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Abstract

Phenylalanine ammonia lyase (PAL) is a pivotal enzyme bridging primary and secondary
phenylpropanoid metabolism, influencing plant growth, development, and stress responses. Despite extensive
studies on PAL genes across various plant species, their investigation in barley, a critical staple food globally,
has been relatively scarce. In this study, we have successfully identified 10 HvPAL genes, designated as HvPAL
genes, in Hordeum vulgare (barley). These HvPAL genes were categorized based on their conserved sequences,
which revealed patterns through MEME analysis and multiple sequence alignment. Interestingly, we found cis
elements related to stress in the promoter regions of HuPAL genes, indicating their involvement in the response
to pathogens. Furthermore, these gene promoters contained components associated with light, development,
and hormone responsiveness. This suggests that they may play a role in hormonal developmental processes.
MicroRNAs were also identified as regulators of the HvPAL genes we identified highlighting their significance
in barley. To further investigate these gene expression patterns, we analyzed the RNA-seq data revealed the
upregulating of HvPAL 2, HvPAL3, and HvPALS, and downregulating HvPAL S, HvPAL 6, and HvPAL9
genes in this study. This study focused on the regulation of PAL genes in response to 23 different races of
Puccinia graminis f. sp. tritici in barley. These results suggest ways to improve traits and develop barley varieties
that are resistant to pathogens by selectively increasing the expression of certain HvPAL genes that were not
previously regulated. This thorough investigation aims to expand our knowledge of the versatility of the PAL
gene family, providing insights for advancements in host -pathogen genetics.
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Introduction

The non-oxidative deamination of L-phenylalanine to trans-cinnamic acid is the first step in these
biosynthetic pathways, which are nearly universal among eukaryotes (Jones, 1984). The enzyme phenylalanine
ammonia-lyase (PAL; EC 4.3.15) plays an extremely important role in this notable reaction (Weisshaar and
Jenkins, 1998), and along with tyrosine and a special compound known as dihydroxyphenylalidone it is
responsible for the synthesis of various secondary metabolites including flavonoids, lignin (Whetten and
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Sederoff, 1995; Guo and Wang, 2009). These include jasmonic acid (JA) and abscisic acid at the transcriptional
level, and when a plant experiences different types of stresses occurring concurrently, PAL can be triggered by
these together more easily than by other enzyme systems (Dixon ez 4/., 2002). As a result, there is an important
role for PAL in how plants resist both biotic factors, and an increase in expression of the PAL gene to such a
height might allow plants to defend against various kinds of stress (Xu ¢# al., 2012; Sami ez al., 2024).

PAL (phenylalanine ammonia-lyase) is the first step in the phenylpropanoid pathway (Guo and Wang,
2009). Capable of catalyzing the deamination reaction to convert L-phenylalanine into trans-cinnamic acid is
especially important (Dixon ez 4/, 2002). This vital pathway leads to the synthesis of critical secondary
metabolites involved in plant growth and development (Rui-Fang ez al., 2016). Moreover, PAL functions as a
crucial component of the plant stress response system and is affected by various factors. Drought-induced water
scarcity and attacks by pathogens such as fungi contribute to alterations in their expression (Chen ez al., 2017).
Additionally, wounds and prolonged exposure, along with stressors specific to cut flowers or those exposed to
unfavorable temperatures, further influence PAL expression. The swift response of PAL underscores its pivotal
role in enabling plants to combat a diverse array of biotic and abiotic stressors (Cass ez al., 2015). If PAL can be
induced to express itself more quickly, this would lead to a tremendous breakthrough in creating plants capable
of withstanding various kinds of stress (Dehghan ez 4., 2014). PAL is a key enzyme in the biosynthesis of
important secondary metabolites, and plays an essential role in plant growth and development. Importance
goes further and is involved in a major part of the plant's response to stress (Bartwal ez al., 2013). PAL exhibits
significant variation in activity based on developmental stages and various cell and tissue types within a plant.
These changes in activity are particularly pronounced during heightened stress conditions in a plant life cycle
(Lianget al., 1989). Consider Arabidopsis thaliana, where four genes, denoted as AtPAL1-4, encode active PAL
isoforms (Dong and Shang, 2013). These genes are differentially expressed in various plant parts. A#PALI is
particularly concentrated in vascular tissue, whereas both seeds and serve as major sources of expression for
AtPAL2 and ArPAL4; the extent to which they find themselves expressed here depends largely on the
sensitivity criteria used (Yu ez a/., 2018). By contrast, agricultural practices involving open fields can have severe
negative consequences. Interestingly, among the discovered stressors, only AsPALI and AtPAL2 exhibit
increased activity in response to low temperature and low nitrogen levels, respectively (Hahlbrock and Scheel,
1989). The gene expression of PAL shows potential variations across different plant species, specific plant parts,
or even disparate stress environments (Ngumbi and Calla, 2022).

Barley (Hordeum vulgare L.) is the fifth-largest cereal grain crop in the world. An early crop
domesticated by man approximately 1000 years ago in the Fertile Crescent region is now of historical
significance (Zhang and Li, 2010). However, when humans first began consuming barley as a grain for animal
feed, it later took the role of an important latecomer after wheat and rice (Smil, 2001). Although harvested
mainly for animal feed and malt production, barley remains an important food source in certain societies in
Asia and Northern Africa. Barley, the most resilient cereal crop, adapts to all environments from high latitudes
and altitude countries down through parched desert land (Ullrich, 2014). In the Himalayas and Ethiopia, it
remains a major food source (Ullrich, 2014). However, many abiotic stress factors affect barley physiology and
yield and quality. Batley susceptibility to abiotic stress is a major problem in areas that lack stable weather
conditions and ideal soil (Forster ez 4/., 2000). Barley confronts recurrent fungal attacks from rust, powdery
mildew, and Fusarium spp., resulting in substantial yield losses and quality concerns (Rana e a/., 2022). The
PAL gene family plays a role in the defense strategies of batley. These enzymes, known as PAL enzymes, help
convert phenylalanine into cinnamic acid, which then kickstarts the production of secondary metabolites, such
as phenolic compounds, flavonoids, and lignin. This process reinforces the defense mechanisms of plants
against fungal pathogens (Chen ez 4., 2017). Elevated PAL gene expression leads to increase PAL activity,
which contributes to the production of defence-related compounds. Barley's defense mechanism encompasses
induced responses and generation of antimicrobial phytoalexins (Kaur ez al., 2022). The present study focused

on a comprehensive genome-wide analysis and expression profiling of the phenylalanine ammonia lyase gene
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family in barley (Li ez 4/., 2019). This study aimed to unravel the intricacies of PAL gene regulation with the

goal of incorporating genes associated with enhanced PAL activity to bolster fungal resistance in batley
varieties.

Materials and Methods

Retrieve amino acid sequences

Amino acid sequences of H. vulgare were obtained from the Phytozome v13 and the PAL genes of H.
vulgare were identified using the Basic Local Alignment Search Tool for Protein Sequences (BLAST-P)
program (Zhang ez al., 2016). The protein sequence containing the PF00221 domain serving as the query in
Phytozome v13 (betps://phytozome-next.jgi.doe.gov; Haider ez al., 2023).

Physicochemical properties, subcellular localization and of cis- elements prediction

Data on ten HvPAL proteins was gathered from ProtParam and Phytozome. The Phytozome gave the
number and position and orientation of chromosomes of the gene within that specific region. Moreover, it
includes information on mRNA length (CDS) and peptide size. The pl, molecular weight, Grand Average of
Hydropathy (GRAVY), and stability index for these proteins were screened by ProtParam. WoLF PSORT
database (<https://wolfpsort.hgc.jp/>) was used to determine the localization of these proteins with the range
of  1000-base  pair  upstream  promoter  regions. = The web  tool  PlantCARE
(<http://bioinformatics.psb.ugent.be/webtools/plantcare/html/>) was used to predict the localization of
these proteins based on 5-20 base pairs of upstream sequences from the first nucleotide in each case. These
outputs were displayed as a heat map using TBtools for visualization (Biilow and Helh, 2016).

In silico examination of conserved motif domain and exon-intron positioning

An online tool has been implicated for Conserved Motif domain and Exon-Intron positioning i.c.
MEME (http://meme.sdsc.edu/meme/website/intro.html) followed by the Conserved Domain Database
(CDD; https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The genomic and CDS sequences of the
HvPAL gene family were processed using the Gene Structure Display Server (GSDS) web tool at
(htep://gsds.cbi.pku.edu.cn/) to analyze exon and intron distributions (Barre ez 4., 2009).

Phylogenetic analysis

A phylogenetic tree was established by aligning the amino acid sequences of the HvPAL proteins with
those from H. vulgare, O. sativa, A. thaliana, and S. bicolor. The software MEGA 11 was employed utilizing
the neighbor-joining (NJ) method for tree construction, and bootstrapping was carried out with 1000
replications. The resulting trees were inspected visually. The Interactive Tree of Life (iTOL) program
(<https://itol.embl.de/>) was then used to modify the tree, providing a user interface for exploring and
annotating phylogenetic relationships as described in (Rehman ez a/., 2022).

Prediction of miRNA

The website PmiREN (<https://www.pmiren.com>) was utilized to determine the target sites of all the
HvPAL gene families. By employing the PsRNA online server tool
(<https://www.zhaolab.org/psRNATarget/>) with default settings, comparisons were made between the
CDS sequences of the genes and mature miRNA sequences. Lastly, the interactions between the target genes
and predicted miRNAs were visualized using Cytoscape (Mazhar ez 4/., 2023).
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Evolutionary, gene structure and gene ontology (GO) term analyses

The research on the evolution of PAL genes in barley involves the examination of duplication and
synteny. To determine the rate at which each pair of genes evolved, we calculated the Ka/Ks substitution rates
by aligning protein sequences using MUSCLE program and TBtools 1.108 with default settings. The Ks value
was applied to the equation T = Ks/2, where A = 6.5 x 10-9, to estimate the time of divergence between these
genes. Additionally, we used MCScanX v1.0 with default settings to identify gene duplication events (Haider,
et al., 2023; Luo et al., 2022). Furthermore, TBtools aided in creating maps that visually depict the synteny
between paralogous genes in barley (Mazhar ez al., 2023).

The gene structure display server (GSDS v2.0) (bzp://gsds.chi.pku.edu.cn/) has been carried to predict
the gene structure analysis to discern intron-exon positioning. Similarly, PlantCare database
(bttp://bioinformatics.psb.ugent.be/webtools/plantcare/html) has also been carried out for prediction of cis-
regulatory elements following the method of Abdulla ez 4/. (2023).

The objective of conducting the GO enrichment analysis on barley was to explore the functions of these
genes. The UniProt online database (<https://www.uniprot.org/>) (Langenbacher ez al., 2020) was utilized
to obtain information about their activities and involvement in various biological processes. Next, the PAL
gene sequences were submitted to the ShinyGo v0.741 web tool (<http://bioinformatics.sdstate.edu/go/>)
(Mazhar et al., 2023) for GO word enrichment analysis.

Protein-protein Interaction and expression amzlyses

The study utilized the STRING database v0.741 (<https://string-db.org/>) to further explore the
protein interactions among PAL genes in barley. This online tool effectively showcases the interplay among
proteins within the PAL genes of the barley plant.

Gene expression profiling of 23 races of Puccinia graminis [ sp. tritici

To analyze the RNA-seq data of HvPAL genes and investigate the expression profiles in response to
various races of Puccinia graminis f. sp. tritici, data were retrieved from the NCBI GEO database
([hteps://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE130423]
(hteps://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?zacc=GSE130423)) under accession GSE130423 (Sharma
et al.,2019). This study aimed to explore the intricate interactions between barley and different pathogen races.
Specifically, the expression patterns of 10 PAL genes (phenylalanine ammonia lyase), denoted as HvPAL 1
through HvPAL 10, were examined in response to pathogen races, including WM-1, R29M, R29]B, R29JA,
R1lc, QCCJ, P84-16, AC-12, A-5, A-48, A-21, A-15, A-14, A-12, 81AC46, 81AC34, 81AC28,79\_20,79.2,
79-1,72\_00, 640 °C, and 370 °C. To gain an understanding of the differences in gene expression, we utilized
Statistix 8.1, a pairwise comparison tool. This tool helped us identify variations between conditions and
provided insights into potential targets for further studies.

Results

Identifying PAL genes in Hordeum vulgare L. and their localization

A comprehensive analysis of 10 HvPAL genes was conducted to elucidate their molecular characteristics.
Notably, HvPAL 6 displayed the smallest molecular weight at 13,647.51, whereas HvPAL4 exhibited the
highest molecular weight at 78,012.73. The isoelectric point (pI) values ranged from a minimum of 36.31 in
HvPAL9 to a maximum of 61.39 in HuvPALG. Consistently, negative Gravy scores for all genes indicated their
hydrophilic nature. Regarding coding sequence (CDS) length, HvPAL S had the shortest length at 1,410 bp,
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while HvPAL2 boasted the longest at 2,688 bp. Furthermore, the peptide length varied from 127 in HvPAL6
to 723 in HvPAL 4.

In our exploration of HvPAL genes at the genomic level, we delineated their positions and orientations
on the chromosomes. Amongthe 10 HvPAL genes examined, HvPAL8 was located on chromosome 1, HvPAL
6 on chromosome 2, and HvPAL2, HvPALS, HvPAL3, and HvPAL4 were clustered on chromosome 2.
HvPAL7 islocated on chromosome 3, whereas HvPAL 10, HvPAL9,and HvPALI are located on chromosome
6. Further scrutiny of the gene orientations revealed that HvPALG6, HvPALS, HvPAL3, HvPAL4, and
HuvPALY were oriented in the forward (F) direction, whereas HvPALS, HvPAL2, HvPAL7, HvPALI0, and
HvPALI were oriented in the reverse (R) direction (Table 1).

Table 1. PAL gene family information for 10 non-redundant genes discovered in the barely genome. II:
Instability Index, pl: Isoelectric point, GRAVY: Grand Average of Hydropathy, Pep: Peptide, Mw:

Molecular Weight
Phytozome ID Rename PAC MW pl I GRAVY Strand CDS Pep no Start End Length
HORVU(;I(;[”G(”“ HoPALI PACS(?”“Z Y 1220'3 s89 | 2 12'4 0.073 R 248 | 715 | 6 | 87346259 | s7asosre | 247 6’ 470
HORVU2HIGO&27 [/ | PAC3834714 [ 196150 | | 435 0382 R 2688 | 184 | 2 | 4P037L | 42303284 | 76807502
50 2 9 4 8 5 4
HORVU2HAIGO894 |~ | PAC3835066 | 770598 | o | 301 013 E siia | 713 | 2 | 63898692 | 63923151 | 76807502
40 1 1 7 4 5 4
HORVU2HIIGO38 |, | PAC3835991 | 780027 | | 302 0052 v a7 | 723 | 2 | 773742 | 17738078 | 76807502
40 7 3 7 7 1 4
HORVU2HAIGO895 |, o | PAC:3837045 | 499843 | [ 270 0075 v 0 | 469 | 2 | 63933973 | 63934234 | 76807502
40 7 5 9 4 7 4
HORVU2HAGO381 [, | PAC:3837569 | 136475 | o[ 613 0585 v s | 17 | 2 | 17695815 | 17697262 | 76807502
20 5 1 9 3 2 4
HORVU;[”GOM HyPAL7 PAC:3§38639 /46;)8'0 612 | 335 0058 R 2073 | 60 | 3 | 13107104 | 13112423 | & 41 1
Y : . X
HOR Ulég[“G‘mO mpazs | PAC 32846021 760258 5.89 3‘;9 0,078 R 2124 | 707 | 1 | 91840018 | 91842898 558523543
HORVUGHrIGOSSS |, | PAC3850133 | 767168 | . | 363 0053 v aiz0 | 712 | ¢ | 38602033 | 38602304 | 58338051
40 8 8 1 3 3 3
3 HoPALI 3850737 | 756193 34.7 3857 57
H()Rvuigmcosss v - PAC 3ia>o 3 )6619 S zz; 0063 R s | o7os |6 33>,35004 385 65386 583338051

Analysis of the subcellular localization of the ten HvPAL genes revealed diverse distribution patterns.
Notably, 36.75% of the proteins were identified in the chloroplast, 18.37% in the cytoplasm, and 11.31% in
the endoplasmic reticulum. Additionally, 9.19% were associated with vacuoles, suggesting their potential role
in cellular storage. Mitochondria and the nucleus accommodated 7.07% and 6.01% of the proteins,
respectively, whereas 0.71% was found extracellularly. The Cysk_Nucl compartment constituted 2.83% of the
total, indicating nuclear localization of cysteine-rich proteins. These results highlight the varied subcellular
roles played by HVPAL proteins in plant cells (Figure 1).

Conserved Cis elements

Analysis of cis elements in the promoter regions of 10 HuPAL genes revealed a diverse array of regulatory
motifs governing their transcriptional control. Notably, the TATA-box motif was consistently present across
all the genes, constituting 19% of the identified motifs. CAAT-box, another prevalent motif, represented 23%
of the total motifs. Distinct motifs, such as the MYB recognition site, MYC, and W box, exhibited varying
frequencies, suggesting potential roles in gene regulation. A stress-responsive STRE motif was identified in 3%
of the motifs. This comprehensive cis-element analysis revealed key motifs associated with stress responses and
plant defence mechanisms in the HvPAL gene family. The CAAT-box, occurring 123 times, has emerged as a
predominant cis-acting element, emphasizing its significance in regulating HvPAL expression during stress
(Sami, et al., 2023). Additionally, the presence of elements such as the W box, implicated in responding to
pathogen attacks, and the STRE motif further highlighted the involvement of genes in stress-responsive
pathways. Noteworthy occurrences of Myb, MYB-like sequence, and WRE3 motifs, which are associated with
transcriptional responses to drought and low oxygen, provided additional insights (Figure 2).
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Figure 1. This heat map shows the distribution of 10 HuvPAL genes, within parts of a plant cell, such as the
nucleus, cytoplasm, chloroplast, Golgi apparatus, mitochondria, plasmid and peroxisomes. The intensity
of color indicates a functional presence of the gene in that specific region while red color signifies a higher
functional significance in that arca
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Figure 2. The visual depiction of the HvPAL gene's cis regulatory analysis along with the strength of each
function. From red (highest) to the white (lowest) intensity is used to describe the biochemical and
physiological activities happening in plants

Conserved motif analysis and domain prediction

During our analysis of conserved motifs among the 10 HuvPAL genes, it was evident that motif 5 was
uniformly conserved across the entire gene set. Notably, Motif 7 was conserved in all genes except HvPAL4.
Remarkably, HvPALI, HvPAL3, HvPAL7, HvPALS, HvPALY, and HvPAL10 were conserved for all motifs
(1-10), indicating a comprehensive shared motif pattern. In contrast, HvPAL2 and HvPALG displayed a more
restricted motif profile, encompassing only Motifs 2 and 5. This distinctive motif composition in HvPAL2 and
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HvyPALG6 implies the presence of unique regulatory elements or functional characteristics that set them apart
from other HvPAL genes (Figure 3).

Name Motif Locations

HvPAL3
HvPAL4
HvPALS
HvPALS
HvPAL7
HvPAL8

HvPALS

i

HvPAL10

=
2

Symbol Motif Consensus
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RINTLLQGYSGIRFEILEATATLLNANVTPCLPLRGT ITASGDLVPLSYT
BDPLIWOFAREELSGSHLDAV FRMVEEY REPVVIMEGASLTIAQVARVAL
RNPSLDYGFKGAETAMASY CSELOF LGNPVINHY OSAECHNODVNSLGL T
L I DSYGVTTGFGATSHRRTKEGHALQRE
DOTRYNAAERF K1 AGI QHCFF ELQPKECLAMVNGTAVGEGLASTVLFEAN
YREVREELGTVYLTGEKTRSP GEEVDEVFVAMNOGKH IDALLECLREWNG
SSRETAEATDILKLMSSTFLVALCQATDLRHL EENVETAVENCUTRVARK

A0 A B

Figure 3. The distribution of 10 motifs along the 10 members of the barley PAL protein family

Our conserved domain analysis across the 10 HvPAL genes revealed remarkable consistency, as a
singular domain, identified as the Lyase_I_like superfamily (Accession: cl00013), was present in all genes.
Notably, HvPALI, HvPAL3, HvPAL4, HvPAL7, HvPALS8, HvPALY, and HvPAL 10 exhibited an additional
conserved domain, PLN02457 (accession number: PLN02457), which belongs to the Lyase_I_like
superfamily. This indicated a high degree of conservation of the Lyase_I_like superfamily domain across all 10
HvPAL genes (Figure 4).

. PLNO2457

HvPALZ — — Lyase_|_like suparfamily

HvPAL1

HvPAL3

HvPAL4

HvPALS — =

HvPALE —

HvPALT

HvPALS

HvPALS

HvPAL10

o

160 200 £l 480 5b0 b0 760 8bo
Figure 4. Illustration of the domain pattern of all HuPAL genes
The Lyase_I_like superfamily were conserved in all HuPAL genes
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Exon-intron analysis

Distinct patterns emerged when the exon-intron structures of the HvPAL gene family were examined.
HvPAL2, HyPAL4, HvPALS, and HvPAL9 had a unique profile featuring only a single exon and an absence
of introns. In contrast, HvPAL1, HvPAL3, HvPALS, HvPAL7, and HvPAL10 shared a conserved structure
marked by two exons and one intron. These observations highlight significant genomic variations within the
HvPAL gene family, showing diversity in exon-intron organization (Figure 5).

HVPAL1 w D
HVPAL2 D
HVPAL3 FEVa—
HvPAL4 D c—
HVPAL5 S —
HVPAL6 -
HVPAL7 —_ —cum»
HVPAL8 [ —
HVPAL9 A -
HVPAL10  wl— D
O.kb 1lkb 2lkb ﬁlkb 4|kb 5‘kb 6lkt1 7‘kb Blkn 9lkb 1I0kb 1I1kb 1l2kb 1|3kb 1I4kb 1‘5kb 1|6kb 1‘7kb 1‘Bkb 1‘9kb -I»---l»- 3:2kb3
Legend:

@D CDS  www upstream/ downstream ~—— Intron

Figure 5. The exon-intron structure is phylogenetically represented, green color represents exons and black
line show introns

Analysis of the HyPAL gene family’s phylogeny

In the conserved phylogenetic analysis, PAL genes from four plant species, namely O. sativa, H. vulgare
L, A. thaliana, and S. bicolor, were systematically categorized into four distinct clades labeled I-IV. The study
included 34 PAL genes, including 10 from O. sativa, 10 from H. vulgare, 5 from A. thaliana, and 9 from S.
bicolor. To enhance clarity and facilitate a comprehensive understanding of phylogenetic relationships, each
clade is denoted by a specific color scheme. Clade I is represented by the color red, clade II by yellow, clade III
by green, and clade IV by blue Figure 6.
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Figure 6: Phylogenetic analysis illustrates that PAL g;:hc.s from four plant species, namely Oryza sativa,
Hordeum vulgare L, Arabidopsis thaliana, and Sorghum bicolor, were systematically categorized into four

distinct clades labeled I-IV
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MicroRNA (miRNA) analysis

miRNA analysis of HvPAL genes uncovered a spectrum of interactions with distinct miRNAs, each
characterized by varying lengths. The shortest miRNA, miRNA1436, spanned positions 1 to 21, while the
longest, miR5048a, extended from positions 1 to 22. Notably, miR6210 targeting HvPAL 5 exhibited a
minimum cleavage inhibition value of 4 and a UPE of -1. In contrast, a maximum cleavage inhibition
expectation value of 5 was observed for multiple miRNAs targeting HvPALS, HvPALS, HvPALI, HvPAL4,
and HvPALY. Translation inhibition events resulting in cleavage processes ranged from 1, indicating a single
cleavage event. Specifically, miR6210 targeted HvPALS, miR1436 targeted HvPAL3, miR6189 targeted
HvPAL4 and HyPAL6, miR5048a and miR5048b targeted HvPALY, miR5050 targeted HvPALS, miR6178
targeted HvPAL8, miR6189 targeted HvPALS and HvPALI, and miR6192 and miR6198 targeted HvPAL4
and HvPAL 9, respectively.

PAL gene duplication and Synteny analysis
The chromosomal distribution of PAL genes indicates their dispersion across chromosomes. PAL genes
were identified on chromosomes 1,2, 3, and 6. Notably, the majority of PAL genes are located on chromosome

3, encompassing HvPAL 2, HvPAL 3, HvPAL 4, HvPAL 5, and HvPAL 6 (Irfan, et al., 2023). Chromosomes
1 and 3 harbored HvPAL7 and HvPALS, respectively. HvPALI, HvPALY, and HvPAL10 were localized on
chromosome 6 (Figure 7).
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Figure 7. The chromosomal distribution of PAL genes indicates their dispersion across different chromosomes

Ka/Ks analysis identified HvPALI_HvPAL6and HvPAL6_HvPALI0as havingelevated values (4.497
and 3.032, respectively). In contrast, HvPAL3_HvPALS and HvPAL2 HvPAL4 had lower Ka/Ks values
(0.014 and 0.037, respectively). The divergence time estimation, measured in MYA, supports these findings,
with lower MYA values for HvPAL3_HvPALS and HvPAL2 HvPAL4, implying more recent divergence and
higher MYA values for HvPAL 1_HvPALG6 and HvPAL6_HvPALI10, indicating ancient divergence from a

common ancestor (Figure 8).
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Figure 8. The expression ka/ks represents the ratio of mutations involving synonymous substitutions (ks)
to mutations involving non-synonymous substitutions (ka). The gene duplication over selection and
evolutionary pressure to paralogous pairings of barley’s PAL genes were calculated based on ks and ka values

The syntenic analysis reveals segmental duplications among HvPAL genes, such as HvPAL 7
(chromosome 3) paralog with HvPALS (chromosome 1), HvPAL7 (chromosome 3) paralog with HvPAL9
(chromosome 6), HvPALS8 (chromosome 1) paralog with HvPALIO (chromosome 10), HvPALS
(chromosome 1) paralog with HvPAL4 (chromosome 2), and HvPAL6 (chromosome 2) and HvPAL7
(chromosome 3) paralog with HvPAL4 (chromosome 2) and HvPALG6 (chromosome 2), indicating segmental
duplications. Additionally, HvPALS paralogs with HvPAL3 and HvPAL4 paralogs with HvPALG, both
exhibiting duplication on chromosome 2, suggest tandem duplication (Sharma ez al., 2019). Furthermore, the
HvPALY and HvPALY paralogs on chromosome 6 also indicated tandem duplication events (Figure 9A).

In the analysis of syntenic relationships between Arabidopsis and barley, a segment duplication occurred
on chromosome 2, involving the HvPAL2 and HvPALG genes, with the AtPAL2 gene identified on
chromosome 3. Similarly, in a comparison between maize and barley, the HvPAL9 gene on chromosome 6
underwent duplication events with maize genes Zm00001d003015_T001.RefGen_V4 (chromosome 2),
Zm00001d051163_TO001.RefGen_V4 (chromosome 4) and Zm00001d017275_T001.RefGen_ V4
(chromosome 5) Figure 9B.

A. thaliana and H. Vulgare

vPALy 10 20 30 40 50 60 70 80 50 100
E > > @ > « > e >

EGG e e aheaH chan T e

Z. mays and H. Vulgare

Figure 9A. Genes with structurally similar sequence share conserved areas, according to an in-depth study
of genome-wide synteny in barley PAL genes. The technique gives a visual representation of the degree of
similarity through genomic regions using pink and green shades. Gene duplication is a result of an array of
dynamic mechanisms and genomic rearrangements that allow the genes to remain stable secure, adapt to
their environment, and get new properties over time. Figure 9B. Illustrate the segmental duplication of
Arabidopsis and barley, maize and barley
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GO and orthologue analyses

The GO enrichment analysis performed in this study provides insights into the roles of the HvPAL
genes. Specifically, these genes were found to play a role in acid biosynthesis (GO: 0009800), phenylalanine
ammonia lyase (GO: 0045548), and the metabolic process of amino acids belonging to the erythrose 4
phosphate/phosphoenolpyruvate family (GO: 1902223) (Figure 10).

Cinnamic acid biosynthetic proe. - @) N. of Genes
Phenylalanine ammonia-lyase activity -
Ammonia-lyase activity - . iy 500
Erythrose 4-phosphate/phosphoenolpyruvate family amino acid catabolic proc. - —————4) @) 825
L-phenylalanine catabolic proc. - =———————i @ 3850
Olefinic compound biosynthetic proc. - _. ® 875
L-phenylalanine metabolic proc. - —— @ s.00
Carbon-nitrogen lyase activity - ——)
Benzene-containing compound metabolic proc. - =) -log10(FDR)
Phenylpropanoid biosynthetic proc. - —) W 225
Alpha-amino acid catabolic proc. - =) W 250
Aromatic amino acid family metabolic proc. - —4@) ™ 27'5
Cellular amino acid catabolic proc. - =) ™ 30'0
Secondary metabolite biosynthetic proc. - —. :
Phenylpropanoid metabolic proc. - = W 325
0 1000 2000 3000

Fold Enrichment
Figure 10. The conducted Go enrichment analysis in this study offered valuable insights into the
functional roles of HvPAL genes, with red indicating high gene function values and blue representing low

gene function values

Protein-protein interaction

During the protein-protein interaction investigation, a total of five nodes and one edge were observed.
The calculated average node degree is 0.4, accompanied by an average local clustering coefficient of 0.4.
Notably, the expected number of edges in this context was zero, and the p-value for protein-protein interaction
enrichment was remarkably low at 0.0567, indicating a significant enrichment of interactions. A low
confidence threshold of 0.150 was applied to satisfy the minimum required interaction score. Specifically,
HvPAL was found to interact with HvPAL 10, whereas the remaining proteins showed no association within
themselves or with other proteins (Figure 11).

HvPAL10
HVPAL1
i HVPAL2
K\HVPALB E HVPAL9
Known Interactions Predicted Interactions Others
99— from curated databases 99— gene neighborhood EN—E9  textmining
=L experimentally determined =N gene fusions D=t co-expression
=N gene co-occurrence E—  protein homology

Figure 11. Illustration of Protein-Protein Interaction of HuPAL Genes. Only 2 HvPAL genes (HvPALI
and HvPAL10) show a significant interaction
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Transcriptomic analysis of 23 races of Puccinia graminis [. sp. tritici

In a comprehensive analysis aimed at understanding the intricate interactions between barley and
various races of Puccinia graminis f. sp. tritici, we examined the expression patterns of 10 PAL genes
(phenylalanine ammonia lyase), designated as HvPALI through HvPALIO0. These genes were scrutinized in
response to different races of the pathogen, including WM-1, R29M, R29]B, R29JA, R11c, QCC]J, P84-16,
AC-12,A-5,A-48, A-21, A-15, A-14, A-12,81AC46, 81AC34,81AC28,79 20,79.2,79-1,72_00, 640C, and
370C. Notably, HvPALI and HvPALI0 showed robust upregulation across all tested races, indicating their
pivotal role as universal responders in barley defense mechanisms. In contrast, HvPAL7 remained
unresponsive, showing no changes in expression levels compared with the control and tested races. HvPAL4,
however, consistently exhibited downregulation in all races. Among the remaining PAL genes, we observed a
different interplay between upregulation and downregulation. HvPAL2, HvPAL3, and HVNPRS8 were also
highly significant, whereas HvPALS, HvPALG6, and HvPAL9 were consistently downregulated (Figure 12).

000000000000000000000000 "~

000000000000000000000000: |
HVPAL3

000000000000 0000000000 - :ZZ

o 0000000000000000000000 - "
000000000000000000000000 -
000000000000000000000000: -
000000000000000000000000
000000000000000000000000 -

=

- o
(] @ HVPAL10

D D W @ o R NS LE
v ¢ Ve T (T P

SEE S
«© > o o X
\#‘Q@q@q‘} < 03 * Ao ?%\Y%\?%Nv- 27

e &'Ooc;: (&,@ S g
Figure 12. Expression patterns of 10 PAL genes (phenylalanine ammonia lyase), designated as HvPALI
through HvPALI0. These genes were scrutinized in response to different races of the pathogen, including
WM-1, R29M, R29JB, R29JA, Rllc, QCC]J, P84-16, AC-12, A-5, A-48, A-21, A-15, A-14, A-12,
81AC46, 81AC34, 81AC28, 79_20, 79.2, 79-1, 72_00, 640C, red indicating high gene expression and
blue representing low gene expression

Discussion

Barley, which is a cereal crop worldwide, plays a vital role in both agricultural production and economic
progress. When faced with pressures, such as metals, salinity, and drought, barley demonstrates increased
sensitivity that leads to responses beyond the usual context of reactive oxygen species (ROS) production
(Grando and Macpherson, 2005). To protect itself from attacks and other threats, barley relies on the
activation of ammonia lyase (PAL) genes, which are triggered by stress (Patel ez 4/., 2020). PAL, which is an
enzyme, in the pathway plays a significant role in producing secondary metabolites, like phytoalexins and lignin
precursors. These compounds are well-known for their properties (Yadav ez al., 2020). This defensive arsenal
showcases barley's adaptive strategies to combat biotic stressors, reflecting the intricate interplay between PAL
gene expression and overall resistance of the plant, contributing to its survival and productivity (Abd El
Moneim ez al., 2023). A genome-wide investigation was conducted to identify and understand PAL genes in
barley. The physicochemical properties of ten HuvPAL genes in the barley genome were investigated to observe
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their distinctions within a clade of proteins (Walker, 2012). All the HvPAL proteins that were identified
showed hydrophilic properties, which means that they have a tendency to interact with water and their
electrical charges depend on pllevels. This can be observed in the GRAVY values (Ju, 1994). Upon examination
using the instability index, it was observed that eight distinct proteins possessed features suggestive of stability,
and the remaining two proteins were suggestive of instability (Table 1).

Investigation into where HuPAL proteins are located within cells revealed that they can be found in
organelles, including the chloroplast mitochondria, cytoplasm, cytosol, endoplasmic reticulum, nucleus, and
plasma membrane. It is important to note that 36.75% of the proteins were in the chloroplast, 18.37% in the
cytoplasm, and 11.31% in the endoplasmic reticulum. This suggests that HvPAL proteins may play vital roles
within these organelles (Figure 1). Upon scrutiny of conserved motifs among HuPAL genes, a consistent
presence of Motif 5 was identified throughout the entire gene set, underscoring its importance. The shared
conservation of all motifs (1-10) among HvPAL 1, HvPAL3, HvPAL7, HvPALS8, HvPALY, and HvPALIO is
particularly noteworthy, reflecting a comprehensive motif pattern. In contrast, HvPAL2 and HvPALG6
exhibited a limited motif profile, with only Motif 2 and Motif 5. This distinctive motif composition in
HvPAL2 and HvPALG implies unique regulatory elements or functional characteristics that potentially
contribute to their specific roles in the defense mechanisms of barley (Owji and Hemmati, 2018) Figure 3. In
the analysis of conserved domains among the ten HvPAL genes, a predominant Lyase_I_like superfamily
domain (Accession: cl00013) was consistently identified in all genes. Additionally, HvPALI, HvPAL3,
HvPAL4, HyPAL7, HvPALS, HvPAL9, and HvPALI10 had an additional conserved domain, PLN02457
(Accession: PLN02457), within the Lyase_I_like superfamily. This high degree of conservation in the
Lyase_I_like superfamily domain across all HvPAL genes suggests its integral role in defense mechanisms in
barley (Zhang ez 4l., 2023) Figure 4.

Through the examination of the genomes of diverse species, a profound understanding of gene history
and arrangement has emerged. This analysis not only facilitates the transfer of genomic data from well-
researched taxonomic groups to less-explored ones but also provides valuable insights into gene duplication
within HvPAL (Adams and Wendel, 2005). The detection of 34 paralogous genes in this study signifies the
process of gene replication through duplication events. Such duplications offer crucial knowledge on the
expansion of gene families, a phenomenon prevalent in plants, through tandem and segmental duplications (Li
etal.,2019). Comparative analysis of PAL proteins within similar clades provides significant insights into their
functional behavior (Guo ez al., 2019). In this study, 34 proteins known as PAL proteins were classified into
four groups according to their sequence structures and evolutionary connections. Notably, HvPAL2 and
HvPALG fell within clade IV alongside AtPAL, indicating functional similarities with AtPAL. In contrast, the
remaining proteins in Arabidopsis exhibited functional deviations from their counterparts in (Figure 6).
Previous research has proposed that the arrangement of exons and introns within gene families is significant in
the context of evolution (Lam, 1996). The study found that the arrangement of exons, introns, and motifs
within a population and clade was consistent with the tree structure (Haider ez 4., 2023). Notably, four PAL
genes exclusively featured exons that lacked introns, whereas the remaining genes exhibited a more intricate
gene structure with two exons and a solitary intron. The presence of two exons and one intron suggests a more
complex gene architecture in which introns play pivotal roles in gene regulation, alternative splicing, and the
emergence of novel genes (Mattick, 1994). A single intron between exons provides a platform for diverse
regulatory elements and alternative splicing events, fostering the diversity of gene products. Moreover,
insufficient exon length may affect the functionality of the encoded protein or RNA molecules, potentially
imposing functional constraints. Adequate exon length is crucial for proper protein folding and functionality,
and abbreviated exons may curtail a protein's capacity to fulfill its intended biological functions

(Schluttenhofer, 2011; Figure. 5).
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Cis-regulatory elements crucially dictate gene expression at the transcriptional level, often residing in
the gene promoter region (Haberle and Lenhard, 2016). Analysis of 10 HvPAL genes revealed significant
regulatory motifs, with TATA-box and CAAT-box being prevalent, constituting 19% and 23%, respectively.
Noteworthy elements contributing to plant defense mechanisms include the CAAT-box, which recurred 123
times, suggesting its vital role in HvPAL regulation during stress. The W box, which is associated with plant
gene induction in response to pathogen attacks, and the stress-responsive STRE motif occurred 12 and 17
times, respectively. Moreover, Myb, MYB-like sequence, and WRE3 motifs (Ain-Ali ez 4/., 2021), linked to
transcription binding sites activated during drought and low oxygen conditions, appeared cight times each.
These findings underscore the potential involvement of HvPAL genes in the stress response and plant defense,
revealing the intricate regulatory network orchestrating their expression under challenging environmental
conditions (Figure 2). The results of GO enrichment analysis showed that HvPAL genes play a crucial
functional role of particular significance because these genes were discovered to be key contributors in terms of
the biosynthesis of cinnamic acid, demonstrating their direct involvement in this important metabolic pathway
(Mavandad ez al., 1990). Furthermore, because they also have a link to phenylalanine ammonia-lyase activity,
it becomes clear that the three are equally important in providing catalytic power for sugar production (Rasool
et al., 2021). The link to the erythrose-4-phosphate phosphoenolpyruvate family of amino acid metabolism
brings home again their position in the larger overall system for metabolizing all substances (Calero and Nikel,
2019) Figure 10.

Genetic mapping shows how PAL genes are arranged along the barley genome, which shows that they
occur on several different chromosomes (Li ez al., 1999). Such a distribution reflects the complexity and
diversity of PAL genes. PAL genes are concentrated on certain chromosomes, particularly on chromosome 3.
Knowledge of the chromosomal localization of PAL genes is particularly important for understanding their
functional value, regulatory mechanisms, and evolutionary processes in the barley genome (Zhan ez al., 2022).
This spatial arrangement might facilitate coordinated responses to a variety of environmental stimuli, helping
one understand (Pervaiz ez al., 2017) that gene mapping is important for understanding the organization and
function of genes in barley (Figure 7). Ka/Ks analysis revealed higher nonsynonymous substitution rates for
HvPALI_HvPALG6and HvPALG6_HvPAL 10, suggesting potential positive selection or adaptive evolution. In
contrast, HvPAL 3_HvPALS and HvPAL2_HvPAL4 had lower Ka/Ks values, indicating conservation or
selective pressure. Divergence time estimation supported these findings, with lower MYA values for
HvPAL3 _HvPALS and HvPAL2 HvPAL4, indicating recent divergence, and higher MYA values for
HvPALI_HvPALG6 and HvPAL6_HvPALI0, suggesting ancient divergence from a common ancestor (Wang
et al., 2019) (Figure 8). Syntenic analysis showed that HvPAL genes are involved not only in segmental
duplications but also in tandem duplications. These data revealed on the evolutionary mechanisms that shape
the barley PAL gene family (Rasool ez al., 2021). For instance, the HvPAL7 paralog with HvPALS belongs to
one type of segmental duplication in which the same family expands across different chromosomes, and there
are other sets such as the HvPAL7 paralog andHNPV4. Tandem duplications were found in HvPALS and
HvPAL3 on chromosome 2; they share a progenitor but have undergone separate mutations. The two
subgroups show opposite homology alignments, which is of critical importance for understanding the genomic
structure, evolutionary environment, and functional characteristics of duplicated PAL-like genes. This study
provides new insights into how barley adapts to abiotic stresses (Cass ez a/., 2015) Figure 9.

MicroRNAs (miRNAs) play a pivotal role in regulating diverse biological processes in plants,
influencing growth, development, and responses to various stresses (Djami-Tchatchou ez /., 2017). miRNA
analysis of HvPAL genes revealed specific interactions with crucial miRNAs associated with plant defence
mechanisms. Notably, miR6210 exhibited a minimum cleavage inhibition expectation value of 4 and targeted
HvPALS, indicating a significant regulatory role in defense responses. Multiple miRNAs, including miR5048a
and miR5048b, with a maximum cleavage inhibition expectation value of 5, targeted HvPAL genes (HvPALS,
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HvPALS, HPALI, HvPAL4, and HvPAL 9), emphasizing their involvement in fine-tuning defense-related
pathways (Sun, 2012). In addition, miR6189 demonstrated significant regulatory activity by targeting
HvPAL4 and HvPALG6. This investigation highlights the intricate regulatory network orchestrated by
miRNAs in modulating HvPAL genes, specifically influencing plant defense mechanisms against biotic
challenges. In the protein interaction study involving five nodes and one edge, HvPAL exhibited a notable
interaction with HvPALI10, suggesting a potential role in plant defense mechanisms. The remarkably low p-
value of 0.0567 underscores the significant enrichment of interactions, supporting the relevance of these
proteins in functional networks (Murale ¢z al., 2016). However, the absence of associations among the
remaining proteins or with other proteins raises questions about their direct involvement in plant defense
mechanisms (De and Damme, 2015), emphasizing the unique importance of HvPAL and HvPALI0 in the
context of protein-protein interactions related to defense responses (Figure 11).

Gene expression analysis revealed distinct patterns in response to pathogenic races, highlighting the key
players in barley defense mechanisms. HvPALI and HvPAL10 exhibited robust upregulation across all races,
indicating their universal roles as responders to pathogenic threats. In contrast, HvPAL7 remained
unresponsive, suggesting its limited involvement in the tested conditions. HvPAL4 consistently displayed
downregulation in all races, indicating a potential regulatory role in negative defense responses (Sharma ez al.,
2019). Notably, HvPAL2, HvPAL3, and HVNPR8 were significantly upregulated, whereas HvPALS,
HvPALG6,and HvPAL9were consistently downregulated, suggesting a nuanced and diverse regulatory network
governing the expression of PAL genes in response to pathogenic challenges (Chen ez a/., 2023) Figure 12.
Enhancing the expression of HvPALS, HvPALG6, and HvPAL9 is a strategic approach for developing barley
varieties resistant to Puccinia graminis f. sp. tritici. Gene expression analysis consistently showed
downregulation of these genes across all tested races, highlighting their potential as pivotal components in the
defense mechanism of barley against the pathogen. By manipulating the expression of HvPALS, HvPALG6, and
HvPAL9Y, barley plant resistance to Puccinia graminis f. sp. tritici can be improved, contributing to the creation
of more robust and disease-resistant barley varieties. These discoveries do not enhance our knowledge of the
functions and evolutionary aspects of the PAL gene family in plants, but they also offer valuable insights for
future research. This will aid in gene cloning and examination. The extensive genome-wide identification and
analysis performed in this study lays the groundwork for future investigations.

Conclusions

This study identified 10 PAL genes (HvPAL) in barley, shedding light on their conserved sequences,
motifs, and regulatory elements. This investigation underscores their role in biotic stress response, hormone
signaling, and developmental processes through promoter analysis. MictoRNAs emerge as crucial regulators.
RNA-seq data revealed nuanced expression patterns, with HvPAL2, HyPAL3,and HYNPRS8 upregulated, and
HvPALS, HvPAL 6, and HvPAL9 downregulated, particularly in response to 23 species of Puccinia graminis
f. sp. #ritici. These findings present opportunities for enhancing agronomic traits and developing pathogen-
resistant barley varieties by modulating the expression of HvPALS, HvPALG6, and HvPAL9. This study

contributes to a deeper understanding of PAL gene versatility and will guide future genetic advancements in

barley.

15



Albalawi T (2024). Not Bot Horti Agrobo 52(3):13854
Authors’ Contributions

The author read and approved the final manuscript.

Ethical approval (for researches involving animals or humans)

Not applicable.

Acknowledgements

This study is supported via funding from Prince sattam bin Abdulaziz University project number

(PSAU/2024/R/1445)

Conflict of Interests

The authors declare that there are no conflicts of interest related to this article.

References

Abdulla MF, Mostafa K, Aydin A, Kavas M, Aksoy E (2024). GATA transcription factor in common bean: A
comprehensive genome-wide functional characterization, identification, and abiotic stress response evaluation.
Plant Molecular Biology 114(3):43. hitps://doi.org/10.1007/s11103-024-01443-y

Adams KL, Wendel JF (2005). Polyploidy and genome evolution in plants. Current Opinion in Plant Biology 8(2):135-
41. https://doi.org/10.1016/).pbi.2005.01.001

Ain-Ali QU, Mushtaq N, Amir R, Gul A, Tahir M, Munir F (2021). Genome-wide promoter analysis, homology
modeling and protein interaction network of Dehydration Responsive Element Binding (DREB) gene family in
Solanum tuberosum. PLoS One 16(12):¢0261215. hitps://doi.org/10.1371/journal.pone.0261215

Barre A, Culerrier R, Granier C, Selman L, Peumans WJ, Van Damme EJ, Bienvenu F, Bienvenu J, Rougé P (2009).
Mapping of IgE-binding epitopes on the major latex allergen Hev b 2 and the cross-reacting 1,3 beta-glucanase
fruit allergens as a molecular basis for the latex-fruit syndrome. Molecular Immunology 46(8-9):1595-1604.
https://doi.org/10.1016/j.molimm.2008.12.007

Bartwal A, Mall R, Lohani P, Guru SK, Arora S (2013). Role of secondary metabolites and brassinosteroids in plant
defense  against environmental stresses. Journal of Plant Growth Regulation 32:216-232.
http://dx.doi.org/10.1007/500344-012-9272-x

Biilow L, Hehl R (2016). Bioinformatic identification of conserved cis-sequences in coregulated genes. Plant Synthetic
Promoters. Methods in Molecular Biology 1482: 233-245. https://doi.org/10.1007/978-1-4939-6396-6_15

Calero P, Nikel PI (2019). Chasing bacterial chassis for metabolic engineering: a perspective review from classical to non-
traditional microorganisms. Microbial Biotechnology 12(1):98-124. hstps://doi.ong/10.1111/1751-7915.13292

Cass CL, Peraldi A, Dowd PF, Mottiar Y, Santoro N, Karlen SD, ... Sedbrook JC (2015). Effects of phenylalanine
ammonia lyase (PAL) knockdown on cell wall composition, biomass digestibility, and biotic and abiotic stress
responses in Brachypodium. Journal of Experimental Botany 66(14):4317-35. https://doi.org/10.1093/jxb/erv269

Chen Y, Fang T, Su H, Duan S, Ma R, Wang P, ... Dong X (2023). A reference-grade genome assembly for Astragalus
mongholicus and insights into the biosynthesis and high accumulation of triterpenoids and flavonoids in its roots.

Plant Communications 4(2):100469. https://doi.org/10.1016/j.xplc.2022.100469

16



Albalawi T (2024). Not Bot Horti Agrobo 52(3):13854

Chen Y, Li F, Tian L, Huang M, Deng R, Li X, ... Wu G (2017). The phenylalanine ammonia lyase gene LjPAL1 is
involved in plant defense responses to pathogens and plays diverse roles in Lotus japonicus-rhizobium symbioses.
Molecular Plant Microbe Interaction 30(9):739-753. hetps://doi.org/10.1094/mpmi-04-17-0080-r

De Schutter K, Van Damme EJ (2015). Protein-carbohydrate interactions as part of plant defense and animal immunity.
Molecules 20(5):9029-9053. hitps://doi.org/10.3390% 2Fmolecules20059029

Dehghan S, Sadeghi M, Poppel A, Fischer R, Lakes-Harlan R, Kavousi HR, Vilcinskas A, Rahnamaeian M (2014).
Differential inductions of phenylalanine ammonia-lyase and chalcone synthase during wounding, salicylic acid
treatment, and salinity stress in safflower, Carthamus tinctorius. Bioscience Reports 34(3):00114.
bttps://doi.org/10.1042%2FBSR20140026

Dixon RA, Achnine L, Kota P, Liu CJ, Reddy MSS, Wang L (2002). The phenylpropanoid pathway and plant defence—
a genomics perspective. Molecular Plant Pathology 3(5):371-390.  https://doi.org/10.1046/5.1364-
3703.2002.00131.x

Djami-Tchatchou AT, Sanan-Mishra N, Ntushelo K, Dubery IA (2017). Functional roles of microRNAs in
agronomically important plants-potential as targets for crop improvement and protection. Frontiers in Plant
Science 8:378. https://doi.org/10.3389/fpls.2017.00378

Dong CJ, Shang QM (2013). Genome-wide characterization of phenylalanine ammonia-lyase gene family in watermelon
(Citrullus lanatus). Planta 238:35-49. https://doi.org/10.1007/500425-013-1869-1

Forster B, Ellis RP, Thomas WTB, Newton AC, Tuberosa R, This D, El-Enein RA, Bahri MH, Salem MB (2000). The
development and application of molecular markers for abiotic stress tolerance in barley. Journal of Experimental
Botany 51(342):19-27. https://doi.org/10.1093/jexbot/51.342.19

Grando S, Macpherson HG (2005). Food barley: importance, uses and local knowledge. ICARDA, Aleppo, Syria, pp 121-
137. https://repo.mel.cgiar.org/handle/20.500.11766/67677

Guo J, Wang MH (2009). Characterization of the phenylalanine ammonia-lyase gene (SIPALS) from tomato (Solanum
lycopersicum L.). Molecular Biology Reports 36:1579-1585. https://doi.org/10.1007/511033-008-9354-9

Guo ZH, Ma PF, Yang GQ, Hu JY, Liu YL, Xia EH, ... Li DZ (2019). Genome sequences provide insights into the
reticulate origin and unique traits of woody bamboos. Molecular Plant 12(10):1353-1365.
https://doi.org/10.1016/j.molp.2019.05.009

Haberle V, Lenhard B (2016). Promoter architectures and developmental gene regulation. Seminars in Cell &
Developmental Biology 57:11-23. https://doi.ong/10.1016/j.semcdb.2016.01.014

Hahlbrock K, Scheel D (1989). Physiology and molecular biology of phenylpropanoid metabolism. Annual Review of
Plant Biology 40(1):347-369. https://10.1146/annurev.pp.40.060189.002023

Haider MZ, Sami A, Shafiq M, Anwar W, Ali S, Ali Q, ... Alarifi S (2023). Genome-wide identification and in-silico
expression analysis of carotenoid cleavage oxygenases gene family in Oryza sativa (rice) in response to abiotic stress.
Frontiers in Plant Science 4:1269995. https://doi.org/10.3389%2Ffpls.2023.1269995

Irfan U, Haider M, Shafiq M, Sami A, Ali Q (2023). Genome editing for early and late flowering in plants. Bulletin Of
Biological and Allied Sciences Research 1:45. hetps://doi.org/10.54112/bbasr.v2023i1.45

Jones DH (1984). Phenylalanine ammonia-lyase: regulation of its induction, and its role in plant development.
Phytochemistry 23(7):1349-1359. https://doi.org/10.1016/50031-9422(00)80465-3

JuZG, Yuan YB, Liou CL, Xin SH (1995). Relationship of phenylalanine ammonia lyase and anthocyanin synthesis in
apple. Scientia Horticulturae 29(5):542b-542. hitps://doi.org/10.1016/0304-4238(94)00739-3

Kaur S, Samota MK, Choudhary M, Choudhary M, Pandey AK, Sharma A, Thakur J (2022). How do plants defend
themselves against pathogens-Biochemical mechanisms and genetic interventions. Physiology and Molecular
Biology of Plants 28(2):485-504. https://doi.org/10.1007/s12298-022-01146-y

Lam ML (1996). Phenylalanine ammonia-lyase (EC 4.3. 1.5) from Pinus banksiana: partial cDNA cloning and effect of
exogenously supplied trans-cinnamic acid on elicitor-inducible expression. 1996, University of British Columbia.

Langenbacher AD, Shimizu H, Hsu W, Zhao Y, Borges A, Kochler C, Chen JN (2020). Mitochondrial calcium uniporter
deficiency in zebrafish causes cardiomyopathy with arrhythmia. Frontiers in Physiology 11:617492.
bttps://doi.org/10.3389/fphys.2020.617492

LiHG, WangH, Cheng X, Su QX, Zhao Y, Jiang ST, Jin Q, Lin Y, Cai PY (2019). Genome-wide analysis of phenylalanine
ammonia-lyase (PAL) gene family in five Rosaceae plants and expression analysis and functional identification of

Chinese white pear. Peet] Preprints 7:¢27815v1. hetps://doi.org/10.7287/peerj.preprints. 2781 5v1

17



Albalawi T (2024). Not Bot Horti Agrobo 52(3):13854

Li WL, Faris JD, Chittoor JM, Leach JE, Hulbert SH, Liu DJ, Chen PD, Gill BS (1999). Genomic mapping of defense
response genes in wheat. Theoretical and Applied Genetics 98:226-233. hrtps://doi.org/10.1007/5001220051062

Liang XW, Dron M, Cramer CL, Dixon RA, Lamb CJ (1989). Differential regulation of phenylalanine ammonia-lyase
genes during plant development and by environmental cues. Journal of Biological Chemistry 264(24):14486-92.
hitps://doi.org/10.1016/S0021-9258(18)71704-3

Luo R, Pan W, Liu W, Tian Y, Zeng Y, Li Y, Li Z, Cui L (2022). The barley DIR gene family: An expanded gene family
that is involved in stress responses. Frontiers in Genetics 13:1042772.
bttps://doi.org/10.3389%2Ffgene.2022.1042772

MaRF, Liu QZ, Xiao Y, Zhang L, Li Q, Yin J, Chen WS (2016). The phenylalanine ammonia-lyase gene family in Isatis
indigotica Fort.: molecular cloning, characterization, and expression analysis. Chinese Journal of Natural
Medicined 14(11):801-812. hetps://doi.org/10.1016/s1875-5364(16)30097-8

Magdy M, Mostofa MG, Rahimi M, Abd El Moneim D (2023). Editorial: Abiotic stress alleviation in plants: morpho-
physiological and molecular aspects. Frontiers in Plant Science 14:1295638.
https://doi.org/10.3389%2Ffpls.2023.1295638

Mattick JS (1994). Introns: evolution and function. Current Opinion in Genetics and Development 4(6): 823-31.
hitps://doi.org/10.1016/0959-437x(94)90066-3

Mavandad M, Edwards R, Liang X, Lamb CJ, Dixon RA (1990). Effects of trans-cinnamic acid on expression of the bean
phenylalanine ammonia-lyase gene family. Plant Physiology 94(2):671-80.
bttps://doi.org/10.1104%2Fpp.94.2.671

Mazhar HSUD, Shafiq M, Ali H, Ashfaq M, Anwar A, Tabassum J, ... Javed MA (2023). Genome-wide identification,
and in-silico expression analysis of YABBY gene family in response to biotic and abiotic stresses in potato (Solanum
tuberosum,). Genes 14:824. https://doi.org/10.3390/genes 14040824

Murale DP, Hong SC, Haque MM, Lee JS (2017). Photo-affinity labeling (PAL) in chemical proteomics: a handy tool to
investigate protein-protein interactions (PPIs). Proteome Science 15:14. hrtps://doi.org/10.1186/512953-017-
0123-3

Ngumbi E, Dady E, Calla B (2022). Flooding and herbivory: the effect of concurrent stress factors on plant volatile
emissions and gene expression in two heirloom tomato varietis. BMC Plant Biology 22(1):536.
https://doi.org/10.1186/5s12870-022-03911-3

Owji H, Hemmati S (2018). A comprehensive in silico characterization of bacterial signal peptides for the excretory
production of Anabaena variabilis phenylalanine ammonia lyase in Escherichia coli. 3 Biotech 8:1-15.
hitps://doi.org/10.1016/0304-4238(94)00739-3

Patel ZM, Mahapatra R, Jampala SSM (2020). Role of fungal elicitors in plant defense mechanism. In: Molecular Aspects
of Plant Beneficial Microbes in Agriculture. Elsevier, pp 143-158. https://doi.org/10.1016/B978-0-12-818469-
1.00012-2

Pervaiz T, Songtao J, Faghihi F, Haider MS, Fang J (2017). Naturally occurring anthocyanin, structure, functions and
biosynthetic pathway in fruit plants. Journal of Plant Biochemistry and Physiology 5:187.
bttps://doi:10.4172/2329-9029.1000187

Rana V, Aashima B, Ravi S, Amit R, Priyanka (2022). Powdery mildew of wheat: research progress, opportunities, and
challenges. New Horizons in Wheat and Barley Research: Crop Protection and Resource Management 133-178.
https://doi.org/10.1007%2F978-981-16-4134-3_5

Rasool F, Uzair M, Naeem MK, Rehman N, Afroz A, Shah H, Khan MR (2021). Phenylalanine Ammonia-Lyase (PAL)
genes family in wheat (T7iticum aestivum L.): genome-wide characterization and expression profiling. Agronomy
11:2511. https://doi.org/10.3390/agronomyl 1122511

Rehman OU, Uzair M, Chao H, Fiaz S, Khan MR, Chen M (2022). Role of the type-B authentic response regulator gene
family in fragrant rice under alkaline salt stress. Physiologia Plantarum = 174(3):c13696.
https://doi.org/10.1111/ppl.13696

Sami A, Haider MZ, Shafiq M, Sadiq S, Ahmad F (2024). Genome-wide identification and in-silico expression analysis of
CCO gene family in sunflower (Helianthus annnus) against abiotic stress. Plant Molecular Biology 114(2):34.
https://doi.org/10.1007/511103-024-01433-0

Sami A, Haider, MZ, Shafiq M (2024). Microbial nanoenzymes: Features and applications, in Fungal Secondary
Metabolites, Elsevier, pp 353-367. https://doi.org/10.1016/B978-0-323-95241-5.00015-0

18



Albalawi T (2024). Not Bot Horti Agrobo 52(3):13854

Schluttenhofer CM (2011). The role of Arabidopsis mediator complex in plant defense. Purdue University.
bttps://docs.lib.purdue.edu/dissertations/AAI10159589/

Sharma Poudel R, Richards J, Shrestha S, Solanki S, Brueggeman R (2019). Transcriptome-wide association study
identifies putative elicitors/suppressor of Puccinia graminis £. sp. tritici that modulate barley rpg4-mediated stem
rust resistance. BMC Genomics 20(1):985. htps://doi.org/10.1186/512864-019-6369-7

Smil 'V (2001). Feeding the world: A challenge for the twenty-first century. MIT  press.
bttps://mitpress.mit.edu/9780262692717/feeding-the-world/

Sun G (2012). MicroRNAs and their diverse functions in plants. Plant Molecular Biology 80(1):17-36.
bttps://doi.org/10.1007/s11103-011-9817-6

Ullrich SE (2014). The Barley Crop: Origin and Taxonomy. Batley: Chemistry and Technology 1.
http://dx.doi.org/10.1016/B978-1-891127-79-3.50001-9

Walker KR (2011). Regulation of candidate genes in black point formation in barley. (Doctoral thesis). The University
of Adelaide, Adelaide, SA, Australia. hezps://bdl.handle.net/2440/80033

Wang X, Zhang Y, Zhang H, Qin G, Lin Q (2019). Complete mitochondrial genomes of eight seahorses and pipefishes
(Syngnathiformes: Syngnathidae): insight into the adaptive radiation of Syngnathidac fishes. BMC Ecology and
Evolution 19:119. hetps://doi.org/10.1186/512862-019-1430-3

Weisshaar B, Jenkins GI (1998). Phenylpropanoid biosynthesis and its regulation. Current Opinion in Plant Biology
1(3):251-257. hrtps://doi.org/10.1016/51369-5266(98)80113-1

Whetten R, Sederoff R (1995). Lignin biosynthesis. The Plant Cell 7(7):1001. htzps://doi.org/10.1105/tpc.7.7.1001

Xu F, Deng G, Cheng S, Zhang W, Huang X, Li L, Cheng H, Rong X, Li J (2012). Molecular cloning, characterization
and expression of the phenylalanine ammonia-lyase gene from Juglans regia. Molecules 17(7):7810-7823.
bttps://doi.org/10.3390/molecules17077810

Yadav V, Wang Z, Wei C, Amo A, Ahmed B, Yang X, Zhang X (2020). Phenylpropanoid pathway engineering: An
emerging approach towards plant defense. Pathogens 9(4):312. https://doi.org/10.3390%2Fpathogens9040312

Yu XZ, Fan WJ, Lin YJ, Zhang FF, Gupta DK (2018). Differential expression of the PAL gene family in rice seedlings
exposed to chromium by microarray analysis. Ecotoxicology 27(3):325-335. https://doi.org/10.1007/s10646-018-
1897-5

Zhan C,LiY,Li H, Wang M, Gong S, Ma D, Li Y (2022). Phylogenomic analysis of phenylalanine ammonia-lyase (PAL)
multigene family and their differential expression analysis in wheat (T7iticum aestivum L.) suggested their roles
during different stress responses. Frontiers in Plant Science 13:982457. https://doi.org/10.3389/[pls.2022.982457

Zhang F, Wang], Li X, Zhang], Liu Y, Chen Y, Yu Q, Li N (2023). Genome-wide identification and expression analyses
of phenylalanine ammonia-lyase gene family members from tomato (Solanum lycopersicum) reveal their role in
root-knot nematode infection. Frontiers in Plant Science 14:1204990.
https://doi.org/10.3389%2Ffpls.2023.1204990

Zhang G, Li C (2010). Genetics and improvement of barley malt quality. Springer Science & Business Media.
hitps://link.springer.com/book/10.1007/978-3-642-01279-2

Zhang XH, Liu HQ, Guo QW, Zheng CF, Li CS, Xiang XM, ... Wan HJ (2016). Genome-wide identification,
phylogenetic relationships, and expression analysis of the carotenoid cleavage oxygenase gene family in pepper.

Genetics and Molecular Research 15(4). https://doi.org/10.4238/gmr. 15048695

19



OPEN ACCESS|

Albalawi T (2024). Not Bot Horti Agrobo 52(3):13854

The journal offers free, immediate, and unrestricted access to peer-reviewed research and scholarly work. Users are
allowed to read, download, copy, distribute, print, search, or link to the full texts of the articles, or use them for any
other lawful purpose, without asking prior permission from the publisher or the author.

License - Articles published in Notulae Botanicae Horti Agrobotanici Cluj-Napoca are Open-Access,
distributed under the terms and conditions of the Creative Commons Attribution (CC BY 4.0) License.

© Articles by the authors; Licensee UASVM and SHST, Cluj-Napoca, Romania. The journal allows the author(s) to
hold the copyright/to retain publishing rights without restriction.

Notes:

»  Material disclaimer: The authors are fully responsible for their work and they hold sole responsibility for the articles published

in the journal.

»  Maps and affiliations: The publisher stay neutral with regard to jurisdictional claims in published maps and institutional

affiliations.

»  Responsibilities: The editors, editorial board and publisher do not assume any responsibility for the article’s contents and for
the authors’ views expressed in their contributions. The statements and opinions published represent the views of the authors

or persons to whom they are credited. Publication of research information does not constitute a recommendation or

endorsement of products involved.

20



