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Abstract 
Foxtail millet (Setaria italica L.) is a drought-tolerant millet crop of arid and semi-arid regions. 
Aldo-keto reductases (AKRs) are significant part of plant defence mechanism, having an ability to 
confer multiple stress tolerance. In this study, AKR1 gene expression was studied in roots and leaves 
of foxtail millet subjected to different regimes of PEG- and NaCl-stress for seven days. The quantita-
tive Real-time PCR expression analysis in both root and leaves showed upregulation of AKR1 gene 
during PEG and salt stress. A close correlation exits between expression of AKR1 gene and the rate of 
lipid peroxidation along with the retardation of growth. Tissue-specific differences were found in 
the AKR1 gene expression to the stress intensities studied. The reduction in root and shoot growth 
under both stress conditions were dependent on stress severity. The level of lipid peroxidation as 
indicated by MDA formation was significantly increased in roots and leaves along with increased 
stress levels. Finally, these findings support the early responsive nature of AKR1 gene and seem to be 
associated at least in part with its ability to contribute in antioxidant defence related pathways 
which could provide a better protection against oxidative stress under stress conditions. 
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1. Introduction 
Drought and salinity are major constraints on plant productivity, with an evident effect on plant growth. Drought 
or salt resistance often depends on the ability of the plant to develop adaptive strategies under stress conditions. 

In order to get resistance plants adapt several antioxidant defense strategies through up-regulation or down- 
regulation of stress responsive genes [1]. When plants are exposed to high light intensity under different envi-
ronmental stresses initiates the generation of reactive oxygen species (ROS) in plant cells [2]. Prolonged stress 
conditions contribute to the disruption of balance between the oxidants and antioxidants, causing oxidative stress. 
Further, the interaction of ROS with several cellular constituents mainly by damaging nucleic acids, oxidizing 
proteins and causing lipid peroxidation leads to the production of cellular toxic reactive carbonyls such as Ac-
rolein, 4-hydroxynon-2-enol (HNE) and enhance cellular damage in plants [3] [4]. Scavenging of these carbonyl 
compounds is essential for maintaining the viability of plants. Several reports have been indicated that aldo-keto 
reductase genes (AKRs) are stress regulated genes and play a central role in the cellular response to osmotic and 
oxidative stresses by detoxifying toxic aldehydes generated during stresses in plants and human beings [5].  

AKRs are cytosolic, monomeric, oxidoreductases which catalyse NADPH dependent reduction activity on 
carbonyl metabolites, belong to the AKR superfamily [6]. AKR family members are characteristic with (α/β)8- 
barrel motif three dimension structure with a cofactor-binding site and open substrate-binding sites [7]. AKRs 
are able to metabolize a broad range of substrates such as steroids, sugar, prostaglandins, chalcones, and ali-
phatic/aromatic aldehyde, as well as some toxins [8].  

The first isolated plant AKR is from barley, showed osmoprotective function by synthesising osmolyte (sor-
bitol) to acquire desiccation tolerance during embryo development subjected to ABA treatment [9] [10]. Several 
studies on barley, rice and corn stress inducible AKRs suggested their effective role in detoxification of toxic 
reactive carbonyls produced during severe oxidative stress. Overproduction of an alfalfa AKR (MsALR) protein 
in transgenic tobacco plants improves tolerance against variety of oxidative stress induced by methylviologen 
(MV), heavy metals (CdCl2), osmotic and long periods of drought [11], cold [12], UV radiation [13] compared 
to wild type plants. Heterologous overexpression of OsAKR1 in tobacco plants showed better tolerance against 
heat [4]. Overexpression of Arabidopsis AKR4C9 in transgenic barley showed enhanced freezing tolerance and 
higher post-frost regenerative capacity [14]. Peach AKR1 (PpAKR1) overexpression in transgenic Arabidopsis 
plants indicated its significant role in salt tolerance than wild plants [15]. The direct enzymatic action studies of 
AKR4C8 and AKR4C9 enzymes from Arabidopsis thaliana supported the AKR active role in detoxification of 
reactive carbonyls but AKR4C9 enzyme role was specifically observed in MDA and 2-E-Hexenal [16]. All 
these works suggested the beneficial role of AKR in desiccation, drought, salt, heavy metal, cold stresses by de-
toxifying cell toxic aldehydes into their respective alcohols (sorbitol). But overproduction of GmAKR1 protein 
in transgenic soybean hairy roots suggested negative role in inhibiting nodule development [17].  

Malondialdehyde (MDA) is a product of lipid peroxidation and is regarded as a biomarker for evaluation of 
the damages in plasmalemma and organelle membranes caused by oxidative stress. MDA content in plants in-
creases under environmental stresses. Usually, the better oxidative stress tolerance is accompanied with lower 
MDA levels. Lipid peroxidation can be estimated as the amount of MDA present in plants as an effect of oxida-
tive damage [18]. Overproduction of OsAKR1 protein in transgenic tobacco plants detected lower levels of 
MDA and methylglyoxal (MG) in leaf tissues subjected to chemical and heat stress treatments [4]. Based on 
these observations we can predict the potential role of AKRs in reactive carbonyls detoxification and promoting 
abiotic stress tolerance as a consequence. However, in plants biological roles of AKR family proteins are still 
not well defined. Based on these observations, in this study we planned to correlate AKR gene expression with 
MDA levels in foxtail millet plant tissues. 

Foxtail millet is a small diploid (2n = 18), self-pollinating, C4 panicoid short duration drought tolerant crop 
belongs to the family Poaceae. It is cultivated for food grain, hay and pasture, mainly in arid and semi-arid re-
gions of China, India and Japan are the major foxtail millet growing countries in the world. In India, foxtail mil-
let cultivation is confined to Andhra Pradesh, Karnataka and Tamil Nadu and some parts of Maharashtra [19]. 
Earlier studies on foxtail millet cultivars indicated that Setaria italica cv. Prasad was a salt tolerant and cv. 
Lepakshi was a salt susceptible varieties [20]. Moreover, foxtail millet is having a small genome of ~515 Mb 
and highly conserved genome structure relative to ancestral grass lineages thus it could be considered as an ideal 
model crop for genetic and molecular studies [21]. Due to the high genetic similarity among cereals, isolated 
novel stress related genes from foxtail millet will be of great advantage to transfer into other cultivars as well as 
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other crop plants to make them stress tolerant.  
In this regard, our present investigation has been made for identifying abiotic stress responsive role of foxtail 

millet AKR1 gene by qRT-PCR expression in shoot and root tissues under different abiotic stresses. These ex-
perimental results, making feasible to use foxtail millet AKR1 gene to develop abiotic stress tolerant crop plants 
in near future. 

2. Materials and Methods 
2.1. Plant Materials, Growth Conditions and Stress Treatments  
Seeds of foxtail millet (Setaria italica L. cv. Prasad), were procured from Acharya N. G. Ranga regional agri-
cultural research station, Nandyal, Kurnool District, Andhra Pradesh, India. Healthy seeds were surface steril-
ized with 0.1% mercuric chloride (w/v) solution for 1 minute and thoroughly rinsed thrice with distilled water. 
Sterilized seeds were spread to germinate on Petri plates lined with filter papers. For stress treatments, seeds 
were treated with PEG 6000 solutions (5%, 10%, 15% and 20%) for providing osmotic stress, NaCl solutions 
(50, 100, 150, and 200 mM) for providing salt stress levels. The treatments were characterized as mild, moderate, 
severe and very stress treatments respectively in PEG and NaCl stress. These seeds containing Petri plates were 
kept in a growth chamber at mean temperature, 25˚C ± 4.0˚C, relative humidity 60% ± 10.0% for 7 days. The 
plants were supplemented with water and Hoagland solution on alternate days. Unstressed plants were main-
tained as control. After stress treatments, root and leaf materials were carefully harvested, immediately flash 
frozen in liquid nitrogen and stored at −80˚C until RNA isolation. Three independent experiments were con-
ducted for precision and reproducibility, and for each experiment, ~100 mg root and leaf samples were collected 
by random sampling. 

2.2. Growth Measurements 
PEG and NaCl stress subjected seven days old seedlings were harvested and their root and shoot growths were 
measured and recorded. Mean values were depicted in Figure 1 and Figure 2. 

2.3. Lipid Peroxidation (MDA) Assay 
Lipid peroxidation was determined by measuring the amount of MDA produced by the thiobarbituric acid reac-
tion as described by Heath and Packer [22]. The crude extract was mixed with the same volume of a 0.5% (w/v)  
 

 
Figure 1. Root and shoot length of foxtail millet seedlings under control and PEG stress 
(±SD).                                                                             
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Figure 2. Root and shoot length of foxtail millet seedlings under control and NaCl 
stress (±SD).                                                                      

 
thiobarbituric acid solution containing 20% (w/v) trichloroacetic acid. The mixture was heated at 95˚C for 30 
min and then quickly cooled in an ice-bath. The mixture was centrifuged at 3000 ×g for 10 min and the absorb-
ance of the supernatant was monitored at 532 nm and 600 nm. After subtracting the non-specific absorbance 
(600 nm), the MDA concentration was determined by its molar extinction coefficient (155 mM−1∙cm−1).  

2.4. RNA Isolation and cDNA Synthesis 
Total RNA was isolated by the RNeasy Plant Mini Kit (Qiagen, USA) from frozen leaf and root samples ac-
cording to manufacturer’s protocol. The concentration of RNA from each samples was determined by UV spec-
trophotometry at A260, while the quality of total RNAs analyzed by 1% ethidium-bromide agarose-gel electro-
phoresis. The contaminated genomic DNA was removed by Turbo DNA-free (Ambion, USA) treatment. Then, 
5 μg of total RNA was used as a template for cDNA synthesis using M-MLV reverse transcriptase (Fermentas, 
Germany) with oligo (dT) primer according to the protocol. 

2.5. Expression Analysis of Foxtail Millet AKR1 Gene by qRT-PCR 
Quantifying gene expression levels is an important research tool to unravel complex regulatory gene net-
works. Reverse transcription-quantitative real time PCR (qRT-PCR) is a widely used method for gene ex-
pression measurements because of its sensitivity, reproducibility and dynamic quantification range [23]. cDNAs 
were used as templates for qRT-PCR reactions using foxtail millet AKR1 gene specific primers, forward 5’- 
CTTGCTTGCTGTAGCTCGTC-3’ and reverse 5’-AGGCGTTTTCCCAAGTTTCT-3’. β-actin primers were used 
as internal controls in this reaction [24].  

The RT-PCR reaction was carried in StepOne RT-PCR machine (Applied Biosystems, USA) conditions fol-
lowed by 40 cycles of 1min at 95˚C; 1min at 57˚C and 1min at 72˚C. The final extension was carried at 72˚C for 
10 min, 1 cycle. After 40 cycles, the specificity of the amplifications was checked by heating from 60˚C to 95˚C 
with a ramp speed of 1.9˚C∙min−1, resulting in melting curves. Triplicate measurements were carried out to de-
termine the mRNA abundance of each gene in each sample. Data analysis was performed using SDS 2.2.1 soft-
ware (Applied Biosystems, USA). Amplification curves were analyzed with a normalized reporter (Rn: the ratio 
of the fluorescence emission intensity of the SYBR Green to the fluorescence signal of the passive reference dye) 
threshold of 0.2 to obtain the CT values (threshold cycle). Data were normalized to reference gene actin, ΔCT = 
CT (gene)-CT (Actin). Its expression was measured with three replicates in each PCR run, and the mean CT was 
used for relative expression analyses. The fold change value was calculated using the expression 2−ΔΔCT, where 
ΔΔCT represents, ΔCT treatment-ΔCT control. The results obtained were transformed to log2 scale [24]. 
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2.6. Data Analysis 
All data were analyzed using the SPSS (Statistical Package for the Social Sciences) version 16.0. Data presented 
here are mean values and standard deviation (±SD). One-way ANOVA was carried out using Post hoc multiple 
comparison from the Duncan’s test at a significance level of p < 0.05. 

3. Results  
3.1. Effect of PEG and NaCl Stress on Plant Growth 
At the whole plant level the effect of stress is usually perceived as a decrease in photosynthesis and growth, and 
is associated with alteration in carbon and nitrogen metabolism. The total seedlings growth rate was gradually 
decreased with increasing severity of PEG and NaCl stress concentrations and was dependent on intensity of 
stress. Significant decrease in the seedling growth was observed at 15% PEG and 150 mM NaCl stresses respec-
tively (Figure 1 and Figure 2). The percent decrease in seedling growth was between 75% to 80% under 20% 
PEG and 200 mM NaCl stress conditions respectively at the end of experimentation, which were lethal to seed-
ling growth. Likewise, many researchers reported that seedling growth in salt- and stress-containing medium 
was less than that in the control medium [25]-[27]. This reduced growth under stress has been ascribed either 
due to osmotic or ionic effects; inhibition of cell division and cell elongation processes associated with the 
growth of seedling and the decrease in plastic extensibility of the growing cell walls [25]. 

3.2. Effect of PEG and NaCl Stresses on MDA Accumulation in Plant Tissues 
Environmental stresses insists extensive lipid peroxidation, which has often been used as indicator of stress in-
duced oxidative damage in membranes [28]. Total MDA content was estimated in control, PEG-stressed and 
NaCl-stressed seven days old seedlings root and leaf samples. The total MDA content was significantly in-
creased in root and leaf samples of stressed seedlings over control seedlings under all stress regimes. A linear 
increase in MDA accumulation was observed with increasing PEG and NaCl stresses. MDA levels were ~8-fold 
and ~10-fold increase was seen in PEG and NaCl stressed leaf and root samples of foxtail millet seedlings re-
spectively, than control root and leaf samples of foxtail millet seedlings at the end of experimentation (Figure 3 
and Figure 4). Similarly, increase in MDA in response to drought and salt stress was also reported by many 
workers [26]. The increase in MDA levels under stress would result in membrane lipid peroxidation by means of 
ROS production [29]. The formation of ROS enhances lipid peroxidation at the cellular level and the rate of 
such enhancement relates to plant species and the severity of stress [30]. 
 

 
Figure 3. Malondialdehyde (MDA) content in root samples (nmol/g FW) of foxtail millet culti-
var under control, PEG-stress and NaCl-stress. The data represent the mean ± SD (n = 3) of three 
different experiments and the same letters above the bars are not significantly different at p < 
0.05 (DMR test).                                                                            
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Figure 4. Malondialdehyde (MDA) content in leaf samples (nmol/g FW) of foxtail millet cultivar under 
control, PEG-stress and NaCl-stress. The data represent the mean ±SD (n = 3) of three different experi-
ments and the same letters above the bars are not significantly different at p < 0.05 (DMR test).                   

3.3. Effect of PEG and NaCl Stress on Expression of Foxtail Millet AKR1 Gene in Plant  
Tissues 

The qRT-PCR of foxtail millet AKR1 analysis showed significant expression in leaf and root tissues. In PEG 
stress conditions, foxtail millet AKR1 transcript expression showed 1.4, 2.6, 3.65 and 2.9-folds expression in 
5% PEG, 10% PEG, 15% PEG and 20% PEG stressed leaf samples respectively, whereas 0.5, 0.9, 1.5 and 1.3- 
folds AKR1 expression was observed in 5% PEG, 10% PEG, 15% PEG and 20% PEG stressed root samples re-
spectively (Figure 5). Foxtail millet AKR1 transcript expression was showed 1.3, 1.9, 2.6 and 2.3-folds in 50 
mM NaCl, 100 mM NaCl, 150 mM NaCl and 200 mM NaCl stressed leaf samples respectively, 0.2, 0.55, 1.1 
and 0.6-folds expression was observed in 50 mM NaCl, 100 mM NaCl, 150 mM NaCl and 200 mM NaCl 
stressed root samples respectively (Figure 6).  

RT-PCR expression profile of foxtail millet AKR1 mRNA showed that green parts of foxtail millet plants es-
pecially leaves have high level of AKR1 mRNA abundance, consistent with the increasing osmotic, dehydration 
and salt stress treatments. Significant mRNA abundance was seen at 15% PEG, and 150 mM NaCl stress condi-
tions in plant tissues. The stimulation and synthesis of foxtail millet AKR1 gene under abiotic stress conditions 
that may be an indication of AKR1 gene physiological role in plants defense. The decreased AKR transcript ex-
pression supports the lethal stages of plant under severe PEG and NaCl stresses. 

4. Discussion 
In this present work, at first we observed reduced growth in seven days old foxtail millet seedlings under PEG 
and salt stress treatments. Growth reduction is proportionate to the increased severity of NaCl and PEG stress 
conditions in root and shoot lengths in seedlings. It is well documented that abiotic stress cause an important 
modification in gene expression in plants. Such modification may lead to accumulation or depletion of certain 
metabolites, and synthesis of new set of proteins that are specific to the particular type of stress which possibly 
adapt plants to the stressful environment by physiological and biochemical adjustments.  

A number of studies demonstrated that ROS scavenging mechanisms have an important role in protecting 
plants against high light induced cellular damages under different abiotic stresses [31]. Environmental stresses 
stimulates the ROS production as a consequence imbalance between ROS and scavenging enzymes occurs that 
promotes extensive lipid peroxidation, which has often been used as indicator of stress induced oxidative dam-
age in membranes [28]. Lipid peroxidation majorly occur in the vicinity of biomembrane having polyunsatu-
rated fatty acids may lead to the formation of lipid hydroperoxides and diffuse throughout chloroplast forms re-
active carbonyl products such as MDA, MG, acrolein, hexenal etc. [32]. Parallel to these observations, in the 
present study we observed a significant increase in MDA content in roots and leaf samples of stressed foxtail  
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Figure 5. Quantification of foxtail millet AKR1 expression level 
in leaf and root PEG subjected samples by comparative CT.                                 

 

 
Figure 6. Quantification of foxtail millet AKR1 expression level 
in leaf and root NaCl stressed samples by comparative CT.                                

 
millet seedlings. However a significant increase in MDA content was recorded in 20% PEG and 200 mM NaCl 
stress treatments. The degree of increase was dependent on severity of stress in foxtail millet cultivar. Increase 
in MDA content in response to drought and salt stress in plant tissues was also reported by many workers [26]. 
The increase in MDA levels under stress would result in membrane lipid peroxidation by means of ROS produc-
tion [29]. Lipid peroxidation brings about the loss of cell membrane integrity leading to electrolyte leakage and 
chlorophyll breakdown by reducing the rate of photosynthesis [33]. Lipid peroxidation can occur in both chlo-
roplasts and mitochondria [34]. 

Aldo-keto reductase (AKRs) are stress regulated genes and play a central role in detoxification of toxic alde-
hydes like MDA, Methylglyoxal, acrolein etc., generated during water stress [5]. AKR protein was detected in 
vegetative tissues of rice mainly by following dehydration, salt-stress and exogenous ABA treatments [8] [35]. 
In present study, qRT-PCR expression analysis of foxtail millet AKR1 showed that AKR1 transcript abundance 
was shown high in green parts of foxtail millet seedlings especially leaves. AKR1 mRNA abundance was con-
sistent with the increasing osmotic (PEG) and salt stress treatments. Because leaves are directly exposed to 
sunlight under different abiotic stresses thus may cause the generation of ROS leading to higher lipid peroxida-
tion in leaves compared to roots as a consequence of toxic reactive carbonyls accumulation. As a part plant de-
fense foxtail millet AKR1 gene may be up-regulated to detoxify these reactive carbonyls into their corresponding 
alcohols in the leaves.  

The decreased AKR transcript expression supports the drastic increase in MDA levels along with lethal stages 
of plant under 20% PEG and 200 mM NaCl stresses respectively at the end of experimentation. These results 
support the argument for a mechanism of water stress tolerance operating at the cellular level and a very strong 
correlation between AKR1 gene expression and the ability of foxtail millet tissue to grow on media amended 
with NaCl and PEG. Very severe stress treatments produced a significant increase in leaf MDA. As a part of 
stress tolerance a substantial increase in mRNA abundance of AKR1 was observed in increasing severity of PEG 
and NaCl stresses. However our results support the publicly available data [8] [14] [16]. Moreover our results 
indicated the early responsive and positively up-regulation nature of foxtail millet AKR1 gene in contribution of 
plant defense under osmotic (PEG) and NaCl stress conditions. Perhaps their products could be involved in 
various metabolic functions to promote stress tolerance conditions in foxtail millet associated at least in part to 
enhance of ROS scavenging capacity. This protective effect appears to prevent cellular damage and allow seed-
lings to retain high levels of metabolic activity and growth under environmental stresses.  
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5. Conclusion 
Based on the above conditions, we can predict that foxtail millet AKR1 gene is a promising stress responsible 
gene to modulate and enhance the stress tolerance in major crops. In conclusion, we made an initial attempt to 
identify the abiotic stress responsive foxtail millet AKR1 gene further it would be feasible in developing stress 
tolerant crops in a part of agronomical importance. 
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Abbreviations 
AKR (Aldo-Keto Reductase),  
ROS (Reactive Oxygen Species),  
qRT-PCR (Quantitative Real-Time PCR),  
PEG (Poly Ethylene Glycol),  
MDA (Malondialdehyde),  
NADPH (Nicotinamide Adenine Dinucleotide Phosphate). 
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