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Abstract: GOLDEN2-LIKE (GLK) transcription factors are a subfamily of GARP family transcription
factors, which play an essential function in plant growth and development as well as stress response
during abiotic and biotic stress conditions. This study reports GLK genes in the Arabidopsis thaliana
genome in-depth and identified 55 AtGLK genes in the Arabidopsis genome. Phylogenetic analyses
resolved these GLK gene clusters into seven groups. A Ka/Ks ratios analysis indicated that they had
experienced purifying selection. Many essential cis elements are present in the promoter regions
of AtGLK genes associated with plant hormones, light, and stress. The expression profile from
RNA-Seq data revealed that 29.1% of them had relatively high expression in all tested tissues or
organs, indicating their crucial housekeeping function in plant growth and development. However,
many other GLK members were selectively expressed in particular tissues or organs. In silico study
of the transcriptional regulation of AtGLKs indicated that it is strongly regulated by cold, drought,
osmotic, salt, and metal ion stressors. Our research provides essential information for the functional
studies of each GLK gene in different species in the future.

Keywords: Arabidopsis; Golden2-like; phylogenetic evolution; gene expression; abiotic stress

1. Introduction

Transcription factors (TFs) can trigger or inhibit transcription of a downstream target
gene at specific times. Plant TFs affect every aspect of plant growth and development [1–3].
Plants are challenged by abiotic stressors, including high temperatures, heavy metals,
salt, drought, cold, and osmotic pressure [4]. Unfavorable environmental conditions,
limitation of essential resources, and excess of noxious substances adversely affect crop
production worldwide [5,6]. TFs can activate or inhibit gene transcription, influence
protein expression, and function, and are crucial in plant stress response and physiological
functions [5,7]. The GOLDEN2-LIKE (GLK) transcription factors are members of the
Myb transcription factor GARP family [8]. The GLK transcription factor was discovered
for the first time in Zea mays [9]. A normal GLK protein has two conserved domains: a
Myb-DNA binding domain (DBD) and a GCT box (C-terminal) [10]. Subsequently, G2-
like transcription factors contribute significantly to plant growth and development [9],
involving various stimuli, including biotic and abiotic stresses [11–14]. In Arabidopsis,
AtGLK1 and AtGLK2 function to regulate chloroplast formation [15,16]. In addition, AtGLK2
plays a significant role in anthocyanin biosynthesis. The loss of function of AtGLK2 limited
anthocyanin accumulation in Arabidopsis seedlings, but overexpression of AtGLK2 resulted
in massive increases in anthocyanin accumulation [17]. Overexpression of GLK1 in tomato
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(Solanum lycopersicum) boosts the expression of genes involved in chloroplast formation and
fruit photosynthesis, resulting in increased carbohydrate and carotenoid levels in mature
fruits [18]. In maize, ZmGLK1 is thought to play a central role in the chloroplast formation
of mesophyll cells in C4 plant tissues [10,15]. Mutations in the G2-like gene ALM1 cause
decreased seed weight in barley [19]. Furthermore, GLKs have been shown to interact with
ANAC092 (ORE-1) to control leaf senescence [20]. AtGLK1 regulates disease resistance
genes, and its effect on different pathogens varies [21]. Overexpression of AtGLK1 improves
resistance to Fusarium graminearum in A. thaliana and contributes to tolerance of Cucumber
Mosaic Virus [11,12,22]. AhGLK1b can provide both fungal and bacterial infection tolerance
as well as abiotic stress tolerance [23]. OsGLK1 has also been shown to function in disease
resistance in rice [24]. GLKs are also implicated in hormone response. AtGLK1 resistance to
Hyaloperonospora Arabidopsis Noco2 is linked to two signaling pathways: salicylic acid
and jasmonic acid [13]. Recently, in maize, certain genes of the GLK gene family have been
implicated in stress response [25]. The silencing of the SlGLK29 gene might impair cold
resistance in tomato [26]. Most recently, the GhGLK1 gene was involved in the regulation
of cold and drought stress response in cotton [23]. Many GLK gene activities have been
investigated properly, however, those connected to abiotic stress are rarely discussed, and
only a few research reports have been published. The GLK gene family has already been
identified and investigated in several plant genomes including, cotton [27], maize [25],
and tobacco [28]. However, the GLK gene family in Arabidopsis has not been extensively
examined. In this work, we performed a comprehensive examination of the GLK gene
in Arabidopsis, including genome-wide identification, phylogenetic classification, gene
structure, chromosomal position, syntenic relationship, and expression levels in various
tissues and stressors. Our results are essential to better understand the function and
development of Arabidopsis GLK genes, as well as for potential functional genomic and
plant improvement in other plant species.

2. Materials and Methods
2.1. Identification of GLK Proteins in Arabidopsis

To determine the complete set of GLK protein genes in Arabidopsis, previously re-
ported cotton [27], maize [25], and tobacco [28] GLK protein sequences were downloaded
and utilized as query sequences for BLASTp searches against the Arabidopsis database
TAIR (http://www.arabidopsis.org, accessed on 20 February 2022). The obtained sequences
were then analyzed by using the SMART database (http://smart.embl-heidelberg.de,
accessed on 14 February 2022), the Pfam database (http://pfam.sanger.ac.uk, accessed
on 10 February 2022), and Interpro (http://www.ebi.ac.uk/interpro/, accessed on 12
March 2022) to confirm the presence of the GLK related motifs. The ProtParam web-tool
(http://web.expasy.org/protparam/, accessed on 2 March 2022) was assessed to determine
the molecular weight (Wt) and theoretical isoelectric point (pI) of the GLK proteins, and the
TAIR database (http://www.arabidopsis.org, accessed on 16 February 2022) was assessed
to predict their gene ontology (GO) and subcellular localization.

2.2. Phylogenetic Tree Analysis

The full-length protein sequences of all AtGLK and other species’ genes were aligned
with ClustalW, and evolutionary trees were generated using MEGAX software by the
Maximum Likelihood [29], and Jones–Taylor–Thornton (JTT) matrix-based model with
1000 bootstrap replicates [30].

2.3. Gene Structure and Motif Analysis of AtGLKs

To investigate the exon-intron regions of AtGLK genes, the GSDS platform was used
(http://gsds.cbi.pku.edu.cn/, accessed on 20 February 2022). The MEME tool was used for
motif annotation of AtGLK proteins (version 4.11.4; http://meme-suite.org/tools/meme,
accessed on 25 February 2022).

http://www.arabidopsis.org
http://smart.embl-heidelberg.de
http://pfam.sanger.ac.uk
http://www.ebi.ac.uk/interpro/
http://web.expasy.org/protparam/
http://www.arabidopsis.org
http://gsds.cbi.pku.edu.cn/
http://meme-suite.org/tools/meme
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2.4. AtGLKs’ Promoter Analysis and Co-Expression Network

The TAIR database (http://www.arabidopsis.org/, accessed on 25 February 2022)
was used to obtain the promoter regions (upstream 2-kb genomic sequences from the start
codon (ATG) of all AtGLK genes. The identified sequences were then subjected to the
Plant-CARE database (http://bioinforrmatics.psb.ugent.be/webtools/plantcare/html/,
accessed on 25 February 2022) for identification of putative cis-elements. AtGLK genes
were used for possible coordination of potential gene expression by using the “CoExSearch”
tool [31]. Cytoscape tools (version 2.8.2) was used to generate co-expression networks
among AtGLK genes and co-expression genes.

2.5. Chromosome Location of AtGLKs and Ka and Ks Calculation

The chromosomal position of each Arabidopsis GLK gene was obtained from the
TAIR website database, respectively. The identified AtGLK genes were then mapped to the
corresponding chromosomes using map man software. The segmentally duplicated AtGLK
genes were highlighted through various color dots. The amino acid sequences alignments
were performed by Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/, accessed
on 26 February 2022). We estimated the Non-synonymous ratios (Ka), synonymous ratios
(Ks), and evolutionary constraints (Ka/Ks) between the pairs of AtGLK gene through
PAL2NAL and codeML in the PAML package (http://www.bork.embl.de/pal2nal/index.
cgi?example=Yes#RunP2N, accessed on 26 February 2022) [32–34].

2.6. In Silico Analysis of AtGLK Genes Expression

RNA-seq expression data of 23 Arabidopsis tissues or organs were obtained from
the Arabidopsis tissue atlas accession number E-MTAB-7978 (https://www.ebi.ac.uk/
arrayexpress/, accessed on 26 February 2022) [35]. The FPKM values for Arabidopsis GLK
genes have been obtained from the dataset. Abiotic stress (drought, cold, and osmotic)
responses are described by Kilian et al. [36] in the NCBI Expression Omnibus database (http:
//www.ncbi.nlm.nih.gov/geo/, accessed on 26 February 2022) with accession numbers
GSE5621, GSE5622, and GSE5624 datasets. As described in Zhao et al. [37], the GSE108751
datafile contains metal ions transcript data (aluminum, cadmium, copper) and salt stress
(NaCl). Based on all expression values, we used Cluster tools v3.0 (http://bonsai.hgc.
jp/*mdehoon/software/cluster/, accessed on 26 February 2022) to perform clustering
analysis using log2-transformed values, Euclidean distances, and the average linkage
clustering method.

3. Results
3.1. Identification of AtGLK Proteins

To investigate each of the AtGLK proteins in the Arabidopsis genome, we performed
a BLASTp search in the Arabidopsis database TAIR using known GLK protein sequences
from cotton, maize, and tobacco. The non-redundant protein sequences were analyzed
using the SMART and Pfam databases for the presence or absence of a Myb-DNA binding
domain. This analysis indicated 55 GLK genes in the Arabidopsis genome (Supplementary
Table S1). The molecular weights, and theoretical isoelectric points of all identified AtGLK
proteins were shown. These AtGLK proteins were typically small, ranging from 166 to
755 aa. The molecular weights of the proteins ranged from 19.21 kDa to 86.18 kDa. The
isoelectric points ranged from 4.47 to 9.56 for AtGLK proteins. For each of the identified
55 AtGLK proteins, the presence or lack of any additional domain outside of the GLK
domain (s) was examined. A total of three additional domains were detected, allowing the
classification of the 55 AtGLK proteins into four groups (Table S2). The group I includes
21 members (38.18%), all of which have no other additional domains outside the GLK
domain. The group II includes 15 members (27.27%) with Myb_CC_LHEQLE domain
besides a GLK domain. Group III includes 14 members (25.45%) each containing a REC
domain and a GLK domain, and Group IV contains five members (9.09%) each with a
coiled-coil domain and a GLK domain. Gene Ontology analysis revealed that all these

http://www.arabidopsis.org/
http://bioinforrmatics.psb.ugent.be/webtools/plantcare/html/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.bork.embl.de/pal2nal/index.cgi?example=Yes#RunP2N
http://www.bork.embl.de/pal2nal/index.cgi?example=Yes#RunP2N
https://www.ebi.ac.uk/arrayexpress/
https://www.ebi.ac.uk/arrayexpress/
http://www.ncbi.nlm.nih.gov/geo/
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http://bonsai.hgc.jp/*mdehoon/software/cluster/
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AtGLK proteins showed DNA binding transcription factor activity, mainly localized in the
nucleus, and were involved in several biological processes in the cell (Table S3).

3.2. Phylogenetic Tree Analysis

The phylogenetic tree was constructed from AtGLK genes encoding protein sequences
using the MEGAX tools by the Maximum Likelihood method with 1000 replicates (Figure 1).
Our results revealed that the AtGLK family members were clustered into seven groups.
Group I contains fifteen, group II contains twelve, group III contains seven, group IV
contains three, group V contains five, group VI contains three, and group VII contains
ten AtGLK protein members. An extended phylogenetic tree including GLK proteins
from A. thaliana, cotton, maize, and tobacco was also constructed and shown in Figure S1,
demonstrating the orthologous relations and strong evolutionary preservation across GLK
proteins from diverse species.
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Figure 1. Schematic diagram of Arabidopsis GLK gene structural organization and motifs composition.
On the left, the Maximum Likelihood method (M.L) evolutionary tree, followed by the gene structure
with exons-introns, shown as yellow color boxes and black lines. The left side of the picture is
followed by the conserved motifs presented in various colors. Black lines indicate Non-conserved
sequences.
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3.3. AtGLK Gene Structure and Motif Composition Analysis

To examine the structural variations in the Arabidopsis GLK family genes, we ex-
amined the exon-intron organization of each GLK gene from A. thaliana based on their
phylogenetic classification (Figure 1). The exon and intron numbers of GLK genes range
from one to ten in A. thaliana. The gene structures were globally conserved within different
groups of phylogenetic classification. However, the length variations in exon or intron and
numbers were also absolved among each phylogenetic tree analysis group.

To further understand the structural variation in GLK proteins from Arabidopsis, we
examined their respective motifs through the MEME software (Figure 1). In total, 15 con-
served motifs were found in these AtGLK proteins. These identified motifs ranged from 17
to 50 amino acids. Motifs 1 and 2 were identified in the GLK domain of all members, while
Motif 3 and 4 covered the Myb_CC_LHEQLE domain. In contrast, 5–7 motifs covered the
REC domain of phylogenetic tree classification of group VII. The Motifs 8–15 were shared
by various GLK proteins and can possibly be used to differentiate between subfamilies.

3.4. Chromosomal Localization and WGD Events Analysis

The chromosomal position data for each Arabidopsis GLK gene were obtained from
TAIR database (Table S1) and mapped onto the corresponding A. thaliana chromosomes
(Figure 2). The 55 AtGLK genes were located on five chromosomes, including 11 AtGLK
genes on Chr1, 13 on Chr2, 10 on Chr3, 9 on Chr4, and 12 on Chr5 (Figure 2). Colored
dot lines indicate the segmentally duplicated genes (Figure 2). Based on the syntenic
relationships data obtained from TAIR database (Search Syntenic Gene), the syntenic
relationships between these GLK genes were determined (Figure 2). To investigate the
evolutionary selection type of duplicated AtGLK genes, the Ka, Ks, and Ka/Ks ratios among
paralogous gene pairs were computed (Table 1). The Ka/Ks ratios range from 0.162 to
0.317, with an average of 0.229.
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Table 1. The Ka, Ks, and Ka/Ks ratios of AtGLK gene pairs.

Gene PairI Gene PairII KS KA Ka/Ks Purifying Selection

AtGLK1 AtGLK32 1.0984 0.2941 0.2677 Yes
AtGLK2 AtGLK14 0.8178 0.2592 0.3169 Yes
AtGLK3 AtGLK9 1.8148 0.3026 0.1667 Yes

AtGLK17 AtGLK41 1.208 0.4148 0.3434 Yes
AtGLK19 AtGLK42 1.385 0.2301 0.1662 Yes
AtGLK27 AtGLK44 1.4832 0.2402 0.1619 Yes
AtGLK30 AtGLK38 1.0002 0.2246 0.2246 Yes
AtGLK33 AtGLK55 1.4255 0.2691 0.1888 Yes

3.5. Expression Analysis of AtGLK Genes across Different Tissues

The Arabidopsis GLK gene expressions were examined at the transcript level using
RNA-seq data from Arabidopsis tissue atlas accession number E-MTAB-7978 (https://www.
ebi.ac.uk/arrayexpress/, accessed on 22 February 2022) [34]. The expression data (FPKM)
were log2-transformed, based on which a clustered heatmap displaying the expression
patterns of 55 AtGLK genes across different tissues was generated. The result showed that
these 55 AtGLK genes were divided into three main groups with subgroups (Figure 3).
The group I included 16 AtGLK genes mainly expressed in all tested tissues or organs
with high expression levels. Group II includes 14 AtGLK genes and, relatively, all were
either not or were very lowly expressed in any of the tested tissues, except for AtGLK5
and AtGLK35, which were preferentially expressed in embryo stage 6, although in other
tissues, the expression was either very low or not expressed. Group III includes 25 genes
selectively expressed in one or more tissues or organs with relatively low expression levels.
However, AtGLK1 was highly expressed in adult root and root tip tissue, while AtGLK55
was preferentially expressed in the dry seed-stage and seed imbibition stage.

3.6. AtGLK Genes Expression in Response to Ions Stress

To elucidate AtGLK genes’ responses under different ion stresses (Aluminum (Al),
cadmium (Cd), copper (Cu), and salt (NaCl)), AtGLK gene expression was analyzed using
the AtGenExpress dataset available in the GEO dataset [36]. The available expression
data of 50 AtGLK genes were divided into seven main groups with subgroups (Figure 4).
Group I contains three AtGLK genes, all highly expressed in salt stress. Two genes were
expressed in response to Al stress, while most AtGLK genes were repressed in response
to Cd and Cu stress. Group II AtGLK genes were expressed in three stresses (Cd, Cu, and
Al) although they were repressed in salt stress. Group III contains two AtGLK genes that
are highly expressed in Cd and Cu, yet not in Al or salt stress. Most of the group IV genes
are expressed under all stresses. Group V contains 10 AtGLK genes, and most expressed in
salt and Al stress, yet repressed or not expressed in Cd or Cu stress. Group VI was more
common under salt and Al stress than Cd and Cu stress. In group VII, most AtGLK genes
were expressed in Cd and Cu, while repressed or not expressed in salt and Al stress.

3.7. AtGLk Genes Expression under Drought, Cold, and Osmotic Stress

In order to investigate the potential role of AtGLKs genes under drought, cold, and
osmotic stresses, we use the AtGenExpress dataset available in GEO [36]. In the case of
drought stress treatment, the result showed that these 50 AtGLK genes were clustered into
five major groups with subgroups (Figure 5). Group I includes 18 AtGLK genes, and most
of them were more highly expressed in the shoot compared to the root. Group II contains
two GLK genes specifically expressed in the shoot at all hour treatments, while group III
includes 20 GLK genes. Most of the last genes were expressed at different hours of drought
treatment in both the shoot and the root. Group IV was strongly repressed under different
hours of treatments, in both organs while group V genes were highly expressed in the root
while repressed in the shoot at different treatments.

https://www.ebi.ac.uk/arrayexpress/
https://www.ebi.ac.uk/arrayexpress/
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Figure 3. Expression pattern of AtGLK genes in 23 various plant tissues or organs. The heatmap
was constructed using the Arabidopsis tissue atlas accession number E-MTAB-7978 of Arabidopsis
development (AtGenExpress Developmental Expression Atlas) defined by Schmid et al. [35]. The
color scale at the bottom of the heatmap shows log2 transformed FPKM values. The 55 AtGLK genes
were clustered according to the log2-transformed FPKM values. The types of tissues are presented on
the bottom side. The gene names are presented in the right position in the heatmap. The expression
scale highlights the relative expansion values and is presented at the right position of the heatmap.
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Figure 4. Expression analysis of AtGLK genes in response to ionic stresses in Arabidopsis root.
Heatmap was generated from the experimental microarray data. Treatment and replicates were
defined by Zhao et al. [37]. In the heatmap, three biological replicates’ intensity values were averaged
and z-score transformed based on the control treatment. Control shows non-stressed roots. Yellow
and blue color indicates high and low expression levels, respectively.
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Figure 5. The expression of AtGLK genes in roots and shoots under drought responses. Heatmap
generated from microarray experiments. Treatments and replicate numbers were determined by
Kilian et al. [36]. Two biological replicates’ intensity values were pooled and normalized following the
control treatment (treatment/control) in the heatmap. Control roots and shoots represent non-stressed
tissue. The brown and the blue intensities show high and low expression levels, respectively.
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In the case of cold stress treatment, 50 AtGLK genes were divided into six major groups
with subgroups (Figure 6). Group 1 includes 13 AtGLK genes. Most of the genes were more
highly expressed in the shoot versus the root at different times; Group II includes three
genes, AtGLK18, AtGLK46 and AtGLK51, which were highly expressed in the shoot. Group
III included 12 genes, and mostly all were more active in the root at all hours of treatment
compared to the shoot, while group IV had 11 genes, and all genes were highly expressed
in the root and shoot at different hours of cold stress treatment. The group V contains five
genes that were repressed in root and shoot at all hours of treatment. Group VI includes six
genes, which are specifically expressed in the root and repressed in the shoot at different
hours of treatment.

In the case of osmotic stress treatment, the result revealed that the AtGLK genes were
divided into six groups with subgroups (Figure 7). Group I contains five AtGLK genes
repressed at root and shoot levels under osmotic stress conditions. Most group II genes
had a deficient expression level in both the root and shoot under stress conditions. Group
III contains seven AtGLK genes specifically expressed in the root at various stress levels. In
group IV, almost all the AtGLK genes were highly expressed in root and shoot at different
hours of treatment. Group V included two AtGLK genes highly expressed in the shoot at all
hours of treatment, although not in the root, while group VI included eight AtGLK genes,
and most of the genes were specifically expressed in the shoot at all hours of treatment.

3.8. Putative Cis-Acting Elements of AtGLK Genes

The presence of cis-acting motifs in promoter regions is critical for downstream target
gene expression and regulation via transcription factor interaction. Co-expressed genes
may be mediated by the same transcription factors and can be recognized by the presence
of specific cis-acting motifs in the promoter. Upstream 2-kb genomic sequences of the
Arabidopsis GLK genes from TAIR databases were submitted to the PlantCARE database.
A total of 1970 putative cis-acting elements were identified in the promoter regions of
55 AtGLK genes. All these identified cis-elements were classified into four groups based
on their participation in various biological processes: phytohormone responsive (10),
light-responsive (21), plant growth and development (eight), and stress-responsive (eight)
(Table S4). Three phytohormone-regulatory elements (i.e., ABRE, TGACG, and CGTCA)
involving abscisic acid, auxin signaling, and methyl jasmonate, respectively), three light-
related elements (i.e., G-box, Box 4, and TCT motif), and three stress-related (i.e., ARE, MYB,
and MYC) were identified with high numbers in the promoter regions of Arabidopsis GLK
genes (Figure 8A–C,E). However, compared to the other three groups, plant developmental-
related cis-acting elements were found at a very low frequency (Figure 8A).

In addition, the AtGLK genes in the same phylogenetic groups shared moderate simi-
larity in their distribution of the cis-acting elements, reflecting the complex evolutionary
relationship of the diverged AtGLK gene promoters (Figure 9, Table S4). Almost all of
the identified cis-acting elements were randomly distributed in the promoter region of
AtGLK gene groups. MYB (involved in drought, salt, and cold stresses) and MYC (involved
in drought and ABA responsiveness) were found in all groups of AtGLK gene promot-
ers [37,38]. In addition, all cluster groups except group VII gene promoters contained high
numbers of absicisic asid (ABRE) and methyl jasmosmonate (MeJA) response elements
(CGTCA-motif), TGACG-motif), implying that these genes are involved in the regulation of
ABA and MeJA metabolic pathways [39]. The Gare-motifs (involved gibberellin-responsive)
were more abundantly found in groups I and group III, while P-box elements (involved
gibberellin-responsive) were preferentially present in group III and group VII gene pro-
moters. These results suggest that the AtGLK genes play important roles in plant growth
regulation and abiotic stress responses.
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Figure 6. The expression of AtGLK genes in roots and shoots under cold responses. Heatmap
generated from microarray experiments. Treatments and replicate numbers were determined by
Kilian et al. [36]. Two biological replicates’ intensity values were pooled and normalized following the
control treatment (treatment/control) in the heatmap. Control roots and shoots represent non-stressed
tissue. The red and the blue intensities show high and low expression levels, respectively.
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Figure 7. The expression of AtGLK genes in roots and shoots under osmotic responses. Heatmap
generated from microarray experiments. Treatments and replicate numbers were determined by
Kilian et al. [36]. Two biological replicates’ intensity values were pooled and normalized following the
control treatment (treatment/control) in the heatmap. Control roots and shoots represent non-stressed
tissue. The red and the blue intensities show high and low expression levels, respectively.
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Furthermore, we have summarized the distribution of cis-elements of the promoter
region of AtGLK genes in relation to expression pattern classification across different tissues
(Figure 3, Table S5) and under various stresses, including ion stresses (Figure 4, Table S6),
drought (Figure 5, Table S7), cold (Figure 6, Table S8), and osmotic stresses (Figure 7,
Table S9). Almost all of the identified cis elements were randomly distributed in the
promoter region of AtGLK genes. In the case of AtGLKs’ role in different tissues, the group
I and group III genes contain high numbers of phytohormone, light-responsive, and plant
development related elements compared to group II (Figure 3, Table S5), as these two
groups of genes are constitutively expressed in one or more tissues or organs. In the case of
AtGLK genes under various stresses, many stress-related cis elements were detected in the
promoter region of most AtGLK genes, including ARE, MYB, MYC, MBS, ABRE, LTR, and
TC-rich repeats, and were distributed randomly in different groups, while some particular
genes contain high numbers of stress-responsive cis-elements in their promoter regions
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(Figures 4–7, Tables S6–S9). The MYB has been identified as being involved in salt, drought,
and cold stresses. MYC cis elements are involved in ABA and drought [39], and LTR is
involved in low-temperature stress [40]. ABRE is involved in ABA and drought stress [41],
which were detected in 30% of the AtGLKs gene promoters. TC-rich repeats also play an
important role in plant defense and various stress responses [42]. The presence of different
and high numbers of stress-related elements in the upstream of the AtGLK genes indicates
that this family might be mainly involved in defense and stress response.

Figure 9. Schematic representation of important cis-elements in the promoter region of AtGLK genes
in relation to the phylogenetic classification of their encoded AtGLK proteins. The different types of
cis-elements were shown in different colors.

3.9. Co-expression Analyses and Functional Classification of the AtGLK Genes

Co-expression analysis was performed to further understand the functional factors
involved in different biological processes. Therefore, 55 AtGLK genes were used for possible
coordination of potential gene expression. A total of 65 genes were strongly co-expressed
with 14 AtGLK genes by using the “CoExSearch” tool. Based on the analysis, different
networks were generated by using Cytoscape to present the relationship between AtGLK
genes and their co-expressed genes (Figure 10). Among these, 19 photosynthesis-related
genes were strongly co-expressed with AtGLK genes (Figure 10a). In addition, 18 genes
were related to flower development and formed a strong co-expression network with
AtGLK genes (Figure 10b). Four AtGLK genes were strongly co-expressed with nine asso-
ciated genes related to water deprivation (Figure 10c). Three AtGLK genes were strongly
co-expressed with six genes related to stress responsiveness (Figure 10d). Furthermore,
AtGLK23 was strongly co-expressed with seven genes related to cold stress (Figure 10e) and
AtGLK41 was strongly co-expressed with six genes involved in phosphate ion deficiency
responses (Figure 10f).

In addition, we further investigated the cis-acting elements in the promoter regions
of co-expressed genes that could be involved in the co-expression networks (Table S10).
Insightfully, almost all genes had significantly high ratios of G-box and CCAATC motifs
in their promoter regions of co-expressed genes, clearly indicating the potential targets of
ATGLK genes as such reported previously [43,44].
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related genes (f). The different colors of node represent the subcellular targets and pathways. The
rich circle represents the most important known targets for AtGLKs, and the thickness of the edge
represents the strength of interaction between the nodes.

4. Discussion

The Golden2-Like transcription factor, which belongs to the GARP superfamily of
Myb transcription factors, is found in various plant species [25,28] and is linked to many
stresses. However, not been reported in the important model plant A. thaliana. In this study,
we identified a total of 55 GLKs in the model plant A. thaliana, naming each gene based on
its location on the chromosome. The Physio-Chemical properties of AtGLK revealed that
the length of the sequence, molecular mass, and isoelectric point range was substantial.
In the current study, all AtGLK proteins contained the Myb-DNA binding domain and
other domains such as Myb CC LHEQLE, coiled-coil, and REC domains in addition to the
Myb-DNA binding domain. The existence of multi-domain proteins in a species imply
that these domains previously existed as distinct proteins, and combination of different
domains showed their evolution for various functions.

The phylogenetic analysis revealed that AtGLK genes were clustered into seven groups.
The existence of high bootstrap support on internal phylogenetic tree branches demon-
strated the emergence of substantial probable homologous proteins from a common an-
cestor with the same functions. However, the low bootstrap does not support a specific
bifurcation in the clad, and there is a chance that these proteins are less similar or unrelated,
which may result in domains with various activities in the future. The average Ka/Ks
ratio is less than one, showing a purifying selection pressure under Darwinian positive
selection, suggesting that detrimental alleles are avoided through random mutation, stabi-
lizing selection [45]. Overall, the study found that AtGLK duplication played a significant
function in the evolution of Arabidopsis. The gene structures were globally conserved
within a different group of phylogenetic classification, while 15 partially preserved mo-
tifs were detected in these GLK proteins as a similar number of motifs and organization
was also found in cotton [27]. A gene ontology analysis was carried out, which classi-
fied protein functional characteristics into biological functions, cellular functions, and
molecular processes. In the first biological functional category, the AtGLKs proteins have
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diverse roles in different developmental processes. In contrast, the total proteins have
DNA-binding transcriptional activity functions in the molecular process. The predicted
subcellular locations of Arabidopsis GLKs were mostly nuclear. However, some of them
were located in the chloroplast (Table S3), as reported by their function in the growth and
development of the chloroplast [14,15]. The presence of significant cis-regulatory elements
of phytohormone related (ABRE, TGACG, and CGTCA), light-related (G-box, Box 4, and
TCT), plant growth and development-related (AT-rich element, CAT-box, CCAAT-box),
and stress-related (ARE, MYB, and MYC) elements of AtGLK genes promoter suggests that
internal hormones and environmental signals can control the expression of these AtGLK
genes, same as other reported in cotton [27] and tobacco plant [28].

Several studies revealed that AtGLK genes are transcription factors and play significant
functions in plant development [9,15,16]. Our expression analysis indicated that 29% of
the AtGLK genes were mainly expressed in almost all tested tissues, with relatively high
expression levels. At the same time, some genes were also found to be expressed explicitly
in one to three tissues or organs, demonstrating the gene family functional diversity in
Arabidopsis plant development (Figure 3). Several AtGLK members with tissue-specifically
expressed trends could be excellent target genes for more in-depth studies into their
functions and potential applications in plant genetic improvement.

Plants are subjected to various types of severe environmental stresses (such as drought,
cold, and osmotic stress), which affect photosynthesis and normal physiological metabolisms,
eventually leading to plant death [46]. Overall, excess concentrations of metal ions are toxic
to plant cells. Among them, cadmium and copper are highly toxic metal ions. Compared
to other heavy metals, the As and Al are less toxic and exhibit inhibitory effects at high
concentrations of NaCl [47]. Al+ ions seriously damage plant roots in acidic soil, exacer-
bate nutrient deficiency and enhance their sensitivity to drought condition [48]. Growth
inhibition concerns roots and shoots due to inhibition of meristematic activities as ions
have a negative role in the shoot production of crop plants [49,50]. To analyze AtGLK
genes’ responses under different stresses (Al, Cd, Cu, and NaCl), their expressions were
investigated (Figure 4) [37], and the result revealed that an excess of aluminum exposure
preferentially expressed distinct and specific sets of genes such as AtGLK2, AtGLK39, and
AtGLK53, whereas AtGLK1, AtGLK26, and AtGLK51 are strongly repressed. In the case
of Cd+ treatment, it stimulates AtGLK18, AtGLK22, and AtGLK52 accumulation, whereas
AtGLK26 and AtGLK46 are strongly repressed. Cu stimulates the level of AtGLK18, At-
GLK22, AtGLK32, AtGLK51, AtGLK52, and AtGLK54, while AtGLK7, AtGLK17, AtGLK26,
and AtGLK43 decrease the gene expression. In the case of NaCl stress treatment, it stimu-
lates AtGLK2, AtGLK26, AtGLK43, and AtGLK46 with high levels of accumulation, whereas
AtGLK5, AtGLK8, AtGLK20, AtGLK23, and AtGLK34 are strongly repressed. Further, the
tentative function of AtGLK genes was investigated under drought, cold, and osmotic
stresses at both root and shoot levels at different hours of treatment [36]. The drought
stress has severely impacted crop yields. According to the World Food and Agriculture
Organization, food output losses caused by drought have cost the world $30 billion over the
last decade. It is critical to research the mechanisms of plant response to drought stress to
make the best use of water resources [51]. In the case of drought stress treatment, the result
showed that AtGLK genes were divided into five main groups with subgroups (Figure 5).
Group III includes 40% of AtGLK genes expressed at different hours of drought treatment in
both the shoot and the root. Similarly, most of the orthologous genes of group III in maize
and cotton species were also shown to be involved in drought stress (Figure S1) [25,27].
Furthermore, in group I, 36% of AtGLK genes were highly expressed in the shoot compared
to the root at different hours of treatment. However, group IV was strongly repressed
under different hours of treatments, while group V was highly expressed in the root while
repressed in the shoot at different treatments. Cold stress negatively impacts plant growth
and development, such as impairing seed germination, delaying plant growth, preventing
reproduction, lowering crop production and quality, and limiting species’ geographical
distribution [52]. As a result, many crops are cold-sensitive and can only be grown in
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tropical or subtropical climates [53]. However, in cold stress, AtGLK genes were clustered
into six major groups with subgroups (Figure 6), including Group I, where 26% of AtGLK
genes were expressed in the shoot versus the root at different times. In contrast, in group
III, 24% of genes were expressed in the root at all hours of treatment compared to the shoot,
while in group IV, 22% of genes were highly expressed in the root and shoot at different
hours of cold stress treatment, which was also supported by their orthologous GLK genes
expressions in cotton and maize under cold stress treatment [25,27]. Group V contains
five genes repressed in the root and shoot, and group VI was specifically expressed in
the root and repressed in the shoot at different hours of treatment. Osmotic adjustment
plays a crucial role in crop tolerance to a variety of non-biological stimuli, and plants may
stabilize osmotic pressure within cells, increasing solutes in the cells, preventing water
dispersion [54]. AtGLK genes were found to be clustered into six groups, with subgroups
in osmotic stress (Figure 7). Under osmotic stress, group I, containing AtGLK genes, was
repressed at the root and shoot levels. Group III contains seven AtGLK genes explicitly
expressed in the root at various stress levels. Almost all of the AtGLK genes were highly
expressed in the root and shoot of group IV at various treatment times. Group V contained
two AtGLK genes that were significantly more expressed in the shoot than in the root at all
hours of treatment, whereas group V1 contained eight AtGLK genes that were specifically
expressed in the shoot at all hours of treatment. In general, two AtGLK genes, including
AtGLK18, AtGLK51 were highly expressed in three stresses at different hours of treatment.

5. Conclusions

In conclusion, a total of 55 GLK genes were identified in Arabidopsis genomes. The full-
length AtGLK genes were classified into six main groups by phylogenetic analysis. Analyses
of gene structural organization, motifs analysis, and sequence conservation revealed that
the AtGLK genes of different groups were well conserved in Arabidopsis. The Ka/Ks ratio
analysis indicated that AtGLK gene members had experienced purifying selection during
polyploidization, and their essential functions have remained largely unchanged. Promoter
sequence analysis showed the presence of a high number of phytohormone-, light-, and
stress-related elements in the promoters of GLK genes in Arabidopsis. Expression analysis
indicated that most AtGLK genes were mainly expressed in all tested tissues. At the same
time, some genes were also found to be expressed explicitly in one to three tissues or
organs, demonstrating the gene family’s functional diversity in Arabidopsis plant growth
and development. The expression profile of AtGLK genes in response to different ions,
salt, drought, cold, and osmotic stress reveals that AtGLK gene members are extensively
involved in metal ion transport and involved in drought, cold, and osmotic stress.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14030228/s1. Table S1: List of A. thaliana GLK protein genes
and their related information. Table S2: Classification of A. thaliana GLK domain-containing proteins
based on the presence or not and organization of additional domain(s). Table S3: Summary of gene
ontology terms of A. thaliana GLK genes. Table S4: Putative cis-regulatory element analysis of the
promoter region of A. thaliana GLK genes. Table S5: Distribution of cis-regulatory elements of the
promoter region of AtGLK genes in relation to expression pattern classification across different tissues
in Figure 3. Table S6: Distribution of cis-regulatory elements of the promoter region of AtGLK genes
in relation to expression pattern classification under ionic stresses in Arabidopsis root as shown
in Figure 4. Table S7: Distribution of cis-regulatory elements of the promoter region of AtGLK
genes in relation to expression pattern classification under drought stress conditions in Figure 5.
Table S8: Distribution of cis-regulatory elements of the promoter region of AtGLK genes in relation
to expression pattern classification under cold stress conditions in Figure 6. Table S9: Distribution
of cis-regulatory elements of the promoter region of AtGLK genes in relation to expression pattern
classification under osmotic stress conditions in Figure 7. Table S10: Distribution of cis-regulatory
elements in the promoter region of coexpressed genes with AtGLKs. Figure S1. Phylogenetic tree
based on multiple sequence alignment of GLK proteins from Arabidopsis thaliana, Gossypium hirsutum,
Nicotiana tabacum, and Zea mays.
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