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Abstract

Right and timely expression of the stress regulatory genes is required for plants to compete against abiotic stresses; it neces-
sitates the isolation and characterization of stress-responsive promoters for improving crops' tolerance to abiotic stresses.
Dehydration Responsive Element Binding (DREB) regulates the expression of numerous stress-responsive genes in plants
and leads an inevitable role in the adaptation of plants to abiotic stresses. In this study, the promoter region of Phoenix dac-
tylifera (Date palm, a major fruit crop of the arid region) PADREBI1G gene was isolated and characterized for the first time.
A comparison of the activity of two promoter fragments, 880 bp (DS) and 1.6 kb (DF) of PADREB1G to AtRD29A was
performed. Histochemical assay displayed remarkable GUS staining and RT-qPCR analysis confirmed the induction of GUS
expression in T, plants of transformed tobacco subjected to different abiotic stresses. Furthermore, compared with the widely
used AtRD29A promoter, the relative expression of GUS in leaves by DS and DF was three and twofold higher under salt
stress, respectively, while it was twofold in polyethylene glycol (PEG) and abscisic acid (ABA) for DS. Under SA stress, DF
and DS displayed 1.5 and onefold expression in leaves, respectively. In the root, DS showed a fourfold increased expression
in salt, threefold in PEG and ABA, and twofold in SA. Hence, the DS promoter characterized in the present study becomes
a choice over RD29A for abiotic stress responses and is useful to develop stress-tolerant transgenic plants by inducing the
expression of stress-inducible genes on stress.

Key message

Novel inducible promoter DREB1G cloned from the Date palm, a major fruit crop of the arid region, exhibiting high fold
expression over AtRD29A to drought and salinity stress is useful to develop stress-tolerant transgenic plants by inducing
the expression of stress-inducible genes on stress.
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Abbreviations IAA  Indole-3-acetic acid
ABA Abscisic acid PEG Polyethylene glycol
DF  DREB full (1.6 kb) SA Salicylic acid

DS DREB short (880 bp)
GUS  p-Glucuronidase
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Promoters are crucial regulators of gene expression due
to the presence of important cis-acting elements. Promot-
ers are upstream gene regulatory sequences recognized by
transcription factors (TFs) involved in controlling transcrip-
tion initiation and progression. In modern crop improvement
strategies, the design of efficient gene constructs relies on
promoter efficiency, tissue specificity, and other character-
istics that allow the introgression of agronomically relevant
traits to overcome biotic and abiotic stresses (de Melo et al.
2021). The widely used promoter for the development of
transgenic plants, pCaM V35S is reported to have other
effects like gene silencing and metabolic penalties impact-
ing plant fitness (de Melo et al. 2021). The constitutive
promoters cause unnecessary high gene expression all the
time which leads to interference with other cellular path-
ways of plant development (Zhang et al. 2016; Jiang et al.
2018). Variability in the expression pattern of genes under
CaMYV 35S promoter across different plant species, among
and within tissues, and under different environmental con-
ditions has been exemplified (Schnurr et al. 2000). Post-
transcriptional and translation silencing by overexpression
of genes under 35S promoter has been documented well
(Rajeevkumar et al. 2015). The pros and cons of 35S pro-
moter with its limitation to use it as a preferred promoter are
also reviewed (Amack and Antunes 2020). To circumvent
the negative impacts of constitutive promoters, the iden-
tification and functional characterization of plant-derived
stress-inducible promoters be on focus as an alternative to
drive the expression of the genes on stress with no negative
impact on plant growth. The inducible promoters that cause
temporal expression of a gene based on certain stimuli are
enable to eradicate the negative effects of the constitutive
promoters. They are used to express stress-tolerant genes
under certain stressful conditions such as drought, heat, cold,
dehydration, and oxidative environment (Rai et al. 2009;
van Essen et al. 2010). Overexpression of AfDREBIA under
stress-inducible AtRD29A promoter in transgenic Arabi-
dopsis and rice showed improved tolerance to abiotic stress
with no abnormalities in plant growth (Kasuga et al. 2004;
Kong et al. 2016). Besides, the right expression of the stress
regulatory genes in a spatiotemporal fashion is required
to target diverse abiotic stresses (Kasuga et al. 1999), and
it mandates a well-characterized inducible promoter. The
review on the impact of inducible promoters in transgenic
plant production and crop improvement (Misra and Gane-
san 2021) signifies the importance to look for act-on stress
promoters. High-level expression by inducible promoters has
been reported under different stresses: salinity and osmotic
stress-inducible GAPP promoters from maize (Hou et al.
2016), heat-inducible Apx, Dhn and Hsc70 from pearl mil-
let (Divya et al. 2019), osmotic and cold stress-inducible
BBX24 promoter from chrysanthemum (Imtiaz et al. 2015),
drought stress-inducible promoters RD29A and RD29B
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from Arabidopsis (Bihmidine et al. 2013), and osmotic
stress-inducible DREB2, DREB6, and Wdreb2 from wheat
(Wang et al. 2021). Among various abiotic stress promoters
characterized, the AtRD29A promoter is the prime one with
stronger activity under drought stress (Yamaguchi-Shinozaki
and Shinozaki 1993, 1994), therefore, it has been success-
fully used to drive the expression of drought-tolerant genes
in different plant species (Kasuga et al. 2004; Bihmidine
et al. 2013).

Dehydration Responsive Element Binding (DREB) gene
has been widely gaining attention as these are important
plant transcription factors involved in pathways for enhanc-
ing abiotic stress tolerance by regulating the expression of
many stress-inducible genes. However, the functionally
characterized promoters of DREB transcription factors are
relatively limited: DREB3 from soybean (Xiao et al. 2008),
DREBIB from rice (Gutha and Reddy 2008), DREB2C
from Arabidopsis (Chen et al. 2012), DREB1 from buck-
wheat (Fang et al. 2015) and DREB2, DREB6 and Wdreb2
from wheat (Wang et al. 2021). The studies on DREBIG
are limited to the expression of the OsDREBIG gene of rice
which is documented as a cold stress-responsive DREB gene
(Moon et al. 2019).

Date palm (Phoenix dactylifera L.), an important fruit
crop of the Arecaceae family is a perennial and dioecious
monocot widely cultivated in arid and semi-arid regions of
North Africa and the Middle East. Its adaptability to arid
and semi-arid regions, especially to withstand temperature
fluctuations, ranging from 56 to 60°C to a few degrees below
zero (Safronov et al. 2017) makes it a choice to explore the
genome to design strategies like cloning of stress-inducible
promoters as well as genes imparting tolerance and thereby
the development of resilient crops.

We have investigated the promoter potential of the
upstream region of the date palm DREBIG gene for the
first time. The activity of the promoter fragments cloned
from Date palm was evaluated in transgenic tobacco plants
under different stress conditions viz., salinity, drought, cold,
abscisic acid (ABA), and salicylic acid (SA). Further, in the
present study, the promoter activity was also compared to the
widely used stress-inducible promoter AtRD29A.

Materials and methods

Plant material and cloning of the promoter
fragments

Leaf tissues of Date palm (Phoenix dactylifera L.) cv. Kha-
las were collected from the Date Palm Research Center,
UAE University, Al Ain. DNA was extracted from the
leaf tissues ground in liquid nitrogen using the Bioline
DNA extraction kit (Meridian Biosciences, TN, USA)
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Fig.1 Schematic drawing of the PADREB1G promoter expression cassette in the pPCAMBIA1391Z::GUS vector

following the kit protocol. The DNA was quantified using
Nanodrop 2000 (ThermoScientific, USA). The primers for
the DREB1G promoter were designed from the upstream
sequence of the translational start codon of the PdDREBIG
gene sequence retrieved from the date palm genome data-
base (NW_008246748.1:¢253756-251297 Phoenix dactyl-
ifera cultivar Khalas unplaced genomic scaffold, DPVO01
pdS000242) using Primer3 (Koressaar and Remm 2007;
Untergasser et al. 2012; https://bioinfo.ut.ee/primer3-0.
4.0/). The two promoter fragments (1.6 kb and 880 bp) were
amplified using the primers DREB-F1: CGGAATTCCCG
TGCTATGGCATGATTA, DREB-R: TGCCTAGGGTTTCT
CGGGGACTGATTGG, and DREB-F2: CGGAATTCAAT
GGTGCCA TGAATTGGAT (DREB-F1 and R for 1.6 kb
and F2 and R for 880 bp (the bases in italics represents
the restriction sites of EcoRI and Avrll for the forward and
reverse primers respectively). The PCR was performed with
the primers using Phusion High-Fidelity Taq polymerase
(NEB, USA) following the program: initial denaturation
at 98 °C for 30 s, and 30 cycles of denaturation (at 98 °C
for 10 s), annealing (at 55 °C for 20 s) and extension (at
72 °C for 40 s) with a final extension at 72 °C for 10 min.
The RD29A promoter (730 bp, AB019226.1) from Arabi-
dopsis thaliana DNA (extracted using DNeasy Plant Mini
kit, Qiagen, Hilden, Germany) using the primers RD29A-
F (CGGAATTCGTGAATTAAGAGGAGAGAGGAGG)
and RD29A-R (TGCCTAGGTTTCCAAAGATTTTTTTC
TTTCC) by following the above PCR program. The ampli-
fied PCR products were electrophoresed on 1% (w/v) Aga-
rose gel and the fragments were purified using a QIAquick
PCR gel extraction kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. The purified amplicons
were cloned into the pCR®-Blunt II-TOPO® vector using
the Zero Blunt TOPO PCR Cloning Kit (ThermoFisher, MA,
USA) following the kit protocol. The cloned fragments were
confirmed by sequencing (Macrogen, Seoul, South Korea).

Analysis and comparison of Cis-elements
The sequence of PADREBI1G promoter fragments was

scanned for the presence of cis-acting elements using the
program PlantCARE (Lescot et al. 2002; http://bioinforma

tics.psb.ugent.be/webtools/plantcare/html/). The regula-
tory elements were analyzed using the PLACE (Higo et al.
1999; http://www.dna.affrc.go.jp/PLACE/) database. The
upstream region 1.6 kb and 880 bp from the start codon
of the PADREBIG gene were analyzed and compared to
AtRD29A promoter.

Construction of the promoter-GUS reporter vectors

The promoter fragments were cloned upstream of the gusA
reporter gene of the plant transformation plasmid vector
pCAMBIA1391Z. The gusA gene has a 5’-extension with
a catalase intron to ensure the expression in plants but not
in bacteria. The plasmid has genes for selecting kanamycin
(nptl) resistance in bacteria and hygromycin (enhanced
35S:hpt) resistance in plants. The promoter fragments
digested from the pCR®-Blunt II-TOPO® vector with
EcoR1 and Avrll restriction enzymes were ligated into the
pCAMBIA1391Z vector containing gusA gene digested
with the same enzymes using T4 DNA ligase (NEB,
USA) to construct the plant transformation vector pPCAM-
BIA1391Z-Pprepic.1.6--GUS named as DF and pCAM-
BIA1391Z-Pprepic.sso’:GUS named as DS (Fig. 1). The
plasmid vector pPCAMBIA1391Z-Pgpy504::GUS (as RD29A
hereafter) was developed by ligating the digested frag-
ment of the RD29A promoter as above. The ligated plas-
mids were transformed into DHS5a by the chemical trans-
formation method. The plasmids of the positive clones
confirmed by PCR using the promoter-specific primers as
described previously were extracted using QIAprep spin
Miniprep kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. The quantity of the plasmids
was measured by Nanodrop 2000 and the sequence was
confirmed by sequencing (Macrogen, Seoul, South Korea).
The recombinant plasmids of DS, DF, RD29A, and also
pCAMBIA1391Z-35S::GUS were mobilized into disarmed
hypervirulent A. tumefaciens strain EHA105 (Hood et al.
1993) through electrotransformation. The positive colony
(confirmed by PCR with specific primers) selected was
used for tobacco transformation.
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Agrobacterium-mediated transformation of tobacco

The binary vector constructs in A. tumefaciens strain
EHA 105 streaked on solid LB medium (10 g 1! Tryptone;
5 g I"! Yeast extract; 5 g 17! NaCl; 15 g 17! bacteriological
grade agar) plates containing 25 mg 17! rifampicin (Phy-
totechnology Laboratory, KS, USA) and 50 mg 1"! kana-
mycin (Phytotechnology Laboratory, KS, USA). Single
colonies of the bacteria were transferred into 25 ml liquid
LB medium containing antibiotics in a 50 ml sterile Fal-
con tube and incubated overnight horizontally on a shaker
(250 rpm) at 28 °C. The cells were pelleted by centrifu-
gation at 8000 xg for 7 min after reaching the culture at
0.5-0.6 OD (ODg). The LB medium was replaced with
an equal volume of liquid MS (Murashige and Skoog 1962;
Phytotechnology Laboratory, KS, USA) medium (3% w/v
sucrose) containing 200 pM acetosyringone (Acros Organ-
ics, Geel, Belgium). After dispersing the pellet, the bac-
terial culture was incubated at 50 rpm for 1-2 h at room
temperature (22-23 °C).

Nicotiana tabacum cv. SR1 was transformed for pro-
moter characterization. Leaf segments of tobacco (1.5
to 2.5 cm segments excised from in vitro grown tobacco
plants on half-strength MS medium with 2% (w/v) sucrose
were immersed in the Agrobacterial suspension for 20 min
and was followed by vacuum infiltration of 10 min. The
infected leaf segments were blot-dried on sterile filter
paper and co-cultivated on MS medium (with 3% sucrose)
supplemented with 9.4 pM Kinetin (Sigma, USA), 5.7 pM
Indole-3-acetic acid (IAA; Sigma, USA), and 200 uM ace-
tosyringone. Co-cultivated plates were incubated in dark
at 25+ 2 °C for 2 days. The co-cultivated leaf segments
were washed with 300 mg 17! timentin (Phytotechnology
Laboratory, KS, USA) solution, blot dried, and cultured
on a regeneration medium with the selection agent i.e.,
MS medium with 9.4 uM Kinetin, 5.7 pM TAA, 300 mg I
timentin, and 25 mg 1I"! hygromycin (Phytotechnology
Laboratory, KS, USA). The shoots grown were transferred
on MS basal medium supplemented with 100 mg I"! timen-
tin, and 25 mg 1"! hygromycin in 3—4 weeks. The well-
grown shoots were rooted on half-strength MS medium
(with 2% sucrose) containing 100 mg 1I™' timentin, and
25 mg ™! hygromycin. The pH of all plant tissue culture
media was adjusted to 5.8 before the addition of 0.8%
(w/v) agar (PlantMedia, Ohio, USA) in the case of solid
media and was autoclaved at 121 °C (15 1b) for 20 min.
Antibiotics and filter-sterilized plant growth regulators
dissolved in respective solvents were added to the media
after autoclaving. All the plant cultures were incubated
in a growth room at 25 + 1 °C (60-80% humidity) in 16 h
light: 8 h dark photoperiod under white fluorescent tubes
(40 pmol m~2 s~!) unless otherwise mentioned.
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Molecular confirmation of transgenic plants

Genomic DNA extracted from leaves of rooted shoots grow-
ing on half-strength MS medium (with 2% sucrose) contain-
ing 100 mg 1"! timentin, and 25 mg I"! hygromycin using
the cetyltrimethylammonium bromide (CTAB; Sigma, St.
Louis, USA) method as described by Dutta et al. (2013).
Putatively transformed plants (9 independent lines) were
confirmed by the presence of DS and DF with respective
primers as described earlier and the gusA gene using PCR.
PCR reactions were performed in a volume of 20 pl contain-
ing 1 X reaction buffer, 100 ng of DNA template, 1.5 mM
MgCl,, 0.2 mM of each of the dNTPs, 0.2 uM of each
primer, and 2.5 unit of HotStar Taq DNA polymerase (Hot-
Star Tag DNA polymerase kit, Qiagen, Hilden, Germany).
The PCR conditions of gusA gene-specific primers (GUS-F:
ATGAACATGGCATCGTGGTGATTG; GUS-R: GAGATC
GCTGATGGTATCGGTGTG) consist of 95 °C for 15 min,
25 cycles of 94 °C for 20 s, 60 °C for 20 s, 72 °C for 30 s
and a final extension of 72 °C for 5 min. The plasmid DNA
(pCAMBIA1391Z) was used as a positive control, whereas
DNA isolated from untransformed plants (WT) was used as
the negative control.

Acclimatization of transgenic (T,) plants

PCR confirmed plantlets after washing were planted in a
soil mix (sand and peat; 1:1) in small pots (8 cm w X 8.5 cm
ht). The pots were initially covered by a polyethylene bag
for 10 days to retain moisture during the acclimatization
in the plant room (25 +2 °C, 70% humidity, 16 h light: 8 h
dark photo-period, 400 pmol/m?/s—Heliospectra LED
Lights). The well-growing plantlets were transplanted into
5 L pots (21 cm wx 19 cm ht) and grown till seed harvest
(5—6 months).

Generation of T, and T; plants

The transgenic T, tobacco seeds with promoters and gusA
gene collected from different T, plant lines were surface
sterilized separately by treating with 10% (v/v) Clorox solu-
tion in 2 ml Eppendorf tubes for 10 min with inversion. After
washing three times with sterile water, the blot-dried seeds
were cultured on half-strength MS (2% sucrose) containing
25 mg I"! hygromycin for germination. The healthy plants
derived from T, seeds after 20 days were selected based on
segregation and were transplanted into the soil as described
previously. T, transgenic tobacco seeds germinated on
hygromycin containing half-strength MS were subsequently
transplanted into soil and collected the seeds from the dried
pods. The T; plantlets were used for the promoter analysis
studies.
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Abiotic stress treatments

For characterization and elucidating the response of
PdDREB1G promoter to different abiotic stresses, 25-day-
old transgenic T; plantlets (three lines each) of DS, DF,
RD29A, 358, and untransformed plantlets (WT) were sub-
jected to 150 mM NaCl, 10% (w/v) PEG6000, 20 uM ABA,
10 uM SA, 4 °C for 24 h. After 24 h some of the treated
plantlets were collected for GUS staining; the remaining
plantlets (leaves and roots) were frozen in liquid nitrogen
and stored at -80 °C for the real-time qPCR analysis. All
experiments were repeated three times.

Histochemical GUS assay

Seedlings (15- and 25-days) of WT and transgenic plants of
DS, DF, RD29A, and 35S were collected for GUS expres-
sion analysis in response to various abiotic stresses. Histo-
chemical staining was performed following the procedure
described by Jefferson et al. (1987). The samples collected
from transgenic plantlets and WT with and without stress
were transferred into the GUS assay buffer (1 mg m 17!
X-Gluc, 100 mM sodium phosphate buffer pH 6.8, 0.5 mM
potassium ferrocyanide, 0.5 mM potassium ferricyanide,
100 pM Na,EDTA) and after applying vacuum (10 min)
were incubated overnight at 37 °C. The chlorophyll was
removed by repeated washing with absolute alcohol: ace-
tic acid (3:1, v/v) solution. After destaining, the samples
were stored in 5% (v/v) acetic acid and photographed (Nikon
D5300). For each construct, samples were collected from at
least three different transgenic lines.

RNA isolation and RT-qPCR analysis

Total RNA from the leaves and roots of the transformed
tobacco seedlings and control was extracted using Max-
well® RSC Plant RNA Kit (Promega, Madison, USA).
The quantity and quality of RNA were checked by Nan-
odrop 2000 and gel electrophoresis, respectively. cDNA
was synthesized from 1 pg total RNA using a QuantiTect
Reverse Transcription kit (Qiagen, Hilden, Germany) fol-
lowing the manufacturer’s instructions. The gqRT-PCR reac-
tions were carried out in a total of 10 pl volume containing
2 pl of diluted cDNA (1:5), 200 nM of gusA gene primers
(GUS-qF: GAATACGGCGTGGATACGTTAG; GUS-qR:
GATCAAAGACGCGGTGATACA) and 5 pl of 2 x Fast
SYBR Green PCR Master Mix (Applied Biosystems, CA,
USA) in an optical 96 well plate using a StepOnePlus™
Real-Time PCR System (Applied Biosystems, CA, USA).
gRT-PCR temperature cycle was set up as 95 °C for 10 min,
40 cycles of 95 °C for 10 s, 58 °C for 15 s, and 72 °C for
20 s. The transcript level of the gusA gene under the con-
trol of different promoters between samples was compared

by the 2724 method (Livak and Schnittgen 2001). Actin
(LOC_107821481) tobacco (NtACT-qF: AGGCTGTCC
TTTCCTTGTATG; NtACT-qR: CAAAGCATGACCCTC
GTAGAT) was used as an endogenous reference gene for
normalization and calculating the fold change of transgene.
Three technical replicates were analyzed for each biological
replicate.

Statistical analysis

For all the stress experiments, the relative expression of
the genes and standard error values were analyzed using
the Microsoft Excel program. The data values represent
means + SE from three independent experiments. Student
t-test was performed to assess the significant differences
between control and treatment conditions. Differences of
P <0.05 were considered significant.

Results

Bioinformatic analysis of the PADREB1G promoter
sequence

A 1.6 kb fragment (DF) and 880 bp fragment (DS) located
upstream of the start codon (ATG) of PADREBIG were iso-
lated from the genomic DNA of the date palm cv. Khalas.
The analysis of the promoter sequences using PLACE and
PlantCARE showed many abiotic stress-responsive cis-
elements. The frequency of cis-elements related to abiotic
stress in the DF, DS fragments, and RD29A was compared
(Table 1). The results revealed that the promoter sequences
contain several water-deficit responsive cis-acting elements
such as EBOXBNNAPA (CANNTG), DREICOREZM-
RAB17 (ACCGAGA), ABRELATERD1 (ACGTG), ACG
TATERD1 (ACGT), MYB2AT (TAACTG), MYBCORE
(CNGTTR), MYB1AT (WAACCA), MYB2CONSENSU-
SAT (YAACKG). G-box (CACGTG) and TC-rich repeats
(GTTTTCTTAC) are responsible for dehydration and
salinity tolerance. The LTRECOREATCOR15 (CCGAC)
represented low-temperature tolerance. The DF fragment
contained one SA-responsive TCA (CCATCTTTTT) ele-
ment. The numbers of ABRE elements accountable for the
activation of genes under early dehydration were 11 and 10
in DF and DS fragments, respectively. EBOXBNNAPA was
intended for dehydration, and the ABA-responsive elements
were nine in the DF region and three in the DS fragment.
Two G-box regions in DF and one in DS were responsible
for dehydration, high salinity, and ABA response. There
were two DREICOREZMRAB17 and TC-rich repeats in
the DF fragment and one each in the DS fragment which is
significant for drought and salinity tolerance. The promoter
sequence showed two cold-responsive LTR elements which
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Table 1 Comparison of Cis-
regulatory elements related to
abiotic stresses in PADREB1G

Cis-regulatory elements

Core sequence

Number of cis-regula-
tory elements

Description

promoter fragments and DF DS AtRD29A

AtRD29A (DF-DREB Full; DS

— DREB Short) MYBCORE CNGTTR 2 0 0 Dehydration
MYB2AT TAACTG 1 0 0 Dehydration
MYBIAT WAACCA 1 1 0 ABA, Dehydration
MYB2CONSENSUSAT  YAACKG 1 0 0 Dehydration
EBOXBNNAPA CANNTG 9 3 2 Dehydration, Cold, ABA
DRE1COREZMRAB17 ACCGAGA 2 1 0 Drought, ABA
ABRELATERD1 ACGTG 7 6 1 ABA, Dehydration
ACGTATERD!1 ACGT 11 10 5 Early dehydration
ACGTTBOX AACGTT 1 1 1 Dehydration
LTRECOREATCOR15 CCGAC 2 2 4 Cold, ABA, Drought
GBOX/CACGTGMOTIF CACGTG 2 1 0 Dehydration, high salinity, ABA
TC-rich repeats GTTTTCTTAC 2 1 0 Salinity
TCA-element CCATCTTTTT 1 0 0 SA responsiveness
DRE2COREZMRAB17 ACCGAC 0 0 3 ABA, drought
DRECRTCOREAT RCCGAC 0 0 4 ABA, drought, cold
CBFHV RYCGAC 0 0 4 Cold
DREDRIATRD29AB TACCGACAT O 0 2 Drought, Cold, Salt

were on the DS region. There were two MYBCORE and one
MYB2AT region in DF and one each MYB1AT region in
DF and DS fragments which are important for dehydration
stress response (Fig. 2 & 3).

PCR confirmation, GUS assay, and characteristics
of the PADREB1G promoter in response to various
abiotic stresses

Putatively transformed plants (9 independent lines) were
confirmed by the presence of DS and DF (with respective
primers) with an amplicon of 880 bp and 1.6 kb, respectively
(Fig. 4a). All transgenic plants were also confirmed by the
gusA gene (an amplicon of 353 bp) using PCR (Fig. 4b). The
GUS assay of the transgenic seedlings with the gusA gene
under the promoter fragments of the present study (DF and
DS), under AtRD29A and 35S, showed GUS activity. The
GUS staining of the transgenic plants with the gusA gene

-1.6 kb

under the control of DF and DS exposed to salt and PEG
treatment showed intense blue staining (Fig. 5). Treatment
with ABA showed comparatively less staining (Fig. 5). The
staining after exposure to SA and cold was more intense
in DS compared to DF (Fig. 5). The positive controls with
35S promoter displayed staining in all the stresses, but was
less intense to non-stressed of the same (Fig. 5). AtRD29A
deep blue staining in all stress conditions except cold. No
GUS activity was detected in non-transgenic control (WT)
plants (Fig. 5).

Quantitative gusA gene expression levels

Quantitative gusA gene expression levels of the DS and
DF fragments measured via real-time PCR analysis after
exposure of T tobacco seedlings to 150 mM NaCl, 10%
polyethylene glycol 6000 (PEG 6000), 20 uM ABA, and
10 uM SA revealed high transcript levels of gusA compared

l -MYB2AT/MYBCORE/MYB1AT
l -TC-rich repeats

+1 [l -TcA element

~HH - HHHHHHH-HHHH AR AR o
SRR RAREAR o

PADREB1G::GUS [ EBOXBNNAPA
[ -5-BoX/ ABRELATERD1

[l -ACGTATERD1
A\ LTRECOREATCOR15
[]-DRET

D-Repressor region

Fig.2 Diagram of the main cis-acting elements in the full-length PADREB1G (DF; 1.6 kb) and short promoter PADREB1G (DS; 880 bp)
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- CIGTTATAGA

+

GIGCCTCGCA
- CACGGAGCGT

+

ATGTGGCTGA
TACACCGACT

+ RAGAAGAAGA
= TICTTCTTCT

+ ARCTCGIGRA
= TIGAGCACTT

+ CCCATCICTG
- GGGTAGAGAC

+ CRATTTACGG
= GITARATGCC

+ ACGCCOGTGC
- TGCGGGCACG

+ CTCGTATGGG
= GAGCATACCC

DRE1COREZMRAB17 ABRELATERD1/ACGTATERDL

+ TACGGIGTAA
- ATGCCACATT

+ CGAGTIGCCA
= GCTCRACGGT
+ GACARACCCG
= CIGTTIGGGC

+ CRACCTGGCA
= GITGGACCGT

ATGCTATIGGC
TACGRTACCG

TGGCGCTAGA
ACCGCGATCT

TCTTATCACT
AGAATAGTGA

ATCAARTATT
TAGTTTATAA

AGTITTTAMARC
TCAARRITTG

GACTACAMAAT
CTGATGITTA

Repressor region

TTAGTAGARN
AATCATCTTT

CCCATATCGG
GGGTATAGCC

TTIGGGIGGA
ARACCCACCT

AGCAGGGGARG
TCETCCOCTC

GAGGCGGGGE
CTCCGLCCCC

CTACTCTARA
GATGAGATTT

ACTGCCAARG
TGACGGITTC

ATTAAGICCG

TRATTCAGGC GTIGRACCGC TTGGT.

GAGGCCCACC
CTCCGGETGE

CACACCGCCA
GIGTGGCGET

CCTGCCCTCGE
GGACGGGAGC

EBOXBNNAPA

CGCATCX
GCGTAGT.

AGAACCGAGA
TCITGGCTCT

MYBCORE/MYB2AT/
MYB2CONSENSUSAT

ATGATTATAR TTTTTGCACAR
TACTAATATT ARAAACGIGT

GTTITACCCTT GIGGTCCCTC
CRRAATGGGAR CACCAGGGAG

ARTAATTTCT GGATAATTAT
TTATTAAAGA CCTATTAATA

TCAARTTGAG CTIGATIICA
AGTTTAACTC GRACTARAGT

CCTCRATCAT CRATCTACTA
GGAGTTAGTA GTTAGATGAT

TCTCCGCART CTCAATTCCA
AGAGGCGTTA GAGTTAAGGT

ETGATEAARR ARATCTITAR
TACTATTTTT TTTAGRANTT

ARAGACTCGT TCCAGAGCCT
TTICTGAGCR AGGTCTCGGAR

ARATARAACC GGAGAGGGAT
TTTATTITGG CCICTCCCTA

EBOXBNNAPA  EBOXBNNAPA/ACGTATERD1/ABRELATERD1/GBOX

CCCCGTGTTC CT
GGGGCACAAG GAGGGA

CGIGACACTA TATAGAGAGG
GCACTGIGAT ATATCTICICC

ARAGTTATGT AGATGGAGAR
TTTCAATACA TCTACCTICIT

TCGCACGAAT CTCTCACAGR
AGCGTGCTTA GAGAGTGICT

CRACTTGGCG AACCATTACT
AATGA

TAACTGCAAG TTTITTATTC CARTATCATT
ATTGACGTTC AARAAATAAG GTTATAGTAR

TC-Rich repeats

CTTTGTACGC AGCAAGTATT ATAGTTTITCT
GARACATGCG TCGTTCATAR TATCAARAGA

GATATGGGTA TGTCTATCCC TTCCACCAGA

CTATACCCAT ACRGATAGGG AAGGTGGTCT

EBOXBNNAPA

CACCTARATC GGGACCCATA TGTCARATCT

GTGGATTTAG CCCTGGGTAT A[NEEENG>
EBOXBNNAPA

ARGTGRATAT GRA CCGAGTGCCG
TTCACTTATA GGCTCACGGC
GATITTGTTT TTATAAARTCA ATATGCCATG
CTAAARCAAR AATATTTAGT TATACGGTAC

MYBCORE/DRE1COREZMRAB17

CCGAGAGTTG CAGGATTIGC TATATGTGAG

GGCTCTCAAC GTCCTARACG ATATACACTC
ESOXBNNAPA

GGCGGGTGTC TCCRAATCCT
CCGCCCACAG AGGITTAGGA

GAAGGACGCT TGCGTGARAGC CCCAGARCCG
CTTCCTGCGR ACGCACTICG GGGICTTGGC

CTA GGTGCCTCAC
GAT CCRCGGAGTG

TGGTGC CATGAATTGG ATGGCCTCAT
GHTTACCACG GTACTTAACC TACCGGAGTA

ARGAARATTG CCTAAGGCAC TCGCAARGAG
TTCITTTAAC GGATTCCGTG AGCGITTCTC

TTGGATTTTA CARGATTIGC TGGACCCCCR
ARCCTARAAT GTTCTARACG ACCTGGGGGT
ACGTATERD1 ABRELATERD1/ACGTATERDL
ceeTAEEEEG CATTCATATA
GCCATTGCAC TTTGCACGTG GTAAGTATAT

EBOXBNNAPA  £20xgNNAPA/ ABRELATERD1/ACGTATERD1/GBOX

ATATC GGACC A
TAT CIGG

AGGARAGGTC CATCTCITGG
TCCTTTCCAG GTAGAGARACC

CATCCGGTGC ACCTACCCAG
GTAGGCCACG TGGATGGGTC

ACGTATERDL
Ganx ceaigEETC:

CTTT GCTTIGCRAGT

TCCTCCCTTC
GG AGGAGGGAAG

CCATATCCGG TAACCCAITC
TAN GGTATAGGCC ATTGGGTAAG

GCCCTCCCCG AGTCCCAGTC AAGGAGCGAC
CGGGAGGGGC TCAGGGTCAG TTCCTCGLTG

ATTTATTAGG CCTCATCTAT ATATCARACC
TARATRATCC GGRGTAGATR TATAGTTIGG
ABRELATERD1/ACGTATERDL
TGATTGCACG GCTIMEET GCROGCCGTG
ACTAACGTGC CGATGCACCR CGTGCGGCAC

LTRECOREATCOR15

CTCCTGGTAG TCGGAACCAG TCTCCARTAG
GacGaccaTl] T TGGTC AGRGGTTATC

MYBIAT
GCCATTACAT ATATACTTTC ARAAAGGACR ARACCHXAAC AAGCTTCGCT TAGCCCGAAR
CGGTARTGTA TATATGAAAG TTITTCCTGT TTIGGTITTG TTCGARGOGR ATCGGGCITT

ABRELATERD1/ACGTATERD1

CCCATAAGTC
GGGT.

CITAC CRAGTCCTIGC
TG GTTCAGGACG

TC-RICH REPEATS

CCTTICTGGAT CCCACTCAGC TTGCCARCGC
GGRAGACCTA GGGIGAGICG AACGGTTECG
LTRECOREATCOR1S

TACCGTGTGC CGCOGTAAGRR ARTGACCTAR TTCCCCCTAC ATATATACTC T:TT
ATGGCACACG GCGEBTTICTT TTGCTGGATT ARGGGGGATG TATATATGAG AGGCTGGTAR

ARACACACAG TCACTGCCAC TGCCARACTT CRAARACTCAGA ACATTTCACA ACCCAATC
TTIGTGIGTC AGIGACGGTG ACGGTTIGAR GTTIGAGICT TGTAAAGIGT TGGGITAG

1.6kb
(DF)

880 bp
(DS)

Fig.3 DNA sequence of PADREB1G promoter showing cis-elements for abiotic stress induction (DS-DREB Short; DF-DREB Full). Red square

shows the start of the DS

to control (WT) indicated high promoter activity (Fig. 6a-
e). The transcript levels were high in leaves compared to
the root (Fig. 6a-e). Among these stresses, treatment with
NaCl caused the most substantial changes in gusA gene
expression, followed by ABA, PEG, and SA (Fig. 6a-¢). The
expression level was lowest under cold treatment (Fig. 6a-e).

The DS showed an increased expression of gusA gene in
all the given stresses in the leaf and root compared to DF
(Fig. 6a-e). The only exception was in cold stress where
there was no difference between DF and DS even though
there was a significant increase in gusA gene expression
level compared to the control (Fig. 6e).
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Fig.4 PCR confirmation of transgenic plants a. PADREBI1G promoter (DF and DS) fragments; b. gusA gene (N-Negative control, P-Positive
control (pCAMBIA1391Z vector), RD29-AtRD29A::GUS, WT-Untransformed, M-1 kb Plus Marker)

When compared with the RD29A promoter, in the case
of leaves the expression by DS was threefold higher and
DF was twofold under salt stress (Fig. 7a). The DS was two
times higher in PEG and ABA. The DS, DF, and RD29A
showed no significant difference under SA and cold stress
(Fig. 7a). In the case of root, expression of the gusA gene in
DS was fourfold higher in salt, threefold higher in PEG and
ABA, twofold higher in SA, and no significant difference
under cold stress (Fig. 7b). Expression of the gusA gene
by DF displayed no significant difference compared to the
RD29A promoter (Fig. 7b).

Spatiotemporal expression of the PADREB1G
promoter

Since GUS staining with DS promoter was the highest under
salt stress and more prominent than DF, DS transgenic plants
were used to determine whether promoter fragment DS is
developmentally regulated. The patterns of the GUS his-
tochemical staining were monitored during different plant
developmental stages (15-, 25-day-old and mature plants),
and in tissues such as roots, leaves, stems, flowers, pods, and
seeds under salt stress (Fig. 8a-h). In 2 week-old tobacco
seedlings, the intensity of GUS staining was weak (Fig. 8a).

@ Springer

In a 25-day-old seedling, there was GUS staining in almost
all tissues, but intense in the vascular region (Fig. 8b). In
well-grown plants, GUS activity was prominent in leaves,
roots, and stems (Fig. 8c-h). GUS staining was higher in
leaves than in roots (Fig. 8c). In the case of the root, GUS
staining was intense in the elongation zone of the root and
root tips (Fig. 8d). The stem hairs and vascular tissues exhib-
ited intense blue staining (Fig. 8¢). There was considerable
staining on petals and pods (Fig. 8f, g), but was negligible
in seeds (Fig. 8h). The results showed that the inducible pro-
moter potential of the DS fragment in driving gene expres-
sion was in a spatiotemporal manner under stress.

Discussion

Stress tolerance of plants is materialized by inducing the
expression of genes by the promoters which control the
binding of RNA polymerase to DNA. The selection of
the promoter i.e., a stretch of DNA comprising the core-
promoter region and multiple repeats or combinations of
heterologous upstream regulatory elements (cis-motifs or
TF-binding sites) is significant in designing a transformation
cassette that would enable the precise control of transgene
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Fig.5 GUS histochemical staining of 25-day-old transgenic tobacco
seedlings with different promoters (DF-DREB Full; DS-DREB Short;
RD29-RD29A, 35S) under various abiotic stress treatment (WT-

activity (Ali and Kim 2019). The selection of a promoter,
to confer constitutive, spatial, and/or temporal transgene
expression, is one of the vital components for the devel-
opment of genetically modified plants. Of the promoters,
constitutive promoters are of wide use but are reported to
have undesirable effects such as gene silencing due to meth-
ylation, etc. on the expression of transgenes (Okumura et al.
2016; Amack and Antunes 2020). Validation of promoters
for precise spatial and temporal control of transgene expres-
sion contributes to the improvement of crop productivity
and sustainable agriculture. The process of transcription is

20 uM ABA 10 uM SA Cold
e’ @
®
) T ®

4

/

Untransformed; NaCl-sodium chloride; PEG-polyethylene glycol;
ABA-abscisic acid; SA-salicylic acid)

7

i d

essential for gene regulation and is accomplished through
sequence-specific binding of transcription factors to their
target promoters (Ali and Kim 2019). The pivotal role in
controlling processes is not played by encoding sequences,
but by regulatory elements which dynamically enhance or
restrict gene expression levels within an organism (Venter
2007). Targeted activation of promoters by environmental
stresses inducing the expression of genetic information lead-
ing to the final product has great significance, and the review
by Misra and Ganesan (2021) exemplifies its importance
in transgenic plant production and crop improvement. The

@ Springer
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Fig.6 Transcriptional expression levels of gusA in leaves and roots
of transgenic tobacco plants under different promoters (DS, DF, and
RD29A) and WT seedlings after 24 h of exposure to abiotic stresses.
a. Salt, b. PEG, c. ABA, d. SA, e. Cold. The actin gene was used as
an endogenous control for normalization. The relative expression was
calculated with respect to WT plants. The relative gene expression

understanding of the regulation of plant gene expression at
the cis-acting elements level of a promoter cloned from a
native plant gene of date palm, an arid fruit crop tailored
to gusA gene and its functional validation at the plant level
is an add-on to the development of stress competent crops.

Date palm is one of the widely cultivated fruit crops in
arid regions, the genes and the mechanism involved in its
tolerance to various abiotic stress are relatively unknown.
The functional analysis of the promoter fragments of the
DREBIG gene from the Date palm in the present study
revealed multiple cis-acting elements that modulate tran-
scription in a stress-inducible and tissue-specific manner.
DREBs are important transcription factors belonging to the
family of AP2/ERF transcription factors containing con-
served AP2/ERF domain and are further subdivided into six
subgroups of A-1 to A-6. These DREBs bind to CRT/DRE
cis-elements (A/GCCGAC) in the promoters which regulate
genes playing a pivotal role in plants' tolerance to biotic
and abiotic stresses (Zhou et al. 2010). It is proven now that
most DREB genes are regulated by abiotic stresses, and this
induction may be ABA-dependent or ABA-independent.
(Yoshida et al. 2014). Further, the DREB 1/CBF-type TFs
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was calculated by the 2"~24C method. In all cases, data values repre-

sent means + SE from three independent experiments. Asterisks indi-
cate statistical significance (**P <0.01, Student’s #-test) of differences
between transgenic lines and WT seedlings. (WT-Untransformed;
NaCl-sodium chloride; PEG-polyethylene glycol; ABA-abscisic acid;
SA-salicylic acid)

are activated by four or fewer major abiotic stresses (cold,
heat, drought, and salinity), although the pattern of expres-
sion of orthologous genes in different species varied (Yang
et al. 2020; Li et al. 2021).

The efficacy of the date palm promoters of the present
study and the Arabidopsis-derived stress-inducible promoter
RD29A in driving the expression of the gusA reporter gene
in transgenic tobacco was analyzed. In this study, we have
compared long (1.6 kb) named DF and short (880 bp) named
DS of the PADREBI1G promoter fragments to find out the
optimum promoter length for higher activity under abiotic
stress. The well-known drought AtRD29A promoter was
kept for comparison as the positive control. The screening
of cis-elements showed that the PADREB1G promoter frag-
ments were enriched in stress-related cis-elements related to
salinity, dehydration, ABA, and temperature (Fig. 3). This
result directly correlated with an excellent performance of
the promoter under salinity, dehydration and ABA treatment
(Fig. 5 and Fig. 6a-e). The DF and DS showed similar or
greater GUS activity than the AtRD29 promoter. Compared
to the DF promoter and AtRD29, the performance of DS
was significantly high in salinity, PEG, and ABA treatment
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Fig. 7 Transcriptional expression levels of gusA in leaves and roots
of 25-day-old transgenic tobacco plants under different promoters
(DF, DS, and RD29A) after 24 h of exposure to abiotic stresses (Salt,
PEG, ABA, SA, and Cold). a. Leaves. b. Roots. The actin gene was
used as an endogenous control for normalization. Relative expres-
sion of DS and DF were calculated with respect to RD29A plants.
The relative gene expression was calculated by the 2A-AACt method.
In all cases, data values represent means +SE from three independ-
ent experiments. Asterisks indicate statistical significance (*P <0.05
and.**P<0.01, Student’s r-test) of differences of DS and DF with
respect to the RD29A line. (WT-Untransformed; NaCl-sodium chlo-
ride; PEG-polyethylene glycol; ABA-abscisic acid; SA-salicylic acid)

(Fig. 7a, b). The expression level was comparatively less
in SA and cold treatment (Fig. 7a, b). Most of the cis-ele-
ments related to drought, salinity, and cold like ACGTAT
ERD1(ACGT), ABRELATERDI1(ACGTG), EBOXBN-
NAPA (CANNTG), GBOX (CACGTG), LTR (CCGAC)
are concentrated in the DS (880 bp) fragment (Fig. 2). For
example, the occurrence of 10 ACGTATERDI regions and
6 ABRELATERDI1 and 3 EBOXBNNAPA regions in the
DS fragment could be the reason for the high GUS expres-
sion under salinity, PEG and ABA (Guiltinan et al. 1990).
ABA signaling is also known to play an important role in
salinity and drought stress tolerance. ABRE functioned in
response to low-temperature, high-salinity, and dehydration
treatments, but not to ABA. Studies showed that the G-box
family core (ACGT) is the most conserved element among
different plant species and responds to abiotic stresses espe-
cially water-deficit and salt stresses (Mehrotra et al. 2013).
Other cis-elements are also present in DF and DS such as
MYBs, which are known to respond to water deficit and

Fig.8 Spatiotemporal expression pattern of PADREB1G promoter in
transgenic tobacco plants under salt stress: a. 15-day-old, b. 25-day-
old, c. leaf, d. root, e. stem, f. flower, g. pod, h. seed

ABA (Hussain et al. 2021). Functional characterization of
the TkSRPP promoter in response to hormones and wound-
ing stress in transgenic tobacco has also been reported (Dong
et al. 2023). Increased expression of GUS in DS compared to
positive control AtRD29A could be because of fewer num-
ber cis-elements in its promoter region e.g., five ACGTAT
ERDI1 regions, one ABRELATERDI1, and two EBOXBN-
NAPA regions (Table 1). Responsiveness to SA indicates
that PADREB1G has a role in oxidative stress and disease
response in plants as had been documented in OsDREB1B
(Gutha and Reddy 2008). The cis-acting element (TACCGA
CAT), namely the dehydration-responsive element (DRE),
is absent in the DF and DS promoters of the present study

@ Springer



378

Plant Cell, Tissue and Organ Culture (PCTOC) (2023) 154:367-380

but has been present in the promoter regions of many dehy-
dration and low-temperature stress-inducible genes (Shino-
zaki and Yamaguchi-Shinozaki 2000). Fang et al. (2015)
notified high GUS activity under drought stress conditions
by the FeDREB1 promoter of common buckwheat. Fur-
ther, in coffee plants, three different promoter haplotypes
of CcDREBID consist of different cis-elements that are
involved in the tissue-specific expression, ABA and light
regulation has been reported (Alves et al. 2018).

The differences in GUS expression between DS and
DF under different types of abiotic stresses are probably
related to the distribution pattern of specific cis-regulatory
sequences and the co-localization and aggregation of motifs
nearby as documented in rice and sorghum (Srivastav et al.
2010). The activation of genes depends not only on the cis-
elements in the promoter but also on their positions and the
presence of enhancers, regulatory sequences, repressors, and
other synergistic cis-elements (Sawant et al. 2005). In spite
of the presence of a high number of stress-responsive cis-
elements in DF, the expression of GUS under salinity, PEG
and ABA are significantly less in DF compared to DS. A
recent study showed the presence of repressor region 5'-AAT
GATA-3' region in the promoter could negatively affect the
expression of genes under salt stress or hypoxia (Seok et al.
2022). The DF fragment, which is not a part of the DS frag-
ment contains one repressor region (Fig. 3). The reduced
activity of the DF promoter compared to DS may be due to
the presence of the repressor elements in the distal region of
the promoter i.e., specific to the DF fragment. Though there
are more cis-elements in the DF, their relative distance of
them from the transcription start site may also be a reason
behind the reduced activity over DS. The upstream region
of several gene promoters was found to contain positive or
negative regulatory elements, some of which were charac-
terized as enhancers or silencers (Timko et al. 1985; Tyagi
2001). The DS region may also contain an uncharacterized
new element crucial for salinity stress response because of
its ability to respond to salt stress in high profoundness.

GUS staining revealed that the DS promoter was active in
different tissues and organs of the tobacco plants, such as roots,
stems, leaves, flowers, and pods except in seeds (Fig. 8a-h).
This result was similar to the PSDREB2 promoter in Paeonia
suffruticosa (Liu et al. 2019), and the GmPRP2 promoter in
soybean (Chen et al. 2014). PADREB 1G showed stress-specific
and organ-specific expression as reported by the OsDREB1B
promoter (Gutha and Reddy 2008). The results proved that
the promoter PADREBI1G is highly activated under salinity
than cold stress which is different from the result obtained
with overexpression of OsDREBIG which was highly acti-
vated only with cold stress and not with drought and salinity
or ABA (Moon et al. 2019). In line with it, the expression in
the present study was high in the leaf. High low-temperature
activation has also been demonstrated by OsDREB 1B (Gutha
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and Reddy 2008). The differences in the result with respect
to our study are due to the promoter modules enriched in cis-
acting elements which drive more consistent gene expression
and it reinforces the idea of a synergistic effect of cis-elements
in gene promoter sequences.

Very specific expression patterns of transgenes enable
elucidation of the cellular regulation mechanisms; in such
cases, inducible promoters are an open choice as they switch
on or off the gene of interest under certain conditions or at
certain developmental stages. The comparison of the DS
promoter to well-studied stress inducive promoter RD29A
in the present study establishes that DS is a strong inducible
promoter over RD29A except in cold stress and will be a
choice in designing transformation-cassettes in the devel-
opment of genetically modified crops for stress tolerance.

Conclusions

Validation of promoters with respect to the reflexes of agro-
nomically important plants like Date palms growing well
in arid regions is of great significance in the development
of genetically modified plants with improved stress com-
petence. The present study for the first time places a strong
stress-inducible promoter cloned from the arid fruit crop,
Date palm is an open choice for the development of stress-
tolerant crops.
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