3, and motif 6
in 19 CqCDKs, motif 2 in 17 CqCDXKs, and motif 5 in 16
CqCDKs, these results suggested that these eight motifs
have conserved positions and functional similarities in
quinoa. Meanwhile, individual motifs exist only in indi-
vidual CqCDK proteins, Motif 9 was found in CqCDKO03,
CqCDKO04, CqCDKO06, CqCDK09 and CqCDK14, and
Motif 10 was found in CqCDKO01, CqCDK02, CqCDKO08,
CqCDK11, CqCDK13, CqCDK17 and CqCDK21, 40.9%
of the genes contained 9 motifs (CqCDK02, CqCDK17,

10 CqCDKO2

® CqCDK17
4‘:5 CqCDK09

= kS CqCDK13

{ CqCDKO1
1m CqCDK21
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CqCDK13, CqCDK01, CqCDK21, CqCDKO03, CqCDK11,
CqCDKO04 and CqCDK14), and 18.1% of the proteins
contained 8 motifs (CqCDK22, CqCDKO08, CqCDK16
and CqCDK19), 13.6% of the proteins contained seven
motifs (CqCDKO05, CqCDK18 and CqCDKO07), which
may be the basis for their classification. These motifs may
have important functions in the quinoa CDK genes.

Chromosome location and gene duplication analysis

To verify the relationship between genetic differentia-
tion and gene duplication, we mapped the CqCDK genes
obtained from quinoa database. The results showed
that 22 CqCDK genes were evenly distributed on all 11
chromosomes of quinoa (Fig. 4), there are one CqCDK
gene on chromosome Chr01(B), Chr06(B), Chr09(B),
Chr14(A) and Chr17(B) respectively, two CqCDK genes
on chromosome Chr07(A) and Chrl6(B) respectively,
and three CqCDK genes on chromosome Chr02(A),
there are four CqCDK genes on Chr05(B) and Chr 12(A)
chromosome.

We also analyzed the duplication of the quinoa CDK
genes, and found 11 pairs of duplicated genes in the qui-
noa CDK gene through the relationship of high protein
sequence homology and similarity, the sequence homol-
ogy of amino acid composition was more than 75%. We
can explore the potential functional differentiation and
selection pressure of orthologs by calculating the ratio of
Ka (non-synonymous) and Ks (synonymous) substitution
rates. As shown in the table below, the Ka/Ks ratios of the
allodiploids in this study were all less thanl, indicating
that the duplicated genes underwent purifying selection
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Fig. 2 Gene structure of CDK gene in quinoa. Blue boxes indicate 5-and 3"-untranslated regions; light yellow boxes indicate exons; and black lines indi-

cate introns
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Fig. 3 Conserved motif composition of CDK gene in quinoa. (A) The motif composition of CqCDK gene. (B) The conservative degree of the motif. (C) 10

conservative motif categories

pressure (Table 2). The Ka value of duplicated gene
(CqCDK08/CqCDKI12) was higher than that of other
homologs in the genome, indicating that the protein of
this group of homologs evolved more rapidly. (CqCDK09/
CqCDK13) had the highest Ka/Ks ratio (0.446), thus, this
pair of gene experienced higher evolutionary pressure
in quinoa compared to other genomes. The vast major-
ity of gene duplication occur within ten million years.
The first group of duplicated gene (CqCDK09/CqCDKO02)
occurred 45.124 million years ago, the last group of genes
to be homologous (CqCDK07/CqCDKI11) occurred
3.385 million years ago.

CDK Gene Family coding protein secondary structure
analysis

The secondary structure showed that the proteins
encoded by CqCDK family all contained alpha helix,
extended strand and random coil. The a-helix structure
of CqCDKI5 gene was the highest (45.66%), which was

composed of 79 amino acids (Table S2). The random
coil structure was the highest in the remaining CDK
genes. The a-helix structure of CqCDKO02, CqCDKO09 and
CqCDK13 genes was the lowest, and the derivative chain
structure of other CDK genes was the lowest, among
which 17 genes accounted for less than 20%. In CqCDXKs,
the proportion of random coil structure in some gene-
encoded proteins was more than 50%.

Cis-regulatory element analysis and protein Interaction
Network Construction

To investigate the cis-regulatory element of the pro-
moter region of the CqCDK gene, we analyzed the
2000 bp sequence upstream of the transcription start site
with PlantCARE. A total of 41 cis-regulatory element
related to plant hormone responses, the abiotic stresses,
tissue-specific expression, and photoresponse were
identified (Fig. 5). At the same time, we observed that
different genes had different types and different amounts
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Chr01(B) Chr02(A) Chr05(B) Chr06(B) Chr07(A) Chr08(A)
- CqcR20 CqCDKO1
CqCDK04
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CyCDK16
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CqCDK12
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Fig. 4 Genomic distributions of CDK genes on 11 chromosomes
Table 2 Gene duplication analysis of CDK gene family in quinoa
Duplicated SnRK2 gene1 Duplicated SnRK2 gene2 Ka Ks Ka/Ks MYA Selective pressure Duplicate type
CqCDKO1 CqCDK21 0.016 0.115 0.141 7.653 Purifying selection Segmental
CqCDK02 CqCDK17 0.025 0.170 0.145 11.322 Purifying selection Segmental
CqCDKo3 CqCDKO05 0.020 0.089 0.221 5.901 Purifying selection Segmental
CqCDK06 CqCDK18 0.006 0.133 0.043 8.887 Purifying selection Segmental
CqCDKo7 CqCDK11 0.012 0.051 0.242 3.385 Purifying selection Segmental
CqCDKo8 CqCDK12 0.050 0.130 0.387 8.637 Purifying selection Segmental
CqCDK09 CqCDK13 0.048 0.109 0446 7.244 Purifying selection Segmental
CqCDK15 CqCDK22 0.021 0.076 0.280 5.098 Purifying selection Segmental
CqCDK16 CqCDK19 0.007 0.060 0.121 4.004 Purifying selection Segmental
CqCDK09 CqCDK17 0.127 0.651 0.195 43402 Purifying selection Segmental
CqCDK09 CqCDK02 0.122 0.677 0.180 45.124 Purifying selection Segmental

of cis-regulatory element. Among them, GATA-motif,
G-Box, GT1-motif, LAMP-element, MRE, SP1 and TCT-
motif are the most common cis-regulatory elements,
AUXRR-core only existed in CgCDK06, CqCDK13 and
CqCDK20 genes, GARE-motif only existed in CgCDK04
and CqCDK1I14 genes, P-box only existed in CqCDK04,
CqCDKO5 and CqCDK20 genes, and SARE only existed
in CqCDKO3 gene, TAC-box only existed in CgCDK14,
CqCDK17 and CqCDK19 genes, TGA-box only existed
in CqCDK14 gene, ACE only existed in CqCDKO06 gene.
The second is tissue-specific expression element, in
which the cis-regulatory element (ARE) necessary for
anaerobic induction exists in multiple copies of CqCDK

genes, GCN4-motif exists in CqCDK05, CqCDKIO
and CqCDK22 genes, AT-rich sequence only exists in
CqCDKO02, CqCDK06 and CqCDKI17 genes, GC-motif
only exists in CgCDK04 and CqCDK21 genes, AACA-
motif only exists in CgCDKI0 and CqgCDK22 genes,
MBSI only exists in CqCDKO01, CqCDKO02 and CqCDKI17
genes. In terms of plant hormone response elements, in
which ABRE, CGTCA-motif, TCA-elements, TGACG-
motif exists in multiple copies of CqCDK genes, and
CqCDK06, CqCDK14, CqCDK15 and CqCDK20 genes
contain six hormone response elements, including
abscisic acid, methyl jasmonate, gibberellin, salicylic acid
and auxin, CgCDKO7 only contains abscisic acid acting
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Fig.5 Cis-elements in the promoter regions of CDK genes in quinoa

element, CgCDKI0 only contains salicylic acid acting
element, and CqCDK11 only contains abscisic acid act-
ing element, CgCDKI17 only contains gibberellin-acting
element and abscisic acid-acting element, CqCDKI9
only contains salicylic acid-acting element and gibber-
ellin-acting element. These results suggested that differ-
ent CqCDK genes play specific roles in plant growth and
development by responding to different hormone signals.
Finally, there are stress-response elements, including cis-
regulatory element (Tc-rich repeats), wound-response
elements (WUN-motif), the cis-regulatory element
(LTR) and drought-related functional elements (MBS)
involved in the low temperature reaction. The cis-regu-
latory element involved in defense and stress responses,
the cis-regulatory element involved in low temperature
responses, and the elements involved in drought induc-
tion are present in many genes, the WUN-motif reaction

element only exists in CqCDK04, CqCDKO08, CqCDK09
and CqCDK12 genes.

To predict the interaction and association between all
CqCDK proteins, we constructed a CDK protein interac-
tion network diagram between Arabidopsis thaliana and
quinoa using String software, and based on the predicted
results, all the CqCDXK-like proteins appear in the known
interaction network of Arabidopsis CDK proteins (Fig. 6),
indicating that there is a complex relationship between
the two. We can observe that the protein sequence of
AtCDKC2 is highly similar to that sequence of three
CqCDK proteins (CqCDKO03, CqCDKO05 and CqCDK14),
AtCDKD1; 3 is highly similar to that of two CqCDK pro-
teins (CqCDK15 and CqCDK22), The protein sequences
of AtCDKC;1 were highly similar to those of the two
CqCDK proteins (CqCDKO07 versus CqCDK11) and
the protein sequences of AtCDKE;1 were highly similar
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Fig. 6 Analysis of CDK protein network interaction in quinoa

to those of the two CqCDK proteins (CqCDKO08 versus
CqCDK12) ; The protein sequence of AT1G67580 was
highly similar to that of six CqCDK proteins (CqCDKO01,
CqCDKO02, CqCDK09, CqCDK13, CqCDK17 and
CqCDK21). The protein sequence of CAK1AT was highly
similar to that of two CqCDK proteins (CqCDK16 and
CqCDK19). The protein sequence of FCAALL.134 was
highly similar to that of one CqCDK protein (CqCDK10),
and the protein sequence of FCAALL.134 was highly
similar to that of two CqCDK proteins (CqCDKO06 and
CqCDK18), the protein sequence of Dot4 is highly
similar to CqCDKO04 protein sequence, and the protein
sequence of AT4G19110 is highly similar to CqCDK20.
CqCDKO09 gene and CqCDKI3 gene were expressed
in different degree under different stress (Table S3), and
the expression levels of CqCDKO09 gene and CqCDK13
gene were lower under eight stress treatments, the
expression levels of CqCDKI0 and CqCDK20 genes
were higher under eight stress treatments (Figure S1).
Under Root-dry treatment, two genes (CqCDKO02 and
CqCDK15) showed significantly up-regulated expression
and three genes (CqCDK06, CqCDKI14 and CqCDK19)
showed significantly down-regulated expression after
drought treatment. Under Root-heat treatment, the
expression level of eight genes (CqCDKO03, CqCDKOS,
CqCDKO08, CqCDK11, CqCDK13, CqCDK16, CqCDK19

and CqCDK22) was down-regulated, while the expres-
sion level of CgCDKO2 gene was up-regulated. Under
Root-Low-P treatment, the expression level of 12 genes
(CqgCDKO01, CqCDK03, CqCDKO05, CqCDK06, CqCDKO08,
CqCDK12, CqCDK14, CqCDK16, CqCDK18, CqCDK19,
CqCDK21 and CqCDK22) was down-regulated, while
the expression level of CqCDK02 was up-regulated.
Under Root-salt treatment, the expression level of four
genes (CqCDKO03, CqCDK06, CqCDK14 and CqCDK18)
was down-regulated, while the expression level of
CqCDKO09 was up-regulated. Under Shoot-dry treat-
ment, the expression level of five genes (CqCDKO06,
CqCDK07, CqCDK15, CqCDKI8 and CqCDK22) was
down-regulated, while the expression level of three genes
(CqCDKO02, CqCDK13 and CqCDK20) was up-regulated.
Under Shoot-heat treatment, the expression level of
three genes (CqCDK06, CqCDK09, CqCDK22) genes was
down-regulated and three genes (CqCDK02, CqCDK13,
CqCDK17) was up- regulated. Under Shoot-low-P
treatment, the expression level of 13genes (CqCDKOI,
CqCDKO03, CqCDK05, CqCDKO08, CqCDK09, CqCDK12,
CqCDK14, CqCDK15, CqCDK16, CqCDK18, CqCDK19,
CqCDK21 and CqCDK22) was down-regulated, while
the expression level of three genes (CqCDKO02, CqCDK06
and CqCDK17) was up-regulated. Under Shoot-salt treat-
ment, the expression level of eight genes (CqCDKO04,
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CqCDKO06, CqCDK07, CqCDK09, CqCDKI14, CqCDK17,
CqCDK18 and CqCDK22) was down-regulated, while the
expression level of two genes (CqCDK13 and CqCDK16)
was up-regulated.

Expression pattern analysis under abiotic stress
CDK genes play key roles in abiotic stress responses, and
therefore, we investigated the expression pattern of all
CDK family genes in quinoa leaves under 100 mmol/L
NaCl stress (Fig. 7, Table S4). The results showed that
the expression level of CgCDKO05 and CqCDKO09 was up-
regulated under salt stress, and the relative expression
level of CgCDKO5 reached 162 at 6 h after salt stress. The
expression level of CqCDK02 gene was 81-fold higher
than that of the control group. Except CqCDKO5 and
CqCDKO9 genes, the expression level of remaining CDK
genes under salt stress was below 100. Meanwhile, the
expression level of some CDK genes was lower under
salt stress. For example, CqCDKO06 gene reached its
maximum value (15.17702), CqCDKI12 gene reached its
maximum value (21.58169) and CgCDK13 gene reached
its maximum value (24.55857) after 9 h of salt stress,
CqCDK14 gene reached the maximum value (16.7331) at
6 h after salt stress, and the expression level was all lower
than 25. In addition, the expression patterns of CqCDK
genes under salt stress can be divided into the following
categories: The first group, after 3,6 and 9 h of treatment,
the expression level of CqCDK genes was significantly
increased compared with the control, for example,
CqCDKO01, CqCDKO02, CqCDK04, CqCDKI14-CqCDK20.
In the second group, the expression level of CqCDKI10
and CqCDK21 genes reached the maximum after 6 h of
processing. In the third group, the expression level of
CqCDKO03, CqCDK05, CqCDK06, CqCDK09, CqCDK13
and CqCDK22 reached the maximum value after 9 h
of processing. In the fourth group, the expression level
of CqCDKO07, CqCDK08 and CqCDKI11 genes reached
the maximum after 12 h of processing. In addition, the
expression level of some genes, such as CqCDKI2, was
significantly higher than that of the control at each time
point after salt stress. These results suggested that the
genes in this family are strongly responsive to salt stress.
In addition, we also studied the expression pattern
of this family of genes under 20% PEG stress (Fig. 8). It
was found that 22 CDK genes also strongly responded
to drought stress. The expression level of CqCDKI13
was up-regulated to 100-fold under drought stress. The
expression level of CqCDKO09 reached its peak at 6 h
after drought stress (92.73395). The expression level of
CqCDKO1 reached its peak at 12 h after drought stress
(81.06545), and the expression of CqCDKO0O1 was up-
regulated to 81-fold. The expression level of three genes
(CqCDKO01, CqCDKO0O9 and CqCDK13) was all signifi-
cantly up-regulated under drought stress. At the same
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time, some of the CqCDK genes showed a relatively
low expression level under drought stress. For example,
CqCDK04 gene reached its maximum value (8.846827)
after 12 h of drought stress, the CqCDKO06 gene reached
its maximum value (9.824998) at 6 h after drought stress,
CqCDK21 gene reached the maximum value (7.734927)
and CqCDK22 gene reached the maximum value
(6.297493) after drought stress for 24 h, and their expres-
sion levels were all lower than 10. In addition, the expres-
sion patterns of CqCDK genes under drought stress can
be broadly divided into the following categories: The first
group, the expression level of CqCDK12 and CqCDK22
reached the maximum at 3 h after treatment. In the sec-
ond group, the expression of CqCDK03, CqCDK06 and
CqCDKO09 genes reached the maximum at 6 h after treat-
ment. In the third group, the expression of CqCDKOI,
CqCDKO02, CqCDK04, CqCDKO05, CqCDK07, CqCDK10,
CqCDK11, CqCDK14 and CqCDK15 reached the maxi-
mum at 12 h after treatment. In the fourth group,
the expression of CqCDKO08, CqCDK13, CqCDKI6-
CqCDK21 reached the maximum at 24 h after treatment.
These results suggested that CqCDK genes are strongly
responsive to drought stress.

Subcellular localization analysis

To clarify the function of CqCDK15, we constructed the
fusion expression vector of CqCDKI5 and green fluores-
cent protein, PCAMBIA1302::CqCDK15-GFP, and used
the transient expression method of PEG4000-mediated
transformation of Arabidopsis thaliana protoplasts, sub-
cellular localization of CqCDKI15 was performed, with
Empty-GFP, which was not linked to the target gene, as
control, and the results showed that CqCDK15-GFP
fusion protein was expressed in the nucleus and the cyto-
plasm (Fig. 9).

Analysis of drought resistance and salt resistance in over-
expressing Arabidopsis thaliana

In order to further study the function of CqCDK15 gene,
CqCDK15 was transferred into Arabidopsis thaliana by
Agrobacterium tumefaciens-mediated transformation.
After screening, T3 generation over-expression line (OE-
1, OE-2, OE-3) were obtained, then it was treated with
20% PEG and 100 mm NacCl (Fig. 10). From the figure
below we can see that there were no significant differ-
ences in root length between transgenic plants and WT
plants without treatment. Under the stress of 100 mM
NaCl and 20% PEG, we found that there were significant
differences in root length between transgenic lines and
wild-type lines. Under 100 mm NaCl stress, we found
that the average root lengths of transgenic plants were
significantly longer than that of WT plants, and the aver-
age root lengths in the transgenic plants were 1.4-fold
that of wild-type plants. In the 20% PEG treatment, the
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Fig. 7 Expression pattern analysis under salt stress. gPCR was used to quantify the gene expression levels of 22 CDK genes from quinoa leaves under salt
stress. Data are means + SE of three independent biological samples, with vertical lines indicating standard deviation
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Fig. 8 20% expression pattern analysis under PEG stress. gPCR was used to quantify the expression levels of 22 CDK genes from quinoa leaves under 20%
PEG stress. Data are means + SE of three independent biological samples, with vertical lines indicating standard deviation
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average root lengths of transgenic plants were signifi-
cantly longer than that of WT plants and 1.59-fold lon-
ger than that of WT plants. These results indicate that
CqCDK15 participates the regulation of drought and salt
stress responses, and that over-expression of CqCDKI15
may make transgenic Arabidopsis plants more tolerant to
drought and salt tolerance.

Discussion

The function of the CDK genes has been extensively
studied in many plant species. At present, there is no
detailed analysis of the CDK genes in quinoa, so its func-
tion is still unknown. In this study, we identified 22 CDK
genes from quinoa genome. A total of 57 CDK genes have
been identified in the cotton. 31,15, and 12 CDK genes
were identified in the G. hirsutum, G. raimondii and G.
arboreum [48], while the number of genes identified in
quinoa was relatively higher than that in G. Arboreum
and G. Raimondii, which may be due to genome-wide
duplication. In addition, studies have shown that there
are 34 and 29 CDK genes in rice and Arabidopsis [7],
respectively. Whereas 22 CDK genes were found in qui-
noa, and this difference may be related to genome size
in different species. In addition, phylogenetic analysis
showed that the six subfamilies contained CDK genes of
Monocots and Dicotyledones. This analysis suggests that
members of the CDK family are descendants of ancient
copies that occurred before the Monocots and Dicoty-
ledones split. As a result of subsequent duplication, the
CDK gene is more abundant in the monocots. The high
number of CDK genes during polyploidy is more likely to
be caused by gene duplication and conservation of CDK
genes during polyploidy, this suggests that the CDK gene
family play important roles in plant growth and develop-
ment [49].

Gene structure is usually conserved during evolution
[50]. Gene structures such as intron/exon organization
and intron type are typical imprints in the evolution of
some gene families, the characterization and structural
analysis of genes with major functions of abiotic and
biological stress factors have been found to have fewer
introns [51]. Structural analysis of the CDK gene in qui-
noa revealed changes in the intron-exon ratio, 12 CqCDK
genes all have UTR regions at the 5 ‘and 3’ ends, and
seven of them had exons with more than 10 exons. Two
genes had no introns, and the rest were either destroyed
by one or more introns, this may be due to the CDK
genes in the evolution of intron loss, which is consistent
with previous studies [52]. However, it is important to
note that despite the burden of gene function on introns,
CqCDKaO8 has the highest disruption, with an exon num-
ber of 16, due to the demand for spliceosomes. Studies
have shown that evolutionarily conserved genes have a
greater intron burden, and there is a positive correlation
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between evolutionarily conserved levels and the size
of gene intron regions in eukaryotic genes [53], and the
more introns there are, the more conserved the genes are
[50], therefore CqCDKO8 is the most conservative. Motif
analysis and composition of each CDK gene subfamily
varied widely, although some amino acid-rich regions
were detected, which is consistent with findings in Ara-
bidopsis [54] and tomato [55]. We found that the genes
belonging to the same family showed similar gene struc-
ture and motif composition. This result is consistent with
a previous study that documented similar exon, intron
data and protein motifs in the same set of CDK genes in a
genome-wide study in tomato [55]. Previous studies have
shown that gene organization plays important roles in
the evolution of multiple gene families and in response
to stress conditions [56]. In our study, we found that the
most closely related CqCDK genes in the same family
share similar gene structures, this may indicate that gene
structure reveals a phylogenetic relationship. Further-
more, cytoplasmic CqCDK genes typically have fewer
introns, whereas organelle-specific CqCDKs have more
introns, suggesting that intron patterns are closely related
to gene function, and this diversity in gene structure may
drive the evolution of gene families and may give genes
new functions that help plants better adapt to environ-
mental changes [57]. Furthermore, although all 21 CDK
genes share a common conserved Motif4, they also have
their unique conserved motifs, and the different motif
composition may contribute to the functional diversity of
CDK members [58].

Gene duplication plays important roles in the expan-
sion and evolution of gene families [59]. In addition, gene
duplication is also an important source of plant stress
response mechanism innovation [60]. Gene duplication
mechanisms not only lead to the expansion of genomic
content, but also contribute to the diversification of gene
function to ensure adequate fitness and plant evolution
[61]. Therefore, we investigated gene duplication events
between CDK genes in the quinoa genome to gain a
deeper understanding of their evolutionary processes.
The results showed that 22 CqCDK genes were derived
from segmental duplication events, which indicated that
segmental duplication was the main evolutionary force
of CDK gene expansion, this is consistent with previ-
ous results obtained in cyclin-dependent kinase analy-
sis in Arabidopsis thaliana, in which 22 core cell cycle
genes were found to be duplicated by segmented repeats
[62]. Furthermore, the Ka/Ks ratio of the CqCDK gene
pair indicated that the replicated CqCDK gene pair was
driven by purifying selection, with the Ka/Ks ratio<1
[63], indicating that the replication event accelerated
the generation of the CqCDK gene. Furthermore, these
CqCDK gene replication events occurred between
approximately 3.385 Mya and 45.124 Mya. Meanwhile,
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in paralog gene pairs, CqCDK07-CqCDK11 showed the
lowest Ka/Ks values, suggesting that this pair of genes
had a shorter divergence time, so these genes retained
the same function.

Cis-regulatory elements, as key molecular switches,
are involved in regulating the transcriptional regula-
tion of gene activity in various biological processes [64].
In this study, we identified several hormones associated
with auxin, gibberellin, salicylic acid (SA), abscisic acid
(ABA) and methyl jasmonate (Meja) in the promoter
region of the CqCDK cis-regulatory element. Abre (ABA
response element) and G-BOX element were found in
15 CqCDK genes, TGACG-motif (MeJA response ele-
ment) and ARE element were found in 15 CqCDK genes,
this indicates that these components are highly con-
served in the CqCDK family. Among them, ABRE plays
an important role in response to ABA to affect osmotic
stress and drought stress tolerance in plants [65, 66],
the 15 CqCDK genes containing ABRE elements were
also strongly responsive to drought stress. In addition,
G-BOX is involved in the biosynthesis of linalool dur-
ing flower development [67], suggesting that the CDK
promoter region may be involved in the development of
Quinoa. At the same time, the CDK gene contains two
or more identical cis-regulatory element copies, which
may play key roles in enhancing gene transcriptional
regulation and adaptation to environmental changes.
In addition, we found that the drought response ele-
ment MBS existed in the promoter regions of CqCDKO06,
CqCDKO08, CqCDK11, CqCDK13, CqCDKI14, CqCDKI16
and CqCDKI9 genes. Meanwhile, it was observed that
most of these genes responded strongly to drought stress
12 or 24 h after drought stress, suggesting that there was
a close relationship between promoter elements and gene
expression.

The results showed that most of the CqCDK genes were
significantly induced under drought and salt stress, and
the expression of most of the CqCDK genes remained at
a high level, which was similar to the results of other early
studies, these results suggest that CDK plays important
roles in the stress response of quinoa to drought stress.
Therefore, the aim of this study was to further under-
stand the expression pattern and possible function of
the CqCDK gene under drought and salt stress. Almost
all of the 22 CqCDK genes were induced by drought
and salt stress. These results suggest that the accumula-
tion of CqCDK genes are effective in reducing abiotic
stress-induced damage. CDKC2 regulates cell division
and drought stress in Arabidopsis thaliana by mediat-
ing cell cycle genes and stomatal development related
genes [58] and in this study, we found that the expression
levels of CqCDKO03 and CqCDKOS5, which are homolo-
gous to CDK2, also changed significantly under drought
stress, it is suggested that these genes may also play a role
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in quinoa under drought stress by mediating the expres-
sion of stomatal development-related genes and affecting
stomatal density. The CDKG2 gene confers salt tolerance
and promotes flowering in Arabidopsis thaliana [28],
this gene increased salt tolerance by up-regulating the
expression of stress-responsive genes SOS1, SOS2, SOS3,
NHX3, RD29B, ABI2, ABI3, MYB15 and P5CS1 [28],
and two genes in this study (CqCDKOI and CqCDKO02)
are homologous to CDKG2, and these two genes also
strongly respond to salt stress; It is suggested that these
two genes may play a key role in salt stress in a similar
way. Zhao’s study showed that [14] CDK2 increased cell
division and drought tolerance in Arabidopsis thaliana
by regulating cycle genes and stomatal development-
related genes. CDKF4 in cotton enhances drought and
salt tolerance in transgenic plants through reactive oxy-
gen species release and antioxidant levels [48], in this
study, we found that the expression levels of two genes
belonging to CDKF subfamily (CqCDK16 and CqCDK19)
also changed significantly under drought and salt stress.
At the same time, we found that the gene pair with the
lowest Ka/Ks value (CqCDKO07-CqCDK11) showed simi-
lar expression pattern under drought and salt stress, and
the gene pair with the highest Ka/Ks value (CqCDKO02-
CqCDKO09) showed distinct expression pattern under
drought and salt stress, this phenomenon is favorable to
support the gene after the replication of functional differ-
ences, which is consistent with the study in soybean [68]
.On the other hand, transcriptome data suggest that CDK
also play important roles in plant responses to other
biotic and abiotic stresses. For example, two of the qui-
noa CDK genes were significantly up-regulated under salt
stress, and some of the CqCDK genes were also induced
under high temperature and low phosphorus stress. Fur-
thermore, we found that different CqCDK genes differ
in response mechanisms to different stresses, implying a
diversity of CqCDKs functions in quinoa stress response
mechanisms. Our results suggest that most of the CDK
genes in quinoa are involved in drought stress and salt
stress. These results provide some references for further
understanding the function of this family. However, due
to the lack of a complete genetic system, quinoa can-
not achieve the function of the body gene, so we should
urgently improve the quinoa genetic transformation
system.

Conclusion

In summary, we performed a comprehensive and sys-
tematic genome-wide analysis of CqCDKs. A total of 22
genes from the quinoa CDK gene family were identified,
and bioinformatics analysis and expression profiling of
these genes were performed, to determine their poten-
tial function in quinoa growth, development and stress
response. Expression analysis and functional prediction
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indicated that CDK gene may play significant and com-
plex roles in regulating plant adaptation to different envi-
ronmental conditions. It was found that CqCDK genes
strongly responded to drought and salt stress. In addi-
tion, overexpression of CqCDKI15 gene showed strong
resistance to salt stress and drought stress. These results
provide important references for further research on the
application of CDK gene family in the regulation of plant
growth, development and differentiation, and help to elu-
cidate the mechanism of stress resistance in quinoa.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512864-023-09570-4.

Supplementary Material 1
Supplementary Material 2
Supplementary Material 3
Supplementary Material 4

Supplementary Material 5

Acknowledgements
We would like to thank the editor and reviewers for critically evaluating the
manuscript and providing constructive comments for its improvement.

Authors’ contributions

This work was conceived by Wang Wang-tian. Liu Wen-yu led the
bioinformatic analyses. Wang Wang-tian write the first version of the
manuscript while Wang Bao-giang and Liu Wen-yu contributed to the
improvement of the final version. All authors approved the final manuscript.

Funding

This project was supported by the project of youth mentor support fund
for Gansu Agricultural University (GAU-QDFC-2018-12), Natural Science
Foundation of Gansu Province (23JRRA1426), Precise identification

of resistance germplasm and breeding of new varieties of Quinoa
(GAAS2022007).

Data Availability

The reference genome assembly used for data analysis was obtained from
National Center for Biotechnology Information (NCBI: GCF_001683475.1). The
datasets analysed during this study are included in this published article and
its supplementary information files.

Declarations

Ethics approval and consent to participate

All experimental studies and experimental materials involved in this research
are in full compliance with relevant institutional, national and international
guidelines and legislation.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 4 May 2023 / Accepted: 9 August 2023
Published online: 17 August 2023

Page 17 of 18

References

1.

2.

19.

20.

21.

23.

24.

25.

26.

27.

Tank JG, Thaker VS. Cyclin dependent kinases and their role in regulation of
plant cell cycle. Biol Plant. 2011;55:201-12.

Saad S, Cereghetti G, Feng Y, Picotti P, Peter M, Dechant R. Reversible protein
aggregation is a protective mechanism to ensure cell cycle restart after stress.
Nat Cell Biol. 2017;19(10):1202-13.

Inzé D, Veylder LD. Cell cycle regulation in plant development. Annu Rev
Genet. 2006;40(1):77.

Loyer P, Trembley JH. Roles of CDK/Cyclin complexes in transcription and
pre-mRNA splicing: cyclins L and CDK11 at the cross-roads of cell cycle and
regulation of gene expression. Semin Cell Dev Biol. 2020;107:36-45.

Li L, Kotodziej T, Jafari N, Chen J, Zhu H, Rajfur Z, Huang C. CDK5-mediated
phosphorylation regulates phosphatidylinositol 4-phosphate 5-kinase type |
y 90 activity and cell invasion. FASEB J. 2019;33(1):631-42.

Chen CY, Chang CH, Wu CH, Tu YT, Wu K. Arabidopsis cyclin-dependent
kinase C2 interacts with HDA15 and is involved in far-red light-mediated
hypocotyl cell elongation. Plant J. 2022;112(6):1462-72.

Tank JG, Thaker VS. Cyclin dependent kinases and their role in regulation of
plant cell cycle. Biol Plant. 2011,55(2):201.

He C, Liang J, Wu Z, Zhuge X, Xu N, Yang H. Study on the interaction
preference between CYCD subclass and CDK family members at the poplar
genome level. Sci Rep. 2022;12(1):16805.

Nowack MK, Harashima H, Dissmeyer N, Zhao X, Bouyer D, Weimer AK, De
Winter F, Yang F, Schnittger A. Genetic framework of cyclin-dependent kinase
function in Arabidopsis. Dev Cell. 2012;22(5):1030-40.

Schomburg D. Protein kinase (CDK/MAK). 2007.

Boudolf V. B1-Type cyclin-dependent kinases are essential for the formation
of Stomatal Complexes in Arabidopsis thaliana. Plant Cell. 2004;16(4):945.
BarrCo RM, Veylder LD, Magyar Z. Novel complexes of cyclin-dependent
kinases and a cyclin-like protein from Arabidopsis thaliana with a function
unrelated to cell division. Cell Mol Life Sci. 2003;60(2):401-12.

Filop K, Pettkd-Szandtner A, Magyar Z, Miskolczi P, Kondorosi E, Dudits D,
Bako L. The Medicago CDKG;1-CYCLINT;1 kinase complex phosphorylates the
carboxy-terminal domain of RNA polymerase Il and promotes transcription.
Plant J. 2005;42(6):810-20.

Zhao L, LiY, Xie Q Wu Y. Loss of CDKC;2 increases both cell division and
drought tolerance in Arabidopsis thaliana. Plant J. 2017,91:816-28.

Wang W. HUA ENHANCERS reveals a role for a cyclin-dependent protein
kinase in the specification of floral organ identity in Arabidopsis. Develop-
ment. 2004;131(13):3147.

Maldonado E, Shiekhattar R, Sheldon M, Cho H, Drapkin R, Rickert P, Lees

E, Anderson CW, Linn S, Reinberg D. A human RNA polymerase Il complex
associated with SRB and DNA-repair proteins. Nature. 1996,381:86-9.

Inze D, de Veylder L. Cell cycle regulation in plant development. Annu Rev
Genet. 2006;40:77-105.

Cavallari N, Nibau C, Fuchs A. The cyclin dependent kinase G group defines
a thermo-sensitive alternative splicing circuit modulating the expression of
Arabidopsis ATU2AF65A. Plant J. 2018;94(6):1010-22.

Galbraith MD, Andrysik Z, Pandey A. CDK8 kinase activity promotes glycolysis.
Cell Rep. 2017,21(6):1495.

Rutschmann F, Stalder U, Piotrowski M, Oecking C, Schaller A. LeCPK1, a
calcium-dependent protein kinase from tomato. Plasma membrane target-
ing and biochemical characterization. Plant Physiol. 2002;129(1):156-68.
Umeda M, Umeda-Hara C, Yamaguchi M, Hashimoto J, Uchimiya H. Differen-
tial expression of genes for cyclin-dependent protein kinases in rice plants.
Plant Physiol. 1999;119(1):31-40.

Liefting LW, Veerakone S, Ward LI, Clover GRG. First Report of ‘Candidatus
Phytoplasma australiense'in Potato. Plant Dis. 2009;93(9):969.

Roudier F, Fedorova E, Gyorgyey J, Feher A, Brown S, Kondorosi A, Kondorosi
E. Cell cycle function of a Medicago sativa A2-type cyclin interacting with a
PSTAIRE-type cyclin-dependent kinase and a retinoblastoma protein. Plant J.
2000,23(1):73-83.

Schuppler U, He P, John P, Munns R. Effect of water stress on cell division
and cell-division-cycle 2-like cell-cycle kinase activity in wheat leaves. Plant
Physiol. 1998;117:667-78.

Lim S, Kaldis P. Cdks, cyclins and CKls: roles beyond cell cycle regulation.
Development. 2013;140:3079-93.

Shanks CM, Hecker A, Cheng CY, Brand L, Collani S, Schmid M, Schaller GE,
Wanke D, Harter K, Kieber JJ. Role of BASIC PENTACYSTEINE transcription fac-
tors in a subset of cytokinin signaling responses. Plant J. 2018;95:458-73.
Zhou XF, Jin YH, Yoo CY, Lin XL, Kim WY, Yun DJ, Bressan RA, Hasegawa PM.
CYCLIN H;1 regulates Drought stress responses and Blue Light-Induced


https://doi.org/10.1186/s12864-023-09570-4
https://doi.org/10.1186/s12864-023-09570-4

Wang et al. BMC Genomics

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44,

45.

46.

47.

48.

49.

(2023) 24:461

Stomatal opening by inhibiting reactive oxygen species Accumulation in
Arabidopsis. Plant Physiol. 2013;162:1030-41.

Ma X, Qiao Z, Chen D, Yang W, Zhou R, Zhang W, Wang M. CYCLIN-DEPEN-
DENT KINASE G2 regulates salinity stress response and salt mediated flower-
ing in Arabidopsis thaliana. Plant Mol Biol. 2015,88:287-99.

Zhu X, Wang B, Wei X, Du X. Characterization of the CQCAMTA gene fam-

ily reveals the role of CQCAMTAO3 in drought tolerance. BMC Plant Biol.
2022,22(1):428.

Yameng H, Jianwei C, Mingwei Z."Characterization of saponins and phenolic
compounds: antioxidant activity and inhibitory effects on a-glucosidase in
different varieties of colored quinoa (Chenopodium quinoa Willd)." Bioscience,
Biotechnology, and Biochemistry. 2019; 83 (11): 2128-39.

Filho AM, Pirozi MR, Borges JT, Pinheiro Sant’Ana HM, Chaves JB, Coimbra JS.
Quinoa: Nutritional, functional, and antinutritional aspects. Crit Rev Food Sci
Nutr. 2017;57(8):1618-30.

Jarvis DE, Ho YS, Lightfoot DJ, Schmockel SM, Li B, Borm TJ, Ohyanagi H,
Mineta K, Michell CT, Saber N, Kharbatia NM, Rupper RR, Sharp AR, Dally

N, Boughton BA, Woo YH, Gao G, Schijlen EG, Guo X, Momin AA, Negrdo

S, Al-Babili S, Gehring C, Roessner U, Jung C, Murphy K, Arold ST, Gojobori

T, Linden CG, van Loo EN, Jellen EN, Maughan PJ, Tester M. The genome of
Chenopodium quinoa. Nature. 2017;542(7641):307-12.

Finn RD, Bateman A, Clements J, Coggill P, Eberhardt RY, Eddy SR. Pfam: the
protein families database. Nucleic Acids Res. 2014;42:0222-30.
Marchler-Bauer A, Lu S, Anderson JB, Chitsaz F, Derbyshire MK, DeWeese-
Scott C. CDD: a conserved domain database for the functional annotation of
proteins. Nucleic Acids Res. 2011,39:225-9.

Schultz J, Copley RR, Doerks T, Ponting CP, Bork P. SMART: a web-based tool
for the study of genetically mobile domains. Nucleic Acids Res. 28: 231-4.
Gasteiger E, Hoogland C, Gattiker A, Duvaud SE, Wilkins MR. AppelRD. Protein
identification and analysis tools on the ExPASy server. Methods Mol Biol.
1999;112:531-52.

Gardy JL, Laird MR, Chen F, Rey S, Walsh CJ, Ester M. PSORTb v.2.0: expanded
prediction of bacterial protein subcellular localization and insights gained
from comparative proteome analysis. Bioinformatics. 2005;21:617-23.
Tamura K, Stecher G, Kumar S. Mol Biol Evol. 2021,38(7):3022-7. MEGA1 1:
Molecular Evolutionary Genetics Analysis Version 11.

Zhang H, Gao S, Lercher MJ, Hu S, Chen WH. EvolView, an online tool for
visualizing, annotating, and managing phylogenetic trees. Nucleic Acids Res.
2012,40:.W569-72.

Hu B, Jin J, Guo AY, Zhang H, Luo J, Gao G. GSDS 2.0: an upgraded gene
feature visualization server. Bioinformatics. 2015;31(8):1296-7.

Steven DC. Molecular genetic studies confirm the role of brassinosteroids in
plant growth and development. Plant J. 1996;10:1-8.

Chen CJ, Chen H, Zhang Y, Thomas HR, Frank MH, He YH. TBtools: an integra-
tive toolkit developed for interactive analyses of big biological data. Mol
Plant. 2020;13:1194-202.

Combet C, Blanchet C, Geourjon C, Deléage G. NPS@: network protein
sequence analysis. Trends Biochem Sci. 2000;25:147-50.

Lescot M, Dehais P, Thijs G, Marchal K, Moreau Y, Van PY. PlantCARE, a data-
base of plant cis-acting regulatory elements and a portal to tools for in silico
analysis of promoter sequences. Nucleic Acids Res. 2002;30:325-7.
Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, HuertaCepas J.
STRING v10: protein-protein interaction networks, integrated over the tree of
life. Nucleic Acids Res. 2015;43:0447-52.

Yoo SD, Cho YH, Sheen J. Arabidopsis mesophyll protoplasts: a versatile cell
system for transient gene expression analysis. Nat Protoc. 2007;2(7):1565-72.
Zhang X, Henriques R, Lin SS, Niu QW, Chua NH. Agrobacterium-mediated
transformation of Arabidopsis thaliana using the floral dip method. Nat
Protoc. 2006;1:641-6.

Magwanga RO, Lu P, Kirungu JN, Cai X, Zhou Z.Whole G111111111enome
analysis of cyclin dependent kinase (CDK) Gene Family in Cotton and
functional evaluation of the role of CDKF4 gene in Drought and Salt stress
tolerance in plants. Int J Mol Sci. 2018;19:2625.

Hundertmark M, Hincha DK. LEA (late embryogenesis abundant) proteins

and their encoding genes in Arabidopsis thaliana. BMC Genomics. 2008;9:118.

50.

5T

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Page 18 of 18

Rogozin IB, Wolf Y1, Sorokin AV, Mirkin BG, Koonin EV. Remarkable interking-
dom conservation of intron positions and massive, lineage-specific intron
loss and gain in eukaryotic evolution. Curr Bioinform. 2003;13:1512-7.

LanT, Gao J, Zeng QY. Genome-wide analysis of the LEA (late embryogenesis
abundant) protein gene family in Populus trichocarpa. Tree Genet Genomes.
2013;9:253-64.

Zhu X, Wang B, Wang X, Wei X. Genome-wide identification, structural analy-
sis and expression profiles of short internodes related sequence gene family
in quinoa. Front Genet. 2022;13:961925.

Gorlova O, Fedorov A, Logothetis C, Amos C, Gorlov I. Genes with a large
intronic burden show greater evolutionary conservation on the protein level.
BMC Evol Biol. 2014;14:50.

Wang G, Kong H, Sun'Y, Zhang X, Zhang W, Altman N, DePamphilis CW, Ma
H. Genome-wide analysis of the cyclin family in Arabidopsis and com-
parative phylogenetic analysis of plant cyclin-like proteins. Plant Physiol.
2004;135(2):1084-99.

Zhang T, Wang X, Lu, Cai X, Ye Z, Zhang J. Genome-wide analysis of the
cyclin gene family in tomato. Int J Mol Sci. 2013;15(1):120-40.

Xu G, Guo C, Shan H, Kong H. Divergence of duplicate genes in exon-

intron structure. Proceedings of the National Academy of Sciences. 2012;
109(4):1187-92.

Fan K, Wang M, Miao Y, Ni M, Bibi N, Yuan S. Molecular evolution and
expansion analysis of the NAC transcription factor in Zea mays. PLoS ONE.
2014,9:2111837.

Liu X, Chu Z. Genome-wide evolutionary characterization and analysis

of bZIP transcription factors and their expression profiles in response to
multiple abiotic stresses in Brachypodium distachyon. BMC Genomics.
2015;16:227.

Vision TJ, Brown DG, Tanksley SD. The origins of genomic duplications in
Arabidopsis. Science. 2000;290:2114-7.

Zou C, Lehti-Shiu MD, Thomashow M, Shiu SH. Evolution of stress-regulated
gene expression in duplicate genes of Arabidopsis thaliana. PLoS Genet.
2009;5:21000581.

Xu G, Guo C, Shan H, Kong H. Divergence of duplicate genes in exon-intron
structure, Proc Natl Acad Sci. 2012;109:1187-92.

Vandepoele K, Raes J, De Veylder L, Rouze P, Rombauts S, Inze D.
Genome-wide analysis of core cell cycle genes in Arabidopsis. Plant Cell.
2002;14:903-16.

Lynch M, Conery JS. The evolutionary fate and consequences of duplicate
genes. Science. 2000,290:1151-5.

Zhao W, Liu YW, Zhou JM, Zhao SP, Zhang XH, Min DH. Genome-wide analysis
of the lectin receptor-like kinase family in foxtail millet (Setaria italica L). Plant
CellTissue Organ Cult. 2016;127:335-46.

Yoshida T, Fujita Y, Sayama H, Kidokoro S, Maruyama K, Mizoi J, Shinozaki K,
Yamaguchi-Shinozaki K. AREB1, AREB2, and ABF3 are master transcription
factors that cooperatively regulate ABRE-dependent ABA signaling involved
in drought stress tolerance and require ABA for full activation. Plant J.
2010,61:672-85.

Fujita Y, Yoshida T, Yamaguchi-Shinozaki K. Pivotal role of the AREB/ABF-SnRK2
pathway in ABRE-mediated transcription in response to osmotic stress in
plants. Physiol Plant. 2013;147:15-27.

Yu Z, Zhang G, da Silva JAT, Zhao C, Duan J. The methyl jasmonate-responsive
transcription factor DobHLH4 promotes DoTPS10, which is involved in lin-
alool biosynthesis in Dendrobium officinale during floral development. Plant
Sci. 2021;309:110952.

Sangi S, Aratjo PM, Coelho FS, Gazara RK, Almeida-Silva F, Venancio TM,
Grativol C. Genome-wide analysis of the COBRA-Like Gene Family supports
Gene Expansion through whole-genome duplication in soybean (Glycine
max). Plants. 2021;10:167.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Identification of CDK gene family and functional analysis of ﻿CqCDK15﻿ under drought and salt stress in quinoa
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Plant materials and treatments
	﻿Search and identification of CDK gene members in quinoa
	﻿Analysis of Gene structure and conserved motifs
	﻿Analysis of chromosome localization and gene replication
	﻿Secondary structure, upstream cis-regulatory element analysis and protein interaction network mapping
	﻿Expression analysis, RNA extraction and real-time quantitative PCR of CDK family genes
	﻿Subcellular localization of the protein encoded by ﻿CqCDK15﻿ gene
	﻿Transformation of ﻿Arabidopsis thaliana﻿ with ﻿CqCDK15﻿ gene and determination of related physiological indexes
	﻿Statistical analysis

	﻿Results
	﻿Basic physicochemical properties and phylogenetic tree analysis
	﻿Gene structure and basic motif analysis
	﻿Chromosome location and gene duplication analysis
	﻿CDK Gene Family coding protein secondary structure analysis
	﻿Cis-regulatory element analysis and protein Interaction Network Construction
	﻿Expression pattern analysis under abiotic stress
	﻿Subcellular localization analysis
	﻿Analysis of drought resistance and salt resistance in over-expressing ﻿Arabidopsis thaliana﻿

	﻿Discussion
	﻿Conclusion
	﻿References


