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Abstract 

Background: Drought, being as one of the major environmental limiting factors, leads a huge 
reduction in crop growth rate and biomass accumulation. Pearl millet is a suitable material to study 
drought resistance due to its excellent drought tolerance. Root is a very important part of plant 
playing crucial roles in plant growth and development, which makes it a target to research on. 

Results: In this study, we tried to find the mechanism of drought tolerance of pearl millet by 
comparing the data of physiology and transcriptome under normal and drought conditions at 3 time 
points (1 hour, 3 hours and 7 hours) in root at seedling stage. The relative electrical conductivity 
went up from 1hour to 7 hours in both control and drought stress groups and the content of 
malondialdehyde showed a decreasing trend. 2004, 1538 and 605 differently expressed genes were 
found at 1hour, 3 hours and 7 hours respectively. Some of these differently expressed genes were 
clustered significantly into ‘metabolic processes’, ‘MAPK signaling pathway’ and ‘plant hormone 
signal transduction’ like ABA signal transduction pathway in GO and KEGG enrichment analysis.  

Conclusions: Pearl millet was found to have a rapid drought response, which may occur before 1 hour 
contributing to its drought tolerance. These results can provide a theoretical basis to enhance drought 
resistance in other plants. 

Keywords: pearl millet, root, transcriptome, MAPK signaling pathway, plant hormone signal 
transduction, ABA 

Introduction 

Drought is one of the major environment constraints limiting agricultural production worldwide, 
which lead to the lack of enough moisture that required for plant growth and development to realize 
their life cycle (Chen et al., 2020; Dennis and Bruening, 2000; Ji et al., 2018a; Ji et al., 2018b; 



Lambers et al., 2008; Manivannan et al., 2008; Rollins et al., 2013). Drought stress severely affects 
growth and development of plants by causing substantial reductions in crop growth rate and biomass 
accumulation. The main consequences of drought stress in plants are reduced rate of cell division 
and expansion, root proliferation, stem elongation and leaf size. Nevertheless, it also disturbed 
stomatal oscillations, plant water and nutrient relations with diminished crop productivity, and water 
use efficiency (Anjum et al., 2011a; Farooq et al., 2009; Li et al., 2009b). It has been reported that 
drought has had a bad influence on many crops. For example, rice (Oryza sativa L.) suffered a 
drastic yield reduction range 18%-60% even more than 70% in some places due to water deficiency 
(Bernier et al., 2007; Dixit et al., 2014; Dixit et al., 2012; Ghimire et al., 2012; Sandhu et al., 2014; 
Vikram et al., 2011) while it caused 10%-50% reduction on wheat (Triticum aestivum L.) (Amir et 
al., 2011; Praba et al., 2009; Wang et al., 2003). Meanwhile, the biomass of maize (Zea mays L.) 
decreased 1%-76% when facing drought stress (Adebayo and Menkir, 2015; Adee et al., 2016; 
Daryanto et al., 2016) and barley (Hordeum vulgare L.) reduced 73%-87% (Samarah et al., 2009). 
And crops like chickpea (Cicer arietinum Linn.), pigeon pea (Cajanus cajan (Linn.) Millsp.) and 
canola (Brassica napus L.) planted on the dry lands were also shown to have a huge yield reduction 
(Sandhu and Kumar, 2017). These reports indicate that drought stress can lead to huge loss of 
economy which will depress the living quality of humans (Sandhu and Kumar, 2017). What’s worse, 
many researchers predicted that the dry land would expand globally by the end of this century and 
was 5.8×106 km2 (or about 10%) larger than that in 1961-1990 because of increasing concentrations 
of greenhouse gases in the atmosphere. And the major expansion of arid regions will occur over 
southwest North America, southern Africa, the northern fringe of Africa, and Australia, while major 
expansions of semiarid regions will occur across southern Africa, North and South America and the 
north side of the Mediterranean (Dai and Aiguo, 2013; Feng and Fu, 2013; Prudhomme et al., 2014). 
Therefore, it’s urgent to promote the drought stress tolerance of corps. 

Pearl millet (Pennisetum glaucum (L.) R. Br.), as the sixth most crucial cereal crops after rice, wheat, 
maize, barley and sorghum (Sorghum bicolor (L.) Moench) in the world (Awan et al., 2020; Dan et 
al., 2020; Khan et al., 2020a; Khan et al., 2019a; Khan et al., 2020b; Khan et al., 2019b; Shivhare 
and Lata, 2016; Sun et al., 2020), is cultivated on ~27 million hectares worldwide as a staple food 
crop in arid and semi-arid regions of sub-Saharan Africa, India and South Asia where grain yields 
average 900 kg/ha (Andrews and Kumar, 1992; Varshney et al., 2017). It feeds more than 90 million 
farmers living in poverty with high nutritious (8–19% protein), high fiber (1.2 g/100 g), low starch, 
and higher micronutrient concentrations (iron and zinc) than wheat, rice, sorghum and maize 
(Varshney et al., 2017). Planted on the dryland often makes pearl millet possess excellent drought 
resistance, at the same time, it is also tolerant to heat, salinity and soil nutrient deficiency (Andrews 
and Kumar, 1992; Reddy et al., 2017; Vadez et al., 2012). To study about the drought resistant 
mechanism in pearl millet and to dig out key role genes related to drought tolerance are very 
important for pearl millet to acclimate to severer water deficit environment in the future, which can 
decrease the economic loss especially for poor area where pearl millet is used as main staple food. 
Besides, it is also beneficial for genetic improvement to raise drought tolerance of other crops. 

Root is one of the most important tissues of plants to realize a water uptake and transport and it is 
sensitive to water deficiency (Bertin et al., 2003). And a main challenge in developing drought-
resistant plants is elucidating how roots can better meet increased evapotranspiration demands of 
the canopy with lower soil water availability, which means studying about drought tolerance in root 



is an important side. At the other side, plant establishment at seedling stage decides its quality for 
later growth (Huang and Fry, 1998). Transcriptomic analysis under next generation sequencing 
(NGS) is an efficient approach for exploring gene expression profiling. And RNA Sequencing 
(RNA-Seq) based on NGS has been utilized as a comprehensive high-throughput approach to reveal 
the gene expression variation, regulatory networks, and some technology development in various 
species (Ambika et al., 2018; Lin et al., 2019; Shuping et al., 2020; Sifan et al., 2018; Yan et al., 
2019; Zhou et al., 2019). In this study, RNA-Seq was performed to detect the seedling stage 
expression pattern of root at early phases with three time points (1, 3 and 7 hours after drought 
treatment) under drought stress. At present, three studies have investigated drought resistance in 
pearl millet using transcriptomic methods (Ambika et al., 2018; Choudhary et al., 2015; Mishra et 
al., 2007). However, none of them carried out a varied gene expression under drought stress as time 
went on, which is significant because at different times, there may be different major genes. 

In this study, we analyzed genes that expressed differently after drought treatment at 3 different time 
points (1h, 3h and 7h) in the root of pearl millet at seedling. From analysis of these transcriptome 
data, we aimed to reveal the early dynamic molecular regulation of pearl millet when attacked by 
the water deficit and to find out the key genes which conducted the drought tolerance. This is also 
important for drought enhancement of other crops. And at present, there is no report about the early 
dynamic mechanism of drought response in the root of pearl millet  

Materials and methods 

Plant growth and water treatment 

A cultivar of pearl millet ‘Tifleaf 3’ (obtained from Sichuan Agricultural University) was used for 
later experiments. Twenty plastic pots (10*15 cm) were filled with half silica sand where 0.2g seeds 
(about 240 seeds) were bespread on the silica sand for each pot. The materials were cultivated in 
the growth chamber which was set a day (14 hours)/night (10 hours) temperature regime of 26/22°C. 
In the first three days, these materials were watered with distilled water about the lower half of the 
seed and most of them (about 85%) sprouted on the third day. From the fourth day, they were 
watered with Hoagland solution (0.5×). After 13 days growth (most of plants with three leaves), the 
Hoagland solution of 10 pots was changed as 20% PEG (dissolve 200g PEG (polyethylene glycol 
6000) in 0.5× Hoagland solution to make 1000mL) which could simulate drought stress. Root 
samples with similar growth vigour of plants were collected randomly after 1, 3 and 7 hours of 
drought treatment containing treatment groups and control groups with 3 replicates each and were 
frozen immediately in liquid nitrogen and stored at −80 °C for further experiment. 

RNA-seq and data analysis 

A NanoDrop spectrophotometer (California, USA) used to detect the purity of RNA, and a Qubit 
RNA assay kit in a Qubit 2.0 fluorometer system (California, USA) was used to determine the 
concentration of RNA. The library was constructed by the NEBNext® UltraTM Directional RNA 
Library Prep Kit for Illumina® (California, USA). The mRNA was enriched by The NEBNext®Poly 
(A) mRNA Magnetic Isolation Module while the break of mRNA into short segments was using 
Fragmentation Buffer. A strand of cDNA was synthesized with random hexamer primers and the 
second strand of it was synthesized by adding buffer, DNA polymerase I and dNTPs. Both strand 



cDNA was purified by AMPure XP beads, which was repaired at the end. A tail was added and 
sequenced. Then, fragment size was selected by AMPure XP beads. At last, the final cDNA library 
was gained by PCR enrichment. Qubit 2.0 was used for preliminary quantification and Agilent 2100 
was used to test the inserted fragments of the library. Furthermore, Illumina Hi-Seq 2000 was used 
for sequencing. We established a total of 18 RNA-Seq libraries. 

Identification of gene expression level of each sample used RSEM (Li et al., 2009a). The clean data 
produced by Illumina sequencing were mapped to SMRT sequencing data of pearl millet (Sun et al., 
2020), and the read count of each gene was gained from the mapping results (Li and Dewey, 2011). 
The read count value of each gene was converted to the FPKM value (Fragments per Kilobase 
Million). 

Differential expression analysis of two groups was performed using the DESeq2 R package (1.16.1) 
and genes with an adjusted P-value <0.05 and |log2 (FC)| ≥ 1 found by DESeq2 were assigned as 
differentially expressed. Gene Ontology (GO) enrichment analysis of differentially expressed genes 
(DEGs) obtained was implemented by the cluster Profiler R package. Besides, GO terms with 
corrected P-value less than 0.05 were thought enriched significantly. Finally, the cluster Profiler R 
package was used to test the statistical enrichment of DEGs in KEGG pathways. 

A weighted gene co-expression network analysis (WGCNA) was carried out by the WGCNA package in 
R (v3.3.0) (Langfelder and Horvath, 2008).  

Results 

After treatments, root samples were collected to measure the relative electrical conductivity and the 
content of malondialdehyde (MDA). The results (Figure 1) showed that as time prolonged, relative 
electrical conductivity went up in both CK and drought stress groups. And after a short time of 
drought treatment, the relative electrical conductivity of the root was higher than which grew in a 
normal condition and expressed significant difference at 3h. In contrast, the content of MDA 
declined from 0h to 3h in CK group, after that there was a slight increase. Moreover, the content of 
MDA at early stage (1h) of drought treatment showed significantly higher than that in CK group 
and then went down sharply at 3h and 7h. 

Under environmental drought stress, reactive oxygen species (ROS) levels will increase 
dramatically, which results in oxidative damage to DNA, proteins and lipids (Apel and Hirt, 2004). 
They (such as O2- and H2O2) will attack membrane lipids directly and increase lipid peroxidation 
(Mittler, 2002). The relative electrical conductivity (Wang et al., 2012) and the content of MDA is 
considered an indicator of oxidative damage (Moller et al., 2007) and MDA is thought to be a marker 
for membrane lipid peroxidation. Decreasing in membrane stability shows the level of lipid 
peroxidation that is caused by ROS. Moreover, in tissues, lipid peroxidation can indicate the 
prevalence of free radical reaction. Furthermore, oxygen uptake loading on the tissues will generate 
ROS in both processes (Anjum et al., 2011b). When faced with drought stress, many species showed 
an increase of MDA and relative electrical conductivity like Cucumis sativus L. (Wang et al., 2012), 
Nicotiana tabacum L. (Wang et al., 2006), Triticum aestivum L. (Hongbo et al., 2005), Phillyrea 
angustifolia L. (Munné-Bosch and Peñuelas, 2003) and so on. In our research, the content of MDA 
showed a significant risie at 1h which means in a short time after drought treatment, there might be 



a lot of ROS produced rapidly and caused damage to proteins and lipids. But when it went to 3h and 
7h, the content of MDA in drought stress group decreased. This may because many proteins like 
antioxidase related to drought resistance in pearl millet were generated so that ROS were converted 
to non-harmful substance. Therefore, it showed a decline of MDA in later period. At the same time, 
the relative electrical conductivity rose gradually from 0h to 7h no matter in CK or treatment group 
but did not emerge a significant difference between CK and drought stress at 7h, which also suggests 
that there might be some substance that was produced to ease this situation.  

 

Figure 1. a. the relative conductivity at 0h, 1h, 3h and 7h of CK and drought group in root. b. the content of MDA 

at 0h, 1h, 3h and 7h of CK and drought group in root. 

Data analysis of RNA-seq 

Total 16 qualified cDNA libraries were separately constructed and used to RNA-seq. The quality of 
RNA-seq was decided with the quality of sequencing and the correlations of biological replicates. 
In this study, the Q20 or Q30 exceeded 93% and the percentage of GC was greater than 53%. 
Furthermore, the FPKM values of 16 samples were assessed by Pearson correlation (R2) and 
Principal component analysis (PCA) (Supplemental figure 1). These results indicated that the 
quality of sequencing was high. Overall, the data of RNA-seq is reliable and can be used to perform 
the later analysis. 

Analysis of DEGs among drought stress and control conditions 

In order to determine the DEGs involving in response of drought stress, three comparisons (total DEGs 
of three time points, up-regulated DEGs of three time points and down- regulated DEGs of three time 
points) were performed with a threshold of |log2 (FC)| ≥ 1 and P value ≤ 0.05 (Figure 2). There were 
2004 (1364 up-regulated and 640 down-regulated), 1538 (676 up-regulated and 862 down-regulated) and 
605 (449 up-regulated and 156 down-regulated) genes that showed different expression after 1, 3 and 7h 
drought treatment respectively (Figure 2a). Besides, 12 DEGs showed up-regulated at all three time 
points while 2 DEGs showed the opposite trend at all three time points. On the other hand, 1655, 1189 
and 389 genes expressed specifically at 1h, 3h and 7h drought stress respectively which took large 
proportions (Figure 2b). With drought time extension, the number of DEGs went down.  

The number of DEGs decreased from 1h to 7h, which had the same trend with the content of MDA under 
drought stress. This indicates that at the beginning of drought stress, although plenty of ROS were 
produced, the pearl millet could react to it rapidly due to its strong drought resistance. Lots of genes were 
expressed and brought in many proteins such as enzymes to respond to the sudden shock and after that, 



cells went back to a relative balance level. It could be a signal for plants that they were in a normal 
condition so in a short time, it was not essential to express lots of genes but just growth normally. This 
phenomenon also appeared in Zea mays L. (Zhang et al., 2019). Both drought tolerant cultivar and 
drought sensitive cultivar maize were faced with drought stress at seedling stage, the number of DEGs 
in primary roots at 12h was less than that at oh. In our research, 12 and 2 genes exhibited up- and down-
regulated at all three time points, which may illustrate they play some important roles in response related 
to drought stress. These genes should be targets of later study. 

 

Figure 2. a. The number of DEGs between CK and drought stress group at 1h, 3h and 7h. b, c, d. DEGs of setup 

diagram at 1h, 3h and 7h time points. 

DEGs analysis of GO and KEGG pathway 

Annotation and analysis of GO cluster of DEGs at three time points were performed. Most of DEGs 
in each time point were different to that in other time points, but the top five GO terms of three 
categories which they clustered were nearly the same (Figure 3). In the ‘Biological process’ category, 
larger genes were clustered in ‘metabolic process’, ‘cellular process’, ‘single-organism process’, 
‘localization’ and ‘biological regulation’ (Figure 3a). Fewer genes clustered in ‘Cellular component’ 
than that in ‘Biological process’ and ‘Molecular function’ and top five number of genes in 3h and 
7h were related to ‘membrane’, ‘cell’, ‘cell part’, ‘membrane part’ and ‘macromolecular complex’, 
while for 1h, there is no ‘macromolecular complex’ but ‘organelle’ (Figure 3c). In the ‘Molecular 
function’ category, DEGs annotated as ‘catalytic activity’, ‘binding’ and ‘transporter activity’ were 
clustered most (Figure 3e). At 1h and 7h after drought treatment, it was obvious that up-regulated 
genes were more than down-regulated genes no matter in which category and the situation was 
totally opposite to DEGs at 3h after drought stress. 

At the same time, DEGs in each time point were also performed with analysis of KEGG function 
(Figure 3). At 1h, DEGs were clustered into ‘MAPK signaling pathway – plant’, ‘Plant hormone 



signal transduction’ and ‘Galactose metabolism’ pathways significantly (Figure 3b). When it comes 
to 3h after drought treatment, DEGs were clustered into 13 pathways significantly and they are 
‘Taurine and hypotaurine metabolism’, ‘Cysteine and methionine metabolism’, ‘Glycolysis / 
Gluconeogenesis’, ‘Nitrogen metabolism’, ‘Alanine, aspartate and glutamate metabolism’, 
‘Biosynthesis of secondary metabolites’, ‘Pentose phosphate pathway’, ‘Metabolic pathways’, 
‘Glutathione metabolism’, ‘Tyrosine metabolism’, ‘Arginine biosynthesis’ and ‘Fatty acid 
degradation’ (Figure 3d), which has much variation from that in 1h. And there were just two 
pathways (‘Taurine and hypotaurine metabolism ‘and ‘Biosynthesis of amino acids’) where DEGs 
clustered significantly after 7 hours drought stress (Figure 3f).  

 

Figure 3. Analysis of DEGs expressing differently between CK and drought stress. a, c, e. GO analysis of DEGs 

specific to drought stress at 1h, 3h and 7h. b, d, f. KEGG analysis of DEGs specific to drought stress at 1h, 3h and 

7h. 

Plants can cope with drought stress through manipulating some key physiological processes like 
respiration, antioxidant and hormonal metabolism (Bhargava et al., 2013). In enrichment analysis 
of GO term on ‘Biological process’, most DEGs were clustered into metabolic processes 
significantly. Respiration being a very crucial metabolic way plays necessary roles in drought 
response. The rate of respiration is regulated by processes that use the respiratory products such as 
ATP, NADH and TCA cycle intermediates, which contribute to plant growth together. Under 



drought stress, these processes will be affected and lead to a decline in respiration rate. On the other 
hand, higher respiration may arise because of oxidative phosphorylation, reducing the generation of 
ROS and preventing the accumulation of reductants. Besides, activation of energy-intensive 
processes and increased respiratory rates like osmolyte synthesis and antioxidant metabolism 
occurring under drought conditions (Florez-Sarasa et al., 2010; Lambers and Ribas-Carbó, 2005). 
Under drought treatment, ROS are generated due to metabolic perturbation of cells, and these cause 
cell damage and death (Carvalho, 2008; Nxele et al., 2017; Uzilday et al., 2012). A very important 
adaptive mechanism involves their effective scavenging. And when these harmful substances do 
arise, antioxidant substrates like carotenoids, ascorbate as well as a-tocopherol and antioxidant 
enzymes like SOD (superoxide dismutase), CAT (catalase), APX (ascorbate peroxidase) and 
glutathione reductase exist in cell organelles and the cytoplasm and play a crucial role in detoxifying 
these reactive species (Shao et al., 2008). These important antioxidant enzymes were produced by 
some metabolic process so when suffering a shock of drought stress, huge metabolic related genes 
need to be expressed at a high level to respond to drought especially in drought tolerance species 
like pearl millet. Furthermore, lots of DEGs were clustered into ‘membrane’ in ‘Cellular component’. 
This may because ROS will attack membranes of cells, and plants try to express related genes to 
repair it. And in this process, transcription factors (TFs) are also very essential. TFs act as switches 
and trigger the expression of a huge number of stress-response genes that contribute to the stress 
phenotype (Bartels and Souer, 2003). Up to now, many TFs were identified related to drought 
resistance belonging to bHLH, bZIP, HD-ZIP, AP2/ERF, MYB, EAR, NAC, NF-Y and ZPT2 
families (Bhargava et al., 2013). These TFs can bind with some specific sites or target genes and 
then regulate them. In our research, there were a large number of DEGs clustered into ‘binding’, 
which may be due to the need of binding events between TFs and their important targets. 

When treated with drought stress, signal transduction in plants is very eventful. Mitogen-activated 
protein kinases (MAPK) bring about protein phosphorylation constituting one of the main 
mechanisms of signal transduction in plants. Located in the cytoplasm, they consist of three types 
of enzymes (MAPK, MAPKK and MAPKKK), which form a signaling cascade from the stress 
sensor located on the plasma membrane to the regulation of gene expression in the nucleus. 
Transferring of the MAPK to the nucleus gives rise to the activation of transcription factors through 
phosphorylation (Bhargava et al., 2013; Tena et al., 2001). In our study, lots of genes gathered into 
the ‘MAPK signaling pathway- plant’ of KEGG enrichment analysis at 1h and 3h. This result 
showed that pearl millet responded to drought environment positively by much signal transduction. 
At same time, we can find that there were not many DEGs clustered into ‘MAPK signaling pathway-
plant’. This may be because as we discussed earlier, after drought shock, huge numbers of genes 
were highly expressed and generated proteins to contain the balance of cells by a series biochemical 
reaction. And then there was no need for so many genes to express in a relative steady state. 

Phytohormones are central factors in sensing and signaling various environmental conditions like 
drought stress (Ollas et al., 2013). When exposed to water deficits, ABA will be synthesized in roots 
and translocated to leaves, where it leads stomatal closure so that enable the plant to adapt to drought 
environment (Wilkinson and Davies, 2010). Many researches (Fujita et al., 2005; Seiler et al., 2011; 
Zhang et al., 2006) indicated that biosynthesis of ABA was related to drought response. Cytokinins 
are a kind of negative regulating factor of root growth and branching. Root-specific degradation of 
cytokinin could make contribution of primary root growth and branching, which were induced by 



drought stress, so that to increase drought tolerance in Arabidopsis (Werner et al., 2010). Jasmonic 
acid (JA) and its metabolites, collectively known as jasmonates, originating from lipid oxidation 
pathways Jasmonate signaling are associated with stress responses including defense responses 
against biotic stressors such as pathogens and insects and also responses to abiotic stresses. (Ollas 
et al., 2013).  

Weighted gene co-expression network analysis. 

The co-expression network of candidate DEGs was made through WGCNA. According to pairwise 
correlations and gene expression trends among all samples, co-expression networks were 
constructed using normalized microarray expression data of all DEGs from all samples using the 
WGCNA R package. DEGs were clustered into 13 modules (lightgreen, green, purple, brown, blue, 
tan, grey60, black, magenta, yellow, pink, cyan and lightcyan) with high correlation values (Figure 
4b) and DEGS that couldn’t gather into modules would be abandoned. Notably, the MEblue (0.99), 
MEblack (0.85) as well as MEmagenta (0.78) and MEpurple (0.72) as well as brown (0.74) modules 
were highly correlated with drought for 1h, 3h and 7h respectively. In addition, sample clustering 
was also performed through their gene expression (Figure 4a).  

Furthermore, DEGs in three modules that were the highest correlation with drought in each time 
point after drought treatment were analyzed through KEGG pathway analysis (Figure 4). The 
number of DEGs in the module (MEblue) which had the highest correlation to drought stress for 1h 
was 388 and they were clustered in ‘Glycolysis / Gluconeogenesis’, ‘Biosynthesis of secondary 
metabolites’, ‘Carotenoid biosynthesis’, ‘Glutathione metabolism’, ‘Fructose and mannose 
metabolism’, ‘Biosynthesis of amino acids’, ‘Plant hormone signal transduction’ and ‘alpha-
Linolenic acid metabolism’ pathways significantly (Figure 4b) and DEGs correlated to 3 hours’ 
drought stress (80) clustered into only one pathway (‘Galactose metabolism’) significantly(Figure 
4c). ‘Circadian rhythm – plant’ and ‘Flavonoid biosynthesis’ were two pathways which DEGs 
related to 7 hours’ water deficit (113) clustered into significantly (Figure 4d).  



  

Figure 4 a. A weighted correlation network analysis of genes at 6 groups. b. KEGG analysis of MEblue module. c. 

KEGG analysis of MEblack and MEmagenta. d. KEGG analysis of MEpurple and MEbrown. 

 

As we can see, some DEGs related to 1h drought stress (MEblue) were clustered into ‘Plant hormone 
signal transduction’ and ‘MAPK signaling pathway-plant’ pathways significantly while not shown 
at 3h and 7h. Both two pathways were identified related to stress response (Bartels and Souer, 2003; 
Ollas et al., 2013; Tena et al., 2001). These results suggested that after 1h of drought stress or even 
earlier than 1h, some important genes began to play roles in drought tolerance in the root of pearl 
millet through a series of Biochemical reactions. This process provided a certain degree of effect 
for cells to maintain homeostasis in a short period of time, which is consistent with the result of the 
whole article. 

ABA signaling pathway 

19 genes were found to participate in the ABA signaling pathway to respond to drought stress. A 
total of 11 PP2C-type protein phosphatases (PP2C) genes showed differently expression under 
drought stress in pearl millet at 1h while there was one that had no difference between CK and 
drought stress group but went up under drought stress at 3h and restored to same as that in CK at 
7h. When it came to 3h, 4 out of 11 genes were still over expressed under drought compared to CK. 
However, all these 12 genes went down to the CK levels at 7h. Besides, 2 SnRK2-type protein 
kinases (SnRK2s) showing an up-regulated expression in ABA signal transduction pathway at 3h 
under water deficit environment but had the same situation with CK at 1h and 7h (Figure 5). 



The ABA signaling components are implicated in the regulation of guard cell ion channels (Pei et 
al., 1997). Studies showed that pyrabactin resistance (PYR)-like (PYL) family could be bind directly 
with ABA function as receptors although many other gene families like regulatory component of 
ABA receptor (RCAR) family were also been identified to be ABA receptors (Jacques et al., 1998; 
Kitahata et al., 2005; Ma et al., 2009; Park et al., 2009). PYL/PYR family also have been shown to 
connect with the other ABA regulators like the PP2C SnRK2 (Lee and Luan, 2011) and directly 
inhibit phosphatase activity of PP2Cs (Szostkiewicz et al., 2010). Besides, genetic evidence 
revealed that PP2Cs are negative regulators of ABA signaling (Gosti et al., 1999; Merlot et al., 2010; 
Wasilewska et al., 2008). Many studies have proved several SnRK2–PP2C interactions that function 
in ABA signaling clearly (Yoshida et al., 2006). For example, the interaction of A-type PP2Cs with 
OST1 (one of SnRK2-type kinases) contributed to ABA-induced stomatal closure by controlling 
phosphorylation status and activity of the SLAC1 anion channel in guard cells (Lee et al., 2009) and 
the activation of SnRK2-type kinases (ABA-dependent) results from removal of the inhibitory effect 
of PP2Cs (Hubbard et al., 2010). This can be realized by the binding of PYL/RCARs with the PP2Cs, 
leading to activation of SnRKs and de-repression of the signaling pathway (Fujii et al., 2009; Lee 
and Luan, 2011; Ma et al., 2009; Park et al., 2009). Overall, in response to drought or other stresses, 
the content of ABA will be up-regulated to reach certain level so that to bind to PYL/RCAR-type 
receptors and improve the interaction between PYL/ RCAR and PP2Cs, which can activate SnRK2s 
in turn interact with and phosphorylate SLAC1 and other channels leading to stomatal closure (Lee 
et al., 2009; Pei et al., 1997). In this study, we could find there were no PYP/PYL genes expressing 
differently between CK and drought group, but PP2C genes had higher expression under drought. 
This may be because PYP/PYL genes had finished their drought response before the sample 
collection time point (1h) and they went back to a normal status just as we mentioned before. And 
in this situation, those PYP/PYL proteins still existed in the cell and stimulated the expression of 
PP2Cs, which inhibited the SnRK2 (1h). As time went to 7h, low ABA levels lead to the release of 
PYP/PYL, so the expression of PP2C was suppressed, which caused improvement of SnRK2. From 
this way, they contributed to stomatal closure, enhancing the drought tolerance of pearl millet.  

 
Figure 5. ABA signaling transduction pathway. Heatmaps represent the log2(FC) of genes at the corresponding 

time points. 



According to the results, we thought some earlier time points should be laid out because even at 1h, 
pearl millet has showed the drought resistance in root at transcriptome level, which should be a later 
research target since some important genes may only show regulation role in drought tolerance at a 
earlier stage (earlier that 1 hour). 

Conlusion 

In this study, we tested the physiological intex (relative electrical conductivity and MDA) of the 
root of pearl millet at 0h, 1h, 3h and 7h. The results showed that they had up and down trends 
respectively, which indicated that pearl millet could take a rapid response to drought stress. At the 
same time, according to the analysis of transcriptome, we found that the number of DEGs went 
down from 1h to 7h, which had a similar trend with the change of MDA content. Besides, DEGs at 
1h were clustered into ‘metabolic processes’, ‘MAPK signaling pathway’ and ‘plant hormone signal 
transduction’, which has been reported to be related to drought response. These results suggested 
that pearl millet could return to steady state after a short time drought treatment because of some 
change of gene expression as well as physiological and biochemical changes. Furthermore, some 
genes participating in ABA signal transduction pathway like PP2C and SnRK2 were found to have 
changes in exprssion level, especially differently expressed at 1h and 3h, indicating that pearl millet 
might take actions to response drought stress before 1h and ABA signal transduction pathway played 
an important role in drought tolerance in pearl millet. This study can provide a theoretical basis to 
enhance drought resistance in other plants. 
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Figures

Figure 1

a. the relative conductivity at 0h, 1h, 3h and 7h of CK and drought group in root. b. the content of MDA at
0h, 1h, 3h and 7h of CK and drought group in root.

Figure 2



a. The number of DEGs between CK and drought stress group at 1h, 3h and 7h. b, c, d. DEGs of setup
diagram at 1h, 3h and 7h time points.

Figure 3

Analysis of DEGs expressing differently between CK and drought stress. a, c, e. GO analysis of DEGs
speci�c to drought stress at 1h, 3h and 7h. b, d, f. KEGG analysis of DEGs speci�c to drought stress at 1h,
3h and 7h.



Figure 4

a. A weighted correlation network analysis of genes at 6 groups. b. KEGG analysis of MEblue module. c.
KEGG analysis of MEblack and MEmagenta. d. KEGG analysis of MEpurple and MEbrown.



Figure 5

ABA signaling transduction pathway. Heatmaps represent the log2(FC) of genes at the corresponding
time points.
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