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Abstract: AGC kinases are highly conserved regulators in
a variety of cellular processes such as differentiation, prolifera-
tion, and growth. They are known to play important roles in
stress and hormonal responses, including ROS signaling. AGC
kinases are the main class of protein kinases in plants, having
central functions in different stages of plant growth. In the pres-
ent study, the analysis of phylogenetic relationships, gene struc-
tures, chromosomal locations, synteny analysis, gene ontology,
subcellular localization, and gene expression of AGC kinase
identified 28 AGC kinase genes in barley. Phylogenetic tree
grouped them into seven subfamilies, as supported by exon-
intron organization. Gene duplication and synteny indicated
that tandom and block duplication events played an essential
role in the expansion of AGC kinase gene families in barley. The
Real-time quantitative reverse transcription PCR (qRT-PCR)
analysis performed for HVAGC kinase gene were largely ex-
pressed in different tissues of roots, stems, and leaves in Azaran
and Jolgeh cultivars under heat and cold stresses. The results of
chromosomal localization showed that the AGC kinases were
located on all chromosomes of barley except chromosome 1.
Genome evolution of species was surveyed using identification
of orthologous and paralogous genes. Identifying overlaps be-
tween orthologous clusters can enable us to study the function
and evolution of proteins in different species. To our knowl-
edge, this is the first detailed report of using AGC kinases for
bioinformatics analysis in barley. Results revealed a broad un-
derstanding of the AGC kinase gene family in barley, which will
be valuable for improving barley varieties’ response to heat and
cold stresses. Also, HYNDRG6.2 gene can utilized as molecular
markers under cold stress in the three organs.
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Identifikacija genov na ravni celotnega genoma za kinaze
AGC in njihovo izrazanje kot odziv na vrocinski in hladni
stres pri jecmenu

Izvlecek: Kinaze AGC so v veliki meri ohranjeni regula-
torji razli¢nih celi¢ni procesov kot so diferenciacija, prolifera-
cina in rast. Znano je, da imajo pomembne vloge pri stresnih
in hormonskih odzivih, vklju¢no s signalizacijo ROS. Kinaze
AGC so glavna skupina proteinskih kinaz v rastlinah, ki imajo
osrednjo vlogo v razlil¢nih fazah rasti rastlin. V tej raziskavi je
bilo pri jecmenu na osnovi analize filogenetskih odnosov, gen-
skih struktur, kromosomskih lokacij, analize sintenije in genske
ontologije, njihove subcelularne lokalizacije in izrazanja genov
kinaz AGC identificiranih 28 genov kinaz AGC. Filogenetsko
drevo jih je na osnovi organizacije intronov in eksonov poraz-
delilo v sedem poddruzin. Podvojevanje genov in sintenija sta
pokazali, da sta imela pri je¢menu tandemsko in blo¢no pod-
vojevanje odlocilno vlogo pri ekspanziji druzin genov za kina-
ze AGC. Analiza kvantitativne reverzne transkripcije PCR v
realnem casu (QRT-PCR) opravljene za gene kinase HYAGC je
pokazala, da so se ti geni v veliki meri izrazili v razlicnih tkivih
korenin, stebla in listov pri sortah Azaran in Jolgeh v razmerah
vro¢inskega in hladnega stresa. Rezultati kromosomske loka-
lizacije so pokazali, da so bili geni za kinase AGC pri jecmenu
locirani na vseh kromosomih, razen na kromosomu 1. Evoluci-
ja genoma je¢mena je bila preucena z identifikacijo ortolognih
in paralognih genov. Prepoznavanje prekrivanj med skupina-
mi ortolognih genov omogoca preucevanje funkcije in razvoja
proteinov pri razli¢nih vrstah. Glede na vedenje avtorjev je to
prvo podrobnejse porocanje o uporabi kinaz AGC z analizo
bioinfomatskih pristopov pri jecmenu. Rezulati so odkrili ve-
liki pomen druzin genov za kinaze AGC pri je¢menu, kar bo
pomembno za izbolj$anje sort jemena pri odzivu na vrocinski
in hladni stres. Gen HYNDRG6.2 bi lahko uporabili kot mole-
kularni marker odziva pri hladnem stresu v koreninah, steblu
in listih.

Klju¢ne besede: AGC proteinske kinaze; nabor protei-
nov; sintenija; podvajanje genov
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1 INTRODUCTION

Protein kinases catalyze the transfer of phosphoryl
group from adenosine triphosphate (ATP) to some ami-
no acids such as (serine, threonine) in their substrate pro-
teins. Most protein kinases, like AGC (cAMP-dependent,
c¢GMP-dependent and protein kinase C) kinase family )
AGC kinase(, have seven subfamilies which have been
reported in plants and bacteria. Protein phosphorylation
is one of the most important post-translational modifica-
tions (PTMs) for cellular signaling, mediated by a group
of enzymes called protein kinases (Bradley and Beltrao,
2019). The activity of these enzymes lead to the regula-
tion of almost all cellular processes. This is achieved at
any time by a network of different kinases that are tran-
siently active. Therefore, control of cellular systems re-
quires that each kinase targets only a limited set of sub-
strates. AGC kinases are divided into seven groups based
on sequence similarity, evolutionary conservation, and
known functions (Bradley and Beltrao, 2019). Seven sub-
groups of AGC kinase (AGC1, AGC2, PDK-1, S6K, IRE,
NDR, AGC2 related subfamilies) are common to eu-
karyotic genomes of animals, plants, and diatoms. AGC
kinases are termed after the cyclic AMP dependent ki-
nases (PKA), cGMP-dependent kinases, and the diacyl-
glycerol-activated/phospholipid-dependent kinase PKC.
Details and biochemical properties of 28 AGC kinase
genes in barley are given in Table 1. The member of the
3-phosphoinositide dependent protein kinase 1 (PDK1)
genes are highly conserved among eukaryotes (Mora et
al., 2004). Furthermore, orthologous of the p70 riboso-
mal protein S6 kinase (S6K), the nuclear Dbf2-related
(NDR) kinase subfamily identified in Arabidopsis (Gal-
van-Ampudia and Offringa, 2007). Based on amino acid
sequence homology, AGC1-4 were placed in AGCVIII
kinases in Arabidopsis, implicated in the regulation of cell
polarity, growth, and cell division. AGCVIII kinases have
conserved domains and are most associated to animal
PKA and PKC, playing a key role in developmental stag-
es and stress responses. In AGC2 related subfamily, two
phototropin genes (PHOT1 and PHOT?2) were expressed
in plant seeds (Galvan-Ampudia and Offringa, 2007).
Most protein kinases regulate cell growth and division
in embryo, cotyledons, floral organs, and stress signal-
ing (Rentel et al., 2004). In AGC1 subfamily, PINOID
(PID) gene has been revealed to regulate the polarity
of auxin transport by phosphorylating the large central
hydrophilic loop of auxin efflux carriers (Dhonukshe et
al,, 2010; Huang et al., 2010). AGC kinases have multiple
functions in different biological processes such as pol-
len germination and development and plant growth and
development. Also, AGC kinase genes can be utilized in
different abiotic and biotic stresses. Different function of
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proteins could be due to the presence of conserved do-
mains or gene duplication (Saidi and Hajibarat 2020a). In
this study, comprehensive analysis of phylogeny of AGC
kinase genes, gene structures, gene duplications, synteny
analysis, gene ontology, chromosomal distribution of
AGC kinases were further performed. Gene expression
of five AGC kinase genes were analyzed in response to
heat and cold stresses in three tissues.

2 MATERIAL AND METHODS

2.1 PHYSICOCHEMICAL CHARACTERISTICS,
PHYLOGENETIC ANALYSIS, AND GENE
STRUCTURE OF AGC KINASE PROTEINS

The ensemble plant database was utilized to down-
load the sequences of AGC kinase family genes from
barley (H. vulgare L), wild cabbage (B. oleraceae L.),
rapeseed (B. napus L.), field mustard (B. rapa L.), maize
(Z. mays L.), Arabidopsis, and rice (O. sativa L.). ExXPASy
server (https://www.expasy.org/) was used to predict the
theoretical isoelectric point (pI) and the molecular mass
(Mm) of each of the AGC kinase proteins. AGC kinase
protein sequences were aligned in seven species using the
MUSCLE and phylogenetic tree was drawn using MEGA
7, applying the Neighborjoining algorithm. The Gene
Structure Display Server (GSDS, http://gsds.cbi.pku.edu.
cn/) was used to obtain information on the exon - in-
tron of AGC kinase proteins. The prediction subcellular
localization of AGC kinase was performed using CELLO
database.

2.2 CHROMOSOMAL DISTRIBUTION AND GENE
ONTOLOGY (GO) ANALYSIS AND DETEC-
TION OF ORTHOLOGOUS AND PARALO-
GOUS OF AGC KINASE GENES

For locating the AGC kinase genes on barley chro-
mosome, AGC kinase genes were placed on each chro-
mosome according to the physical location of the gene.
The AGC kinase genes were distributed on all chromo-
somes and depicted with MapChart (Voorrips, 2002).
For functional annotation using default parameters, the
nucleotide sequences of DEGs were submitted to the on-
line annotation tool of Mapman (http://www.plabipd.
de/portal/mercator-sequence-annotation) (Thimm et
al., 2004). The orthologous and paralogous genes among
species were identified using Blastp of proteins (Altschul
et al,, 1990). When the protein sequence identity exceed-
ed 70 %, it was considered orthologous genes whereas,
when the AGC kinase protein sequences identity exceed-
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Table 1: Details and Biochemical properties of AGC kinase genes in barley

Genomic Chromosome Number of Molecular Theoretical Subcellular
Protein Name Locus Duplication location amino acids weight pl localization
HORVU2Hr1G072580 HvAGC1.8 chr2H : 520772898-520775368 384 42.4 5.61 Cytoplasmic
HORVU3Hr1G082260 HvPDPK1 chr3H:598502260-598506773 481 53.7 6.17 Mitochondrial
HORVU3Hr1G024030 HvAGCI1.10 chr3H : 90576271-90577182 1315 145 6.36 Cytoplasmic
HORVU4Hr1G062610 HvAGCI1.11 chr4H : 523887114-523888691 417 47.7 6.03 Cytoplasmic
HORVU3Hr1G031930 HvPHOT1 chr3H : 160765754-160767689 527 60.4 59 Cytoplasmic
HORVU4Hr1G007540 HvIREH1 chr4H : 19756134-19766838 320 45 5.7 Mitochondrial
HORVU4Hr1G062610 HvPK3 chr4H : 523887114-523888691 464 53.8 8.05 Cytoplasmic
HORVU5Hr1G108690 HvAGCl.5 Block chr5H : 628434675-628436329 692 75.4 6.39 Cytoplasmic
duplicate
HORVUS5Hr1G041960 HvAGCI1.12 chr5H : 318743447-318747958 670 71.6 5.99 Cytoplasmic
HORVU1Hr1G030190 HvNDR6 chrlH : 172906058-172908519 427 45.2 9.09 Cytoplasmic
HORVUI1Hr1G077430 HvNDR7 chrlH : 517244865-517251727 281 30 5.8 Cytoplasmic
HORVU1Hr1G031420 HvAGCl1.7 chr1H : 188829523-188831273 470 51.6 9.78 Cytoplasmic
HORVU2Hr1G072580 HvKIPK chr2H : 520772898-520775368 465 50.6 9.64 Cytoplasmic
HORVU2Hr1G093580 HvAGCl1.3.1 chr2H : 658836435-658839125 123 13.7 9.99 Cytoplasmic
HORVU5Hr1G035610 HvKIPK.1 chr5H : 248570403-248571724 337 37.3 9.19 Cytoplasmic
HORVUS5Hr1G072930 HvAGC2.4 chr5H : 537104020-537105417 512 55.2 9.27 Cytoplasmic
HORVUO0Hr1G005020 HvAGC2.2 chr6h : 28702476-28703321 337 37.3 9.19 Cytoplasmic
HORVU6Hr1G062330 HvAGC1.3 chr6H : 417602550-417605458 340 38 9.2 Cytoplasmic
HORVU5Hr1G009390 HvPID chr5H : 21969701-21971152 555 60.3 6.23 Cytoplasmic
HORVU6Hr1G054770 HvAGC2.1 chr6H : 347811467-347812777 783 85.9 9.25 Cytoplasmic
HORVU7Hr1G050240 HvAGC2.4 chr7H : 180272159-180273571 790 86 9.3 Cytoplasmic
HORVU7Hr1G050240 HvAGC2.3 chr7H : 180272159-180273571 529 58.3 7.1 Cytoplasmic
HORVU3Hr1G020020 HvNDR4 Block chr3H : 60417083-60425196 525 57 9.22 Cytoplasmic
duplicate
HORVU3Hr1G020020 HvNDRe6.1 Block chr3H : 60417083-60425196 527 56.5 8.07 Cytoplasmic
duplicate
HORVU3Hr1G031930 HvAGC1.6 chr3H : 160765754-160767689 525 56.9 9.22 Cytoplasmic
HORVU4Hr1G050660 HvS6K2 Chr3 : 2648625-2650407 483 52 9.46 Mitochondrial
HORVU3Hr1G031930 HvAGCl1.5.1 chr3H : 160765754-160767689 783 85.4 9.3 Cytoplasmic
HORVU1Hr1G027770 HvNDR6.2 Block chr1H : 143842779-143854406 350 37.6 6.33 Cytoplasmic
duplicate

ed 85 %, it was considered paralogous genes. The analysis
of synteny of AGC kinase genes were performed using
Circos program (http://mkweb.bcgsc.ca/tableviewer/
visualize/). PLAZZA was used to detect the duplica-
tion patterns containing segmental/tandem duplications
(Wang et al., 2009). Identification of orthologous cluster-
ing between AGC kinase members of Arabidopsis thali-
ana, (L.) Heynh. rice, and barley was performed using
OrthoVenn2  (https://orthovenn2.bioinfotoolkits.net/
home) webserver.

2.3 BARLEY GROWTH UNDER HEAT AND COLD
TREATMENTS

This study was done based on a randomized complete
block design (RCBD) with three replications at the Seed
and Plant Improvement Institute, Karaj (latitude 35 °, lon-
gitude 50 ° and altitude 1313 m above sea level) during
2021. Azaran and Jolgeh cultivars were cultured in pots at
25 °C for two weeks. Young roots, stems, and leaves from
2-week-old seedlings were harvested for tissue-specific
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expression analysis under cold or heat stress, treated for

four hours at 4 °C or 42 °C, respectively.

2.4 RNA EXTRACTION AND QUANTITATIVE
REAL-TIME PCR (QRT-PCR) ANALYSIS

Total RNA was extracted from root, stem, and leaf

under stress conditions using RNA-Plus kit (Sinaclone)
based on the manufacturer’s instructions. For the prep-
aration of tissue-specific RNA, the organ samples were

collected separately two week-old seedlings under cold

(4 °C) and heat (42 °C) stresses for 4 hrs. To remove re-
sidual genomic DNA contamination in RNA samples,
DNase I (Fermentase Company) was utilized. The pu-
rity and concentration of RNA were determined by nan-

odrop as well as the quality of which was validated using

1 % agarose gel analysis. Then, cDNA synthesis was per-
formed according to Easy cDNA Synthesis Kit instruc-
tions. Three replications were performed for the analysis
of each gene, with the barley Actin gene utilized as the
reference gene. All primers used in gene expression anal-

ysis are listed in Table 2. Primers were designed using

the Oligo program. Real time (qQPCR) was done on ABI
7500 using SYBR Green Supermix as described in the
manufacture’s guidelines. Relative expression was deter-

mined via 2" 24 technique after normalization of the Ct

value for individual genes versus Actin as the reference

gene. Analysis of gene expression was performed using

the REST software (according to the Pfaffl method). RT-
qPCR was conducted to determine the expression profile

for the five AGC kinase genes using various tissues under

heat and cold stresses. RT-qPCR expression analysis was
carried out using our established protocol.

Table 2: Primers used for AGC kinase genes in this study

No. Primer Name Sequence 5> 3’

1 HvNDRA4F TGGCTTCGTCTGGACAACCTGCT
HvNDR4R CTTGGTTGGAACACGCTACACC

2 HvNDR6F GAGGAGTTGTATACACCACC
HvNDR6R ACGTCGCATCCCTTTGCTCA

3 HvNDR6.2F CCGATGAGTCCATAACCCGGCG
HvNDR6.2R  GGATTTCTACAAACTGCTCGCC

4  HvAGCL5F  AAGCAACACCCCTTCTTCGAG
HvAGC1.5R  GTTCTAGAAATACTCGAACTGGCC

5 HvAGC1.5.1F AGATCAAGCAGCACCCCTTC

HvAGC1.5.1R  CGCTGTGGTCTAAAAGAACTCG
6  Actin F: GGTCCATCCTAGCCTCACTC
Actin R: GATAACAGCAGTGGAGCGCT
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3 RESULTS AND DISCUSSION

In the present study, AGC kinase genes in barley
were surveyed using genome-wide identification, chro-
mosomal distribution, evolutionary relationships, synte-
ny analysis, and gene structure. Detailed information in-
cluding the biochemical properties of the 28 AGC kinase
genes are listed in Table 1. Sequence analysis showed that
the lengths of the deduced AGC kinase proteins varied
from 123 amino acids (HvAGC1.3.1) to 1315 amino
acids (HVAGC1.10). The predicted molecular weights
(MW) and isoelectric points (pI) ranged from 13.7 kDa
(HvAGC1.3.1) to 85.9 kDa (HvAGC2.1) and from 5.61
(HvAGC1.8) to 9.99 (HvAGC1.3.1) (Table 1). AGC ki-
nase proteins grouped into the same subfamily exhibited
similar motif distributions, suggesting functional simi-
larities for the members in the same subfamily. In addi-
tion, same roles of AGC kinases in various plant species
that showed differential aspects of AGC kinase function-
ality in species. For instance, in contrast to the reported
conserved functions of many AGC kinases, INCOM-
PLETE ROOT HAIR ELONGATION (IRE), a kinase of
the “AGC other” group, seems to have acquired a new
function in Medicago Truncatula Gaertn.. In Arabidopsis,
IRE kinase has been revealed to control root hair elonga-
tion, while inMedicago a role in the formation of nodules
has been indicated (Pislariu and Dickstein, 2007; Oyama
et al., 2002; Saidi and Hajibarat, 2021a). Most of AGC ki-
nase genes were located in the cytoplasm, but HYPDPK1,
HvIREHI1 and HvS6K2 genes were located in the mito-
chondria.

3.1 PHYLOGENETIC ANALYSIS AND GENE STU-
CRURE

To assess the evolutionary relationships of AGC ki-
anse proteins in H. vulgare, B.oleraceae, B.napus. B.rapa,
Z.mays, Arabidopis, and O.sativa. used to discribe phy-
logenetic analysis using MEGA?7 based on protein se-
quences (Figure 1). The phylogenetic relationships and
exon/intron analysis of the barley were showed in Figure
1. The HVAGC from barley was distributed in all groups,
proposing that the expansion of HVAGC occurred in
barley genome. Many researchers have revealed that the
AGC kinase genes from monocots, based on their do-
mains, could be grouped into 7 subfamilies (Kong et al.,
2021). The genes within each subfamily showed similar
gene structures. Gene structure of AGC kinase genes in
barley was grouped into 7 subfamilies, with the largest
cluster related to AGC-1 subfamily. The smallest cluster
was related to PDK-1 and SK6 subfamilies. The num-
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Figure 1: Phylogenetic tree of AGC kinase genes created by the neighbor-joining (NJ) method (a) in MEGA?7.0 software in Arabi-
dopsis, rice, barley, Brassica napus, Brassica rapa, and Brassica oleracea. The tree was constructed using the MEGA 6.0 software by

the Neighbor joining method. Distributions of the exon- intron pattern in AGC kinase proteins in barley (b)
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ber of exons in AGC kinase genes ranged from one to
17. The HYNDR6 and HvIREH]1 genes had the highest
number of exons. Some AGC kinases such as HYAGC2.1
and HvKIPK.1 genes contained only one exon, indicat-
ing that these genes have conserved domains. The gene
structure of the AGC kinase genes in the same subfamily
is highly consistent (Figure 1b). Most of the AGC kinase
genes were grouped in the same subfamily. Most genes
had many exons with introns, indicating that patterns of
exons and introns, which correlate well with the phyloge-
netic tree, support their close evolutionary relationships
between the AGC kinase genes within the same subfami-
lies.

The AGC2.1, also known as OXI1, was revealed to
be a prerequisite for ROS-mediated responses in Arabi-
dopsis like root hair elongation and for resistance to bio-
trophic pathogens. The activity of OXI1 was enhanced
through H,0,, wounding, and various elicitor treatments
mimicking pathogen attack (Rentel et al., 2004; Petersen
et al., 2009). Also, as oxil mutant plants are impaired
in the activation of mitogen-activated protein kinase
(MPK) and MPKG6 in response to cellular injury and
oxidative stress, OXI1 is a regulator of stress-responsive

MPKs although its mechanism is still unclear. PDK1 is
a key factor involved in stress signaling (Petersen et al.,
2009). PDK1 encodes a gene of the AGC protein kinase
family and a significant regulator of AGC kinases. PDK1,
detected in mammalian cells, has an essential role in re-
lating lipid signaling to a comprehensive range of cellu-
lar signaling and processes (Kyoko et al., 1989). Also, it
is involved in the advancement of cell proliferation and
survival and is overexpressed in many different tumors
(Toda et al.,, 1988; Saidi and Hajibarat, 2021b). PDK1
contains an N-terminal kinase domain and a C-termi-
nal pleckstrin homology (PH) domain through which it
binds to phospholipids (Krupnick et al., 1998).

3.2 CHROMOSOMAL DISTRIBUTION AND DU-
PLICATION OF AGC KINASE GENES

Anslysis of physical locations on barley chromo-
somes preseneted that 28 AGC kinase genes were drawn
using Mapchart software (Figure 2). In barley, three
AGC kinase genes were located on both chromosomes 2
and 6. Six and 10 HvAGC were located on the chromo-

1 2 3 4 5 B 7
HwSEK2
HvNDR4 HwIR.EH1 HwFID HvaEC2 2
HvNDRG
HvAGC1.10
HwAGC1.5
HvFHOT1 HVAGED 4
HwAGC1.8 HYAGED 3
HvKIPK.1
HwAGC1.12
HvAGCZ2 A1
HwAGC1 .2
HvKI PR .
HuwsGC1.8 HwPH3 HeAGC 111 Hwh B0 4
HwFDPKA
HwAGC1.5
HwAGC1.3

Figure 2: Chromosomal distribution and expansion patterns of AGC kinase genes in barley, drawn using Mapchart software

6 | Acta agriculturae Slovenica, 118/3 - 2022



Genome wide identification of AGC kinase genes and their expression in response to heat and cold stresses in barley ‘

somes 2 and 3, respectively. Finally, nine HVAGC were
distributed on chromosome 5. Our findings showed that
the HYAGC genes are unevenly distributed on different
chromosomes. Based on the research findings on rice,
Arabidopsis and Brachypodium distachyon (L.) P.Beauv.,
it has been shown that AGC kinase gene families mainly
expanded through whole-genome and chromosomal
segment duplications (Xue et al., 2008; Yang et al., 2008).
Genes located within a distance of less than 200 kb on the
same chromosome are defined as tandem duplications,
otherwise they are segmental duplications (Cheung et al.,
2003). In barley, 11 pairs of HYAGC duplication genes
were involved in tandem duplication events and no gene
segmental duplication pairs were found (Figure 2).

3.3 ORTHOLOGOUS AND PARALOGOUS GENES
STUDY IN AGC KINASE

In this study, a comparative analysis was done to
detect the orthologous of AGC kinase genes in barley
genome (Figure 3). Based on the gene identity, ortholo-
gous (exceeding 70 %) and paralogous (exceeding 85 %)

gene pairs were revealed. Among 28 genes, one gene was
paralogous. According to our results, high similarity in
barley genes suggests genome duplication (polyploidy),
playing a key role in the evolution of AGC kinase genes.
The comparative analysis to identify orthologous of AGC
kinase genes in barley genome showed that the HYNDR4
with HYNDRG6 genes had high similarity (identity 70 %)
was orthologous one gene pair and HvVNDR6.2 with
HvNDR4 genes was paralogous (Figure 3). The syntenic
analysis indicated that duplications as main elements for
the diversity in AGC kinase genes, suggesting the struc-
tural and functional conservation of the genes underlying
the origins of evolutionary with conserved domains (Al-
tenhoft and Dessimoz, 2009). Often orthologous genes
have similar expression among various species, while
paralogous genes have the same basic but slightly differ-
ent functions. It has been shown that gene duplication is
collectively deemed from single-gene duplications (Saidi
et al., 2020b). The structural conservation of NDR pro-
teins indicates that they may had similar functions and
regulatory mechanisms in various species. Surveys have
suggested that NDRs are the main factors of the signaling
mechanism in yeast and human (Hergovich, 2016).

Figure 3: Orthologous and paralogous relationships of AGC kinase genes with three genomes visualized by Circos database in

barley
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3.4 ORTHOLOGOUS GENE CLUSTERING OF
AGC KINASE GENE FAMILY IN ARABIDOPSIS,
RICE, AND BARLEY

OrthoVenn2 web server was utilized to identify the
evolutionary relationship of AGC kinases between dicot
(A. thaliana) and monocot (O. sativa, and H.vulgare)
plants using orthology analysis. In this study, 86 AGC
kinase proteins from three species were clustered in 18
orthologous groups. One monocot-specific cluster was
observed containing two AGC kinase proteins, whereas
seven AGC kinase proteins were found to be present in
two dicot-monocot orthologous clusters in Arabidopsis

and barley (Fig 4). Also, 18 AGC kinase proteins were
found to be present in nine dicot-monocot orthologous
clusters in Arabidopsis and rice. One cluster containing
two AGC kinase proteins has been identified between
rice and barley (Figure 4). Interestingly, the OrthoVenn2
analysis also indicated the presence of an Arabidopsis-
specific orthologous cluster containing two AGC kinases
(Figure 7a). A singleton is a rare variant for which ge-
netic difference is performed by a single chromosome in
a genome. Among the three species, Arabidopsis had the
highest number of singletons (54). Singletons usually are
dispersed in the genome, indicating that they have been
developed independently.
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Figure 4 a: Orthologous gene clustering analysis. The orthologous gene clusters among the AGC kinase gene families in A. thali-
ana, O. sativa, and H. vulgare were identified and visualized using the OrthoVenn2 web platform. The e-value cut-off 1e-10 was
used for the analysis. b. Number of singletons identified in A. thaliana, O. sativa, and H. vulgare
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3.5 EXPRESSION PROFILES ANALYSIS OF AGC
KIANASE GENES IN SPECIFIC TISSUES UN-
DER COLD AND HEAT STRESS CONDITIONS

In Azaran cultivar, most of AGC kinase genes
showed a wide range of expression levels under heat and
cold stress conditions. The expression profile of 5 AGC
kinase genes under heat and cold stress conditions were
performed using reverse transcription-PCR (qRT-PCR)
quantitative analysis in three different tissues: root, stem,
and leaf. Most of genes showed increased expression un-
der heat stress as compared to cold stress and were ex-
pressed in the leaves showed increased expression, indi-
cating that the AGC kinase genes were involved in leaf
development. AGC kinase genes were decreased in cold
stress but were increased in response to heat stress. The
HvNDR6.2 gene showed high expression in root, shoot,
and leaf tissues under heat stress, while it was down-reg-
ulated in response to cold (Figure 5a).

In Jolgeh cultivar, AGC kinase genes showed differ-
ent expressions in response to cold and heat stresses. The
HvNDFR4 gene was up-regulated in roots under heat
stress but was down-regulated under cold stress condi-
tion. In Jolgeh cultivar, most genes were down-regulated
in response to heat and cold stresses. Only the HvN-
DR6.2 gene was up-regulated in leaves and stems under
heat stress. The HYNDRG6.2 gene showed up-regulated
expression in roots, stems, and leaves under cold stress.
Most genes showed high levels of relative expression un-
der normal conditions in leaves. But AGC kinase genes
was down-regulated under cold stress. The HVNDR4
gene had high expression in roots under heat condition.

These results showed that the HYNDR4 gene can be used
as a molecular marker in barley root improvement un-
der heat and cold stresses. Also, the HYNDR®6.2 gene can
be utilized as a molecular marker under cold stress in all
three tissues (Figure 5b). In our analysis, the expression
profiles of AGC kinase genes under heat and cold stresses
revealed differential and overlapping expression patterns.
Various expression patterns of AGC kinase genes may
suggest various roles in response to heat and cold stress
conditions. Based on the synthetic analysis of the AGC
kinase genes, the HYNDR4 and HvNDR6 genes were
orthologous, indicating that the orthologous genes had
similar expression. As a result, the HYNDR4 and HvN-
DR6 genes can respond almost identically under heat
and cold stress conditions.

3.6  GENE ONTOLOGY ANALYSIS

In barley, the largest percentage of detected proteins
was involved in protein metabolism (90.91 %) followed
by hormonal metabolism (6.06 %) (Figure 6). Most of the
AGC kinase genes in the barley were involved in protein
metabolism (post-translational modification and pro-
tein synthesis) and signaling, where many of the AGC2
kinases were involved in light signaling. Plants possess
the same basic AGC kinase subfamilies (PDK1, S6K, and
NDR) as other eukaryotes but they do not encode for the
AGC kinases, such as PKA and PKC, implicated in the
control of cell expansion, proliferation, and auxin polar-
ity in fungi and animals (Zhang and Friml, 2020). One
NDR protein, TaAGCI, has been indicated to have bio-

a Nomal Cold  Heat b Normal Cold  Heat
HvAGC13 Root  HvAGCLS Root
HvAGC1.5.1 Root HVAGC15.1 ‘ Root
HvNDR4 Root HvNDR4 ~ Root
HvNDRS Root HVNDR6 s Root
HvNDR6.2 Root HvNDRG6.2 Root Down
HvAGC1.5 Shoot HVAGCLS Shoot
HvAGC1.5.1 Shoot HVAGC1.5.1 Shoot
HvNDR4 Shoot HVNDR4 Shoot
HvNDR6 Shoot HVNDRG6 Shoot
HvNDR6.2 Shoot HVNDRG.2 Shoot
HvAGC1.5 Leaf HVAGCLS Leaf
HvAGC1.5.1 Leaf HvAGCLS.1 Leaf
HvNDR4 Leaf  HvNDR4 Leaf -
HWDRé [ Leaf HVNDRS Leaf
HyNDR6.2 Leaf HVNDR62 D Leaf

Figure 5: Differential gene expression of Azaran (a) and Jolgeh (b) cultivars under heat and cold stress conditions. Green and red
indicate up and down-regulated genes, respectively. Also, yellow color indicates low level expression under both stresses. Gene

expression patterns in the three tissues (stem, root, leaf)
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Gene ontology

= Protein metabolism

= Hormone metabolism

Figure 6: GO classification of the DEGs in barley. Results of
significantly enriched pathways involving the AGC kinases
genes in barley

logical function, implicated in response to Rhizoctonia
cerealis E.P. Hoeven used for controlling the induction of
ROS-related and defense-related genes in wheat (Zhang
and Friml, 2020). Plant responses to external or internal
stimuli include rapid protein changes that ultimately lead
to the activation of transcriptional processes. Phospho-
rylation of proteins is commonly used in cellular signal-
ing (protein kinase), where a phosphate group is added
to the amino acid side chain. PID and phototropins are
main factors in triggering and regulating growth by con-
trolling auxin transport such as PIN. Phototropins have
a key role in plant growth and were used directly in polar
auxin transport (Galvan-Ampudia and Offringa, 2007).
The AGC kinase protein kinase family is involved in vari-
ous signaling pathways, containing light blue and auxin
signaling (Christensen et al., 2000; Robert and Offringa,
2008).

4 CONCLUSION

In this study, 28 AGC kinase genes were detected
in barley. We studied their phylogenetic relationships,
gene structures, chromosomal locations, genes duplica-
tion, gene ontology, and clustering of orthologous genes.
Further, genome-wide identification of AGC kinase
genes were performed. According to structure analysis
results, various genes of the same subfamily had similar
gene structure, proposing that they have the same evo-
lutionary origin and probably the same functions. These
results can provide insights into the functional differenc-
es, evolutionary relationships, and comparative genom-
ics analysis of AGC kinases in barley. The HYNDR4 and
HvNDRG6 genes were both orthologous and were found
to serve as molecular signaling in different stresses. AGC
kinase genes showed to have different functions, indicat-
ing the presence of various conserved domains in these
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genes. Using this characteristic, candidate genes can be
used to genetically improve plants in response to abiotic
stresses. Based on the synthetic analysis of the AGC ki-
nase genes, the HYNDR4 and HVNDR6 genes were or-
thologous, indicating that the orthologous genes show
similar expression.
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