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Introduction
The role of phenylalanine ammonia-lyase (PAL) is cru-
cial for understanding its involvement in plant stress 
responses [1]. The enzyme plays a central role in key met-
abolic pathways that influence how plants adapt to and 
manage stress. In the biosynthetic pathways of numer-
ous eukaryotes, a fundamental step is the removal of 
an amino group from L-phenylalanine, resulting in the 
formation of trans-cinnamic acid [2]. This reaction is 
catalyzed by the enzyme phenylalanine ammonia-lyase, 
which plays a crucial role in the process [3, 4]. PAL col-
laborates with tyrosine and the specialized compound 
dihydroxyphenylalidone to generate diverse secondary 
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Abstract
Phenylalanine ammonia lyase (PAL) is a widely studied enzyme in plant biology due to its role in connecting 
primary metabolism to secondary phenylpropanoid metabolism, significantly influencing plant growth, 
development, and stress response. Although PAL genes have been extensively studied in various plant species 
but their exploration in cucumber has been limited. This study successfully identified 11 CsPAL genes in Cucumis 
sativus (cucumber). These CsPAL genes were categorized based on their conserved sequences revealing patterns 
through MEME analysis and multiple sequence alignment. Interestingly, cis-elements related to stress were found 
in the promoter regions of CsPAL genes, indicating their involvement in responding to abiotic stress. Furthermore, 
these gene’s promoters contained components associated with light, development and hormone responsiveness. 
This suggests that they may have roles in hormone developmental processes. MicroRNAs were identified as a key 
regulators for the CsPAL genes, playing a crucial role in modulating their expression. This discovery underscores the 
complex regulatory network involved in the plant’s response to various stress conditions. The influence of these 
microRNAs further highlights the complicated mechanisms that plants use to manage stress. Gene expression 
patterns were analyzed using RNA-seq data. The significant upregulation of CsPAL9 during HT3h (heat stress for 3 h) 
and the heightened upregulation of both CsPAL9 and CsPAL7 under HT6h (heat stress for 6 h) in the transcriptome 
study suggest a potential role for these genes in cucumber’s tolerance to heat stress. This comprehensive 
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metabolites, including flavonoids and lignin [5, 6]. 
Among these metabolites, jasmonic acid (JA) and abscisic 
acid are crucial for regulating the plant’s genetic response 
to various stressors. These compounds help modulate the 
plant’s defense mechanisms and adaptive responses [7]. 
Phenylalanine ammonia-lyase (PAL) stands out due to 
its unique ability to be activated by multiple stress factors 
simultaneously, a feature that distinguishes it from many 
other enzymes involved in stress responses [8]. This mul-
tifunctional activation underscores PAL’s significant role 
in the plant’s comprehensive stress management system 
[9]. Consequently, PAL plays a pivotal role in the plant’s 
defense mechanisms, enabling it to effectively counter 
both biotic and abiotic stresses. By modulating the PAL 
enzyme activity, plants can better manage and respond 
to various environmental challenges. Enhancing the 
expression of the PAL gene can therefore be a strategic 
approach to boost the plant’s resilience, potentially lead-
ing to improved stress tolerance and overall plant health 
under diverse and challenging conditions [10, 11].

The phenylpropanoid pathway initiates with PAL, the 
enzyme responsible for removing an amino group from 
L-phenylalanine to produce trans-cinnamic acid This 
crucial reaction is integral to the synthesis of essential 
secondary metabolites influencing plant growth and 
development [9, 12]. Moreover, PAL plays a pivotal role 
in the plant’s stress response system, influenced by vari-
ous factors. Changes in PAL expression occur in response 
to factors such as water scarcity from drought, fungal 
infections [13], injuries, excessive bleeding, and stress-
ors specific to cut flowers or exposure to unfavorable 
temperatures.

The rapid response of the PAL gene underscores its 
critical importance for plants in managing diverse biotic 
and abiotic stresses [1]. The acceleration of PAL gene 
expression would represent a substantial breakthrough in 
enhancing plants’ resistance to a wide array of stress con-
ditions. By increasing the activity of this crucial enzyme, 
plants could achieve improved tolerance to both biotic 
and abiotic stresses, including drought, salinity, and 
pathogen attacks. This advancement holds the promise of 
significantly boosting plant health and productivity, lead-
ing to more resilient crops capable of thriving in chal-
lenging environments [14]. As a pivotal enzyme in the 
synthesis of essential secondary metabolites, PAL holds a 
vital role in both plant growth and development. More-
over, it plays a significant part in a substantial portion of 
the plant’s stress response mechanisms [15].

PAL has different levels of activity depending on the 
developmental stages and the different cell and tissue 
types of a plant. These activity changes are more notice-
able when the plant faces increased stress conditions in 
its life cycle [16]. For example, in Arabidopsis thaliana, 
there are four genes, called AtPAL1-4, that make active 
PAL isoforms [17]. These genes have different expression 
patterns in different plant parts. AtPAL1 is mainly found 
in vascular tissue, while seeds and are the main sites of 
expression for AtPAL2 and AtPAL4; how much they are 
expressed here depends a lot on the sensitivity criteria 
used [18–20].

Conversely, agricultural methods employing open 
fields may pose significant adverse consequences. Of the 
identified stressors, AtPAL1 and AtPAL2 demonstrated 
increased activity in response to low temperature and 
low nitrogen levels, respectively [21]. The expression of 
PAL genes exhibits variability among various plant spe-
cies, specific plant components, and even distinct stress 
conditions, highlighting the dynamic nature of PAL gene 
regulation [22].

Cucumber (C. sativus) is a warm-season crop suscepti-
ble to both biotic and abiotic stress factors [23–26]. High 
temperatures, salinity, and pathogen attacks significantly 
impact cucumber yield and quality during summer cul-
tivation or protected land production [27–29]. However, 
the specific PAL genes responsible for biotic and abiotic 
tolerance in cucumbers remain unidentified [30–33]. 
The recent update to the cucumber genome v3 offers an 
excellent opportunity for a comprehensive analysis of the 
PAL gene family [34]. In this investigation, we success-
fully identified 11 PAL genes within the Cucumis sativus 
v1.0 genome (https://phytozome-next.jgi.doe.gov/info/
Csativus_v1_0), marking a significant step in understand-
ing the genetic basis of stress responses in this species. 
Following this identification, we performed a different 
analysis of these genes, which included examining their 
sequence features to understand their structure and func-
tion, determining their chromosomal locations to map 
their distribution across the genome, and exploring their 
phylogenetic relationships to reveal evolutionary patterns 
and similarities with PAL genes in other plants. Addition-
ally, we assessed the dynamic expression patterns of these 
genes under various biotic and abiotic stress conditions, 
providing insights into how they respond to environmen-
tal challenges.

This comprehensive analysis not only deepens our 
understanding of the functional roles of PAL genes in 

investigation aims to enhance our understanding of the PAL gene family’s versatility, offering valuable insights for 
advancements in cucumber genetics.
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cucumber but also uncovers potential candidate genes 
that could be utilized in breeding programs. By targeting 
these candidate genes, we aim to develop new cucumber 
varieties with enhanced stress resistance, which could 
lead to improved resilience and productivity in challeng-
ing agricultural environments. This research opens ave-
nues for advancing cucumber cultivation and could have 
broader implications for plant breeding strategies aimed 
at increasing crop durability and performance.

Methodology
Retrieve sequences from databases
The amino acid sequences of C. sativus were retrieved 
from the Phytozome v13 database (https://phytozome-
next.jgi.doe.gov). The BLAST-P (Basic Local Alignment 
Search Tool for Protein Sequences) program was used 
to find the PAL genes of C. sativus, using the protein 
sequence with the PF00221 (Aromatic amino acid lyase) 
domain as a query at Phytozome v 13) [35]. Follow-
ing this, the acquired amino acid sequences underwent 
verification through cross-checking against NCBI’s Con-
served Domain Database (https://www.ncbi.nlm.nih.gov/
genome/) [36].

Physicochemical properties, subcellular localization and cis 
elements
Two sources were used to collect data on 11 CsPAL pro-
teins: Protparam (https://web.expasy.org/protparam/) 
and Phytozome. Phytozome gave information about 
the number and location of chromosomes as well as the 
direction (sense or antisense) of the gene, in that specific 
area. It also gave information on mRNA length (CDS) 
and peptide size. Protparam gave information such as 
theoretical pI, molecular weight, GRAVY (Grand Aver-
age of Hydropathy) and stability index, for these proteins. 
The WoLF PSORT database (https://wolfpsort.hgc.jp/ ) 
was used to find out the localization. The 1500-base pair 
upstream promoter regions were obtained from phyto-
zomeV3 (https://phytozome-next.jgi.doe.gov). The web 
tool PlantCARE (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/), was used to make a predic-
tion based on 5 to 20 base pairs of upstream sequence 
from the first nucleotide in each case). These outputs 
were shown as a heat map, using TBtools for visualiza-
tion [37].

Analysis of conserved motif domain and exon-intron 
arrangement
The MEME program, which can be found online at 
(http://meme.sdsc.edu/meme/website/intro .html ), was 
used to find motifs (motif = 10 default setting) in the 
amino acid sequences. Then, the amino acid sequences 
were added to the CDD (https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi), which uses domains identified 

by NCBI as a database [35]. To analyze the exon and 
intron distribution, the GSDS web tool at (http://gsds.cbi.
pku.edu.cn/) was used to process the genomic and CDS 
sequences of the CsPAL gene family [38].

Comparative phylogenetic analysis
The amino acid sequences of CsPAL proteins were 
aligned with those from C. sativus, O. sativa, A. thali-
ana and S. bicolor, to make a phylogenetic tree. The soft-
ware MEGA 11 was used with the NJ (neighbor-joining) 
method, to build the tree and bootstrapping was done 
with 1000 replications. The tree was visually adjusted 
using the iTOL program (https://itol.embl.de/), which 
allows users to examine and annotate the phylogenetic 
relationships. [39].

miRNA analysis
The target sites of all CsPAL gene family were identi-
fied using the PmiREN website (https://www.pmiren.
com/). There were three main groups of miRNAs (Csa-
miRN967, Csa-miR166, and Csa-miR4414) that targeted 
the CsPAL genes. When considering their subgroups, 
there were 20 miRNAs in total that targeted the CsPAL 
genes. The CDS sequences of the genes and mature 
miRNA sequences were compared using the PsRNA 
online server tool (https://www.zhaolab.org/psRNATar-
get/) with default settings. Then, the Cytoscape program 
was used to show the interactions between target genes 
and the predicted miRNA [40].

Evolutionary analysis
The study investigated how PAL genes in cucumber have 
undergone changes through analyses of duplication and 
synteny. Protein sequences were aligned using the MUS-
CLE program, and the Tbtools 1.108 with default settings 
was employed to calculate the Ka/Ks substitution rates, 
revealing the evolutionary pace of each gene pair. The 
Ks value, incorporated into the formula T = Ks/2λ, where 
λ = 6.5 × 10− 9, was utilized to estimate the divergence time 
between these genes. Gene duplication events were iden-
tified using MCScanX v1.0 with default settings [35, 41]. 
Maps illustrating the synteny between paralogous genes 
in cucumber were created using Tbtools. This software 
was employed to visualize and analyze the gene relation-
ships and genomic organization within the cucumber 
genome [40].

Analyzing gene structure
The gene structure display server (GSDS v2.0) (http://
gsds.cbi.pku.edu.cn/) was used to analyze the gene struc-
ture and find out the intron-exon patterns. The PlantCare 
database (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html) was used to identify the cis-regulatory 
elements [42].
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Gene Ontology (GO) term analysis
The research conducted a GO enrichment analysis to 
elucidate the functions of cucumber genes. Information 
regarding their activities and participation in biological 
processes was sourced from the Uniprot online data-
base (https://www.uniprot.org/) [43]. Subsequently, the 
ShinyGo v0.741 web tool (http://bioinformatics.sdstate.
edu/go/ ) was employed to perform the GO term enrich-
ment analysis using the PAL gene sequences [40].

Protein-protein interaction
The study also confirmed the protein interactions among 
PAL genes by utilizing the String database v0.741 (https://
string-db.org/ ). This online resource played a pivotal role 
in depicting the intricate network of interactions among 
proteins within the PAL genes of cucumber.

Expression analysis
RNA-seq data of CsPAL genes were obtained from the 
NCBI GEO database https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE151055. (Accession: GSE151055) 
to analyze and investigate their expression profiles in 
response to heat stress. Three-week-old cucumber seed-
lings underwent heat treatment at 42℃, and leaves were 
collected at 0 (control), 3, and 6 h. This analysis aimed to 
identify variations between conditions and offer insights 
into potential targets for further investigation [44].

Results
Identifying PAL Genes C. sativus in and their Localization
The molecular features of the 11 CsPAL genes were 
extensively analyzed to uncover their specific charac-
teristics. CsPAL10 had the lowest molecular weight of 
17846.26 Da, while CsPAL8 had the highest of 78413.3 
Da. The pI values varied from a low of 23.94 in CsPAL10 
to a high of 38.61 in CsPAL8. All genes except CsPAL10 
had negative Gravy scores, indicating that they were 
hydrophilic. CsPAL10 also had the shortest CDS length 
of 540, while CsPAL5 had the longest of 2154. Moreover, 
peptide length ranged from a low of 171 in CsPAL10 to 
a high of 717 in CsPAL5. We conducted a genomic-level 
investigation of the CsPAL genes, mapping their posi-
tions and orientations on chromosomes. Among the 11 
CsPAL genes under scrutiny, CsPAL1, CsPAL2, CsPAL3, 
CsPAL4, CsPAL5, CsPAL6, CsPAL7, and CsPAL8 are sit-
uated on chromosome 1, CsPAL9 on chromosome 1, and 
CsPAL10 and CsPAL11 form a cluster on chromosome 4. 
Upon further examination of gene orientations, CsPAL1, 
CsPAL2, and CsPAL3 are oriented in the forward (F) 
direction, while CsPAL4, CsPAL5, CsPAL6, CsPAL7, 
CsPAL8, CsPAL9, CsPAL10, and CsPAL11 are oriented in 
the reverse (R) direction (Table 1)

In terms of subcellular localization, notable varia-
tions exist among the CsPAL genes. CsPAL7 exhibits Ta
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the highest localization in chloroplasts, with a substan-
tial presence of 4, contributing to a total of 16.5 (10%). 
Similarly, CsPAL2 shows significant localization in the 
Endoplasmic Reticulum, with 3, constituting 16 (10%) 
of its total. CsPAL3 demonstrates a diverse distribution, 
with 3 in chloroplasts and 2 in the cytoplasm, resulting 
in a total of 16 (10%). Conversely, CsPAL10, CsPAL4, and 
CsPAL9 display the minimum localization, each totaling 
14 (8%). CsPAL10 is primarily localized in chloroplasts 
(7), while CsPAL4 shows multiple locations, including 
Cytoplasmic Nucleus, Peroxisomal, and Golgi apparatus, 
each with 1. CsPAL9 is predominantly found in the Endo-
plasmic Reticulum, accounting for its minimal localiza-
tion (Fig. 1).

Conserved Cis elements
In examining the promoter regions of the 11 CsPAL 
genes, a diverse array of regulatory motifs controlling 
their transcription was identified. The TATA-box motif 
emerged as a prevalent feature across all genes, constitut-
ing 39% of the discovered motifs. Additionally, the CAAT-
box, another recurrent motif, represented 26% of the 
motifs. Various motifs such as the MYB recognition site, 
MYC, and W box displayed distinct frequencies, suggest-
ing potential roles in gene regulation. Notably, the STRE 
motif, associated with stress response, was present in 1% 
of the motifs. This comprehensive analysis underscored 

crucial motifs associated with stress response and plant 
defense mechanisms within the CsPAL gene family. With 
451 occurrences, the CAAT-box emerged as a domi-
nant cis-acting element, underscoring its significance 
in orchestrating CsPAL expression during stress [45]. 
Furthermore, the identification of elements such as the 
W box, known for its role in responding to pathogen 
attacks, and the STRE motif emphasized the participa-
tion of these genes in stress-responsive pathways. The 
significant occurrences of Myb, MYB-like sequence, and 
WRE3 motifs, linked to transcriptional responses asso-
ciated with drought and low oxygen, offered additional 
valuable insights (Fig. 2)

Conserved motif analysis and domain prediction
In the analysis of conserved patterns among the 11 
CsPAL genes, it became apparent that Motifs 1 and 8 
were consistently present throughout the entire gene set. 
Notably, Motifs 2, 3, 4, 5, 6, 7, 9, and 10 showed conser-
vation in all genes with the exception of CsPAL10. It is 
worth mentioning that Demain PLN02457 exhibited the 
presence of Motifs 2, 3, 4, 5, 6, 7, 9, and 10, while the 
Lyase_I_like superfamily featured Motifs 1 and 8 Fig. 3.

Our analysis of conserved domains among the 11 
CsPAL genes revealed a striking uniformity, as a single 
domain identified as the Lyase_I_like superfamily (Acces-
sion: cl00013) was consistently present in all genes. 
Notably, CsPAL1, CsPAL2, CsPAL3, CsPAL4, CsPAL5, 
CsPAL6, CsPAL7, CsPAL8, CsPAL9, and CsPAL11 
exhibited an additional conserved domain, PLN02457 
(Accession: PLN02457), which is part of the Lyase_I_like 
superfamily. CsPAL10, on the other hand, belonged to 
the Lyase_I_like superfamily. This underscores a high 
level of conservation of the Lyase_I_like superfamily 
domain across all 11 CsPAL genes Fig. 4.

Exon intron analysis
The examination of the exon-intron structures of the 
CsPAL gene family revealed distinct patterns. CsPAL2, 
CsPAL3, CsPAL4, CsPAL5, CsPAL6, CsPAL7, CsPAL9, 
and CsPAL10 exhibited a unique profile, characterized 
by a solitary exon and the absence of introns. In con-
trast, CsPAL1, CsPAL8, and CsPAL11 shared a conserved 
structure, marked by two exons and one intron. These 
findings underscore notable genomic variations within 
the CsPAL gene family, highlighting diversity in their 
exon-intron organization Fig. 5.

Analysis of the CsPAL gene family’s phylogeny 
In the phylogenetic analysis aimed at identifying con-
served patterns, PAL genes from four plant species O. 
sativa, C. sativus, A. thaliana, and S. bicolor were sys-
tematically grouped into three distinct clades denoted 
as I-III. The analysis included a total of 35 PAL genes, 

Fig. 1  Heat map displays 11 CsPAL gene distribution in plant cell compo-
nents; red indicates higher functional significance, revealing specific gene 
presence in nucleus, cytoplasm, chloroplast, Golgi apparatus, mitochon-
dria, plasmid, and peroxisomes
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comprising 10 from O. sativa, 11 from C. sativus, 5 from 
A. thaliana, and 9 from S. bicolor. To enhance clarity and 
facilitate a comprehensive understanding of the phylo-
genetic relationships, each clade was assigned a specific 
color scheme: green for Clade I, red for Clade II, and blue 
for Clade III Fig. 6.

MicroRNA (miRNA) analysis
The miRNA analysis of CsPAL genes revealed a range of 
interactions with distinct miRNAs, each characterized by 
varying lengths. The shortest miRNA, Csa-miR166, cov-
ered positions 1 to 21, while the longest, Csa-miRN967, 
extended from position 1 to 22. All targeted miRNAs play 
a role in cleavage inhibition. Specifically, Csa-miRN967 
targeted the genes CsPAL3 and CsPAL10, Csa-miR166 
targeted CsPAL2 and CsPAL4, and Csa-miRN967 tar-
geted CsPAL5.

PAL gene duplication and synteny analysis
The chromosomal arrangement of PAL genes reveals 
their distribution across multiple chromosomes. PAL 
genes were detected on chromosomes 1, 4, and 6. Signifi-
cantly, the predominant location for PAL genes was iden-
tified on chromosome 6, encompassing CsPAL1, CsPAL2, 
CsPAL3, CsPAL4, CsPAL5, CsPAL6, CsPAL7, and 
CsPAL8. Furthermore, chromosome 1 retained CsPAL9, 

while CsPAL10 and CsPAL11 were located on chromo-
some 4 (Fig. 7)

The Ka/Ks analysis revealed that the CsPAL6_CsPAL7 
pair exhibits a higher Ka/Ks ratio of 0.10617, indicating 
a relatively higher rate of non-synonymous substitutions 
compared to synonymous substitutions. In contrast, the 
CsPAL6_CsPAL11 and CsPAL8_CsPAL11 pairs show 
lower Ka/Ks ratios of 0.04391 and 0.08776, respectively, 
suggesting a more conserved evolutionary pattern with 
fewer non-synonymous changes.

These findings are further supported by divergence 
time estimates, expressed in millions of years ago (MYA). 
The CsPAL2_CsPAL3 pair has lower MYA values, indi-
cating a more recent divergence from a common ances-
tor. Conversely, the CsPAL6_CsPAL11 pair has higher 
MYA values, reflecting a more ancient divergence (Fig. 8).

The syntenic analysis shows that there were tandem 
duplications among CsPAL1, CsPAL2, CsPAL3, CsPAL4, 
CsPAL5, CsPAL6, CsPAL7, and CsPAL8 genes, and 
they were all located on chromosome 9. Additionally, 
CsPAL11 and CsPAL10 were found on chromosome 4, 
while CsPAL9 was on chromosome 1, suggesting seg-
mental duplications for these genes (Fig. 9)

Go annotation and Orthologue Identification
The GO enrichment analysis performed in this study 
provided insights into the roles of CsPAL genes. 

Fig. 2  Cis regulatory analysis of the CsPAL gene and the relative importance of its functions
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Specifically, these genes were found to be involved in 
the biosynthesis of cinnamic acid (GO:0009800), cin-
namic acid metabolic process (GO:0009803), phenyl-
alanine ammonia-lyase activity (GO:0045548), erythrose 
4-phosphate/phosphoenolpyruvate family amino acid 
catabolic process (GO:1902222), L-phenylalanine cata-
bolic process (GO:0006559), ammonia-lyase activity 
(GO:0016841), aromatic amino acid family catabolic 
process (GO:0009074), olefinic compound biosynthetic 
process (GO:0120255), L-phenylalanine metabolic pro-
cess (GO:0006556), olefinic compound metabolic pro-
cess (GO:0120254), phenylalanine metabolism (Path: 
csv00360), carbon-nitrogen lyase activity (GO:0016840), 
benzene-containing compound metabolic process 
(GO:0042537), phenylpropanoid biosynthetic pro-
cess (GO:0009699), alpha-amino acid catabolic process 
(GO:1901606), cellular amino acid catabolic process 
(GO:0009063), secondary metabolite biosynthetic pro-
cess (GO:0044550), and phenylpropanoid biosynthesis 
(Path: csv00940) (Fig. 10).

Protein-protein Interaction
During a protein-protein interaction investigation, 14 
nodes and 45 edges were observed in the network. The 
calculated average node degree was 6.43, and the aver-
age local clustering coefficient was 0.395. Notably, the 
expected number of edges was 5, and the p-value for 
protein-protein interaction enrichment was remarkably 
high at < 1.0e-16, indicating a significant enrichment of 
interactions. To meet the minimum required interaction 
score, a low confidence threshold of 0.700 was applied. 
Specifically, CsPAL was found to interact with other 
proteins, while proteins showed no associations within 
themselves (Fig. 11)

Transcriptomic analysis
In transcriptomic analysis aiming to the role of CsPAL 
genes under heat stress, significant regulation was 
observed for CsPAL1, CsPAL2, CsPAL5, CsPAL8, 
CsPAL9, and CsPAL11 across different temperature con-
ditions (HT0h, HT3h, and HT6h). Specifically, CsPAL9 
exhibited significant upregulation during HT3h, while 
both CsPAL9 and CsPAL7 showed high upregulation 

Fig. 3  The ten motifs’ distribution across the ten CsPAL protein family members. The CsPAL proteins reveals consistent presence of specific motifs across 
the protein set, highlighting distinct patterns in domain and superfamily structures
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under HT6h, with CsPAL7 being upregulated 6-fold and 
CsPAL9 2-fold (Fig. 12).

Discussion
The PAL (Phenylalanine Ammonia Lyase) gene family in 
cucumber (C. sativus) plays a pivotal role in regulating 
the phenylpropanoid pathway, influencing the biosynthe-
sis of secondary metabolites, including lignin and phe-
nolic compounds [46]. This family contributes to plant 
defense against both biotic and abiotic stresses, with PAL 

serving as a key enzyme in the production of antimicro-
bial compounds, such as phytoalexins [47]. Additionally, 
PAL is involved in the synthesis of flavonoids and acts as 
a mediator in the response to abiotic stresses, providing 
antioxidative properties. Understanding the PAL gene 
family in cucumbers is crucial for enhancing genetic 
diversity, developing disease-resistant varieties, and 
improving the nutritional quality of cucumber crops [48].

A genome-wide investigation was carried out to 
find and understand the PAL genes in cucumber. The 

Fig. 5  The CsPAL gene family exhibits distinct exon-intron structures, with some genes having a single exon and no introns, while others have two exons 
and one intron. Exons are represented in blue and introns in black line

 

Fig. 4  The conserved domain analysis revealed the consistent presence of the Lyase_I_like superfamily across all 11 poteins genes, with an additional 
PLN02457 domain found in most genes
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physicochemical properties of eleven CsPAL genes in 
the cucumber genome were investigated to observe 
their distinctions within a clade of proteins [49]. All the 
CsPAL proteins that were identified showed hydrophilic 
properties, which means they have a tendency to inter-
act with water and their electrical charges depend on pl 
levels. This can be observed from their GRAVY values 
[50]. Upon examination using the instability index, it 
was observed that all proteins of CsPAL proteins were 
stable. These consistent localization patterns underscore 
the unique roles and potential functional specialization 
of CsPAL genes within distinct cellular compartments, 
contributing to the overall complexity of the gene fam-
ily’s involvement in cellular processes. The maximum 

localization of CsPAL7 in chloroplasts suggests its pri-
mary involvement and potentially critical role in chloro-
plast-specific processes. The analysis of conserved motifs 
among the 11 CsPAL genes in cucumber reveals the con-
sistent presence of Motifs 1 and 8 across the entire gene 
set, suggesting essential functional elements in these 
regions. The presence of these conserved motifs is crucial 
in understanding gene expression regulation in cucum-
ber. Conserved motifs often represent regulatory ele-
ments involved in transcriptional control, affecting gene 
expression levels and patterns [51]. The identification of 
shared motifs provides insights into potential regulatory 
networks and common regulatory mechanisms among 
CsPAL genes, shedding light on their roles in cucumber 

Fig. 6  The phylogenetic analysis of 35 PAL genes from four plant species O. sativa, C. sativus, A. thaliana, and S. bicolor were systematically grouped into 
three distinct clades: Clade I (green), Clade II (red), and Clade III (blue)
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development, stress responses, or other biological pro-
cesses [52]. The analysis of conserved domains among 
the 11 CsPAL genes revealed a remarkable consistency, 
with all genes sharing a common Lyase_I_like superfam-
ily domain (Accession: cl00013). The presence of these 
conserved domains is significant in understanding gene 
expression and functional specificity. Conserved domains 
often play crucial roles in determining the function of 
genes [53]. In this case, the Lyase_I_like superfamily and 
PLN02457 domains may contribute to common bio-
chemical activities or structural elements essential for the 
phenylalanine ammonia-lyase (PAL) enzyme, which is 
encoded by CsPAL genes. The identification of conserved 
domains provides insights into the evolutionary relation-
ships and potential functional roles of CsPAL genes in 
plant biology [54].

Cis elements in the promoter regions of genes play a 
crucial role in regulating gene expression and determin-
ing functional specificity [55]. In the case of the 11 CsPAL 
genes, the diverse array of identified regulatory motifs 
provides key insights into the intricate control mecha-
nisms governing their transcription. The prevalence of 
the TATA-box and CAAT-box motifs, constituting 39% 
and 26% of the discovered motifs, respectively, high-
lights their significance in initiating transcriptional pro-
cesses. The specific enrichment of motifs such as MYB 
recognition sites, MYC, W box, and STRE suggests their 
potential roles in finely tuning gene regulation, particu-
larly in response to stress [56]. Overall, the presence and 
frequency of these cis-acting elements provide valuable 
clues about the molecular mechanisms underlying the 

regulation of CsPAL genes, shedding light on their roles 
in stress adaptation and plant defense mechanisms [57]. 
The exon-intron structures of genes play a pivotal role in 
determining gene expression and functional of genes [58]. 
In the context of the CsPAL gene family, the observed 
patterns reveal distinct genomic variations. The presence 
of a single exon in CsPAL2, CsPAL3, CsPAL4, CsPAL5, 
CsPAL6, CsPAL7, CsPAL9, and CsPAL10 suggests a sim-
plified gene structure without introns. This streamlined 
organization can facilitate rapid and efficient transcrip-
tion and translation processes, potentially contribut-
ing to a swift response to environmental stress [59]. On 
the other hand, the conserved two-exon and one-intron 
structure shared by CsPAL1, CsPAL8, and CsPAL11 may 
introduce additional regulatory complexity, allowing 
for fine-tuned control of gene expression. The observed 
diversity in exon-intron organization within the CsPAL 
gene family emphasizes the importance of these struc-
tural elements in shaping the functional repertoire of 
genes, influencing their expression levels, and contribut-
ing to the adaptability and specificity of their biological 
functions [60].

In a phylogenetic analysis focused on identifying con-
served patterns, PAL genes from four plant species, 
namely O. sativa, C. sativus, A. thaliana, and S. bicolor, 
were systematically classified into three distinct clades 
labeled as I-III. The all member of same clade have simi-
larity in function. The systematic grouping of PAL genes 
into these clades suggests evolutionary relationships and 
potential functional similarities or differences among 
the PAL genes from the analyzed plant species [61]. 

Fig. 7  Chromosomal distribution of PAL genes shows their presence on chromosomes 1, 4, and 6, with chromosome 6 hosting the majority
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The color scheme serves as an effective organizational 
tool, allowing for an intuitive grasp of the phylogenetic 
landscape and contributing to a more accessible inter-
pretation of the study’s findings. This chromosomal dis-
tribution of PAL genes across chromosomes 1, 4, and 6 

suggests a non-random arrangement, possibly indicating 
a degree of genomic organization or functional special-
ization. Understanding the chromosomal arrangement of 
PAL genes contributes valuable insights into the genomic 
architecture and organization of the plant species under 

Fig. 10  GO enrichment analysis of CsPAL genes, highlighting their functional roles with red indicating high gene function values and blue representing 
low gene function values

 

Fig. 9  Syntenic analysis of CsPAL genes shows tandem duplications on chromosome 9 and segmental duplications on chromosomes 1 and 4
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investigation, shedding light on potential gene clusters, 
regulatory elements, or functional relationships among 
the PAL genes [62]. This information holds significant 
importance for investigators seeking to unravel the com-
plexities underlying PAL gene evolution and their func-
tional contributions to the physiological processes of 
these plants [62].

The Ka/Ks analysis provides insights into the selective 
pressures acting on pairs of CsPAL genes. Specifically, 
CsPAL6_CsPAL7 exhibits a higher Ka/Ks value (0.10617), 
indicating potential positive selection or relaxed puri-
fying selection. In contrast, CsPAL6_CsPAL11 and 
CsPAL8_CsPAL11 display lower Ka/Ks values (0.04391 
and 0.08776, respectively), suggestive of purifying 

selection. The divergence time estimation, measured in 
million years ago (MYA), aligns with these findings [63]. 
CsPAL2_CsPAL3 shows lower MYA values, suggesting 
a more recent divergence, while CsPAL6_CsPAL11 has 
higher MYA values, indicating an ancient divergence 
from a common ancestor. The syntenic analysis reveals 
tandem duplications among CsPAL1 to CsPAL8 genes, all 
located on chromosome 9, suggesting a shared evolution-
ary origin for this gene cluster. Furthermore, CsPAL11 
and CsPAL10 on chromosome 4, and CsPAL9 on chro-
mosome 1, indicate segmental duplications, supporting 
the notion of diversification through genomic rearrange-
ments. These findings provide valuable insights into the 
evolutionary history of CsPAL genes, indicating both 

Fig. 11  Protein-protein interaction analysis of CsPAL shows 14 nodes and 45 edges, with significant enrichment (p < 1.0e-16) and an average node de-
gree of 6.43. CsPAL interacts with other proteins but not with itself
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ancient and more recent divergence events, as well as 
the contribution of tandem and segmental duplications 
to their genomic organization [34]. The varied selective 
pressures and duplication events highlight the dynamic 
nature of PAL gene evolution in the studied plant species 
[64].

The miRNA-mediated regulation discovered in the 
analysis adds a complex layer to the control of CsPAL 
gene expression. This regulatory mechanism suggests 
that alterations in miRNA abundance or activity directly 
influence the levels of PAL gene expression, thereby 
impacting the synthesis of phenylpropanoid compounds 

[65]. This additional layer of regulation contributes com-
plexity to the broader gene expression landscape, playing 
a crucial role in fine-tuning plant responses to diverse 
environmental stress and developmental stages [66]. 
In essence, the miRNA analysis, approached from an 
expression perspective, illuminates the intricate post-
transcriptional regulatory network governing CsPAL 
genes within the context of phenylpropanoid metabolism 
[67].

The Go enrichment analysis conducted in this study 
has provided valuable insights into the functional roles 
of CsPAL genes. These findings underscore the diverse 

Fig. 12  Transcriptomic analysis of CsPAL genes under heat stress, showing significant regulation and notable upregulation of CsPAL9 at HT3h (heat stress 
for 3 h), and CsPAL7 and CsPAL9 at HT6h (heat stress for 6 h)
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functions of CsPAL genes, particularly their contribu-
tions to the synthesis of acids and metabolic processes 
associated with amino acids. Protein-protein interac-
tion analysis revealed that CsPAL interacts with other 
proteins, emphasizing its role in forming complexes or 
participating in molecular pathways. Interestingly, the 
absence of associations among the interacting proteins 
themselves suggests that CsPAL may act as a central hub 
or connector in the network, potentially orchestrating 
various cellular processes [68].

The significant upregulation of CsPAL9 during HT3h 
and the heightened upregulation of both CsPAL9 and 
CsPAL7 under HT6h in the transcriptome study sug-
gest a potential role for these genes in cucumber’s toler-
ance to heat stress. The 2-fold upregulation of CsPAL9 
and the substantial 6-fold upregulation of CsPAL7 indi-
cate an active response to the heat conditions [69]. This 
upregulation might imply an involvement in heat stress 
tolerance mechanisms, potentially contributing to the 
plant’s ability to withstand and adapt to elevated temper-
atures. Further investigations into the specific functions 
of CsPAL9 and CsPAL7 could provide insights into the 
molecular pathways associated with cucumber’s heat tol-
erance. The comprehensive genome-wide identification 
and analysis conducted in this study establish a founda-
tion for upcoming examinations, aiding in gene cloning, 
marker assistant breeding and further investigations.

Conclusion
This study identifies 11 PAL genes in cucumber, high-
lighting their conserved sequences, motifs, and regu-
latory elements. It emphasizes their roles in stress 
responses, hormone signaling, and development, with 
microRNAs playing a key regulatory role. RNA-seq data 
reveals specific expression patterns, notably the sig-
nificant upregulation of CsPAL9 during HT3h and both 
CsPAL9 and CsPAL7 during HT6h, suggesting their 
involvement in heat stress tolerance. These insights open 
avenues for improving agronomic traits and developing 
heat-tolerant cucumber varieties by targeting CsPAL9 
and CsPAL7 expression.
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