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ABSTRACT
Methylglyoxal (MG), a cytotoxic oxygenated short aldehyde, is a by-product of various metabolic reactions 
in plants, including glycolysis. The basal level of MG in plants is low, whereby it acts as an essential 
signaling molecule regulating multiple cellular processes. However, hyperaccumulation of MG under 
stress conditions is detrimental for plants as it inhibits multiple developmental processes, including 
seed germination, photosynthesis, and root growth. The evolutionarily conserved glyoxalase system is 
critical for MG detoxification, and it comprises of two-enzymes, the glyoxalase-I and glyoxalase-II. Here, we 
report the functional characterization of six putative glyoxalase-I genes from date palm (Phoenix dacty-
lifera L.) (PdGLX1), by studying their gene expression under various environmental stress conditions and 
investigating their function in bacteria (Escherichia coli) and yeast (Saccharomyces cerevisiae) mutant cells. 
The putative PdGLX1 genes were initially identified using computational methods and cloned using 
molecular tools. The PdGLX1 gene expression analysis using quantitative PCR (qPCR) revealed differential 
expression under various stress conditions such as salinity, oxidative stress, and exogenous MG stress in 
a tissue-specific manner. Further, in vivo functional characterization indicated that overexpression of the 
putative PdGLX1 genes in E. coli enhanced their growth and MG detoxification ability. The putative PdGLX1 
genes were also able to complement the loss-of-function MG hypersensitive GLO1 (YML004C) yeast 
mutants and promote growth by enhancing MG detoxification and reducing the accumulation of reactive 
oxygen species (ROS) under stress conditions as indicated by flow cytometry. These findings denote the 
potential importance of PdGLX1 genes in MG detoxification under stress conditions in the date palm.
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Introduction

Plants being sessile organisms are directly affected by various 
abiotic and biotic factors, which determine their growth and 
development, thereby affecting the potential yields of crop 
plants.1,2 Date palm (Phoenix dactylifera L.) is 
a monocotyledon, dioecious plant, which is an important 
socioeconomic and abiotic stress-tolerant plant mainly grown 
in the hot and arid regions of the middle east and north Africa.3 

Currently, this tree is suffering excessive salinity, which may be 
attributed to many environmental factors such as lack of pre-
cipitation, overexploitation of underground water, high eva-
poration rate, and the rising sea levels brought about by climate 
change.4 To overcome the adverse effects of stress conditions, 
plants have developed multiple mechanisms to alter their mor-
phological, physiological, biochemical, and molecular 
processes.5–7 These alterations help in reducing the stress, 
thereby enabling the plants to grow and develop under various 
adverse environmental conditions.8 A vast number of plant- 
stress interaction pathways have been reported to be involved 
in stress tolerance and adaptation.9 Interestingly, it has been 
noted that various stress conditions lead to the accumulation of 
toxic aldehydes, of which methylglyoxal (MG), an α, β- 
dicarbonyl ketoaldehyde by-product of various metabolic pro-
cesses, acts as an essential signaling molecule,10 and functions 
as a Hill oxidant and catalyzes the photoreduction of O2 to 

superoxide (O2
.) in the photosystem-I.11 Therefore, MG could 

be used as a biomarker for plant stress tolerance.12

It has been previously reported that there is a 2- to 6- fold 
increase in the accumulation of MG in response to various 
stress.13 This increase leads to an upregulation in the reactive 
oxygen species (ROS) production, a decrease in the glutathione 
(GSH) levels and a disruption in the antioxidant enzyme func-
tion in plants.8,14 Various works have shown that MG regula-
tory function is governed in a concentration-dependent 
manner, whereby a lower concentration (0.1 mM) of MG did 
not inhibit germination but inhibited root elongation, how-
ever, at a higher concentration (1 mM MG) it inhibited seed 
germination in Arabidopsis.15 It was also observed that exo-
genous application of MG in Arabidopsis at a lower concentra-
tion (≤1 mM) induced stomatal closure via an extracellular 
oxidative burst and an elevation of [Ca2+]cyt without reducing 
the viability of guard cells, however, at a higher concentration 
(≥1 mM), MG was cytotoxic.16 In addition, MG has also been 
shown to prevent light-induced stomatal opening by inhibiting 
inward potassium (K+) channels into the guard cells of 
Arabidopsis.16 A gene chip microarray analysis of rice plants 
exposed to 10 mM MG revealed that 966 genes were upregu-
lated, and 719 genes were down-regulated, of which 18% and 
14% are genes related to signal transduction, respectively.17 

These findings indicate a regulatory role of MG on signal 
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transduction, thus signifying its possible involvement in plant 
stress signaling.

Further, MG has also been reported to inactivate the anti-
oxidant enzyme, cytosolic ascorbate peroxidase (NtcAPX) in 
Nicotiana tabacum by modification of the amino acids of the 
enzyme.18 Therefore, to prevent the hyperaccumulation of MG 
in the cell under stress conditions, various detoxification path-
ways are involved in MG breakdown,19 of which the univer-
sally conserved glyoxalase system is the most efficient.20 Within 
the glyoxalase pathway, MG, along with GSH is first non- 
enzymatically converted to hemithioacetate, after which the 
enzyme glyoxalase-I (also known as lactoylglutathione lyase) 
catalyzes the breakdown to S-lactoylglutathione. The glyoxa-
lase-II further hydrolyzes S-lactoylglutathione to D-lactate and 
recycles GSH. The MG-scavenging glyoxalase pathway is 
believed to have diverse physiological functions in the plant. 
However, its role in stress tolerance is the most widely 
studied.21 In addition, various reports have observed an 
increase in the expression of the MG detoxification glyoxalase 
genes in plants under stress conditions, thus suggesting that 
these enzymes play an essential role in the plant’s stress 
adaptation.22–25 Furthermore, transgenic overexpression of 
the MG-detoxification glyoxalase enzymes has been shown to 
enhance tolerance to various stress conditions and also to 
lower MG levels in the plants.26–29

The aim of this project was to functionally characterize 
glyoxalase-I (EC 4.4.1.5) genes encoded by the date palm 
genome (PdGLX1), study their expression profile under var-
ious stress conditions, and determine their function in E. coli 
and GLO1 knockout yeast cells using a functional complemen-
tation assay. Here, we report six putative PdGLX1 genes in the 
genome of the date palm, namely PdGLX1:1, PdGLX1:2, 
PdGLX1:3, PdGLX1:4, PdGLX1:5, and PdGLX1:6. The expres-
sion of these genes varies under various stress treatments 
suggesting that their expression is induced in a stress- 
dependent manner. Further, heterologous expression of the 
PdGLX1 in BL21 (DE3) E. coli and yeast mutant cells enhanced 
stress tolerance and significantly reduced MG accumulation in 
the cells. Our research highlights the importance of the 
PdGLX1 gene family in stress tolerance in date palm.

Materials and methods

Plant growth conditions and treatments

Date palm seeds (cv. Khalas) were soaked overnight in distilled 
water at 37ºC. Debris was washed away from the seeds with tap 
water. A 70% ethanol solution was then used to surface- 
sterilize the seeds, followed by rinsing them twice using sterile 
distilled water. The seeds were then germinated at 37ºC on 
moist sterile vermiculite for ten days as previously 
described.30,31 The germinated seedlings were potted in multi-
purpose compost (Bulrush Horticulture Ltd, UK). The pots 
were maintained in the greenhouse at 30ºC, 350 μmol.m−2.s−1 

light intensity and a photoperiod of 16 h/8 h light/dark cycle. 
The pots were irrigated on a weekly basis with distilled water to 
field capacity for about three weeks. Subsequently, the pots 
were segregated according to the irrigation solutions (treat-
ments): control (distilled water), salt stress (300 mM NaCl), 

oxidative stress (10 mM H2O2), and MG stress (10 mM MG). 
The plants were harvested after six weeks of treatment.

The concentration of the NaCl and MG used in the follow-
ing experiments was selected empirically. The highest non- 
lethal level the NaCl and MG was selected to trigger the 
tolerance/detoxification process in the used cells. In general, 
the proper highest concentration used in these experiments 
was the one which can significantly affect the growth of the 
wildtype organism but did not show a negative effect on the 
transgenic microorganisms used in this project. The date palm, 
as well as yeast cells, are NaCl tolerant organisms by nature; 
however, bacteria cells are less tolerant; therefore, a lower 
concentration of NaCl was used in the corresponding 
experiments.

Identification of GLYOXALASE-I genes (PdGLX1) within 
P. dactylifera L. genome

The GLYOXALASE-I specific amino acid domain was 
retrieved from the protein families (Pfam) database and 
used as a probe for the protein sequence search 
(KLKNPMLVVTDIDKSVEFYKKVFGLYVIMDFGANKTLT-
GGLALQTSETYKEFIGTSDISFGGNNFEVYFEEEDFDKFA-
DRLKEYDIEYVHPIIEHSWGQRVVRFYDPDKHIIEV). The 
BLASTP search tool was then used against the date palm 
genome (taxid:42345), previously deposited within the 
National Center for Biotechnology Information (NCBI) data-
base, to identify putative PdGLX1 proteins, which were then 
analyzed using the Hidden Markov Model (HMM) profile on 
the Pfam database.32

In silico analysis and subcellular localization prediction 
of PdGLX1

Computational and biochemical analyses, in addition to sub-
cellular localization prediction, were performed to understand 
the function of the PdGLX1 proteins in date palm. The pI/MW 
tool on the ExPASy platform was used to determine the theo-
retical molecular weight (MW) and the isoelectric point (pI).33 

Three subcellular localization prediction tools were utilized 
with default search parameters: the Wolf PSORT,34 the 
CELLO v.2.5,35 and the ChloroP localization tools.36 The pre-
sence of cis-acting elements within 1.5 kb of the deduced 
promoter region was determined using PlantCARE.37 The 
coding region from the genomic DNA was verified using the 
GSDS 2.0 tool.38 The Multiple Expectation for Motif Elicitation 
(MEME) tool was utilized for conserved motif prediction using 
default parameters.39 The phylogenetic relationship between 
PdGLX1 and other protein orthologues of Arabidopsis thali-
ana, Medicago sativa, Oryza sativa, Glycine max, and Sourgum 
bicolor was constructed using the neighbor-joining method 
and Kimura 2-parameter model implemented within the 
MEGAX software.40

Cloning of the putative PdGLX1 genes

Total RNA from date palm leaf and root samples was isolated 
using the MRIP method.41 SuperScript IV Reverse 
Transcriptase (Invitrogen, California, USA) was utilized for 
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complementary DNA (cDNA) synthesis. DreamTaq Master 
Mix (ThermoScientific, Massachusetts, USA) and gene- 
specific primers (Table S1) were used to amplify the different 
date palm putative PdGLX1 coding regions using the synthe-
sized cDNA. These amplified genes were cloned into the 
pGEM-T Easy vector system (Promega, Wisconsin, USA), 
and the sequences were verified using the standard Sanger 
DNA sequencing method. The attB1 and attB2 sites were 
integrated using PCR and suitable oligonucleotides (Table S1) 
at the 5’ and 3’ end of each gene followed by the BP-clonase 
(Invitrogen, California, USA) reaction to generate the 
Gateway-entry clone pDONR-Zeo-PdGLX. Subsequently, the 
LR-clonase reaction (Invitrogen, California, USA) was used to 
sub-clone the genes into a bacterial expression vector pET- 
DEST42 (Invitrogen, California, USA) and into a yeast expres-
sion vector pYES-DEST52 (Invitrogen, California, USA). The 
Gateway cassette of pET-DEST42 vector was excised using the 
BsrGI restriction enzyme (ThermoScientific, Massachusetts, 
USA) and re-circularized using T4 ligase (NEB, 
Massachusetts, USA). This procedure has generated an empty 
vector, which was used as a negative control for subsequent 
experiments.

Expression profile of the PdGLX1 gene family under 
stress conditions

The cDNA was synthesized using RNA extracted from the leaf 
and root tissues of date palm seedlings, as described earlier. 
This cDNA was used as a template to perform qPCR using 
Fast-SYBR (Invitrogen, California, USA) and gene-specific 
primers (Table S1) on the Biorad CFX96 Real-time PCR system 
(Biorad). The expression data were normalized to the expres-
sion of ACTIN as a reference gene42 and analyzed using the 
2−ΔΔCT method.43

Abiotic stress tolerance assay in E. coli

The bacterial expression cassettes pET-DEST42-PdGLX and 
empty pET-DEST42 were genetically transformed into BL21 
E. coli cells using the Gene Pulser Xcell electroporation system 
(Bio-Rad, USA). The transgenic cells were cultured at 37°C in 
liquid LB containing 1 mg/ml ampicillin until they reach 
a mid-exponential growth phase (OD600 ~ 0.6). 
Subsequently, PdGLX gene expression was induced by the 
addition of 0.5 mM Isopropyl β- d-1-thiogalactopyranoside 
(IPTG) followed by treatment with the different stress inducers 
included salinity (250 mM NaCl), oxidative stress (5 mM H2 
O2), and MG toxicity (0.5 mM MG). The optical density 
(OD600) was recorded at 2-hour intervals for a total growth 
period of 12 hours. The cells were then harvested to quantify 
the MG concentration. All measurements were conducted in 
three biological replicates.

Abiotic stress tolerance assay in yeast

The yeast expression cassettes pYES-DEST52-PdGLX and the 
empty pYES-DEST52 were transformed to MG hypersensitive 
yeast knockout GLO1 cell lines (YML004C; GLO1 BY4741; 
MAT a; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; YML004C:: 

kanMX4) (HVD Biotech Vertriebs Ges.m.b.H, Austria). The 
empty vector was also transformed into the wildtype yeast 
(Saccharomyces cerevisiae) parent strain (BY4741; MATa 
his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) using a previously described 
PEG-lithium acetate heat shock method.44 The transformed 
yeast knockouts cells were then streaked on synthetically 
defined (SD)-agar plates with different concentrations of MG 
and incubated at 30ºC for 72 h. Additionally, the transgenic 
yeast knockouts were cultured in SD glucose media until 
a mid-exponential growth phase (OD600 ~ 0.8), washed, and 
an equal number of cells were separately inoculated into SD 
galactose liquid media supplemented with the different stress 
conditions: 500 μM MG, 700 μM H2O2 and 500 mM NaCl. The 
growth of the cells was monitored spectrophotometrically 
(OD600) at 6-h intervals for a total of 30 h and harvested for 
MG quantification at the 30-h time point.

MG quantification

The cellular MG level was estimated as previously described.45 

Briefly, the cells were harvested from liquid culture and lysed 
by suspension in 250 μl of 5 M perchloric acid on ice for 
15 min. The lysed cells were centrifuged at 11,000 g for 
10 min, and the resultant supernatant was neutralized with 1 M 
Na2HPO4. The neutralized lysate was centrifuged at 11,000 g 
for 10 min, and 1 ml of the supernatant was transferred to 
a fresh tube, to which 10 μl of NaN3 was added. The concen-
tration of MG in the cell lysate was quantified using a reaction 
mixture containing 650 μl of the cell lysate, 250 μl of 7.2 mM 
1,2-diaminobenzene, and 100 μl of 5 M perchloric acid. The 
absorbance was measured spectrophotometrically at 336 nm 
after 3 h incubation in the dark. The concentration of MG was 
calculated from an MG standard curve (1–100 μM).

ROS accumulation in yeast cells

To evaluate the consequences of MG stress on ROS accumula-
tion in yeast knockout GLO1 cells genetically transformed with 
the different expression cassettes (pYES-DEST52-PdGLX1), the 
transgenic yeast cells were grown until an early exponential stage 
(OD600 ~ 0.6) and harvested by centrifugation at room tempera-
ture. The cells were then treated with 0.5 mM MG for 7 h at 
30ºC, followed by staining with a peroxide-specific dye 50 mM 
2’,7’-dichlorodihydrofluorescein diacetate (H2DCFAD) 
(Invitrogen, California, USA). The cells were also stained with 
a mitochondrial superoxide-specific dye 5 mM MitoSOX™ solu-
tion (Invitrogen, California, USA). The cells were stained in the 
dark for 30 min at 30ºC, washed with phosphate buffer saline, 
and the ROS levels were determined by flow cytometry using the 
BD FACSAria™ flow cytometer (BD Biosciences, USA). The 
FlowJo software46 was utilized to determine the mean fluores-
cent intensity (MFI) values from 5000 events.

Statistical analysis

One-way analysis of variance (ANOVA) and Dunnett’s T3 post 
hoc test was used to compare the statistically significant differ-
ences between the mean of tested parameters against the control. 
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Statistical analyses were performed using the IBM SPSS statistical 
package version 21 (IBM Corp. Armonk, NY, USA).

Results

P. dactylifera L. genome encodes six PdGLX1 genes

BLASTP search on the NCBI database against the date palm 
genome revealed a total of six putative PdGLX1 genes from the 
genome of P. dactylifera L. Their sequence was then retrieved 
and further classified as PdGLX1:1, PdGLX1:2, PdGLX1:3, 
PdGLX1:4, PdGLX1:5 and PdGLX1:6 with the largest being 
PdGLX1:4 with 1107 bp and the smallest being PdGLX1:6 
with 708 bp. Their locus location, gene identification number 
(id), mRNA identification number (id), protein identification 
number (id), coding sequences (CDS) length, and protein 
length are shown in Table S2.

Molecular phylogenetic analysis of the putative PdGLX1 
proteins was constructed using the Maximum Likelihood 

method (ML). The percentage of trees in which the proteins 
clustered together is shown next to the branches based on 1000 
bootstrap replicates (Figure 1a). Further, analyses of the coding 
region against the corresponding genomic sequence revealed 
the presence of eight introns in PdGLX1:1, PdGLX1:3, and 
PdGLX1:4 genes. However, only seven introns were found in 
PdGLX1:2, PdGLX1:5 and PdGLX1:6 coding sequence in the 
P. dactylifera L. genome (Figure 1b).

The retrieved protein sequences were then searched for the 
presence of specific domains using the Hidden Markov Model 
(HMM) profile on the Pfam database. The results showed the 
presence of two Glyoxalase/Bleomycin resistance protein/ 
Dioxygenase superfamily domain (PF00903.25) each for 
PdGLX1:1–5, which classifies these proteins as Ni2+- 
dependent GLX1 proteins, whereas PdGLX1:6 has a single 
GLX1 domain and therefore classified as Zn2+-dependent 
GLX1 proteins. Together, the presence of these domains con-
firmed the identity of the retrieved sequences (Figure 2, 
Table S3).

Figure 1. Phylogenetic analysis of the putative PdGLX1 proteins using the Maximum Likelihood (ML) method (a). The percentage of trees in which the proteins clustered 
together is shown next to the branches based on 1000 bootstrap replicates. Intron-exon map of the different PdGLX1 genes (b).

Figure 2. Domain architecture of the different PdGLX1:1–6 proteins.
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In-silico analysis of the molecular weight revealed that 
PdGLX1:4 had the largest molecular weight of 40.76 kDa, and 
PdGLX1:6 had the smallest molecular weight of 26.41 kDa. The 
results also showed that all the PdGLX1 proteins were acidic 
except PdGLX1:4, which was almost neutral (pI = 7.09), 
whereas the most acidic protein was PdGLX1:5 (pI = 5.17) 
(Table S4). Furthermore, computational subcellular localiza-
tion prediction showed that all the putative PdGLX1 proteins 
were localized to the mitochondria, the chloroplast, and the 
cytosol using the PSORT and CELLO tools. Consistently, 
chloroplast transit peptides were also identified in the 
sequences of all the putative PdGLX1 proteins except for 
PdGLX1:5 proteins using the ChloroP localization tools 
(Table S4).

Analyses of the putative promoter sequences showed the 
presence of various cis-acting regulatory elements within 1.5 kb 
upstream of the PdGLX1 start codon of the gene, including 
potential environmental stress and phytohormone transcrip-
tion binding sites, suggesting that different environmental sti-
muli and phytohormones may regulate the expression of the 
PdGLX1 genes (Table S5). Further, conserved motifs analysis 
using the MEME tool predicted the presence of various 7–8 bp 
conserved motifs with C/G rich regions, which may act as MG- 
responsive elements (Figure S1).

Multiple sequence analysis of the putative PdGLX1 proteins 
along with other previously well-characterized GLX1 ortholo-
gues from Oryza sativa and Arabidopsis thaliana showed that 
the GLX1 proteins are conserved. Besides, the Zn2+-dependent 
GLX1 proteins OsGLX1-8 and PdGLX1:6 had extended 
sequences which are labeled as A, B, and C (Figure 3). These 

extra sequence stretches are characteristic of Zn2+-dependent 
GLY protein. In addition, the metal-binding sites were also 
identified and marked in triangles (Q/E/H/E), whereas the Ni2 

+-dependent GLX1 metal-binding sites (Q/E/Q/E) were also 
identified (Figure 3).

Conserved motif prediction using the MEME tool revealed 
the presence of various motifs from the retrieved protein 
sequences similar to those from Arabidopsis thaliana and 
Oryza sativa (Figure 4). The results showed that the motif 1 
was shared among all the analyzed sequences. However, amino 
acid motifs 1–8 were common among all the Ni2+ dependent 
GLX1 proteins, while the Zn2+ dependent GLX1 proteins, 
AtGLX1-2, OsGLX1-8, and PdGLX1:6, had four identical 
motifs each. In addition, AtGLX1-6, PdGLX1:1, PdGLX1:2, 
PdGLX1:3, and PdGLX1:4 had nine identical motifs (Figure 4).

Phylogenetic analysis of the putative PdGLX1 and other pro-
tein orthologues of Arabidopsis thaliana, Medicago sativa, Oryza 
sativa, Glycine max, and Sourgum bicolor showed that the proteins 
were clustered into three major groups- Ni2+-dependent proteins 
(Clads I), Zn2+-dependent (Clade II) and GLX1-like proteins 
(Clade III). PdGLX1:1–5 proteins were all clustered into clade I, 
whereas PdGLX1:6 was clustered into clade II (Figure 5).

PdGLX1 genes were induced under different stress 
conditions

To examine the effect of different environmental stresses 
including saline (300 mM NaCl), oxidative (10 mM H2O2) 
and MG toxicity stresses (10 mM MG) on PdGLX1 gene 
expression in the date palm seedlings, their expression profile 

Figure 3. Multiple sequence analysis of the putative PdGLX1 proteins along with other previously well-characterized GLX1 orthologues from Oryza sativa and 
Arabidopsis thaliana. The Zn2+-dependent protein extended sequences are labeled as A, B, and C. Whereas, the Zn2+ (Q/E/H/E) and Ni2+ (Q/E/Q/E) metal-binding domain 
are shown in triangles.
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was analyzed using qPCR. The results showed that the expres-
sion of PdGLX1 genes was altered depending on the stress in 
the leaf and root tissues (Figure 6). In general, there is a trend 
of upregulation of all the PdGLX1 genes, with the expression of 
PdGLX1:1 and PdGLX1:4 being significantly (p � 0.05) upre-
gulated under NaCl stress in leaf tissues, compared to the 
control treatment. However, the expression level of PdGLX1:4 
was reduced in the 10 mM H2O2 treated leaves. A similar trend 
of upregulation was observed in the root tissues of the treated 
plants, where the PdGLX1:4 was significantly (p � 0.05) 
increased under H2O2 stress treatment. However, the expres-
sion of PdGLX1:2, PdGLX1:3, PdGLX1:5, and PdGLX1:6 was 
not considerably altered under different stress treatments 
(Figure 6).

Heterologous expression of PdGLX1 in E. coli confers 
tolerance to abiotic stresses

The E. coli BL21 cells transformed with the expression cassettes 
pET-DEST42-PdGLX1:1–1:6 (Figure 7a) and the empty vector 
pET-DEST42 (as control) were grown in the presence of dif-
ferent abiotic stresses and the cultures were monitored spectro-
photometrically (OD600). The growth of the transgenic E. coli 
cells increased significantly (p � 0.001) when compared with 
cells transformed with the empty vector under various abiotic 

stress conditions such as 0.5 mM MG, 5 mM H2O2 and 
250 mM NaCl (Figure 7b–d). In addition, the quantification 
of MG in the cells indicated a significant (p � 0.001) increase 
in the accumulation of MG in the empty control vector as 
compared to E. coli cells overexpressing the different PdGLX1 
genes under 0.5 mM MG (Figure 7b), 5 mM H2O2 (Figure 7c), 
and 250 mM NaCl (Figure 7d) stresses.

Overexpression of PdGLX1 complements stress tolerance 
in knockout GLO1 S. cerevisiae

A complementation study of the MG-sensitive GLO1 yeast 
cells transformed with expression cassettes pYES-DEST52- 
PdGLX1:1–6 (Figure 8a) and empty vector pYES-DEST52 was 
conducted. To induce the expression of the PdGLX1 transgene, 
the transgenic cells were streaked (Figure 8b) on Ura− SD- 
galactose (Figure 8c) along with different concentrations of 
MG (Figure 8d–g). To block the expression of the PdGLX1 
within the construct and therefore, to verify its effect on the 
cells under various stresses, the transgenic cells were also 
streaked on Ura− SD supplemented with glucose (Ura− SD- 
glucose) (Figure 8h) along with different concentrations of MG 
(Figure 8i–j). The results of the complementation assays 
showed that the growth of the control yeast cells (transformed 
with empty vector) was impaired when Ura− SD-galactose was 

Figure 4. Conserved motifs identified by MEME of GLYOXALASE-I proteins identified from Arabidopsis thaliana, Oryza sativa, and P. dactylifera L. Lengths of motifs of 
each GLYOXALASE-I protein are displayed proportionally.
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supplemented with 2 mM MG (Figure 8e). However, the 
growth was rescued when the yeast cells were transformed 
with the pYES-DEST52-PdGLX1:1–6 expression cassettes. In 
addition, only the wild type BY4741 cells and the PdGLX1:6 
overexpressing GLO1 yeast knockouts were able to grow at 
3 mM MG (Figure 8f) and 4 mM MG (Figure 8g). While the 
wildtype BY4741 cells were able to grow on the Ura− SD- 
glucose plates supplemented with 1 mM and 2 mM MG, the 
knockout cells were unable to grow under the same conditions 
(Figure 8i–j).

Furthermore, the transgenic yeast cells were cultured in 
liquid SD-galactose along with the different abiotic stress indu-
cers, and their growth was monitored spectrophotometrically 
(OD600) at 6 h intervals. The growth of the transgenic cells 
expressing the PdGLX1 genes increased significantly (p �
0.001) compared to the cells transformed with an empty vector 

under various abiotic stress conditions including 500 μM MG 
(Figure 9a), 700 μM H2O2 (Figure 9b) and 500 mM NaCl 
(Figure 9c). The cells transformed with the empty vector also 
indicated a significantly (p � 0.001) higher cellular accumula-
tion of MG as compared to cells overexpressing the different 
PdGLX1 genes under 500 μM MG (Figure 9a), 700 μM H2O2 
(Figure 9b) and 500 mM NaCl conditions (Figure 9c).

Overexpression of PdGLX1 in yeast reduced ROS 
accumulation

The accumulation of ROS in the transgenic yeast GLO1 knock-
out cell lines in response to the presence of 0.5 mM MG for 
seven hours was quantified by flow cytometry. The results 
revealed a significant reduction in cytosolic ROS accumulation 

Figure 5. Phylogenetic analysis of Glyoxalase-I proteins identified from P. dactylifera L. and other plant species. Circular tree constructed for the GLXI proteins from P. 
dactylifera L., Arabidopsis thaliana, Oryza sativa, Sorghum bicolor, Medicago sativa, and Glycine max using Neighbor-Joining method in MEGA X with 1000 bootstrap replicates. 
The protein sequences are characterized as Clade I for Ni2+-dependent proteins, Clade II for Zn2+-dependent proteins, and Clade III for GLX-like proteins.
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in the transgenic yeast cells with PdGLX1:1, PdGLX1:4, 
PdGLX1:5 (p � 0.001) and PdGLX1:6 (p � 0.05) genes as 
compared to knockout yeast cells transformed with the empty 
vector (Figure 10a). In addition, yeast cells transformed with 
PdGLX1:2, PdGLX1:3, and PdGLX1:6 genes had a significant (p 
� 0.05) reduction in superoxide molecules in their mitochon-

dria (Figure 10b).

Discussion

Plants sense and adapt their morphology, physiology, and gene 
expression under adverse environmental conditions by altering 
various stress signaling pathways to bring about cellular 
stability.47 Different stress-associated signaling molecules 
have been identified in plants, which includes 
phytohormones,48 ROS,49 reactive nitrogen species (RNS)50 

and reactive carbonyl species (RCN).8,51 Studies have shown 
that ROS-mediated lipid peroxidation leads to the accumula-
tion of RCN in plants.52,53 Among the RCN, MG has emerged 

as an essential stress signaling molecule.8 MG is a by-product 
of numerous enzymatic and non-enzymatic reactions. It is 
a highly reactive cytotoxic metabolite, which accumulates in 
the cell under adverse environmental conditions leading to the 
inactivation of proteins, DNA, RNA, and lipids.12,24,51 To over-
come the adverse effects of MG accumulation in the cell, 
various MG-detoxification mechanisms have been identified, 
of which the universally conserved glyoxalase system is the 
most efficient pathway involving two consecutive reactions 
catalyzed by GLXI and GLXII.10,20

In silico analysis of the subcellular localization of the various 
putative PdGLX1 proteins showed that the proteins are mainly 
localized to the cytosol, mitochondria, and chloroplast. In 
plants, ROS production is found mostly in the chloroplast, 
mitochondria, and peroxisome. Therefore, these sites may 
also be prone to ROS-mediated lipid peroxidation, which 
may lead to the accumulation of MG in these organelles.54 In 
addition, the localization of the various putative PdGLX1 pro-
teins in the cytosol may help to keep a check on the level of MG 

Figure 6. The relative expression level of the different PdGLX1 genes in the leaf (a) and root (b) tissue using qPCR method. Asterisk (*) indicates p � 0.05; mean ±SD, 
n = 3.
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produced via glycolysis.55 The localization of the putative 
PdGLX1 proteins to the chloroplast may suggest 
a mechanism to control the increasing level of MG originated 
mainly from the degradation of trios sugars via the Benson- 
Calvin cycle.56 In the mitochondria, MG disrupts the electron 
transport chain and increases the generation of superoxide, 
NO, and peroxynitrite leading to mitochondrial oxidative 

stress.57 The localization of the various PdGLX1 proteins to 
the diverse organelles may suggest that the action of the puta-
tive PdGLX1 proteins is site-specific, and responds to different 
developmental stages and metabolic conditions induced by 
cellular and environmental changes as previously 
suggested.10,21 Further, promoter region analysis showed the 
presence of various potential environmental stresses and plant 

Figure 7. Heterologous expression of PdGLX1 enzymes in E. coli BL21 provides different levels of tolerance to various abiotic stresses. The PdGLX1 genes were cloned 
into the protein expression vector (pET-DEST52-PdGLX1:1–6) under the control of the T7 promoter (a). The transgenic bacteria were grown in the presence of different 
abiotic stresses, including MG (0.5 mM MG) (b), salinity (200 mM NaCl) (d), and oxidative stress (5 mM H2O2) (f). The MG concentration in the cells was measured for each 
treatment. The growth of the cells was spectrophotometrically monitored during the experiment. Asterisks (***) indicates p � 0.001; mean ±SD, n = 3.
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hormone activated transcription factors binding sites, suggest-
ing that different environmental factors and hormones may 
regulate the expression of the PdGLX1 genes. In addition, the 
identification of various 7–8 bp C/G rich conserved motifs 
upstream of the PdGLX1 genes may suggest that these regions 
act as potential MG-responsive elements, as previously 
suggested.17

Glyoxalase-I is a metalloenzyme that requires divalent metal 
ions, such as Zn2+ or Ni2+ for its activity.58 From the date palm 
genome, we identified both the Zn2+- and the Ni2+-dependent 
PdGLX1 proteins based on the presence of the conserved 
domain sequences and the metal-binding domains. Further, 
the Zn2+- and Ni2+- dependent PdGLX1 also differed in the 
presence of conserved motifs in their protein sequences. It has 
been previously suggested that the metal binding property of 

Figure 8. Mutant GLO1 yeast cells genetically transformed with the yeast expression cassette pYES-DEST52-PdGLX1:1–6 (a). The pictorial representation of the different 
constructs are shown (b), the transgenic cells were then streaked on Ura− SD galactose media (c), along with the different concentrations of MG; 1 mM MG (d), 2 mM MG 
(e), 3 mM MG (f), 4 mM MG (g), the transgenic cells were also streaked on different Ura− SD glucose media (h), along with different concentrations of MG; 1 mM MG (i), 
2 mM MG (j).
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the GLX1 proteins can be identified based on the domain 
architecture of the proteins, where Zn2+ dependent proteins 
have a single larger domain (~140-142 amino acids) as com-
pared to two smaller (~120 amino acids) conserved GLX1 
domains found in the Ni2+ dependent GLX1 proteins. This 
notion is concurrent with our findings that the sequence of 
Zn2+ dependent PdGLX1:6 has a single conserved GLX1 
domain as compared to the other Ni2+-dependent 
PdGLX1:1–5 proteins which have two conserved GLX1 
domains.59,60 Further phylogenetic analysis of putative 
PdGLX1:1–6 proteins along with previously classified ortho-
logs from Arabidopsis thaliana, Medicago sativa, Oryza sativa, 
Glycine max and Sourgum bicolor61 show that PdGLX1:1–5 

were classified in the (Clade I) Ni2+ dependent GLX1 proteins 
whereas PdGLX1:6 was grouped into the (Clade II) Zn2+ 

dependent GLX1 proteins.
Gene expression analysis showed an increasing trend of 

PdGLX1 expression under the tested stress conditions. The 
differential expression of these genes appears to be tissue- 
specific under various environmental stresses since we 
observed a significant upregulation of the PdGLX1:1 and 
PdGLX1:4 genes in the leaf tissue in response to 300 mM 
NaCl stress, whereas there was no change in their expression 
in the root tissues under the same conditions. However, there 
was a trend of upregulation of the PdGLX1 genes in the root 
tissue in response to the H2O2 and MG stress treatment. In 

Figure 9. The growth of yeast mutant cells and the estimation of their MG content. The mutant GLO1 yeast cells genetically transformed with the yeast expression 
cassette pYES-DEST52-PdGLX1:1–6 and the empty vector pYES-DEST52 were grown in liquid Ura− SD galactose media in the presence of 500 µM MG (a), 700 µM H2O2 (b) 
and 500 mM NaCl (c). Asterisks (***) indicates p � 0.001; mean ±SD, n = 3.
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line with these observations, various reports have previously 
shown that there is an increase in the levels of MG and the 
expression of the MG detoxification GLX1 genes under stress 
conditions.13,62 Furthermore, the importance of the GLX1 
genes in enhancing stress tolerance has been verified by 
transgenic overexpression of GLX1 genes in numerous crop 
plants such as tobacco,29,63 black gram,64 rice,65 pumpkin23 

and sugar beet.28 Therefore, the overexpression of the puta-
tive PdGLX1 genes under the tested conditions implies 
a stress tolerance mechanism in date palm to maintain MG 
at a nontoxic level.

Heterologous expression of the putative PdGLX1 genes in 
E. coli cells significantly enhanced their growth and reduced 
MG accumulation. This observation can be attributed to the 
ability of the PdGLX1 proteins to enhance the glyoxalase sys-
tem in the cells, which is the main route of MG detoxification 
in bacteria.66 Moreover, it is consistent with previous reports 
indicating that various stress conditions lead to the accumula-
tion of MG, which in turn hinders the growth of bacteria.67–69 

Our conclusions are also supported by previous findings show-
ing that overexpression of the Arabidopsis GLY1 confers stress 
tolerance to E. coli cells.45

In yeast, the detoxification of MG is controlled by the GLO1 
and GRE3 genes. Therefore, mutant yeast cells lacking PdGLX1 
genes were sensitive to exogenous application of MG and 
showed a higher cellular accumulation of MG due to the loss 
of function of the GLO1 gene.70 In the present study, the yeast 
complementation assay showed that the PdGLX1 genes were 
able to complement the loss in function of the MG-sensitive 
GLO1 knockout yeast cell line genetically transformed with 
PdGLX1:1–6. These transgenic yeast cells displayed normal 
growth in Ura−SD-galactose supplemented with high MG con-
centration, whereas the growth of the empty vector control 
cells was hindered even at a low MG concentration. The 
PdGLX1 genes were cloned under the control of the GAL1- 
promoter, which is activated by galactose and suppressed by 
glucose. Therefore, the enhanced growth was not observed 
when the transgenic GLO1 cells were streaked on Ura− SD- 
glucose supplemented with low concentrations of MG. This 
test showed that PdGLX1 genes are responsible for enhancing 
the growth of the GLO1 knockout yeast. Among the different 
overexpressing PdGLX1:1–6 GLO1 knockout yeast cell lines, 
the overexpression of the Zn2+-dependent Glyoxalase-I protein 
PdGLX1:6 showed enhanced survival of the GLO1 knockout 
lines on Ura−SD-galactose plates supplemented with high MG 

Figure 10. ROS quantification by flow cytometry in GLO1 mutant cells transformed with PdGLX1 genes or the empty negative control vector. The cells were stained to 
detect cytosolic ROS accumulation using H2DCFAD stain (a) or the mitochondria specific superoxide using the MitoSOX™ stain (b). Graphs indicate the mean fluorescent 
intensity (5000 events). Asterisks (***) indicates p � 0.001, Asterisk (*) indicates p � 0.05; mean ±SD, n = 3.
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concentration. This finding may suggest a greater efficiency of 
the Zn2+-dependent protein than that of the Ni2+-dependent 
protein in the detoxification of MG, which is consistent with 
previous studies in other plant species.71 Further, overexpres-
sing the putative PdGLX1 genes enhanced not only the MG- 
detoxification activity but also the antioxidant activity and, 
hence the salinity stress tolerance of the GLO1 knockouts 
mutants.

Cumulatively, our observations imply that the PdGLX1 
protein family can catalyze MG detoxification and maintain 
the cellular redox balance in the date palm, thus enabling its 
growth under various stress conditions. Future experimental 
works, including overexpression and localization of PdGLX1 
genes in planta, are needed to understand better the MG 
detoxification and antioxidant mechanisms conferred by 
PdGLX1 genes in date palm.
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