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Abstract: Pyruvate kinase (PK), a pivotal enzyme in glycolysis, serves as a multifunctional
regulator of plant growth, development, and stress adaptation. Despite its significance, the
functional roles of PKs in peanut remain largely unexplored. Here, we performed a genome-
wide identification and systematic characterization of PK genes in cultivated peanut, iden-
tifying 21 AhPK genes (AhPK1-AhPK21). Phylogenetic classification divided these genes
into two subfamilies: PKc (comprising PKc-1 and PKc-2 subgroups) and PKp (comprising
PKp-a and PKp-f3 subgroups). AhPK members within the same subfamily shared similar
motif composition patterns, while genes from different subgroups showed significantly
different exon—intron organizations. Collinearity analysis indicated that segmental duplica-
tion events and purifying selection predominantly drove the expansion and evolution of
the AhPK family. Evolutionary analysis further indicated closer evolutionary relationships

check for between peanut PKs and those of Arabidopsis than with rice. Predicted protein interaction
updates networks suggested that AhPKSs can form polymeric protein complexes (e.g., PKp-« and
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acid (ABA) treatment. Collectively, these findings provide critical insights into the func-
tional roles of AhPK genes in seed germination and drought stress responses, establishing a

of Peanut Pyruvate Kinase Gene foundation for future mechanistic studies.
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Glycolysis, a central metabolic pathway, is ubiquitous in eukaryotes. Pyruvate kinase
(PK; EC 2.7.1.40) is an essential enzyme that catalyzes the final step of glycolysis, where

distributed under the terms and

conditions of the Creative Commons 1t drives the transformation of phosphoenolpyruvate (PEP) into pyruvate and adenosine

Attribution (CC BY) license triphosphate (ATP) by transferring a phosphate group to adenosine diphosphate (ADP)
(https:/ /creativecommons.org/ through an irreversible reaction [1-3]. As one of the three critical rate-limiting enzymes in
licenses /by /4.0/).

Horticulturae 2025, 11, 200 https://doi.org/10.3390 /horticulturae11020200


https://doi.org/10.3390/horticulturae11020200
https://doi.org/10.3390/horticulturae11020200
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com
https://orcid.org/0000-0003-0892-8906
https://orcid.org/0000-0002-4244-1635
https://doi.org/10.3390/horticulturae11020200
https://www.mdpi.com/article/10.3390/horticulturae11020200?type=check_update&version=2

Horticulturae 2025, 11, 200

2 of 15

glycolysis, PK regulates carbon flux from glucose to pyruvate [4], a central metabolite inter-
facing with the tricarboxylic acid cycle, lipid biosynthesis, and amino acid metabolism [5].
Its pivotal role underscores its influence on cellular energy metabolism [6].

In plants, PK exists in the form of two isozyme types: cytoplasmic PK (PKc) and
plastid PK (PKp) [7]. These isoforms exhibit distinct physical, kinetic, immunological, and
regulatory properties [7-11]. The PK gene family varies significantly across species in terms
of subunit composition and gene number. For example, Arabidopsis harbors 14 PK genes
(10 PKc and 4 PKp) [12], rice contains 10 (6 PKc and 4 PKp) [13], and soybean has 27 (16 PKc
and 11 PKp) [14]. PK enzymes typically form homotetramers, though they can also exist
as monomers, homodimers, heterodimers, heterotetramers, or heterohexamers, enabling
functional versatility [15-18]. Collectively, PK genes comprise a functionally diverse family
integral to plant metabolism and development [19,20].

The PKc and PKp isoforms play significant roles in plant growth, development, and
stress adaptation. In Arabidopsis, PKpl and PKp2 genes have demonstrated roles in
seed oil biosynthesis, embryo development, and seed germination [19,20]. Reduced PKc
activity in transgenic potato led to decreased pyruvate pools associated with the citric
acid cycle, thereby altering carbon allocation and respiratory processes [21]. The cotton
PKc GhPK6 modulated fiber elongation via a reactive oxygen species-dependent inhibition
mechanism [22]. In rice, PKc OsPK1 influenced key morphological traits, especially plant
height [23]. Multiple rice PK genes, including OsPK1, OsPK2, OsPK3, OsPK4, OsPK5, OsPK6,
OsPK7, OsPK8, and OsPK10, have been identified as critical factors affecting grain quality
and yield [13,24-26], with some also linked to seed germination [13,24,27]. Additionally, the
soybean PKc GmPK21 negatively influenced salt stress resistance in transgenic Arabidopsis
at the seedling stage [14].

Cultivated peanut (Arachis hypogaea L.) is an allotetraploid crop with an AABB
genome [28]. The recently released whole genome sequence of the cultivated peanut
variety Shitoqi [28] enables the genome-wide identification and examination of gene fami-
lies. In this study, we characterized the peanut PK gene family by examining phylogenetic
relationships, gene structure, conserved motifs, gene duplication, protein—protein interac-
tion networks, and cis-acting elements. Previous studies have highlighted the significant
roles of PK in plant growth, development, and stress responses [13,14]. However, the
expression pattern and the functional roles of peanut PK genes in seed germination and
stress responses, including drought and ABA, remain poorly understood. To address this,
we investigated the tissue-specific expression and stress-responsive profiles of peanut PK
genes. Our primary objectives were to understand the evolution and diversity of peanut PK
genes, as well as their potential contributions to plant development and stress responses.
This work provides a robust foundation for future functional studies on the PK gene family
in peanuts.

2. Materials and Methods
2.1. Identification of the AhPK Gene Family

Protein sequences of the Arabidopsis pyruvate kinase (AtPK) gene family were re-
trieved from the Arabidopsis Information Resource (TAIR; https://www.arabidopsis.org/,
accessed on 7 March 2024). Genomic information and GFF3 annotations for A. hy-
pogaea were sourced from the Peanut Genome Resources database (http:/ /peanutgr.fafu.
edu.cn/index.php, accessed on 7 March 2024) [28]. AtPK protein sequences served
as queries for a BLASTP search against the local protein database of A. hypogaea, em-
ploying an e-value cutoff of 107. Additionally, the PK and PK_C domains (PF00224
and PF02887) from the PFAM database (http://pfam.xfam.org/, accessed on 7 March
2024) were used as the queries to pick out AhPK via the Simple HMM Search pro-
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gram within TBtools v2.154 software [29]. Candidate AhPK proteins identified through
BLAST and HMM searches were merged, manually curated to remove redundancies,
and validated for conserved domains using Pfam (http://pfam.xfam.org/, accessed on
8 March 2024), SMART (http://smart.embl-heidelberg.de/, accessed on 8 March 2024),
and NCBI-CDD (https:/ /www.ncbi.nlm.nih.gov/cdd/, accessed on 8 March 2024). The
predicted AhPK genes were named based on their chromosomal positions. Physico-
chemical properties, including molecular weight (MW), theoretical isoelectric point (pl),
instability index (II), grand average of hydropathicity (GRAVY), and aliphatic index
(Al), were calculated using the ProtParam Tool (https://web.expasy.org/protparam/,
accessed on 9 March 2024). Subcellular localization was predicted using Plant-mPLoc
(http:/ /www.csbio.sjtu.edu.cn/bioinf/plant-multi/, accessed on 9 March 2024).

2.2. Phylogenetic Analysis of AhPK Proteins

PK protein sequences from peanut, Arabidopsis, and rice were aligned using the
MUSCLE algorithm implemented in MEGA 11.0 software [30]. A phylogenetic tree
was then constructed using the neighbor-joining approach with 1000 bootstrap repli-
cates. Visualization and optimization were conducted using Evolview version 3 (http:
/ /www.evolgenius.info/evolview, accessed on 12 March 2024) [31].

2.3. Gene Structure, Conserved Motif, and Synteny Analysis

Conserved motifs in AhPK proteins were predicted using the MEME tool (https:
//meme-suite.org/meme/, accessed on 17 March 2024) with default parameters (maximum
10 motifs). Exon—intron structures of the AhPK genes were annotated and visualized using
TBtools v2.154 software [29]. Gene duplication events and collinearity were analyzed
using MCScanX in TBtools v2.154 software [29]. The values of Ka (nonsynonymous), Ks
(synonymous), and Ka/Ks of each AhPK gene pair were calculated using the Simple Ka/Ks
Calculator method implemented in TBtools v2.154 software [29].

2.4. Prediction of cis-Acting Elements in Promoter Sequences

Promoter regions (2000 bp upstream of transcription start sites) of the identified
AhPK genes were analyzed for cis-acting elements using the PlantCARE online program
(http:/ /bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on 17 March
2024). The results were visualized with TBtools v2.154 software [29].

2.5. Protein—Protein Interaction Network Analysis

Possible interactions of AhPKs were predicted by constructing their protein—protein
interaction network based on their AtPK homologs in Arabidopsis using the bioinformatic
webserver STRING (http:/ /www.string-db.org/, accessed on 17 March 2024).

2.6. Plant Growth and Treatment

The peanut cultivar “Silihong” was used, with seeds obtained from the Shandong
Institute of Peanuts (Qingdao, China). Plants were grown in the experimental field at
Zhongkai University of Agriculture and Engineering (Guangzhou, China). Tissues (root,
leaf, seed, shell, root nodule) were collected at specified developmental stages, as follows:
root, leaf, and root nodule at 40 days after sowing; seed and shell at 80 days after sowing.
To collect embryo samples, sterilized seeds were placed on filter paper moistened with
sterile distilled water in a seed germination box and incubated at 28 °C. Peanut embryos
were isolated from dry seeds (0 h) or seeds at two imbibition stages (4 h and 8 h after
imbibition). For stress treatments, ten-day-old seedlings (greenhouse-grown at 28 °C, 16 h
light/8 h dark) grown in 1/2 Hoagland solution were treated with PEG-induced drought
stress (15% (w/v) PEG-6000) or 0.5 uM ABA. Root samples were collected at various time
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points (0, 2, 4, and 8 h post-treatment). All samples were immediately frozen in liquid
nitrogen after collection and stored at —80 °C for RNA extraction.

2.7. RNA Extraction and gRT-PCR

Total RNA was isolated using the RaPure Plant RNA Kit (Magen Biotechnology Co.,
Ltd., Guangzhou, China) following the manufacturer’s instructions. First-strand cDNA
was synthesized using the Vazyme HiScript II 1st Strand cDNA Synthesis Kit (Vazyme
Biotech Co., Ltd., Nanjing, China). Real-time quantitative PCR (qRT-PCR) assays were
performed with a Bio-Rad CFX96 machine (Bio-Rad Laboratories Inc., Hercules, CA, USA)
using SYBR qPCR Master Mix (Vazyme Biotech Co., Ltd., Nanjing, China). The AhActin
gene (AH15G32190) served as an endogenous internal standard to normalize the expression
of the tested genes. Relative expression levels were calculated using the comparative CT
method with the formula 2~24Ct [32]. Gene-specific primers for qRT-PCR are listed in Table
S1. Three biological replicates were conducted.

2.8. Statistical Analysis

Experimental data were analyzed using Microsoft Excel 2019 (Microsoft, Redmond,
WA, USA) and SPSS software (IBM SPSS Statistics version 27, Chicago, IL, USA). Data are
means and standard deviations (SD) from three biological replicates conducted in triplicate.
Significant differences were determined by Student’s ¢-test and Duncan-test.

3. Results
3.1. Identification and Characterization of AhPKs Gene Family

A total of 21 AhPK genes were identified in the cultivated peanut genome through
BLAST searches and conserved domains confirmation. Based on their chromosomal loca-
tions, these genes were designated AhPK1 through AhPK21. These genes exhibited uneven
chromosomal distribution (Figure 1A), with 20 localized to 13 chromosomes and 0 detected
on chromosomes 1, 2, 7, 8, 10, 11, 13, 17, 18, or 20. AhPK21 remained unassigned to a
chromosomal location. The amino acid lengths of AhPK proteins ranged from 507 to 578,
and their molecular weights varied from 55.04 kDa to 63.82 kDa. The isoelectric point (pI)
values ranged from 5.52 to 8.18, with six AhPK members having pI > 7. The analysis of the
instability index suggested that 8 of the proteins may be unstable (with instability index
> 40), whereas 13 proteins were likely stable (with instability index ranging from 28.33 to
37.17). The Grand Average of Hydropathicity (GRAVY) values for most AhPKs were below
0, indicating that these proteins are relatively hydrophilic. The aliphatic index ranged from
83.27 to 100.57, suggesting a high content of aliphatic amino acids and stability over a wide
temperature range. Most members of the PK family were predicted to localize to either
chloroplast or cytoplasm (Table S2).

To investigate the evolutionary relationships between divergent plant lineages (mono-
cot vs. eudicot) and classify the PK family, we constructed a phylogenetic tree by analyz-
ing the amino acid sequences of PK proteins from peanut, Arabidopsis (eudicot model
plant), and rice (model monocot plant). Based on the phylogenetic analysis and prior
studies [12,14], all PK proteins were classified into two subfamilies—PKc and PKp. The
PKc subfamily was further divided into two subgroups, PKc-1 and PKc-2, while the PKp
subfamily was divided into two subgroups, PKp-« and PKp-f3. As illustrated in Figure 1B,
the PKc subfamily comprised 11 AhPKs, with 4 belonging to the PKc-1 subgroup and 7
to the PKc-2 subgroup. The PKp subfamily consisted of 10 AhPKs, equally distributed
between the PKp-« and PKp-f3 subgroups.
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Figure 1. Chromosomal distribution and phylogenetic analysis AhPK genes. (A) Chromosomal
distribution of AhPK genes. The chromosome number is labeled at the top of each chromosome, and
the scale is in mega bases (Mb). The gene name on the right side of each chromosome corresponds to
the approximate locations of each AhPK gene. Colors represent the density of genes, from low density
in blue to high density in yellow. Unassemble_00 indicates the sequence had not been assembled
into chromosomes in peanut. (B) Phylogenetic relationships of PK proteins in peanut, Arabidopsis
and rice. The red asterisk represents PK in peanut; the blue asterisk represents PK in rice; the green
asterisk represents PK in Arabidopsis.

3.2. Structure Analysis of AhPKs

To further investigate the diverse functions of AhPK proteins, we analyzed their
conserved motifs using the Multiple Em for Motif Elicitation (MEME) suite, identifying ten
distinct motifs labeled Motifs 1-10. Proteins within the same subfamily exhibited similar
motif types and distributions (Figure 2A,B). Members of the PKp subfamily consistently
contained Motifs 1-4 and 6-9, while members of the PKc subfamily consistently contained
all ten motifs. Notably, Motif 5 was exclusive to the PKc subfamily, reinforcing the accuracy
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of the subfamily classification. The conserved domains of the AhPK proteins were further
analyzed using NCBI-CDD, confirming that each family member contained both a PK
domain and a PK_C domain (Figure 2B).
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Figure 2. Phylogenetic relationships (A), conserved motifs and domains (B), and exon/intron
structures (C) of PK in peanut. UTR, untranslated regions; CDS, coding sequences.

To further investigate the structural characteristics of the PK gene family in peanut,
we analyzed the exon—intron structures of the 21 AhPK genes. Figure 2A,C illustrate that
the number of exons varied significantly among subgroups within the same subfamily.
For example, the PKc-2 subgroup had 16 or 17 exons, whereas PKc-1 subgroup members
contained only three exons. Within the PKp subfamily, PKp-« had 6 or 7 exons, in contrast
to PKp-f3, which had 12 exons.

3.3. Gene Duplication of the AhPK Family

Tandem and segmental duplications significantly contribute to the expansion of gene
families in plants. To understand the expansion process of the AhPK gene family, we
examined the duplication events of peanut PK genes. Our analysis revealed that 14 pairs,
comprising 18 AhPK genes, were segmental duplications, with no tandem duplications
detected (Figure 3A; Table S3). The calculated Ka/Ks ratios for all 14 pairs were less than
1 (Figure 3B; Table S3), indicating that the peanut PK gene family has undergone strong
purifying selection during evolution. To explore the synteny of AhPK genes, we performed
a collinearity analysis between peanut and other organisms (Arabidopsis and rice). This
analysis revealed that eight peanut PK genes had syntenic relationships with Arabidopsis
PK genes, while only one peanut PK gene had a syntenic relationship with the rice PK
gene (Figure 3C). These findings suggest that peanut PK genes exhibit greater evolutionary
divergence compared to monocotyledonous plants.
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Figure 3. Synteny analysis of PK genes. (A) Collinear analysis of the AhPK gene family in peanut. The
grey lines in the central background represent all gene duplication events within the genome, and the
red lines in the center represent duplication events of AhPK genes. The outer circle represents the
location of AhPK genes on the chromosome, and the inner circle represents gene density. (B) Ka/Ks
ratios of duplicated pairs of AhPK genes. The dotted line indicates Ka/Ks = 1. (C) Synteny analysis
of PK genes between peanut and Arabidopsis/rice. The grey lines in the background represent all
gene duplication events between peanut and Arabidopsis/rice genomes. The red lines represent
duplication events of PK genes between peanut and Arabidopsis/rice genomes.

3.4. Interaction Network of PK Between Peanut and Arabidopsis

To elucidate the putative functions of AhPKs, we performed a protein interaction
network analysis using orthologs of PKs in Arabidopsis from the STRING database. In this
network, nodes represent proteins, and edges of varying colors indicate protein—protein
interactions (Figure 4). The predicted interaction network indicated that numerous AhPKs
are functionally related to Arabidopsis proteins, such as FBA4 (Fructose-bisphosphate
aldolase 4), F14013.7 (F-box/kelch-repeat protein), APYs (Apyrases), DLD (D-lactate
dehydrogenase), and T161L.4.190 (Alkaline-phosphatase-like family protein). Notably, the
interactions between five PKp-o and four PKp-f3 members suggest that peanut PKs may
form polymeric protein complexes composed of various subunits. These findings imply
that the interacting proteins may collectively exert specific biological functions in peanut.
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Figure 4. The predicted protein—protein interaction network of AhPKs based on Arabidopsis or-
thologs. The proteins are represented by circular nodes and protein—protein relationships are repre-
sented as edges (lines).

3.5. Analysis of cis-Acting Elements in the Promoters of the AhPKs

Analyzing transcription factor binding sites, termed cis-regulatory elements, is essen-
tial for functional genomic research. To predict the potential functions of AhPKs, we exam-
ined 2 kb upstream regions of each PK gene to identify regulatory sequences (Figure 5). In
addition to general promoter elements, these important cis-elements were categorized into
four functional groups: development-related, hormone-responsive, light-responsive, and
stress-responsive elements. The primary light-responsive elements identified included Box
4, G-box, GT1-motif, and TCT-motif. Hormone-responsive elements primarily consisted of
ABRE, CGTCA-motif, and TGACG-motif. Stress-responsive elements were dominated by
TC-rich repeats, ARE, LTR, and MBS, while development-related elements were primarily
A-box and O2-site. The number of cis-elements varied among AhPK members, ranging
from 13 to 36, with seven genes harboring over 30 elements. These findings highlight the
functional diversity of AhPK promoters, suggesting their critical roles in regulating growth,
developmental processes, and stress adaptation in peanut.
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Figure 5. The cis-acting regulatory elements identified within in the promoters of AhPKs.
(A) Distribution of cis-acting elements in the promoters of AhPKs. The numbers and gradient colors
indicate the number of cis-acting elements in A#PKs. (B) Pie chart showing the frequency of various
functional cis-acting elements in AhPKs.
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3.6. Expression Pattern Analysis of AhPK Genes Using qRT-PCR

To evaluate the potential functions of peanut AhPK genes, we conducted a qRT-PCR
analysis on 10 randomly selected genes from different subgroups, including AhPK2, AhPK4,
AhPK5, AhPK6, AhPK11, AhPK13, AhPK15, AhPK16, AhPK19, and AhPK21.

We analyzed the expression patterns of these genes in five tissues (root, leaf, seed,
shell, and root nodule) to generate hypotheses regarding their functions (Figure 6). Notably,
AhPK2, AhPK4, AhPK5, AhPK11, AhPK13, and AhPK15 were predominantly expressed in
the shell, suggesting their likely involvement in pod development. AhPK6 and AhPK16
exhibited high expression levels in the seed, suggesting a role in seed development, while
AhPK19 and AhPK21 had significantly higher expressions in the root compared to other
tissues, indicating their potential involvement in root growth.
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Figure 6. Expression patterns of 10 selected AhPK genes in different tissues. Root, leaf, and root
nodule were collected at 40 days after sowing, and seed and shell were collected at 80 days after
sowing. Data are presented as mean + SD. The relative expression level was measured by qRT-PCR
and normalized to AhActin gene. Different letters in columns indicate significant differences (Duncan
test, p < 0.05).

Previous studies have highlighted the critical role of PKs in seed germination in
Arabidopsis and rice [13,19,20,24,27]. To further investigate the potential functions of
AhPKs in seed germination, we monitored the expressions of these genes during the early
stages of imbibition in embryos (imbibition for 0, 4 and 8 h; Figure 7). The analysis showed
a gradual decrease in the expressions of AhPK2, AhPK4, and AhPK6 during imbibition,
while AhPK5, AhPK11, and AhPK15 exhibited a dynamic increase. Notably, AhPK5, AhPK11,
AhPK15, AhPK19 and AhPK21 showed significantly higher expression levels at the 8 h
imbibition stage compared to the dry embryo (0 h), indicating their potential regulatory
role in peanut seed germination.

Moreover, previous studies have highlighted the prominent role of PKs in responding
to various abiotic stresses [13,14,33,34]. To further explore the functions of AhPKs under
abiotic stress conditions, we examined the expressions of these genes in seedling roots
subjected to 15% (w/v) PEG (Figure 8A) and 0.5 pM ABA treatments (Figure 8B) at various
time points (0, 2, 4, and 8 h). Under PEG treatment, all analyzed genes exhibited signif-
icant upregulation at least at one time point compared to the control (0 h). Notably, the
expressions of AhPK5, AhPK15, AhPK19, and AhPK21 displayed the highest expression
levels at 4 h, with increases of 43-, 72-, 115-, and 122-fold, respectively. In response to ABA
treatment, nearly all tested genes were induced to express except for AhPK16. Among
these genes, AhPK2, AhPK4, AhPK5, AhPK6, AhPK11, AhPK13 and AhPK15 had the highest
expression levels at 4 h, while AhPK19 and AhPK21 exhibited the highest expression levels
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Figure 7. Expression patterns of 10 selected AhPK genes in the embryo during imbibition. Data are
presented as mean =+ SD. The relative expression level was measured by qRT-PCR and normalized
to AhActin gene. * and ** indicate significant differences compared to the 0 h imbibition stage (dry
embryo) at p < 0.05 and p < 0.01, respectively. n.s. indicates not statistically significant compared to
the 0 h imbibition stage (dry embryo).
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4. Discussion

Pyruvate kinase, which catalyzes a key regulatory step in glycolysis, plays a signif-
icant role in plant growth and development [35]. Biotechnological advancements have
facilitated the genome-wide identification of PK genes in several species, including Ara-
bidopsis [12], rice [13], soybean [14], potato [21], and cotton [22]. Peanut is an economically
important oilseed crop cultivated worldwide [36]. The availability of cultivated peanut
genomes allows for the comprehensive identification and characterization of its multigene
family [28,37,38]. However, little is known about the characteristics and evolution of the
PK gene family in peanut. A comprehensive characterization of the pyruvate kinase gene
family in cultivated peanut can provide a reference for advancing research on the functions
of PK genes in peanut.

In this study, we identified 21 AhPK genes in the Shitoqi peanut genome using BLAST
and HMM methods, guided by Arabidopsis AtPK gene sequences and conserved PK do-
mains. The number of PK genes in peanut was greater than that in Arabidopsis (n = 14),
rice (n = 10) and potato (n = 11), but fewer than that in cotton (n = 33) and soybean
(n =27) [12-14,21,22]. This variation may result from gene duplication events or differ-
ences in genome size [39,40]. The AhPKs were distributed across 10 of the 20 peanut
chromosomes, and their uneven distribution suggests possible evolutionary adaptations.
Distinct protein characteristics were observed among AhPKs, implying that they may have
unique physiological roles in plant metabolism.

Phylogenetic analysis has demonstrated that the 21 AhPK genes can be categorized
into two subfamilies, PKc and PKp, with each further divided into two subgroups. These
findings align with classifications observed in Arabidopsis and rice [12,13], underscoring
evolutionary conservation across species. All AhPK proteins were predicted to possess
both PK and PK_C domains, with domain positions consistent with those reported in a
previous study [13]. The motif compositions displayed a certain regularity among different
PK subfamilies, implying functional similarities among AhPK members within the same
subfamily. However, the gene structures within the same subfamily exhibited considerable
diversity. The PKc-2 genes had more exons and introns than PKc-1, while PKp-f3 genes had
more exons and introns than PKp-o, mirroring findings in rice and soybean [13,14]. These
results indicate that peanut PKs have evolved their gene structures in response to changing
environmental conditions while maintaining their conserved domains, allowing them to
consistently execute functions in diverse metabolic pathways and physiological processes.

Gene duplication events are known to contribute to the expansion of gene families and
evolutionary diversification in plants [40]. In this study, we found 14 pairs of segmental
duplications, but no tandem duplications, in peanut, underscoring the significant role
of segmental duplications in the expansion of AhPK genes. This observation parallels
findings in soybean PK genes [14]. Each duplicated gene pair may share close evolutionary
relationships and possess similar functions. The Ka/Ks ratio serves as an indicator of
the selective pressure faced by duplicated genes during evolution [41]. In our analysis,
the Ka/Ks ratios of duplicated gene pairs were less than one, suggesting that PK genes
have experienced strong purifying selection during evolution in peanut. Collinearity
analyses of homologous genes between different species provide valuable insights into
gene functions [42]. We observed that peanut and Arabidopsis share more homologous
gene pairs than peanut and rice, suggesting greater genetic similarities between peanut
and Arabidopsis. Future genetic analyses of homologous genes in peanut could elucidate
the extent of overlapping functions.

Arabidopsis serves as the reference species, offering insights into gene function across
other plants [43]. In this study, we constructed an interaction network for AhPK proteins
and their target proteins in Arabidopsis. The interaction network revealed that several
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AhPK proteins can interact with FBA4, APYs, and DLD proteins, which are known to
play roles in plant growth, development, or stress responses in Arabidopsis [44—47]. Addi-
tionally, PKp-& members were predicted to interact with PKp-3 members, aligning with
findings that PK proteins can interact with each other to form polymeric protein complexes,
thereby facilitating their functions in Arabidopsis and rice [13,19,24-26]. These potential
interactions will guide future investigations into the biological functions of the AhPK
gene family.

Cis-elements in the promoter region are critical for controlling gene expression [48].
In this study, the most prevalent elements in AWPK genes were those associated with
light response, stress, hormones, and development, such as Box 4, G-box, ARE, ABRE,
CGTCA-motif and TGACG-motif. These types of cis-regulatory elements have also been
identified in the promoters of PK genes in rice and soybean [13,14]. In rice, several PK
genes have been shown to regulate seed development, which ultimately impacts grain
yield [13,24-26]. In this study, AhPK2, AhPK4, AhPK5, AhPK11, AhPK13, and AhPK15 were
primarily expressed in the shell, while AhPK6 and AhPK16 exhibited relatively higher
expression levels in the seed, suggesting an overlapping role in crop yield. The rice PK gene
OsPK5, which regulates seed germination, has been characterized. The transcript levels of
this gene gradually increased during seed germination, and its mutation caused a delay in
seed germination [27]. In this study, the expressions of AhPK5, AhPK11, AhPK15, AhPK19
and AhPK21 significantly increased in embryos after 8 h of seed imbibition, indicating their
potential positive role in seed germination. ABRE is recognized as a key cis-regulatory
element in the ABA signaling pathway [49]. This study found that 19 of the 21 AhPK genes
contained at least one ABRE element, and most of the selected genes were significantly
induced by ABA treatment, implying that PK genes may participate in the ABA signaling
pathway in peanut. ABA is well recognized as a crucial component of plant response
to drought stress [50]. Interestingly, we found that nearly all tested genes were strongly
induced by both PEG and ABA treatments, indicating their critical roles in ABA-dependent
drought stress responses. Previous studies have identified PKs involved in drought and
ABA responses through multi-omics approaches [51,52]. Our findings support these results,
demonstrating conserved roles for PKs in stress adaptation across species. As ABA also
mediates responses to salinity and cold stress [53,54], our data suggest broader roles for
AhPKs in various abiotic stress responses. Future investigations will aim to validate these
hypotheses under different stress conditions.

5. Conclusions

In this study, we conducted a comprehensive analysis of the PK gene family in peanut,
identifying 21 AhPK genes classified phylogenetically into the PKc and PKp subfamilies.
Members within the same subfamily exhibited conserved domain patterns and motif
compositions. The expansion and evolution of the AhPK family were driven by segmental
duplication events and purifying selection. Protein—protein interaction network analysis
revealed connections between AhPK proteins and other potential interactors. Promoters
of AhPK genes were found to be enriched with cis-elements related to light responses,
stress responses, hormones responses, and development. Expression analysis indicated
that AhPK genes may play important physiological regulatory roles in seed germination
and drought stress responses. This study provides the first comprehensive characterization
of PK genes in peanut, establishing a foundation for functional studies to enhance drought
stress tolerance and seed vigor through genetic engineering or breeding.



Horticulturae 2025, 11, 200 13 of 15

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/horticulturae11020200/s1, Table S1: Primer sequences
used for qRT-PCR analysis; Table S2: Physicochemical properties and subcellular localization of the
21 AhPK genes and corresponding proteins identified in peanut; Table S3: Estimated Ka/Ks ratios of
duplicated AhPKs.

Author Contributions: Conceptualization, B.Y., Z.Z. (Zhao Zheng) and X.W.; investigation, G.C.,S.C.,
Z.P., Z.Z. (Zhirou Zou) and B.C.; writing—original draft preparation, B.Y., Z.Z. (Zhao Zheng) and
X.W.; writing—review and editing, B.Y. and Z.Z. (Zhao Zheng); visualization, G.C., S.C., B.Y. and Z.Z.
(Zhao Zheng); supervision, B.Y. and X.W.; project administration, B.Y. and X.W,; funding acquisition,
B.Y. and X.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Open Competition Program of Top Ten Critical Priori-
ties of Agricultural Science and Technology Innovation for the 14th Five-Year Plan of Guangdong
Province (Grant No. 2022SDZG05, 2023SDZG05 and 2024SDZGO05), the National Natural Science
Foundation of China (Grant No. 32101802, 32071737), the Agricultural and Rural Department of
Guangdong Province (Grant No. 2022-NPY-00-008, 2024-NPY-00-004), the Guangzhou Basic and
Applied Basic Research Foundation (Grant No. SL2022A04J01557), the Department of Science and
Technology of Guangdong Province (Grant No. 2023B0202010025), the Department of Education of
Guangdong Province (Grant No. 2020ZDZX1013) and the Project of the Rural Science and Technology
Special Correspondent of the Department of Science and Technology of Guangdong Province (Grant
No. KTP20240589).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

References

1.  Israelsen, W.J.; Vander Heiden, M.G. Pyruvate kinase: Function, regulation, and role in cancer. Semin. Cell Dev. Biol. 2015, 43,
43-51. [CrossRef] [PubMed]

2. Muiioz, M.E,; Ponce, E. Pyruvate kinase: Current status of regulatory and functional properties. Comp. Biochem. Physiol. B
Biochem. Mol. Biol. 2003, 135, 197-218. [CrossRef] [PubMed]

3.  Mierzejewska, J.; Chreptowicz, K. Lack of Mafl enhances pyruvate kinase activity and fermentative metabolism while influencing
lipid homeostasis in Saccharomyces cerevisiae. FEBS Lett. 2016, 590, 93-100. [CrossRef] [PubMed]

4. Fang, Y,; He, X.; Zhang, P; Shen, C.; Mwangji, J.; Xu, C.; Mo, G.; Lai, R.; Zhang, Z. In vitro and in vivo antimalarial activity of LZ1,
a peptide derived from snake cathelicidin. Toxins 2019, 11, 379. [CrossRef] [PubMed]

5. Lichtenthaler, H.K. The 1-deoxy-D-xylulose-5-phosphate pathway of isoprenoid biosynthesis in plants. Annu. Rev. Plant Physiol.
Plant Mol. Biol. 1999, 50, 47-65. [CrossRef] [PubMed]

6. Mattevi, A.; Bolognesi, M.; Valentini, G. The allosteric regulation of pyruvate kinase. FEBS Lett. 1996, 389, 15-19. [CrossRef]
[PubMed]

7. Ambasht, PK,; Kayastha, A.M. Plant pyruvate kinase. Biol. Plant. 2002, 45, 1-10. [CrossRef]

8. Plaxton, W.C. Molecular and immunological characterization of plastid and cytosolic pyruvate kinase isozymes from castor-oil-
plant endosperm and leaf. Eur. J. Biochem. 1989, 181, 1443-1451. [CrossRef] [PubMed]

9.  Schuller, K.A.; Turpin, D.H.; Plaxton, W.C. Metabolite regulation of partially purified soybean nodule phosphoenolpyruvate
carboxylase. Plant Physiol. 1990, 94, 1429-1435. [CrossRef]

10. Hu, Z; Plaxton, W.C. Purification and characterization of cytosolic pyruvate kinase from leaves of the castor oil plant. Arch.
Biochem. Biophys. 1996, 333, 298-307. [CrossRef] [PubMed]

11.  Plaxton, W.C.; Smith, C.R.; Knowles, V.L. Molecular and regulatory properties of leucoplast pyruvate kinase from Brassica napus
(rapeseed) suspension cells. Arch. Biochem. Biophys. 2002, 400, 54-62. [CrossRef] [PubMed]

12. Wulfert, S.; Schilasky, S.; Krueger, S. Transcriptional and biochemical characterization of cytosolic pyruvate kinases in Arabidopsis
thaliana. Plants 2020, 9, 353. [CrossRef] [PubMed]

13.  Dong, N.; Chen, L.; Ahmad, S.; Cai, Y.; Duan, Y,; Li, X;; Liu, Y;; Jiao, G.; Xie, L.; Hu, S.; et al. Genome-wide analysis and functional

characterization of the pyruvate kinase (PK) gene family modulating rice yield and quality. Int. . Mol. Sci. 2022, 23, 15357.
[CrossRef]


https://www.mdpi.com/article/10.3390/horticulturae11020200/s1
https://doi.org/10.1016/j.semcdb.2015.08.004
https://www.ncbi.nlm.nih.gov/pubmed/26277545
https://doi.org/10.1016/S1096-4959(03)00081-2
https://www.ncbi.nlm.nih.gov/pubmed/12798932
https://doi.org/10.1002/1873-3468.12033
https://www.ncbi.nlm.nih.gov/pubmed/26787463
https://doi.org/10.3390/toxins11070379
https://www.ncbi.nlm.nih.gov/pubmed/31262018
https://doi.org/10.1146/annurev.arplant.50.1.47
https://www.ncbi.nlm.nih.gov/pubmed/15012203
https://doi.org/10.1016/0014-5793(96)00462-0
https://www.ncbi.nlm.nih.gov/pubmed/8682196
https://doi.org/10.1023/A:1015173724712
https://doi.org/10.1111/j.1432-1033.1989.tb14745.x
https://www.ncbi.nlm.nih.gov/pubmed/2714295
https://doi.org/10.1104/pp.94.3.1429
https://doi.org/10.1006/abbi.1996.0394
https://www.ncbi.nlm.nih.gov/pubmed/8806784
https://doi.org/10.1006/abbi.2002.2782
https://www.ncbi.nlm.nih.gov/pubmed/11913971
https://doi.org/10.3390/plants9030353
https://www.ncbi.nlm.nih.gov/pubmed/32168758
https://doi.org/10.3390/ijms232315357

Horticulturae 2025, 11, 200 14 of 15

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Liu, W.; Wang, Y.; Zhang, Y,; Li, W.; Wang, C.; Xu, R.; Dai, H.; Zhang, L. Characterization of the pyruvate kinase gene family in
soybean and identification of a putative salt-responsive gene GmPK21. BMC Genom. 2024, 25, 88. [CrossRef] [PubMed]

Plaxton, W.C.; Dennis, D.T.; Knowles, V.L. Purification of leucoplast pyruvate kinase from developing castor bean endosperm.
Plant Physiol. 1990, 94, 1528-1534. [CrossRef]

Negm, F.B.; Cornel, F.A.; Plaxton, W.C. Suborganellar localization and molecular characterization of nonproteolytic degraded
leukoplastid pyruvate kinase from developing castor-oil seeds. Plant Physiol. 1995, 109, 1461-1469. [CrossRef]

Turner, W.L.; Knowles, V.L.; Plaxton, W.C. Cytosolic pyruvate kinase: Subunit composition, activity, and amount in developing
castor and soybean seeds, and biochemical characterization of the purified castor seed enzyme. Planta 2005, 222, 1051-1062.
[CrossRef] [PubMed]

Schormann, N.; Hayden, K.L.; Lee, P.,; Banerjee, S.; Chattopadhyay, D. An overview of the structure, function, and regulation of
pyruvate kinases. Protein Sci. 2019, 28, 1771-1784. [CrossRef]

André, C.; Froehlich, J.E.; Moll, M.R.; Benning, C. A heteromeric plastidic pyruvate kinase complex involved in seed oil
biosynthesis in Arabidopsis. Plant Cell 2007, 19, 2006-2022. [CrossRef]

Baud, S.; Wuilleme, S.; Dubreucq, B.; de Almeida, A.; Vuagnat, C.; Lepiniec, L.; Miquel, M.; Rochat, C. Function of plastidial
pyruvate kinases in seeds of Arabidopsis thaliana. Plant J. 2007, 52, 405-419. [CrossRef] [PubMed]

Oliver, S.N.; Lunn, J.E.; Urbanczyk-Wochniak, E.; Lytovchenko, A.; van Dongen, J.T.; Faix, B.; Schmailzlin, E.; Fernie, A.R,;
Geigenberger, P. Decreased expression of cytosolic pyruvate kinase in potato tubers leads to a decline in pyruvate, resulting in an
in vivo repression of the alternative oxidase. Plant Physiol. 2008, 148, 1640-1654. [CrossRef]

Zhang, B.; Liu, ].Y. Cotton cytosolic pyruvate kinase GhPK6 participates in fast fiber elongation regulation in a ROS-mediated
manner. Planta 2016, 244, 915-926. [CrossRef]

Zhang, Y.; Xiao, W.; Luo, L.; Pang, J.; Rong, W.; He, C. Downregulation of OsPK1, a cytosolic pyruvate kinase, by T-DNA insertion
causes dwarfism and panicle enclosure in rice. Planta 2012, 235, 25-38. [CrossRef]

Cai, Y,; Li, S;; Jiao, G.; Sheng, Z.; Wu, Y,; Shao, G.; Xie, L.; Peng, C.; Xu, J.; Tang, S.; et al. OsPK2 encodes a plastidic pyruvate
kinase involved in rice endosperm starch synthesis, compound granule formation, and grain filling. Plant Biotechnol. ]. 2018, 16,
1878-1891. [CrossRef] [PubMed]

Cai, Y;; Zhang, W,; Jin, J.; Yang, X.; You, X,; Yan, H.; Wang, L.; Chen, J.; Xu, J.; Chen, W,; et al. OsPKpa1 encodes a plastidic
pyruvate kinase that affects starch biosynthesis in the rice endosperm. J. Integr. Plant Biol. 2018, 60, 1097-1118. [CrossRef]

Hu, L.; Tu, B;; Yang, W.; Yuan, H.; Li, J.; Guo, L.; Zheng, L.; Chen, W.; Zhu, X.; Wang, Y.; et al. Mitochondria-associated pyruvate
kinase complexes regulate grain filling in rice. Plant Physiol. 2020, 183, 1073-1087. [CrossRef]

Yang, B.; Chen, M.; Zhan, C; Liu, K,; Cheng, Y.; Xie, T.; Zhu, P; He, Y.; Zeng, P.,; Tang, H.; et al. Identification of OsPK5 involved
in rice glycolytic metabolism and GA/ABA balance for improving seed germination via a genome-wide association study. J. Exp.
Bot. 2022, 73, 3446-3461. [CrossRef] [PubMed]

Zhuang, W.; Chen, H.; Yang, M.; Wang, J.; Pandey, M.K,; Zhang, C.; Chang, W.C.; Zhang, L.; Zhang, X.; Tang, R.; et al. The
genome of cultivated peanut provides insight into legume karyotypes, polyploid evolution, and crop domestication. Nat. Genet.
2019, 51, 865-876. [CrossRef] [PubMed]

Chen, C.; Chen, H.; Zhang, Y,; Thomas, H.R.; Frank, M.H.; He, Y.; Xia, R. TBtools: An integrative toolkit for interactive analyses of
big biological data. Mol. Plant 2020, 13, 1194-1202. [CrossRef] [PubMed]

Tamura, K.; Stecher, G.; Kumar, S. MEGA11: Molecular evolutionary genetics analysis version 11. Mol. Biol. Evol. 2021, 38,
3022-3027. [CrossRef] [PubMed]

Subramanian, B.; Gao, S.; Lercher, M.].; Hu, S.; Chen, W.H. Evolview v3: A webserver for visualization, annotation, and
management of phylogenetic trees. Nucleic Acids Res. 2019, 47, W270-W275. [CrossRef]

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

Zhang, Y.; Feng, F.; He, C. Downregulation of OsPK1 contributes to oxidative stress and variations in ABA /GA balance in rice.
Plant Mol. Biol. Rep. 2012, 30, 1006-1013. [CrossRef]

Zhu, F; Wang, K; Li, D.; Liu, Z.; Li, M.; Wang, Z.; Li, X.; Lan, X.; Guan, Q. OsSAP6 positively regulates soda saline-alkaline stress
tolerance in rice. Rice 2022, 15, 69. [CrossRef]

Grodzinski, B.; Jiao, ].; Knowles, V.L.; Plaxton, W.C. Photosynthesis and carbon partitioning in transgenic tobacco plants deficient
in leaf cytosolic pyruvate kinase. Plant Physiol. 1999, 120, 887-896. [CrossRef] [PubMed]

Li, W;; Yoo, E.; Lee, S.; Sung, J.; Noh, H.].; Hwang, S.J.; Desta, K.T.; Lee, G.A. Seed weight and genotype influence the total oil
content and fatty acid composition of peanut seeds. Foods 2022, 11, 3463. [CrossRef] [PubMed]

Bertioli, D.J.; Jenkins, J.; Clevenger, J.; Dudchenko, O.; Gao, D.; Seijo, G.; Leal-Bertioli, S.C.M.; Ren, L.; Farmer, A.D.; Pandey,
M.K; et al. The genome sequence of segmental allotetraploid peanut Arachis hypogaea. Nat. Genet. 2019, 51, 877-884. [CrossRef]
[PubMed]


https://doi.org/10.1186/s12864-023-09929-7
https://www.ncbi.nlm.nih.gov/pubmed/38254018
https://doi.org/10.1104/pp.94.4.1528
https://doi.org/10.1104/pp.109.4.1461
https://doi.org/10.1007/s00425-005-0044-8
https://www.ncbi.nlm.nih.gov/pubmed/16049677
https://doi.org/10.1002/pro.3691
https://doi.org/10.1105/tpc.106.048629
https://doi.org/10.1111/j.1365-313X.2007.03232.x
https://www.ncbi.nlm.nih.gov/pubmed/17892448
https://doi.org/10.1104/pp.108.126516
https://doi.org/10.1007/s00425-016-2557-8
https://doi.org/10.1007/s00425-011-1471-3
https://doi.org/10.1111/pbi.12923
https://www.ncbi.nlm.nih.gov/pubmed/29577566
https://doi.org/10.1111/jipb.12692
https://doi.org/10.1104/pp.20.00279
https://doi.org/10.1093/jxb/erac071
https://www.ncbi.nlm.nih.gov/pubmed/35191960
https://doi.org/10.1038/s41588-019-0402-2
https://www.ncbi.nlm.nih.gov/pubmed/31043757
https://doi.org/10.1016/j.molp.2020.06.009
https://www.ncbi.nlm.nih.gov/pubmed/32585190
https://doi.org/10.1093/molbev/msab120
https://www.ncbi.nlm.nih.gov/pubmed/33892491
https://doi.org/10.1093/nar/gkz357
https://doi.org/10.1006/meth.2001.1262
https://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1007/s11105-011-0386-2
https://doi.org/10.1186/s12284-022-00616-x
https://doi.org/10.1104/pp.120.3.887
https://www.ncbi.nlm.nih.gov/pubmed/10398725
https://doi.org/10.3390/foods11213463
https://www.ncbi.nlm.nih.gov/pubmed/36360076
https://doi.org/10.1038/s41588-019-0405-z
https://www.ncbi.nlm.nih.gov/pubmed/31043755

Horticulturae 2025, 11, 200 15 of 15

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

Chen, X.; Lu, Q.; Liu, H.; Zhang, J.; Hong, Y,; Lan, H.; Li, H.; Wang, J.; Liu, H.; Li, S.; et al. Sequencing of cultivated peanut,
Arachis hypogaea, yields insights into genome evolution and oil improvement. Mol. Plant 2019, 12, 920-934. [CrossRef]

Bowers, J.E.; Chapman, B.A.; Rong, J.; Paterson, A.H. Unraveling angiosperm genome evolution by phylogenetic analysis of
chromosomal duplication events. Nature 2003, 422, 433-438. [CrossRef]

Cannon, S.B.; Mitra, A.; Baumgarten, A.; Young, N.D.; May, G. The roles of segmental and tandem gene duplication in the
evolution of large gene families in Arabidopsis thaliana. BMC Plant Biol. 2004, 4, 10. [CrossRef] [PubMed]

Hurst, L.D. The Ka/Ks ratio: Diagnosing the form of sequence evolution. Trends Genet. 2002, 18, 486. [CrossRef]

Zhu, L.; Fang, H.; Lian, Z; Zhang, J.; Li, X;; Shi, J.; Lu, L.; Lu, Y.; Chen, J.; Cheng, T. Genome-wide investigation and expression
analysis of the Nitraria sibirica Pall. CIPK gene family. Int. . Mol. Sci. 2022, 23, 11599. [CrossRef] [PubMed]

Diehn, T.A.; Pommerrenig, B.; Bernhardt, N.; Hartmann, A.; Bienert, G.P. Genome-wide identification of aquaporin-encoding
genes in Brassica oleracea and their phylogenetic sequence comparison to Brassica crops and Arabidopsis. Front. Plant Sci. 2015, 6,
166. [CrossRef] [PubMed]

Lu, W,; Tang, X.; Huo, Y.; Xu, R,; Qi, S.; Huang, J.; Zheng, C.; Wu, C.A. Identification and characterization of fructose 1,6-
bisphosphate aldolase genes in Arabidopsis reveal a gene family with diverse responses to abiotic stresses. Gene 2012, 503, 65-74.
[CrossRef] [PubMed]

Yang, J.; Wu, J.; Romanovicz, D.; Clark, G.; Roux, S.J. Co-regulation of exine wall patterning, pollen fertility, and anther dehiscence
by Arabidopsis apyrases 6 and 7. Plant Physiol. Biochem. 2013, 69, 62-73. [CrossRef] [PubMed]

Jain, M.; Nagar, P; Sharma, A.; Batth, R.; Aggarwal, S.; Kumari, S.; Mustafiz, A. GLYI and D-LDH play key roles in methylglyoxal
detoxification and abiotic stress tolerance. Sci. Rep. 2018, 8, 5451. [CrossRef] [PubMed]

Alam, N.B,; Jain, M.; Mustafiz, A. Pyramiding D-lactate dehydrogenase with the glyoxalase pathway enhances abiotic stress
tolerance in plants. Plant Physiol. Biochem. 2024, 207, 108391. [CrossRef] [PubMed]

Siepel, A.; Arbiza, L. Cis-regulatory elements and human evolution. Curr. Opin. Genet. Dev. 2014, 29, 81-89. [CrossRef] [PubMed]
Ji, X.; Liu, G,; Liu, Y.; Nie, X.; Zheng, L.; Wang, Y. The regulatory network of ThbZIP1 in response to abscisic acid treatment. Front.
Plant Sci. 2015, 6, 25. [CrossRef] [PubMed]

Cheng, C.; Wang, Z.; Ren, Z.; Zhi, L.; Yao, B.; Su, C,; Liu, L.; Li, X. SCFAtPP2-B11 modulates ABA signaling by facilitating SnRK2.3
degradation in Arabidopsis thaliana. PLoS Genet. 2017, 13, €1006947. [CrossRef]

Yang, S.; Chu, N.; Zhou, H.; Li, J.; Feng, N.; Su, J.; Deng, Z.; Shen, X.; Zheng, D. Integrated Analysis of Transcriptome and
Metabolome Reveals the Regulation of Chitooligosaccharide on Drought Tolerance in Sugarcane (Saccharum spp. Hybrid) under
Drought Stress. Int. |. Mol. Sci. 2022, 23, 9737. [CrossRef]

Yoshida, T.; Mergner, J.; Yang, Z.; Liu, J.; Kuster, B.; Fernie, A.R.; Grill, E. Integrating multi-omics data reveals energy and stress
signaling activated by abscisic acid in Arabidopsis. Plant J. 2024, 119, 1112-1133. [CrossRef] [PubMed]

Uno, Y.; Furihata, T.; Abe, H.; Yoshida, R.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Arabidopsis basic leucine zipper transcription
factors involved in an abscisic acid-dependent signal transduction pathway under drought and high-salinity conditions. Proc.
Natl. Acad. Sci. USA 2000, 97, 11632-11637. [CrossRef] [PubMed]

Chi, C,; Xu, X.; Wang, M.; Zhang, H.; Fang, P.; Zhou, ].; Xia, X.; Shi, K.; Zhou, Y.; Yu, J. Strigolactones positively regulate abscisic
acid-dependent heat and cold tolerance in tomato. Hortic. Res. 2021, 8, 237. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.molp.2019.03.005
https://doi.org/10.1038/nature01521
https://doi.org/10.1186/1471-2229-4-10
https://www.ncbi.nlm.nih.gov/pubmed/15171794
https://doi.org/10.1016/S0168-9525(02)02722-1
https://doi.org/10.3390/ijms231911599
https://www.ncbi.nlm.nih.gov/pubmed/36232901
https://doi.org/10.3389/fpls.2015.00166
https://www.ncbi.nlm.nih.gov/pubmed/25904922
https://doi.org/10.1016/j.gene.2012.04.042
https://www.ncbi.nlm.nih.gov/pubmed/22561114
https://doi.org/10.1016/j.plaphy.2013.04.022
https://www.ncbi.nlm.nih.gov/pubmed/23728389
https://doi.org/10.1038/s41598-018-23806-4
https://www.ncbi.nlm.nih.gov/pubmed/29615695
https://doi.org/10.1016/j.plaphy.2024.108391
https://www.ncbi.nlm.nih.gov/pubmed/38309183
https://doi.org/10.1016/j.gde.2014.08.011
https://www.ncbi.nlm.nih.gov/pubmed/25218861
https://doi.org/10.3389/fpls.2015.00025
https://www.ncbi.nlm.nih.gov/pubmed/25713576
https://doi.org/10.1371/journal.pgen.1006947
https://doi.org/10.3390/ijms23179737
https://doi.org/10.1111/tpj.16765
https://www.ncbi.nlm.nih.gov/pubmed/38613775
https://doi.org/10.1073/pnas.190309197
https://www.ncbi.nlm.nih.gov/pubmed/11005831
https://doi.org/10.1038/s41438-021-00668-y
https://www.ncbi.nlm.nih.gov/pubmed/34719688

	Introduction 
	Materials and Methods 
	Identification of the AhPK Gene Family 
	Phylogenetic Analysis of AhPK Proteins 
	Gene Structure, Conserved Motif, and Synteny Analysis 
	Prediction of cis-Acting Elements in Promoter Sequences 
	Protein–Protein Interaction Network Analysis 
	Plant Growth and Treatment 
	RNA Extraction and qRT-PCR 
	Statistical Analysis 

	Results 
	Identification and Characterization of AhPKs Gene Family 
	Structure Analysis of AhPKs 
	Gene Duplication of the AhPK Family 
	Interaction Network of PK Between Peanut and Arabidopsis 
	Analysis of cis-Acting Elements in the Promoters of the AhPKs 
	Expression Pattern Analysis of AhPK Genes Using qRT-PCR 

	Discussion 
	Conclusions 
	References

