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Abstract

Late embryogenesis abundant (LEA) genes display distinct functions in response to

abiotic stresses in plants. In pearl millet (Pennisetum glaucum L.), a total of 21 PgLEA

genes were identified and classified into six groups including LEA1, LEA2, LEA3, LEA5,

LEA7, and dehydrins (DHN). Open reading frames (ORFs) of PgLEAs range from

291 bp (PgLEA1-1) to 945 bp (PgLEA2-11) and distributed randomly among the seven

chromosomes. Phylogenetic analysis revealed that all PgLEA proteins are closely

related to sorghum LEA proteins. The PgLEAs were found to be expressed differen-

tially under high progressive vapor pressure deficit (VPD), PgLEA7 was significantly

expressed under high VPD and was selected for functional validation. In silico analy-

sis of the PgLEA promoter regions revealed abiotic stress-specific cis-acting elements

such as ABRE, CCAAT, MYBS, and LTRE. Based on the type of motifs, PgLEAPC pro-

moter (758 bp), its deletion 1 (PgLpd1, 349 bp) and deletion 2 (PgLpd2, 125 bp) were

cloned into the plant expression vector pMDC164 having the promoter-less uidA

gene. All the three plant expression vectors were introduced into tobacco through

Agrobacterium tumefaciens-mediated transformation to obtain T1 and T2 generations

of transgenic plants. Based on expression of the uidA gene, tissue-specific expression

was observed in mature stems, roots and seedlings of PgLEAPC and PgLpd1 carrying

transgenics only. While the transgenic PgLEAPC plants displayed significantly higher

uidA expression in the stem and root tissues under salt, drought, heat, and cold

stresses, very low or no expression was observed in PgLpd1 and PgLpd2 transgenics

under the tested stress conditions. The results of this study indicate that the com-

plete promoter of PgLEAPC plays a role in developing abiotic stress tolerance in

plants.

1 | INTRODUCTION

Higher plants display a plethora of physiological, biochemical, and

molecular changes in response to harsh environmental conditions

(Soltis & Soltis 2003). As a response to water deficit, plants

accumulate higher levels of soluble sugars and other compatible sol-

utes like proline, trehalose, glycine betaine and mannitol These mole-

cules help in osmotic adjustment, to stabilize proteins and enzymes,

and mitigate the damages caused by the reactive oxygen species

(ROS; Liu et al. 2019; Reddy et al. 2015a, 2015b). Several
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biotechnological approaches have been implicated in developing resis-

tance to abiotic stress in crop plants (Bhatnagar-Mathur et al. 2008).

The evolution of LEA proteins is one of the adaptive mechanisms

acquired by plants for protection against harsh environmental condi-

tions (Kishor et al. 2020). LEA proteins mainly consist of hydrophilic

amino acids organized in a repeated sequence (e.g., Gly and Lys), con-

ferring hyper-hydrophilicity and thermal stability that are highly

expressed during the late stages of embryo development (Wang

et al. 2003), mainly in cotyledons, panicles (Zhang et al. 2002), stems,

leaves, and roots (Federspiel 2000).

Genome-wide characterization of LEA genes in different crops

has been reported. Depending on the similarities in the sequence as

well as conserved motif regions, 34 LEA genes have been identified

in Oryza sativa (Wang et al. 2007), 51 in Arabidopsis (Battaglia

et al. 2008), 53 in Populus (Lan et al. 2013), 30 in Prunus mume

(Du et al. 2013), 36 in Brachypodium distachyon (Filiz et al. 2013),

29 in Solanum tuberosum (Charfeddine et al. 2015), 27 in tomato

(Cao & Li 2015), 108 in Brassica napus (Liang et al. 2016), and 68 in

Sorghum bicolor (Nagaraju et al. 2019). While the overexpression of

LEA genes has been demonstrated in both model and crop plants

under different abiotic stress conditions, the OsLEA3-1 gene in rice

showed a significant increase under drought stress without any yield

penalty (Xiao et al. 2007). Sweet potato LEA14 (IbLEA14) displayed

osmotic- and salt stress tolerance in transgenic calluses of sweet

potato (Park et al. 2011). Transgenic Arabidopsis overexpressing

RcLEA exhibited better growth after exposure to high and low-

temperature regimen and low levels of peroxide (Zhang et al. 2014).

The modification of SiLEA14 expression demonstrated improved abi-

otic stress tolerance in crops (Wang et al. 2014). While these studies

infer that LEA genes are implicated in abiotic stress tolerance, it must

be noted that several studies employing transgenics for mechanistic

studies have often used constitutive promoters for gene expression

studies where yield penalty has been noticed when compared to

stress-inducible promoters (Bhatnagar-Mathur et al. 2007; Divya

et al. 2020; Du et al. 2016). While the constitutive overexpression

of genes may impede the energy necessary for normal growth and

RNA biosynthesis (Malnoy et al. 2006), stress-inducible promoters

limit gene expressions on a need-basis, thereby reducing the adverse

effects on crop yield. This necessitates studies on the identification,

validation and use of stress-inducible promoters in efforts towards

unraveling the molecular mechanisms associated with signaling path-

ways under abiotic stress (Bhatnagar-Mathur et al. 2008; Mehrotra

et al. 2011).

Responses of transpiration to increasing VPD have been linked to

final yield of the crop under terminal drought stress (Vadez

et al. 2014), where limitations in transpiration demand under high

VPD conditions are genotype-specific in pearl millet and also linked to

water-deficit adaptation mechanisms (Kholova & Vadez 2013). There-

fore, to understand the expression profile of the PgLEA family genes,

genotypes that exhibit contrasting VPD were selected. Further,

stress-responsive promoters have been deployed previously for elimi-

nating the negative effects of constitutive promoters under abiotic

stress conditions (Banerjee et al. 2013; Bhatnagar-Mathur et al. 2007;

Yan et al. 2015). LEA promoters like PpLEA-1 pro from Physcomitrella

are highly active in response to osmotic stress (Kamisugi &

Cuming 2005), while ABA- and stress-inducible group 4 LEA family of

promoters from B. napus (Bnlea4-1) displayed increased salt and

drought tolerance (Dalal et al. 2009). The CuLEA promoter from Citrus

unshiu has been shown to confer fruit-preferential and stress-

inducible gene expression in Arabidopsis (Kim et al. 2011). The LEA

genes have not yet been identified from pearl millet and reports

regarding their systematic characterization are scant (Reddy

et al. 2012), besides a few reports on the functional analysis of the

promoters till date (Jin et al. 2019). In the present study, members of

the LEA gene family from pearl millet have been identified and charac-

terized following functional analysis of the PgLEAPC promoter region

in transgenic tobacco plants, including two of its deletion constructs

individually using the uidA reporter gene. Three independent homozy-

gous transgenic lines of tobacco in T2 generation where the uidA gene

was regulated by PgLEA promoters were functionally analyzed in dif-

ferent tissues under diverse abiotic stresses and compared with their

wild type controls.

2 | MATERIALS AND METHODS

2.1 | Identification of LEA genes in pearl millet

LEA genes in pearl millet were identified based on homology with

LEA proteins from sorghum and rice using the NCBI BLAST search

against the pearl millet genome (http://cegsb.icrisat.org/ipmgsc/)

(Varshney et al. 2017). Coding sequences (CDS) and chromosomal

localization of PgLEA genes were retrieved from the pearl millet

genome. Intron and exon structures of PgLEA family genes were

obtained by aligning the CDS with their respective genomic

sequences using Gene structure display server (http://gsds.cbi.pku.

edu.cn/). The number of amino acids, molecular weight (MW) and

isoelectric point (pI) were obtained using ExPASy (http://www.

expasy.org/tools/) and Mac Vector assembly program (V17.1). PgLEA

genes were analyzed for the domains using the Pfam (http://pfam.

sanger.ac.uk/search) and Simple Modular Architecture Research

Tool (SMART) (http://smart.embl-heidelberg.de/) databases to con-

firm that all genes retrieved belong to the LEA gene family.

ProtParam tool (http://web.expasy.org/protparam/) was used to cal-

culate the GRAVY (grand average of hydropathy) values. Subcellular

location was predicted by the Wolf PSort programme (Horton

et al. 2007). The physiochemical properties were calculated using

ExPASy. Conserved motifs present in PgLEA protein subfamilies

were predicted using MEME (Multiple Expectation Maximization for

Motif Elicitation; http://alternate.meme-suite.org/) software (Bailey

et al. 2009). An unrooted phylogenetic tree of the full-length LEA

protein sequences was constructed using MEGA 6 with the Neigh-

bor Joining (NJ) method and bootstrap analysis conducted using

1000 replicates. The protein as well as CDS of respective orthologs

and paralogs were used to calculate synonymous and non-

synonymous substitution rates using PAL2NAL.
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2.2 | PgLEAPC promoter cloning and cis-motif
analysis

Sequence information of the PgLEA promoter (Reddy et al. 2012) was

used for cloning the PgLEAPC promoter region from the pearl millet

genomic DNA (Gene bank accession No. JN380919), which belongs

to the LEA 7 group. Based on the type of cis-motifs, the PgLEA gene

promoters including PgLEAPC, PgLpd1, and PgLpd2 measuring

758, 349 and 125 bp, respectively, were cloned from the genomic

DNA, sequenced, and subjected to in silico sequence analysis using

the PlantCARE (Lescot et al. 2002) and PLACE (Higo et al. 1999) data-

bases. Based on the type of cis-motifs and location, PCR primers were

designed for the PgLEAPC full-length promoter and the successive 50

truncations. Promoter regions of the PgLEAPC, PgLEALpd1, and

PgLEALpd2 were PCR amplified and cloned into pCRGW8-TOPOTA

vector (Invitrogen) and sequenced. PgLEAPC, PgLpd1, and PgLpd2 pro-

moters were cloned into pMDC164 plant expression vector individu-

ally using Gateway cloning upstream of the uidA coding region. The

cloned constructs PgLEA-uidA-Nos, PgLpd1-uidA-Nos, and PgLpd2-

uidA-Nos in pMDC164 were transferred into Agrobacterium

tumefaciens (strain EHA105) by electroporation and recombinant colo-

nies containing PgLEAPC-uidA-Nos, PgLpd1-uidA-Nos, or PgLpd2-

uidA-Nos were used for the genetic transformation of tobacco.

2.3 | Development of transgenic tobacco plants

An A. tumefaciens vector containing PgLEAPC-uidA-Nos, PgLpd1-uidA-

Nos or PgLpd2-uidA-Nos were used individually for the genetic trans-

formation of tobacco (Nicotiana tabacum variety Xanthi) with the

respective plant transformation vector (Divya et al., 2019, 2020). A

total of 10, 8, and 34 hygromycin-resistant T0 transgenic tobacco

plants were generated with PgLEAPC, PgLpd1, and PgLpd2 promoters,

respectively. Genomic DNA was isolated from the leaves of 20-day-

old transgenic tobacco plants using the Nucleo Spin plant II midi kit

(Macherey-Nagel) following the manufacturer's protocol. Integration

of the transgene was confirmed with junction primers of promoter (T-

LEAPC-F/T-LeaPD1-F/T-LeaPD2-F) and GUS gene (uidA-R) and

hygromycin phosphotransferase gene specific primers (Hpt-F and Hpt-

R). Confirmed transgenic plants were grown to maturity and their

seeds were resown to obtain the T1 and T2 generation plants homozy-

gous for the transgene through PCR. DNA isolations were carried out

from 30-day-old T1 plants of each construct and PCR amplification

carried out with the junction primers and hpt primers. From the identi-

fied transgenic plants, 10 (PgLEAPC), eight (PgLpd1), and 34 (PgLpd2)

plants from events number 6, 7, and 9, respectively, were found to be

PCR positive. To obtain the T2 generation plants, 100 transgenic

tobacco seeds harboring the three promoters-uidA constructs in the

T1 generation were surface sterilized individually and plated on MS

basal medium (Murashige & Skoog 1962) containing 3% sucrose and

50 mg/L hygromycin. To confirm the Mendelian inheritance ratio,

transgenic seeds were germinated on MS medium. Three events in

the T2 generation from each construct, PgLEA: 2–5, 2–9, 2–10;

PgLpd1: 1–1, 6–11, 6–7; PgLpd2: 2–6, 27–6, 27–11 were used for val-

idation of promoter regions by histochemical and qRT-PCR analysis.

2.4 | Abiotic stress treatments imposed on
transgenic tobacco plants

Thirty-day-old T2 generation transgenic tobacco plants with LEAPC,

Lpd1, and Lpd2 promoters were subjected to extreme temperatures,

salt, and drought stresses. For heat and cold, plants were incubated

for 4 h at 45 and 4�C, respectively. For salt stress, the selected plants

were irrigated with 250 mM NaCl solution for 48 h. To impose water

deficit, water was held back for 5 days in the selected transgenic

plants, while the unstressed control plants were maintained under

well-watered conditions. Leaf, stem, and root tissues were collected

from the respective control and stress-treated plants for histochemi-

cal assays and qRT-PCR analysis.

2.5 | Histochemical GUS staining of transgenic
tobacco plants

Histochemical staining for β-glucuronidase (uidA) activity was per-

formed in the wild type and stress-treated transgenic plants as

described earlier (Jefferson et al. 1987). All the tissue samples were

incubated with GUS staining solution (100 mM sodium phosphate

[Na2HPO4] buffer pH 7.0, 0.5 mM potassium ferrocyanide, 0.5 mM

potassium ferricyanide, 0.1% Triton X-100 and 1 mg/L X-Gluc

[5-bromo-4-chloro-3-indolyl β-D-glucuronide]) for 20 min and incu-

bated overnight at 37�C in dark. The stained tissues were cleared in

ethanol: acetic acid (3:1; v/v) to remove the pigments and chlorophyll

before histological analysis and documentation.

2.6 | Expression analysis using quantitative real-
time PCR

To understand the expression profile of the PgLEA family of genes,

genotypes ICMR1122 and ICMR1152 that exhibit contrasting VPD,

as described previously (Reddy et al. 2017), were selected for the pre-

sent study. Quantitative real-time PCR (qRT-PCR) was performed on

leaf and root tissues of these genotypes following exposure to VPD

conditions. Total RNA was isolated from the stress-exposed and con-

trol transgenic tobacco samples using RNA extraction kit (Qiagen)

according to the manufacturer's instructions. Purity and integrity of

RNA samples were analyzed by agarose gel electrophoresis and by

taking the ratio at A260/A230 and A260/A280. Primers for real-time

PCR were designed using Primer 3 software (Table S1) and reactions

performed in a total volume of 10 μl containing 1 μl of RNA (30 ng),

400 nM of each primer, 5 μl of 2X one-step SYBR RT-PCR buffer

4 (Takara) and 0.5 μl of Prime Script One Step Enzyme Mix 2 (Takara)

and made to 10 μl with RNase-free H2O. The qRT-PCR reactions of

all samples were performed by following standard thermal profile:
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42�C for 5 min and 95�C for 10 s (reverse transcription) followed by

40 cycles of 15 s at 95�C, 15 s at 62�C with fluorescent signal record-

ing and 15 s at 72�C. After 40 cycles, amplicons dissociation curves

were measured by heating at 95�C and fluorescence measured within

20 min. The 2 (-Delta Delta C[T]) method (Livak & Schmittgen 2001)

was used to analyze the expression levels of uidA by normalizing with

corresponding control tobacco samples and with UBC and EF-1α refer-

ence genes (Schmidt & Delaney 2010). In pearl millet the relative

expression levels of PgLEA genes in response to low and high VPD

conditions was estimated using qbase+ software (Hellemans

et al. 2007) by normalizing with PgMDH and PgUBC reference genes

(Reddy et al. 2015a, 2015b).

2.7 | Statistical analysis

Results were expressed as the means ± SE and the data represent

average values from three independent experiments. T1 and T2

generation seeds obtained from PgLEAPC, PgLpd1, and PgLpd2

transgenic tobacco plants were collected after selfing and germi-

nated on the MS medium containing 50 mg/L hygromycin for the

selection of transgenic events. Total number of seeds kept for ger-

mination, seedlings germinated and not germinated were counted

and tested for the Mendelian inheritance pattern (χ2; Pear-

son 1900). Normalized expression of the uidA gene in different

tobacco tissues was normalized against NtUBC and NtEF-1α refer-

ence genes using 2 (-Delta Delta C[T]) method. The relative

expression of uidA gene under different abiotic stress conditions

was analyzed using 2 (-Delta Delta C[T]) method, where the data

was normalized against two reference genes and control in leaf,

stem and root tobacco samples collected at the same time. Expres-

sion analysis of all the qRT-PCR experiments were analyzed with

CoStat version 6.204 (Cohort Software) and One-way ANOVA car-

ried out to test between the transgenic events of three promoters.

The means were compared using the Tukey–Kramer test as well as

LSD (at P < 0.05% significance).

F IGURE 1 Sequence analysis
of PgLEA family genes.
(A) Phylogenetic analysis of
PgLEA gene family. Different
colors distinguish other LEA gene
family groups. The tree was
generated using ClustalW in
MEGA6 using the full-length
amino acid sequences of the
respective PgLEA proteins.
(B) Intron-exon structural
organization in PgLEA genes.
Dotted lines indicate introns and
the rounded rectangle represents
exons. The intron and exon
length can be identified with the
scale at the bottom
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3 | RESULTS

3.1 | Characterization of the PgLEA gene family

Based on the sequence homology with the LEA genes from Ara-

bidopsis, sorghum, and rice, 21 PgLEA genes were identified and classi-

fied into PgLEA1, PgLEA2, PgLEA3, PgLEA5, PgLEA7, and PgDHN

(Figure 1A; Table 1). To determine the similarity and homology of the

PgLEA genes, sequence alignments were performed, and an unrooted

phylogenetic tree constructed with other LEAs taken from related spe-

cies (Figure S1). The phylogeny showed that there were five paralogs

and 17 orthologs that were closely related to SbLEAs (Tables 2 and 3).

Families such as PgLEA1, PgLEA2, PgLEA3, PgLEA5, PgLEA7, and

PgDHN include 1, 11, 2, 2, 1, and 4 members, respectively, with open

reading frames (ORFs) ranging between 291 and 945 bp for PgLEA1-1

and PgLEA2-11. Gene structure analysis of PgLEAs revealed that all

contain one or two exons (Figure 1B) and the genes were distributed

on all seven chromosomes. However, chromosome number 1 has

been found to be a hotspot with eight PgLEA genes that were local-

ized in the nucleus, mitochondria, chloroplast, and cytoplasm

(Table 1). While PgLEA1-1 contains the least number of amino acids

(96 aa), PgLEA2-11 consists of the highest (314 aa). PgLEA2-9 has a

molecular weight of 9704.16 and PgLEA2-11 has 35109.9 Da. Inter-

estingly, all LEA-6 family members have relatively low molecular

masses (Table 1). While the PgLEA proteins mostly has high isoelectric

points pI >7, a few have low pI <7. These are hydrophilic with a

GRAVY value <0. Domain or motif structure analysis revealed 10 con-

served motifs, but none was present across the group as indicated by

Pfam codes and WebLogo (Figure S2).

3.2 | Quantitative expression of the PgLEA gene
family in different tissues under stress treatments

To better understand the tissue specific and relative expression pat-

tern of the LEA family genes, qRT-PCR was performed using leaf and

root tissues in high resolution cross (HRC) genotypes, that is, VPD-

insensitive genotype (ICMR 1122) and VPD-sensitive genotype (ICMR

1152) in response to low (control) and high VPD. Tissue specific

expression data depicts significantly high level of expression in leaves

in comparison with roots, in both the genotypes. While PgLEA2-1,

PgLEA2-8, PgLEA2-9, PgLEA2-11, PgLEA3-1, PgDHN-1, PgDHN-3, and

PgDHN-4 exhibited higher expression levels under normal conditions,

PgLEA2-4, PgLEA2-7, PgLEA2-10 showed better expression levels in

the roots (Figure 2A). Expressions of the genes PgLEA2-1, PgLEA2-3,

PgLEA2-4, PgLEA2-6, PgLEA2-7, PgLEA2-9, PgLEA2-10, PgLEA5-1, and

PgDHN-4 were high in both leaves and roots (Figure 2A). Under high

VPD stress, superior expression levels were recorded in roots than in

leaves when the PgLEA2-1, PgLEA2-4, PgLEA2-5, PgLEA5-2, PgDHN-1,

PgDHN-3, and PgDHN-4 genes were assessed where PgLEA2-2

showed a distinct expression pattern in leaf compared to other LEA

genes (Figure 2B). Further, PgLEA2-2, PgLEA2-3, PgLEA2-5, PgLEA5-2,

PgLEA7, and PgDHN-1 were expressed under all the tested condition.

Among these genes, PgLEA-7 showed significant expression under

high VPD, especially in root tissues. From the comparative expression

data, it was obvious that while the genotype ICMR1152 was markedly

influenced by high VPD conditions, the genotype ICMR1122 did not

show much variation (Figure 2B).

3.3 | PgLEAPC, PgLpd1, and PgLpd2 promoter
cloning and sequence analysis

Based on the expression under different abiotic stresses and high

VPD, as observed previously, the PgLEA-7 gene seemed ideally suited

for adaptation to stress environments. Hence, the PgLEA-7 gene pro-

moter (758 bp) belonging to the group 7 LEA was selected for this

study. Considering the type of motifs and position, three different

promoter constructs (one full length and two truncated) were devel-

oped (Figure 3). Cis-motifs such as TATA-box, ABRE and motif IIb

(involved in ABA-responsiveness), CAAT-box (cis-acting element in

promoter and enhancer regions), G-box (associated in light respon-

siveness), GC-motif (involved in anoxic specific inducibility), MNF1

(light-responsive element) were present in all the three promoter

regions (Figure 3). In PgLEAPC and PgLpd1 promoter regions, 50 UTR

Py-rich stretch (confers high transcription levels), LTR (involved in

low-temperature responsiveness), O2-site (involved in zein metabo-

lism regulation) and Sp1 and box II (light-responsive elements) were

present. A-box (cis-acting regulatory element), AuxRR-core (involved

in auxin responsiveness), CCAAT-box (MYBHv1 binding site), CCGT

TABLE 2 Nonsynonymous to synonymous substitution ratios of paralogues

PgLea/
PgDhngene
1 Chr

PgLea/
PgDhn
gene 2 Chr

No.
nonsynonymous
sites No.

synonymous
sites (S)

Nonsynonymous
substitution rate (dN)

Synonymous
substitution rate (dS) dN/dS(N)

PgLEA1-1 3 PgDHN-1 2 229 56 2.9939 8.4379 0.3548

PgLEA2-4 1 PgLEA2-6 3 458.6 123.4 12.853 0.1298 99

PgLEA2-9 6 PgLEA3-1 1 210 66 1.2167 50.4881 0.0241

PgLEA5-1 1 PgLEA5-2 1 245.8 33.2 0.2366 1.735 0.1363

PgDHN-3 5 PgDHN-4 6 342 57 14.06 6.5949 2.1333
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CC-box (related to meristem specific activation), MBS (MYB binding

site implicated in drought-inducibility) and circadian (involved in circa-

dian control) elements were identified (Figure 3; Table S3).

3.4 | Segregation analysis

All the hygromycin-resistant T1 tobacco seedlings were analyzed for

gene integration using PCR and confirmed plants were advanced for T2

generation and seeds harvested. T2 seeds of PgLEAPC, PgLEALpd1 and

PgLEALpd2 containing transformants were germinated on MS basal

medium supplemented with 50 mg/L hygromycin. These plants showed

100% seed germination and the events were confirmed by PCR and

transferred to pots. Three T2 transgenic events for each promoter were

selected for further analysis. Chi-square (χ2) test was used to find good-

ness of fit of the transgene segregation with that of Mendelian segrega-

tion ratio of 3:1 that was consistent among all of the progeny tested

with the presence of a T-DNA insertion locus (Table S2).

3.5 | Induction of PgLEAPC promoter regions
under control and abiotic stress conditions

To identify the core functional region of the PgLEAPC promoter

involved under control and abiotic stress responses, a set of serial

TABLE 3 Non synonymous to synonymous substitution ratios of PgLEA orthologs of pearl millet, Sorghum, Oryza, maize and Arabidopsis

Pg Lea/PgDhngene Chromosome Ortholog Chr.

Number of

non-
synonymous
sites No.

synonymous
sites (S)

Non-
synonymous

substitution
rate (dN)

Synonymous

substitution
rate (dS) dN/dS(N)

Pgl_GLEAN_10018265 1 Sb09g016830 9 223.2 55.8 3.6397 3.0554 1.1913

Pgl_GLEAN_10012637 3 Sb06g026900 6 233.5 51.5 8.0253 0.0811 99

Pgl_GLEAN_10005440 1 Sb09g018000 9 181.1 55.9 9.2201 25.2594 0.365

Pgl_GLEAN_10028629 6 Os01g21250.1 1 281.5 57.5 0.838 40.882 0.0205

Pgl_GLEAN_10020225 4 Sb05g003631 5 519.2 107.8 0.1971 15.578 0.0127

Pgl_GLEAN_10038309 1 Sb08g003720 8 552.8 86.2 4.096 70.1024 0.0584

Pgl_GLEAN_10026514 3 Sb06g016230 6 549.1 113.9 0.3507 8.5119 0.0412

Pgl_GLEAN_10003471 1 Sb06g033580 6 545.6 111.4 0.0944 6.4625 0.0146

Pgl_GLEAN_10038314 1 Sb08g003690 8 519.8 101.2 2.3875 67.4949 0.0354

Pgl_GLEAN_10001929 7 Sb02g035250 2 482.3 123.7 1.1332 1.3822 0.8199

Pgl_GLEAN_10025348 3 Sb04g032400 4 470.4 111.6 0.3706 19.2193 0.0193

Pgl_GLEAN_10003225 1 Sb09g026230 9 532 134 16.234 0.154 99

Pgl_GLEAN_10022312 7 Sb02g008820 2 746 196 2.2081 54.087 0.0408

Pgl_GLEAN_10021053 6 Os01g43530.1 1 423.9 98.1 4.9139 47.9456 0.1.25

Pgl_GLEAN_10002256 2 Os03g45280.1 3 238.5 37.5 1.6826 1.419 1.1858

Pgl_GLEAN_10025327 3 Sb04g032250 4 721.6 127.4 4.0645 0.0411 99

Pgl_GLEAN_10021551 6 Sb09g018420 9 369.2 86.8 4.6924 0.0474 99

F IGURE 2 Expression analysis of the 21 PgLEA genes in leaves

and root tissues of pearl millet ICMR112 and ICMR 1152 genotypes
under control (A) and high VPD (B) conditions. The relative expression
of PgLEA genes under high VPD (4.21 kPa) conditions was analyzed
using qbase+ software [37], where the data was normalized against
two reference genes (PgMDH and PgUBC) and low VPD in leaf and
root samples collected at the same time of the day (afternoon). Color
scale represents normalized log2 values where green indicates low
expression and red indicates high expression
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deletions were generated at 406 and 630 bp upstream to the trans-

lation starting site. The expression pattern of PgLEAPC (758 bp) and

its deletions PgLpd1 (349) and PgLpd2 (125) were analyzed using

GUS histochemical assay (Figure 4). The three promoters displayed

spatial expression patterns of uidA in histochemical staining under

control conditions (Figure 4). While the activity of PgLEAPC was

mild, activities of Lpd1 and Lpd2 were insignificant in the root, a low

expression of uidA gene was recorded in the leaves of respective

transgenics with the three promoters. While PgLEAPC promoter

showed mild activity, no activity was noticed in the roots of PgLpd1

and PgLpd2. Tobacco transgenic plants harboring the PgLEAPC pro-

moter when exposed to heat stress were not significantly affected in

comparison with PgLpd1, while PgLpd2 was significantly affected as

the wild type controls (data not shown). To check the inducibility of

the promoter, tissues exposed to heat stress were stained for uidA

expression. PgLEAPC (Figure 4A) showed the highest expression in

the stem and root compared to PgLpd1 (Figure 4B) which showed

mild expression, while the PgLpd2 (Figure 4C), with the exception for

the stem, displayed expression similar to the wild type controls.

Under cold stress, the PgLEAPC promoter showed high expression of

uidA in the stem and root and no expression in the leaf (Figure 4A),

while PgLpd1 pro showed less expression in stem and root tissues

(Figure 4B) and no expression in PgLpd2 (Figure 4C). Under salt

stress, PgLEAPC plants exhibited the highest expression in stem and

root tissues in contrast to PgLpd1 which showed marginal expression

in stem and root, and no expression in the leaf. Expression was not

noticed in stem, root and leaf tissues of PgLpd2 similar to the wild

type control plants (Figure 4C). When the 30-days-old plants of

PgLEAPC, PgLpd1 and PgLpd2 were exposed to drought stress by

withholding water for 5 days, the uidA expression was high in the

stem and root tissues of PgLEAPC plants in contrast to no expression

in PgLpd1 and PgLpd2 plant tissues.

3.6 | uidA gene expression by quantitative real-
time PCR

Expression of the uidA gene in tobacco transgenics driven by either

PgLEAPC, PgLpd1 or PgLpd2 promoters, under control and different

abiotic stress conditions, was further validated using qRT-PCR. Gene

expression driven by the promoter PgLEAPC was significantly higher

in the stem followed by PgLpd1, but no expression was observed in

PgLpd2 (Figure 5A). Such a differential expression pattern could be

due to the presence of the CCGTCC-box element in the promoter

region of PgLEAPC which is absent in the other two promoters. Differ-

ential expression pattern of uidA was high in stem and root tissues of

PgLEAPC under cold, salt, heat and drought stresses (Figures 5B-E).

On the other hand, PgLpd1 plants showed moderate expression under

heat (Figure 5B) and salt stresses in stem and root tissues, and salt

stress in the stems of PgLpd2 (Figure 5D). The PgLEAPC promoter was

activated under heat, drought, cold, and salt stresses unlike that of

Lpd1 and Lpd2 which showed no expression. Under salt stress,

PgLEAPC promoter exhibited the highest uidA expression in stem and

root tissues while comparatively less expression in the stem and root

tissues of PgLpd1. In contrast, no uidA expression was observed in

leaf, root, and stem tissues of PgLpd2.

4 | DISCUSSION

LEA proteins are produced in plants in response to dehydration stress

where they are implicated in aiding the protection of cytosolic struc-

tures, ion sequestration, protein renaturation, transport of nuclear-

targeted proteins, prevention of membrane leakage, membrane, and

protein stabilization (Chen et al. 2019). LEA gene family members have

been reported in many crop plants (Liang et al. 2016), especially under

F IGURE 3 Cis-motifs position and cloning of the PgLEA promoter regions. Cis-motifs were identified using the PlantCARE database and
cloned in to the plant transformation vector along with uidA gene. Gus-uidA gene, nosT-Nopaline synthase terminator, Hpt, Hygromycin
phosphotransferase gene; RB, right border; LB, left border
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abiotic stresses (Magwanga et al. 2018; Nagaraju et al. 2019). In the

present study, 21 LEA family genes have been identified in pearl mil-

let, which appear to be less compared with other plants including

cereals (Nagaraju et al. 2019; Wang et al. 2007). While some PgLEA

genes do not have introns, some have a few. These findings are con-

sistent with the earlier studies demonstrated in Brassica (Lan

et al. 2013). Transcript production is delayed if introns exist in such

genes that may show a negative effect on gene expression. Introns

can further extend the nascent transcript's length, adding on addi-

tional constraints for transcription (Jeffares et al. 2008). While the

number of motifs and composition of each family of LEA2 genes vary,

this study detected some amino acid-rich regions like the Gly-rich

region in Arabidopsis. Although the most conserved motif is rich in

lysine (K) residues (Hundertmark & Hincha 2008), the amino acid com-

position of LEA proteins has been shown to be disordered (Dure

III 1989, 1993). While the LEA proteins are relatively small and intrin-

sically unstructured, they play essential roles in cells, likely by forming

flexible residual structural elements (Fuxreiter et al. 2004) such as

α-helical structures and polyproline II (PII) helices (Soulages

et al. 2003). Even though the PgLEAs showed a closer orthologous

relationship with S. bicolor, only six subgroups were observed in pearl

millet in contrast to eight subgroups reported in sorghum (Nagaraju

et al. 2019). Like rice (Wang et al. 2007) and tomato (Cao & Li 2015),

the absence of LEA6 group in pearl millet could indicate the existence

of variation in the LEA groups in some plants. In sorghum (Nagaraju

et al. 2019), the hydrophobic LEA2 is reported as a larger group which

is in contrast to that of Arabidopsis (Hundertmark & Hincha 2008) and

Populus (Lan et al. 2013). It appears that whole-genome duplication

contributes to expansion of the SbLEA family in sorghum but not in

rice. Perhaps the natural selection might have influenced the PgLEA

genes during evolution, similar to Brassica (Liang et al. 2016) and cot-

ton (Magwanga et al. 2018). Analysis of PgLEA family genes displayed

a differential expression pattern under high VPD stress where PgLEA-

7 gene showed significant expression under abiotic stresses (Reddy

et al. 2012) and high VPD conditions. This protein appears to have

in vitro chaperonic activity, which when overexpressed in bacteria

provided protection from the damage caused by salt and heat

stresses, thereby indicating its key role under stress conditions (Reddy

et al. 2012). When an analysis of the PgLEA-7 gene and its promoter

was carried out in silico, distinct cis-elements alongside transcription

factor binding sites were also noticed that appeared to be important

for imparting stress tolerance (Reddy et al. 2012). Hence, in the pre-

sent study, two deletions were made in the PgLEA promoter viz.,

PgLpd1 and PgLpd2 with lengths of 758, 349 and 125 bp, respectively,

for subsequent use.

The expression of dehydration-responsive element binding protein/

C-repeat-binding factor (DREBs/CBF) from stress-inducible rd29 pro-

moter has been shown to minimize not only the negative effects on

growth and yield, but also improved stress tolerance in comparison with

CaMV 35S promoter (Kasuga et al. 1999, 2004). In fact, some promoters

get activated by ABA, drought, osmotic and salt stresses (Kim

et al. 2002). Moreover, core-, proximal- and long-range regulatory ele-

ments constitute the cis-regulatory elements and are involved in stress-

responsive expression of genes (Yamaguchi-Shinozaki & Shinozaki 2005).

It is the RNA polymerase II and its subunits alongside the trans-acting

factors which recognize the core elements and functional DNA

sequences that initiate the process of transcription (Lenka et al. 2019).

ABA-responsive elements (ABRE), and dehydration-responsive

element/C repeat (DRE/CRT) are the major cis-acting elements known

in stress-inducible gene expressions (Kim et al. 2002). The core pro-

moter elements also contain the TATA box, which along with the down-

stream promoter elements help in gene activation. To identify efficient

stress-inducible promoters for genetic engineering applications, the pro-

moter region of the stress-inducible gene PgLEAPC was functionally

characterized. LEA genes such as LEA3 and DHN-5 from wheat (Brini

et al. 2007; Wang et al. 2008), HVA1 from barley (Xu et al. 1996), and

F IGURE 4 Histochemical studies of uidA gene controlled by
(A) PgLEAPC, (B) PgLpd1, and (C) PgLpd2 promoters under different
experimental conditions. Transgenic tobacco leaf, stem and roots were
treated with different abiotic stress conditions and stained with GUS
staining solution and analyzed their activity under non-treated (control)
condition and upon treatment with salt (250 mM NaCl for 48 h), heat
(4 h), cold (4 h), and drought (4 days). L, leaf; S, stem; R, root
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BhLEA1 and BhLEA2 from the resurrection plant Boea hygrometrica have

been shown to improve drought tolerance. A LEA gene (IpLEA) from

Ipomoea pescaprae, which belongs to group 2 LEAs confers salt stress

tolerance in transgenic Arabidopsis plants (Zheng et al. 2019). Since a

single transgene transformation might not be sufficient to produce abi-

otic tolerant crops, multiple transgenes if expressed with the same pro-

moters may lead to homology-dependent gene silencing (De Wilde

et al. 2000; Han et al. 2015; Verdaguer et al. 1996). Hence, the utiliza-

tion of heterologous promoters to regulate expression of gene/s of

interest in host plants might help to prevent homology-dependent gene

silencing (Dong et al. 2015; Kumpatla et al. 1998). For spatio-temporal

gene expression, since both cis-elements and trans-acting factors play

pivotal roles, it is now feasible to identify stress-responsive elements

and the corresponding regulatory genes for manipulation utilizing

Agrobacterium-mediated transformations. However, a proper characteri-

zation of stress-inducible promoters is crucial for their subsequent use

in genetic engineering. Several promoters inducible by abiotic stresses

have been isolated from Atriplex centralasiatica (Yin et al. 2002),

Thellungiella halophila (Sun et al. 2010), Ammopiptanthus mongolicust

(Guo et al. 2010) and Salicornia brachiata (Tiwari et al. 2016) and have

been found to have stress-responsive cis-regulatory motifs. Rerksiri

et al. (2013) identified six heat-responsive genes in rice which also

responded to ABA, polyethylene glycol, and salt, but not cold treatment.

Three of the six promoters (OsHsfB2cp, PM19p, and Hsp90p) displayed

very high heat-induced uidA expression and moderate drought-induced

activities. Reconstruction of cis-elements in these rice promoters lead to

F IGURE 5 Expression analysis of uidA transcript in leaf, stem, and root tissues of PgLEAPC, PgLpd1 and PgLpd2 transgenic tobacco plants
under control and abiotic stress conditions. (A) Control, (B) heat stress, (C) cold stress, (D) salt stress, and (E) drought stress. Values are expression
folds obtained after normalizing against two reference genes (NtUBC and NtEF-1α). All samples were analyzed in triplicates in three independent
experiments. Bars with different letters are significantly different (p < 0.05)
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the development of efficient heat-inducible promoters for genetic engi-

neering studies. A novel LmSAP gene promoter in Lobularia maritima

showed stress responsiveness, thereby suggesting that it can be an

excellent tool for stress-inducible gene expression and genetic engineer-

ing (Saad et al. 2020). Hou et al. (2012) constructed three synthetic pro-

moters including EKCM, EKCRM and ECCRM with multiple cis-acting,

stress-responsive elements that were fused separately with the pro-

moters with the uidA gene for expression studies in A. thaliana. It was

observed that the higher expression of uidA gene activity was driven by

the three synthetic promoters under cold, salt, and desiccation stresses,

besides a higher uidA activity in comparison with the rd29 promoter.

Our results also suggest that PgLEAPC promoter could be used to confer

high levels of gene activity under drought, heat, and salt stresses in

transgenics. Further, it infers that monocot promoter can be an ideal

candidate for conferring drought and heat tolerance in dicotyledonous

crops. Since, the PgLEAPC promoter isolated from pearl millet shows

high transcriptional activity during drought and heat stress conditions

and is inducible by multiple abiotic stresses, the promoter can be used

for obtaining superior crops with better tolerance to harsh environmen-

tal conditions. While the PgLEAPC promoter displayed better uidA

expression under a wide range of abiotic stresses, the remaining two

PgLpd1 and PgLpd2 truncated promoters could not exhibit such an activ-

ity possibly due to the lack of stress inducible cis-elements like MBS and

CCAAT-box that are crucial for responses to abiotic stresses. Thus, the

stress-inducible promoters represent highly valuable tools that can

effective be deployed for generating transgenics plants for tolerance to

abiotic stresses.

5 | CONCLUSIONS

In the present study, a total 21 PgLEA genes were identified and sys-

tematically characterized. Besides, the PgLEAPC promoter was func-

tionally characterized by making the truncated versions of the

promoter region and analyzed their activity under heat, cold, salt, and

drought stress conditions. A novel PgLEAPC promoter from pearl mil-

let was functionally validated which may be of immense value for reg-

ulating the genes under drought, salt, cold and heat stresses. Such

promoters could be used in transgenic breeding as allele-specific

markers for developing heat and drought stress tolerant crops

depending on the heterologous promoter functionality.
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