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A B S T R A C T   

Climate change has caused severe drought, affecting global crop production. Broomcorn millet is a drought- 
tolerant crop preferred for water-saving agriculture because of its short life cycle and high water use effi-
ciency. This study evaluated the drought tolerance of 300 broomcorn millet varieties from 21 sources under well- 
watered, semi-arid conditions (Yulin, Shaanxi, China) and unwatered, arid conditions (Dunhuang, Gansu, 
China). Two broomcorn millet varieties with contrasting drought tolerance attributes, DT 43 (drought-tolerant) 
and DS 190 (drought-sensitive), were selected for comparative physiological and transcriptional assessment 
under the two drought stress conditions (polyethylene glycol 6000 [PEG-6000] and soil drought) and corre-
sponding melatonin treatments. The two forms of drought stress decreased photosynthetic capacity and triggered 
transcriptome reprogramming in both broomcorn millet cultivars. However, PEG induced a more ‘severe’ and 
‘rapid’ drought stress than the ‘milder’ and ‘slower’ soil moisture drought stress. Moreover, PEG stress caused 
severe growth arrest and photosynthesis inhibition, especially for DS190. About 61.38% and 48.78% differen-
tially expressed genes (DEGs) were up-regulated in DT 43 under PEG and soil drought stresses, respectively. 
Moreover, 74.31% and 54.59% DEGs were up-regulated in DS 190 under PEG and soil drought stresses, 
respectively. Most DEGs in DT 43 were significantly enriched in hormone signal transduction, mitogen-activated 
protein kinase (MAPK) signaling, and carbon metabolism pathways. However, most DEGs in DS 190 were 
enriched in plant photosynthesis, chlorophyll metabolism, and nitrogen metabolism pathways. Moreover, 
melatonin enhanced the drought resistance of the two genotypes, increasing photosynthetic and antioxidant 
enzyme activity and thus mitigating transcription response. Therefore, these unique mechanisms of enhancing 
drought resistance can improve bioenergy crops, especially for the cultivation of drought-tolerant varieties.   

1. Introduction 

The ongoing global warming, low rainfall, rapid expansion of crop-
ped land, and over-reliance on the scarce water for high yields are 
collectively parching the earth (Xu et al., 2019; Varshney et al., 2020; 
Zhu et al., 2021). As a result, the growth of bioenergy and food crops is 
affected, thus reducing yields and derailing the sustainable development 
of modern agriculture (Fahad et al., 2017; Gupta et al., 2020). Therefore, 
it is necessary to practice more sustainable water use in agricultural 
production, such as cultivating drought-tolerant and water-efficient 

crops. Broomcorn millet (Panicum miliaceum L.) is the most 
water-efficient cereal/bioenergy crop widely cultivated in Asia, Europe, 
and other continents (Zou et al., 2019a). Broomcorn millet can be used 
as a pioneer crop and is a promising model crop in marginal soils due to 
its genetic diversity, short life cycle, extremely low water requirements, 
and strong tolerance to abiotic stress (Rajput et al., 2016; Yue et al., 
2016a). Although the broomcorn millet genome was recently sequenced 
and released (Zou et al., 2019a; Shi et al., 2019), its breeding is still 
limited and is only common in isolated regions of the world (Dwivedi 
et al., 2012). Additionally, the physiological and molecular mechanisms 
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of drought-tolerant crops are unclear. Therefore, a comprehensive un-
derstanding of the mechanisms of drought tolerance is necessary to 
ensure security and sustainable agricultural development of energy and 
food crops. 

Evaluating drought tolerance and the mechanism of drought resis-
tance in crops is complex due to the genetic interaction with environ-
mental factors (Bhat et al., 2020; Gupta et al., 2020). Thus, crops with 
contrasting drought tolerance and/or different types of drought stress 
have been used to reveal the mechanisms of genotype-specific drought 
resistance. Polyethylene glycol (PEG) stress is widely used to simulate 
drought since it can provide homogeneous and precise stress. Besides, 
PEG stress is more reproducible than other drought models because it 
can effectively decrease water potential at any desired period (Bressan 
et al., 1981; Fan and Blake, 1997; Li et al., 2011; Rahimi, 2013; Wu et al., 
2018). Therefore, PEG-based models are widely used to assess differ-
ential gene expression (within several minutes, hours, or even seconds), 
physiological response (within several hours or days), and drought 
tolerance identification (several days) (Khan et al., 2019; Tang et al., 
2019; Zhao et al., 2021). A gradual decrease in soil water potential in 
agricultural practice causes natural soil drought events (Osmolovskaya 
et al., 2018). Pot experiments with controlled water deficits are usually 
used to reveal the mechanism of plant resistance and adaptation to 
drought stress since experimental conditions and natural drought are 
similar (Munns et al., 2010; Jabbari et al., 2013; Marchin et al., 2020). 
However, it is difficult to reduce the water potential in a short-term 
treatment since pot experiments with controlled water deficits require 
natural conditions (Cheng et al., 2018). Therefore, it is difficult to cap-
ture very early stress responses within seconds or minutes after drought 
stress exposure (Dubois and Inze, 2020). Therefore, this study used 
comparative transcriptome analysis of the genotypes with contrasting 
drought tolerance under PEG stress (three days) and soil drought stress 
(15 days) to comprehensively reveal drought resistance mechanisms of 
broomcorn millet. 

Crops facing drought stress activate the internal defense system to 
withstand the adverse growth conditions (Reddy et al., 2004). For 
instance, antioxidant enzymes, such as peroxidase (POD), catalase 
(CAT), and superoxide dismutase (SOD), prevent reactive oxygen spe-
cies (ROS) accumulation (Mittler, 2002). Once the plant’s innate defense 
becomes incapacitated under severe drought stress, bio-stimulants, such 
as plant growth regulators, are applied to boost plant resistance (Khan 
et al., 2015). Melatonin is a plant stimulator that promotes seed 
germination, root development, and plant growth during unfavorable 
environmental conditions (Byeon and Back, 2014; Zhang et al., 2015; 
Arnao and Hernández-Ruiz, 2019; Tan and Reiter, 2020). Melatonin was 
first identified in plants in 1995 (Dubbels et al., 1995). To date, the 
biological functions of melatonin have attracted much attention. Several 
experiments have confirmed that melatonin can enhance photosynthesis 
(Huang et al., 2019), activate the antioxidant system (Cui et al., 2017), 
reduce ROS accumulation (Cui et al., 2017), and increase soluble sub-
stance accumulation (Zou et al., 2019b). Studies have also shown that 
drought stress affects melatonin accumulation (Li et al., 2019; Zou et al., 
2021). However, only a few studies have reported the effect of drought 
on melatonin biosynthesis (Li et al., 2019; Zou et al., 2021). A tran-
scriptomic analysis is usually used to explore the expression patterns of 
the genes involved in key metabolic and physiological processes 
(Severin et al., 2010; Khraiwesh et al., 2012; Ren et al., 2020). This study 
also revealed the interaction between drought and melatonin by moni-
toring the phenotypic, physiological, and transcriptome of the two 
broomcorn millet varieties under different drought stresses and corre-
sponding melatonin treatments. 

This study evaluated 300 broomcorn millet varieties from 21 sour-
ces, including 255 landraces and 45 breeding in the field at Yulin 
(Shaanxi, China) (semi-arid region, well-watered) and Dunhuang 
(Gansu, China) (arid region, not-watered). The purpose was to under-
stand the molecular mechanisms underlying broomcorn millet drought 
response and identify the critical genes and pathways. Two broomcorn 

millet varieties with contrasting drought tolerance attributes, DT 43 
(drought-tolerant) and DS 190 (drought-sensitive), were selected for 
subsequent experimentation. Both varieties were subjected to two 
drought stress treatments (PEG stress and soil drought stress) with 
melatonin sprays. The physiological evaluations, RNA-sequencing, and 
RT-qPCR of both varieties were conducted to identify the crucial traits 
and genes determining drought adaptation. Therefore, this study can 
enhance the understanding of plant acclimation to drought stresses and 
provide valuable information for crop drought tolerance improvement. 

2. Materials and methods 

2.1. Field experiments 

2.1.1. Plant materials and treatment 
Three hundred broomcorn millet accessions, including 255 landraces 

and 45 breeding lines, were sourced from the Multigrain Center for 
Northwest A&F University, Shaanxi, China. The accessions were ac-
quired from different countries/organizations, three from the USA, two 
from India, two from Russia, two from Poland, and 291 from 17 different 
organizations in China. Detailed information on the regional distribu-
tion of the 300 accessions is provided in Data S1. 

Field evaluation of the 300 broomcorn millet accessions was con-
ducted during the 2017 summer (May to September, dry season) in two 
natural environments in China. (i) In Dunhuang, Gansu Province (arid 
region, precipitation: 29.00 mm, average temperature: 23.30 ◦C), 
seedlings were uniformly irrigated once for preservation before 
planting, and water irrigation continued throughout the entire growth 
period after planting. (ii) In Yulin, Shaanxi Province (semi-arid region, 
precipitation: 493.80 mm, average temperature: 20.87 ◦C), seedlings 
were uniformly irrigated once for preservation before planting, and 
water irrigation continued during the whole growth period. The fields 
were drop-irrigated every two weeks (Fig. 1). The field trials consisted of 
a randomized complete block design with three replications. Accessions 
were planted in 2.5 m rows with 25 cm between rows. Normal agri-
cultural practices were followed for field management, and optimum 
fertility and cultivation regimes were applied. Four agronomic traits, 
including plant height, stem thickness, main stem node number, and 
panicle length, were measured in triplicates as previously described 
(Zhang et al., 2019). The relative values were calculated as the ratios of 
the respective parameter values under drought conditions (Dunhuang) 
relative to under control conditions (Yulin). The Pearson correlation 
coefficients and cluster analysis were performed using SPSS v23.0 (IBM 
SPSS Inc., Chicago, IL, USA). The principal component analysis (PCA) 
was performed using the SMARTPCA program (Tang et al., 2013) in the 
software EIGENSOFT 3.0. The PCA ranking value for each broomcorn 
millet genotype was calculated using the following formula: 
PCA rank value =

∑n
j=1(PCj× contribution of PCj[%]), j = 1, 2, 3, etc, 

where ‘PCj’ represents the value of principal component j and ‘contri-
bution of PCj (%)’ represents the variance in response to drought stress 
that principal component j could explain. 

2.2. Greenhouse experiments 

2.2.1. Plant materials 
The two broomcorn millet varieties, DT 43 (Bamengheimeizi, 

drought-tolerant) and DS 190 (Nuoshu, drought-sensitive), initially 
sourced from Inner Mongolia and Hainan, China, were selected for 
further study based on the first experimental results. 

2.2.2. Hydroponic experiment 
A hydroponic system was used for the PEG 6000 treatment as pre-

viously described (Yuan et al., 2020). The seeds of DT 43 and DS 190 
were surface-disinfected in 0.1% HgCl2 for 5 min, rinsed thrice using 
sterile water and sprouted. Sprouts were cultured in a hydroponics 
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system (length× width × height = 34 cm × 26 cm× 9 cm) for about one 
month. The hydroponics systems were maintained in a growth chamber 
with temperature and light/dark cycle of 28/18 ◦C and 14/10 h, 
respectively, and 60% relative humidity. The stress treatments were 
performed as shown in Table 1. For the control (P_C) group, plants were 
grown throughout the experiment in ½ Hoagland’s nutrient solution. For 
the control and melatonin (P_C&M) group: 27-day-old plants were 
grown in ½ Hoagland’s nutrient solution. Both sides of the leaves were 
sprayed using 25 µM melatonin (0.232 g of melatonin was first dissolved 
in a small amount of alcohol, then dissolved in 100 mL of distilled water 
in the dark, and 40 mL was extracted and made up to 100 mL with 
distilled water) once each day for three days. For the drought (P_D) 
group: 27-day-old plants were transferred in ½ Hoagland’s nutrient so-
lution containing 20% (w/v) PEG-6000 for three days. For the drought 
and melatonin (P_D&M) group: 27-day-old plants were transferred in ½ 

Hoagland’s nutrient solution containing 20% (w/v) PEG-6000, then 
sprayed with 25 µM melatonin once each day for three days. Each 
treatment had three replicates of 15 plants (one-month-old) for pheno-
type, physiological, RNA-sequencing, and RT-qPCR analyses. 

2.2.3. Pot experiment 
For the soil drought treatment, nutrient and surface soils were mixed 

at a 1:1 vol ratio and placed in vertical plastic pots (bottom diameter ×
upper diameter × height = 21 cm × 14.5 cm× 15 cm) in the greenhouse 
(14 h/10 h light/dark cycles, 28/18 ◦C day/night temperatures, and 
60% relative humidity). The field water holding capacity was main-
tained at 80% until broomcorn millet reached three-leaf and one heart 
stage (15 days). The stress treatments were performed as shown in 
Table 1. For the control (S_C) group: plants were grown in normal irri-
gation throughout the experiment to ensure 80% soil moisture, 
maximum field capacity (FC). For the control and melatonin (S_C&M) 
group: 15-day-old plants were grown in normal irrigation (80% FC) and 
sprayed with 25 µM melatonin (on both sides of each leaf to ensure the 
surfaces were covered with water drops) once daily. For the drought 
(S_D) group: 15-day-old plants were gradually exposed to drought by 
withholding irrigation (15 days). Each pot was weighed, and the relative 
soil water content was maintained at 15% for three days. For drought 
and melatonin (S_D&M) group: 15-day-old plants were exposed to 
drought by withholding irrigation (15 days), then sprayed with 25 µM 
melatonin (on both sides of each leaf to ensure the surfaces were covered 
with water drops) once daily. Each pot was weighed, and the relative 
soil water content was maintained at 15%. Each treatment had three 
biological replicates (for six seedlings [one-month-old] composing a 
replicate) for phenotype, physiological, RNA-sequencing, and RT-qPCR 
analyses. 

2.2.4. Measurement of growth parameters 
The growth of the seedlings described in Sections 2.2.2 and 2.2.3 

above was imaged using a high-resolution camera (Nikon, Tokyo, 
Japan). All samples were harvested for fresh weight (FW) determination 
and first dried at 105 ◦C for 15 min, then dried at 85 ◦C until the weight 
remained unchanged, the dry weight (DW). Relative water content 
(RWC, g DW-1) was calculated as follows: [(FW-DW)/DW], where FW 
and DW represent fresh weight and dry weight, respectively. 

2.2.5. Photosynthetic characteristics 
The chlorophyll content (SPAD value) was determined using the 

Fig. 1. Location of the study areas and field growth status of broomcorn millet.  

Table 1 
Experimental design of the study.  

Variety Type of experiment  Treatment  Definition   

M D D&M  
DS 190 P − − − DS 190_P_C   

√ − − DS 190_P_C&M   
− √ − DS 190_P_D   
− − √ DS 190_P_D&M 

DT 43  − − − DT 43_P_C   
√ − − DT 43_P_C&M   
− √ − DT 43_P_D   
− − √ DT 43_P_D&M 

DS 190 S − − − DS 190_S_C   
√ − − DS 190_S_C&M   
− √ − DS 190_S_D   
− − √ DS 190_S_D&M 

DT 43  − − − DT 43_S_C   
√ − − DT 43_S_C&M   
− √ − DT 43_S_D   
− − √ DT 43_S_D&M 

Note: “P” represents hydroponic experiment; “S” represents pot experiment; “M” 
represents hydroponic experiment 25 µM melatonin; “D” represents drought 
stress; “D&M” represents drought stress and applying melatonin; “P_C” repre-
sents the control under hydroponic conditions; “S_C” represents the control 
under pot experiment conditions. “P_D” represents PEG stress under hydroponic 
conditions; “S_D” represents soil drought stress under pot experiment conditions. 
“√” indicates that the processing has been performed; “− ” indicates that the 
processing has not been performed. 
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Minolta SPAD-502 chlorophyll meter (Minolta Camera Co. Ltd., Osaka, 
Japan). Each treatment was measured five times, and the mean value 
was considered the leaf SPAD value. The photosynthetic characteristics 
of fully expanded leaves were measured using a portable 
photosynthesis-measurement system equipped with a 6400–40 leaf 
chamber (Li-6400; Li-Cor Biosciences, Lincoln, NE, USA). During mea-
surements, the flow rate was maintained at 500 μmol s− 1, and leaf 
temperature was controlled at 30 ◦C. The vapor pressure deficit was set 
as ~2.0 kPa, while the ambient CO2 concentration was set as ~380 μmol 
CO2 mol− 1. The photosynthetic rate (Pn, μmol CO2 m-2 s-1), stomatal 
conductance (Gs, mmol H2O m-2 s-1), transpiration rate (Tr, mmol H2O 
m-2 s-1), and intercellular CO2 concentration (Ci, μmol CO2 mol-1) were 
measured in leaves of control and drought-treated plants. All measure-
ments were made from 9:00–11:00 am China standard time (CST) under 
400 μmol mol− 1 CO2 concentration and 25 ◦C leaf chamber tempera-
ture. Each leaf was placed in a 6 cm2 chamber at 1400 μmol m− 2 s− 1 

photon flux densities, and at least five readings were recorded per 
photosynthetic parameter per treatment. 

2.2.6. Evaluation of physiological parameters 
Reactive oxygen species (hydrogen peroxide, H2O2; superoxide 

anion, O2
.-) and antioxidase activities (CAT, POD, and SOD) were 

determined using Solarbio assay kit (Beijing Solarbio Science & Tech-
nology, Beijing, China) following the manufacturer’s instructions. Fresh 
leaves (0.1 g) were harvested and ground in liquid nitrogen; then the 
enzymes were extracted using an extraction buffer. The extract was 
centrifuged at 12,000 g for 10 min, and the supernatant was used for the 
enzyme activity analysis. A spectrometer was used to determine the 
products. Each activity unit was determined using the antioxidant 
enzyme assay kits, following the manufacturer’s instructions. Each 
sample had three biological replicates and three technical replicates. 
Each replicate was obtained by pooling samples from six individual 
seedlings. 

2.2.7. RNA-seq library construction and transcriptome analysis 
Fully expanded leaves from six independent plants subjected to the 

stress treatments and control were pooled as one biological replicate for 
RNA-Seq analysis (three biological replicates). All the 48 libraries (2 
cultivars→2 types of drought stress→4 treatments→3 biological repli-
cates) were sequenced using Novaseq 6000 (Illumina) to generate 150- 
nucleotide-long paired-end sequence reads. Briefly, total RNA was 
extracted from the samples using an RNAprep pure Plant Kit (Tiangen, 
Beijing, China), according to the manufacturer’s instructions. RNA 
concentration was assessed using the Nanodrop2000 Spectrophotometer 
(Thermo Scientific, NY, USA), and RNA quality was assessed using the 
Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA). The tran-
scriptome libraries were prepared using Illumina TruSeqTM RNA sam-
ple prep Kit (Illumina, CA, USA) with a Ribo-Zero Magnetic kit 
(Epicentre, Madison, WI, USA) for rRNA depletion, following the man-
ufacturer’s instructions. Subsequently, libraries were sequenced on the 
Illumina Novaseq 6000 system (Illumina, CA, USA) to produce 150 bp 
paired-end reads. 

Low-quality reads were removed, and adapter sequences were 
filtered from raw reads via the FASTX-toolkit (v 0.0.14), as previously 
described (Pond et al., 2021). Sequence quality was assessed using the 
FastQC tool (http://www.bioinformatics.babraham.ac.uk/pro-
jects/fastqc/). The cleaned, filtered reads were subsequently mapped to 
the Panicum miliaceum L. reference genome downloaded from the NCBI 
database, using Tophat v2.0.10 (Trapnell et al., 2010). The aligned 
reference-based reads were assembled using the Cufflinks pipeline 
v2.1.1 (Trapnell et al., 2012). Transcript expression levels were calcu-
lated using the method of transcripts per million (TPM) reads. The 
RNA-Seq was conducted using Expectation-Maximization (RSEM) 
(http://deweylab.biostat.wisc.edu/rsem/) to determine quantitative 
gene abundance (Li and Dewey, 2011). Differentially expressed genes 
(DEG) were identified via DESeq2 (v 1.24.0), setting the false discovery 

rate (FDR) to < 0.05 and log2 |fold-change| ≥ 1. The GOseq R package 
(v1.12) and KEGG Orthology Based Annotation System software 
(KOBAS, v2.0) were used to analyze DEGs in the Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. A 
corrected P-value < 0.05 was chosen as the significance cutoff level 
(Mao et al., 2005; Young et al., 2010). 

2.2.8. Validation by RT-qPCR analysis 
The TRIzol® reagent (Molecular Research Center; Cincinnati, OH, 

USA) was used to extract total RNA from the leaf samples of broomcorn 
millet collected from all treatments, following the manufacturer’s in-
structions. Each sample (100 mg) (three biological replicates) was used 
for total RNA extraction. RNA samples were treated with DNase I (New 
England Biolabs; Ipswich, MA, USA) to remove genomic DNA contam-
inations, followed by the cleanup using the GeneJET RNA Cleanup and 
Concentration Micro Kit (Thermo Fisher; Waltham, MA, USA). A 
NanoDrop 2000 Spectrophotometer (Thermo Scientific, CA, USA) and 
1% agarose gel electrophoresis were used to assess the total RNA con-
centration and quality of each sample. The cDNA was then prepared 
from 1 μg total RNA using All-in-one First-Strand cDNA Synthesis 
SuperMix (TransGen, Beijing, China), following the manufacturer’s in-
structions, for RT-qPCR analysis. The gene-specific primers were 
designed using Primer Express (v3.0) software and are listed in Table S1. 
All RT-qPCR assays were performed using Top SYBR® Premix Ex Taq™ 
II (Tli RNaseH Plus) (Tli RNaseH Plus; Takara, Dalian, China) via the 
Applied Biosystems ABI 7500 Fast real-time PCR machine (Applied 
Biosystems, Foster City, CA, USA). The cycling conditions were: 95 ◦C 
for 1 min, 40 cycles at 95 ◦C for 15 s, and 60 ◦C for 15 s. Each target 
gene had three technical replicates. The reference gene (GAPDH) was 
used as the internal control (Yue et al., 2016b). The relative expression 
levels of target genes were calculated using the 2-ΔΔCt comparative 
threshold cycle (Ct) method (Zhao et al., 2021). Gene expression fold 
changes were calculated, then fold change correlations between 
RNA-seq and qPCR were evaluated using the Pearson correlation coef-
ficient (PCC) to evaluate concordance in gene expression intensities 
between RNA-seq and qPCR. The TBtools (Chen et al., 2020) toolkit 
(version 1.046) was used to generate heatmaps of RNA-Seq and 
RT-qPCR. 

3. Results 

3.1. Evaluation of drought tolerance in 300 broomcorn millet accessions 

A total of 300 broomcorn millet varieties from 21 sources were 
evaluated under drought and normal conditions to develop and optimize 
a system for evaluating and identifying the drought-tolerant broomcorn 
millet varieties (Fig. 2A-B). The relative values of all measurement 
indices in the 300 broomcorn millet varieties were < 1 (Data S1). The 
relative plant height (RPH), relative stem thickness (RST), relative main 
stem node number (RMSN), and relative panicle length (RPL) were 
20–55%, 27–91%, 29–100%, and 36–100%, respectively. These results 
suggested that broomcorn millet varieties are differentially drought 
tolerant (Data S1). Plant height was the most sensitive trait, dropping by 
> 50% in almost all tested varieties. Additionally, the RPH, RST, RMNN, 
and RPL showed a significant positive correlation (P < 0.01) (Fig. 2B). 

A principal component analysis (PCA) displayed similarities and 
segregation among the 300 accessions, unraveling the relationships 
among the varieties in response to drought (Fig. 2 C). The first two 
principal components (PC1 and PC2) accounted for 45.8% and 24.7% of 
the variations, respectively (Fig. 2 C). The 300 broomcorn millet ac-
cessions were clustered into five groups based on the PCA and cluster 
analysis: strongly tolerant, tolerant, moderately tolerant, moderately 
sensitive, sensitive, and strongly sensitive (Fig. 2 C). The first group 
contained nine strongly tolerant accessions, the second group contained 
28 tolerant accessions, the third contained 51 moderately tolerant ac-
cessions, the fourth had 189 moderately sensitive accessions, and the 
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fifth had 23 sensitive accessions (Fig. 2 C; Data S1). In addition, DT 43 
and DS 190 showed the maximum segregation. Therefore, DT 43 and DS 
190 were selected for modulation and functional variability analysis 
under drought stress. 

3.2. Effect of drought and melatonin on broomcorn millet growth 

Both broomcorn millet seedlings appeared healthy with green/dark- 
green leaves under control conditions, whereas PEG-treated seedlings 
lost water and some leaves were curved and wilted, and soil drought- 
treated seedlings showed growth inhibition (Fig. 2A-B). Under PEG 
stress, the plant height of both varieties declined by 11.71% (DT 43) and 
14.36% (DS 190) than the control condition (Fig. 2 C). Meanwhile, PEG 
stress reduced fresh weight by 24.49% (DT 43) and 41.30% (DS 190) 
(Fig. 2D). Correspondingly, soil drought stress significantly reduced 
plant height and fresh weight (by 18.77% and 33.01%, in DT 43% and 
54.78% and 44.44%, respectively in DS 190) (Fig. 2C-D). As a result, the 
soil drought-stressed plants were more inhibited than the PEG-stressed 
plants. Moreover, PEG-stressed plants exhibited more severe water 
loss (50.45% for DT 43% and 65.77% for DS 190) than soil drought- 
stressed plants (31.64% for DT 43% and 46.55% for DS 190) 
(Fig. S1A). They wilted quickly because soil drought stress was pro-
gressively applied by withholding irrigation (15 days), whereas PEG 
stress treatment took a shorter time (3 days). 

Moreover, no significant differences were observed between the non- 
treated and melatonin-treated plants under control conditions (Fig. 2B- 
C). The growth of both melatonin-treated and non-treated plants was 
also inhibited under the two drought stresses. However, melatonin- 
treated plants exhibited a significantly higher plant height, fresh 
weight, and relative water content than the non-treated plants under the 
two drought stresses. 

3.3. Effects of drought and melatonin on antioxidant activity 

Several reactive oxygen species (ROS) and antioxidant parameters 
were investigated to assess the impact of drought and melatonin treat-
ment on the two broomcorn millet varieties. The ROS (H2O2 and O2

.-) 

levels significantly increased under PEG and soil drought stresses 
compared with the control plants (DT 43, (4.08- and 3.20-folds of H2O2, 
respectively; 5.51 and 3.26-folds of O2

.-, respectively) and DS 190, 4.48 
and 3.15-folds of H2O2, respectively and 6.61-and 3.33-folds of O2

.-, 
respectively) (Fig. S1B-C). The PEG stress caused more serious oxidative 
damage than soil drought stress, especially in DS 190. Moreover, the 
SOD, CAT, and POD activities under PEG stress increased by 2.03-, 1.82-, 
and 1.62- folds, respectively, in PDT 43 and 1.56-, 1.40, and 1.61-folds, 
respectively, in PDS 190, compared with those at the control conditions 
(DT 43_P_C and DS 190_P_C) (Fig. 4). The SOD, CAT, and POD activities 
under soil drought stress increased by 2.25-, 1.89-, and 2.96-folds, 
respectively, in PDT 43 and 1.69-,1.69-, and 2.31 folds, respectively, 
in PDS 190, compared with those at the control conditions (DT 43_S_C 
and DS 190_S_C) (Fig. 4). These results indicate that both varieties were 
actively resistant to oxidative damage. However, the antioxidant 
enzyme (POD, SOD, and CAT) activities in both varieties were signifi-
cantly lower than ROS (H2O2 and O2

.-) activities. 
Melatonin-treated seedlings had increased SOD, CAT, and POD ac-

tivity in the drought-treated varieties. Moreover, melatonin significantly 
reduced the ROS level (Fig. 4A-C; Fig S1B-C). The SOD, POD, and CAT 
amounts markedly increased in melatonin-treated leaves under soil 
drought stress than in seedlings from PEG-stressed soil. Notably, SOD, 
POD, and CAT activities in DT 43_S_D&M (249.11 U/g, 2085.50 U/g, 
and 324.91 U/g, respectively) and DS 190_S_D&M (177.58 U/g, 
1676.50 U/g, and 248.53 U/g, respectively) were statistically higher 
than in DT 43_P_D&M (206.06 U/g, 1636.50 U/g, and 266.89 U/g, 
respectively) and DS 190_P_D&M (175.52 U/g, 1255.50 U/g, and 
204.53 U/g, respectively) (Fig. 4). The enzyme activity of DT 43 was 
higher than that of DS 190, indicating that melatonin relieves PEG and 
soil drought stresses. 

3.4. Effects of drought and melatonin on photosynthetic parameters 

Several physiological parameters were investigated to assess the 
impact of drought and melatonin treatments on the two broomcorn 
millet varieties. The photosynthetic parameters (Pn, Gs, Tr, and Ci) 
substantially decreased in DT 43 and DS 190 under both drought stress 

Fig. 2. The correlation coefficient of relative 
plant height (RPH), relative stem thickness 
(RST), relative main stem node number 
(RMNN), and relative panicle length (RPL) (B). 
Color scale represents correlation (Red and blue 
represent a positive and negative correlation 
between the two components, respectively, the 
darker the color, the stronger the correlation). 
The circle sizes and the numbers inside the 
circles represent the pairwise correlation coef-
ficient. The asterisks * and * * indicate signifi-
cant correlations at p < 0.05 and p < 0.01, 
respectively. The principal component analysis 
(PCA) of drought tolerance in 300 broomcorn 
millet accessions (C). Red represents a positive 
correlation between the two components. 
Black, red, green, blue, and turquoise blue 
represent strongly tolerant genotypes, tolerant, 
moderately tolerant, moderately sensitive, and 
sensitive groups, respectively. 
(a) The source and classification of the 300 
broomcorn millet accessions. (b) The source of 
300 broomcorn millet accessions (A).   

Y. Yuan et al.                                                                                                                                                                                                                                    



Industrial Crops & Products 177 (2022) 114498

6

and melatonin treatment compared with the control plants (Fig. 5). The 
PEG stress reduced Pn, Gs, Tr, and Ci by 57.69%, 62.45%, 62.04%, and 
51.71%, respectively, in DT 43, and by 73.18%, 76.94%, 71.93%, and 
54.13%, respectively, in DS 190 (Fig. 5A-D). The soil drought stress 
decreased Pn, Gs, and Tr to 44.87%, 57.21%, 60.54%, and 43.16%, 
respectively, in DT 43, and to 52.34%, 64.45%, 64.45%, and 51.38%, 
respectively, in DS 190 (Fig. 5). 

Melatonin treatment enhanced Pn, Gs, Tr, and Ci by 63.03%, 
37.33%, 38.59%, and 60.18%, respectively, in DT 43, and, by 24.27%, 
33.69%, 22.69%, and 62.00%, respectively, in DS 190, compared with 
PEG stress (Fig. 5). Notably, melatonin treatment also enhanced Pn, Gs, 
Tr by 62.33%, 45.00%, 56.32%, and 75.94%, respectively, in soil 
drought-stressed DT 43 and by 32.24%, 53.56%, 54.72%, and 70.75%, 
respectively, in DS 190 (Fig. 5). These results indicate that melatonin 

can significantly enhance the photosynthesis of the two varieties 
regardless of the drought stress. 

3.5. Drought and melatonin trigger transcriptome reprogramming in both 
broomcorn millet varieties 

The study compared transcriptomic changes of broomcorn millet 
leaves under four conditions (see methods) to reveal the molecular 
response in broomcorn millet under PEG and soil drought stresses and 
the mitigation mechanism of melatonin. All tissues were analyzed in 
three independent biological replicates (48 samples in total). A total of 
> 2.35 billion high-quality reads (~48 million reads per sample) were 
generated from different tissues of DT 43 and DS 190 (Data S2). Hier-
archical clustering and principal component analysis (PCA) were 

Fig. 3. Growth parameters of DT43 and DS190 
under drought stress and melatonin treatment. 
Seedling phenotype of controls and melatonin 
treatments under (A) PEG stress and (B) soil 
drought stress. The plants were one month old. 
Plant height (C) and fresh weight (D) for PEG 
and soil drought stress treatments respectively, 
were measured in triplicates and three technical 
replicates. Different letters indicate significant 
differences (P < 0.05) between the experi-
mental (drought-stressed, +/-melatonin) plants 
and the corresponding control plants.   

Fig. 4. Antioxidant parameters of DT43 and DS190 under drought stress and melatonin treatments. The plants were one month old. Superoxide dismutase (SOD) (A), 
peroxidase (POD) (B), and catalase (CAT) (C) for PEG and soil drought stress treatments respectively, were measured in triplicates and three technical replicates. 
Different letters indicate significant differences (P < 0.05) between experimental (drought-stressed, +/-melatonin) plants and the corresponding control plants. 
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performed based on Spearman correlation coefficient (SCC) analysis of 
average transcripts per million (TPM) values for all the expressed genes 
in at least one of the 48 tissue samples (Fig. S2). The PCA of the tran-
scriptomic data revealed a clear separation of the stress treatments from 
the control plants among the treatments, indicating that drought trig-
gered transcriptome reprogramming in both broomcorn millet varieties. 
Additionally, melatonin treatment had no clear separation between D 
and D&M groups under PEG stress, while it showed a clear separation 
between D and D&M groups under soil drought stress. These results 
indicate that melatonin can effectively relieve soil drought stress than 
PEG stress. 

The DEGs were then identified to reveal further the molecular 
response of both varieties under drought and melatonin treatments 
(Fig. 6). A total of 5401 and 4619 DEGs were identified in DT 43 under 
PEG and soil drought stresses, respectively (Fig. 6A subset a, b and 6 C 
subset g, h), while DS 190 had 3352 and 6151 DEGs in the respective 
treatments (Fig. 6B subset d, e and 6D subset j, k). More genes were 
activated in DT 43 under PEG than soil drought stress. In contrast, DS 
190 showed the opposite response, indicating a different response be-
tween the tolerant and sensitive varieties. Also, 208 and 1156 genes 
were differentially expressed in DT 43_P_D vs. DT 43_P_D&M and DS 

190_P_D vs. DS 190_P_D&M libraries, respectively (Fig. 6A subset b, c, 
and 6 C subset h, i; Fig S3C-D), under PEG stress, and 1156 and 4704 
genes were differentially expressed in DT 43_S_D vs. DT 43_S_D&M and 
DS 190_S_D vs. DS 190_S_D&M libraries, respectively (Fig. 6B subset e, f 
and 6D k, l; Fig S3C-D), under soil drought stress, implying that mela-
tonin can significantly alleviate soil drought stress than PEG stress 
(Fig. 6). Besides, only 48 and 465 DEGs were identified in the DT 
43_P_C&M vs. DT 43_P_C and DT 43_S_C&M vs. DT 43_S_C, respectively, 
and 44 and 726 DEGs in DT 190_P_C&M vs. DT 190_P_C and DT 
190_S_C&M vs. DT 190_S_C, respectively, indicating that melatonin can 
regulate more genes to cope up with drought stress than at control 
conditions (Fig. S4). Moreover, the overlapped DEGs among different 
comparisons were compared. A total of 71 and 565 DEGs overlapped 
between "DT 43_P_C vs. DT 43_P_D/DT 43_P_D vs. DT 43_P_D&M" and 
"DT 43_S_C vs. DT 43_S_D/DT 43_S_D vs. DT 43_S_D&M " under PEG and 
soil drought stresses (Fig. 6 A subset b and 6 C subset h), respectively. 
Another 635 and 3398 DEGs overlapped between "DT 190_P_C vs. DT 
190_P_D/DT 190_P_D vs. DT 190_P_D&M "and "DT 190_S_C vs. DT 
190_S_D/DT 190_S_D vs. DT 190_S_D&M " under PEG and soil drought 
stress, respectively (Fig. 6B subset e and 6D subset k). The PEG- and soil 
drought-induced DEGs were the core drought-responsive and melatonin- 

Fig. 5. Photosynthetic parameters of DT 43 and DS 190 under drought stress and melatonin treatments. The plants were one month old. Photosynthetic rate (Pn, 
μmol CO2 m-2 s-1) (A), stomatal conductance (Gs, mol H2O m-2 s-1) (B), transpiration rate (Tr, mmol H2O m-2 s-1) (C), and intercellular CO2 concentration (Ci, μmol 
CO2 mol-1) (D) for PEG and soil drought stress treatments respectively, were measured in triplicates and three technical replicates. Different letters indicate sig-
nificant differences (P < 0.05) between experimental (drought-stressed, +/-melatonin) plants and the corresponding control plants. 

Y. Yuan et al.                                                                                                                                                                                                                                    



Industrial Crops & Products 177 (2022) 114498

8

Fig. 6. Differentially expressed genes (DEGs), GO, and KEGG pathway enrichment analyses of DT 43 and DS 190 under drought stress and melatonin treatments. 
DEGs, GO, and KEGG pathway enrichment analyses under (A, B) PEG stress and (C, D) soil drought stress. Yellow, rose red, and purple represents biological process 
(BP), molecular function (MF), and molecular function (CC), respectively. The first lap indicates the top 15 GO terms or KEGG pathways. The second lap indicates the 
number of the genes in the genome background and P-values for gene enrichment for the specified GO terms or KEGG pathways. The third lap indicates bar graph of 
enriched genes. The fourth lap indicates the enrichment factor for each GO term or KEGG pathway. GO, gene ontology. KEGG, Kyoto encyclopedia of genes and 
genomes. For more detailed information about GO term and KEGG pathway, please refer to Data S3.,. 
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Fig. 6. (continued). 

Y. Yuan et al.                                                                                                                                                                                                                                    



Industrial Crops & Products 177 (2022) 114498

10

regulated genes. 

3.6. Functional classification of DEGs 

The GO enrichment analysis of DEGs revealed the gene functions of 
drought stress- and melatonin-induced DEGs. Chlorophyll-binding, 
photosystem I, and photosynthesis were the most significantly 
enriched GO terms in DT 43 under PEG and soil drought stress (Fig. 6A, 
C; Data S3). Moreover, photosynthesis (photosynthesis, light harvesting 
in photosystem I and photosynthesis, light-harvesting) were substan-
tially enriched in DS 190 (Fig. 6B, C; Data S3). Notably, most DEGs in DT 
43 participated in ion homeostasis and oxazole or thiazole metabolic 
processes under PEG stress and melatonin treatment (Fig. 6A; Data S3). 
Photosynthesis, thylakoid, and nitrogen metabolic processes signifi-
cantly enriched GO terms in DT 43 under drought stress (Fig. 6C; Data 
S3). However, most DEGs between DS 190_D and DS_D&M were 
involved in photosynthesis under PEG and drought stress (Fig. 6B, D; 
Data S3). 

Furthermore, the DEGs were classified using KEGG enrichment 
analysis to reveal their potential functions during broomcorn millet 
response to drought and melatonin. Photosynthesis, carbon and nitrogen 
metabolism (arginine and proline metabolism, and glycolysis/gluco-
neogenesis) were enriched in DT 43 and DS 190 under PEG stress, while 
only MAPK signaling pathway was enriched in both varieties under soil 
drought stress (Fig. 6). Besides, most DEGs in DT 43 were specifically 
and significantly enriched in MAPK signaling pathway-plant, plant 
hormone signal transduction, starch, and sucrose metabolism under PEG 
and soil drought stress (Fig. 6A, C; Data S3). However, most DEGs in DS 
190 were significantly enriched in carbon fixation in photosynthetic 
organisms, photosynthesis, and chlorophyll metabolism (Fig. 6B, D; 
Data S3). These results indicate that both the varieties specifically 

respond to drought stress. 
Notably, only two pathways (circadian rhythm and nitrogen meta-

bolism) were significantly enriched in DT 43 under melatonin treatment 
in PEG-induced drought stress. Moreover, only one pathway (MAPK 
signaling pathway - plant) was significantly enriched in DS 190 under 
melatonin treatment in PEG-induced drought stress. Interestingly, ni-
trogen metabolism and other two pathways (chlorophyll metabolism 
and alanine, aspartate, and glutamate metabolisms) were also signifi-
cantly enriched in DT 43 under melatonin treatment in soil drought- 
induced drought stress. However, more pathways, such as photosyn-
thesis, carbon fixation in photosynthetic organisms, circadian rhythm, 
etc., were significantly enriched in DS190 under melatonin treatment in 
soil drought-induced drought stress than the above treatments. These 
results indicate that the pathways of broomcorn millet in response to 
different forms of drought stress are relatively consistent. However, 
melatonin has a genotypic specificity effect on drought. Altogether, 
these results provide a transcriptional overview of the functional path-
ways induced by drought stress and corresponding melatonin treatment. 
A further focus on the genes regulated in specific and common pathways 
in the different comparisons is discussed below. 

3.7. The transcription differences in melatonin biosynthesis under drought 
and melatonin treatments 

All genes involved in melatonin biosynthesis in broomcorn millet 
were identified to examine the expression changes of melatonin 
biosynthetic genes under drought and melatonin treatments (Fig. 7). A 
total of 27 DEGs encoding five enzymes, including tryptophan decar-
boxylase (TDC), tryptamine 5-hydroxylase (T5H), serotonin N-acetyl-
transferase (SNAT), tryptophan hydroxylase (TPH), and caffeic acid O- 
methyltransferase (COMT), were identified (Data S4). The genes 

Fig. 7. Melatonin biosynthesis of DT 43 and DS 
190 under drought stress and melatonin treat-
ment. The color block represents the log2 FC 
(C/C, D/C, C&M/C, or D&M/D) values. Red 
and white indicate significantly up-regulated 
and down-regulated genes (log2 |fold-change| 
≥ 1), respectively. For enzyme reactions, the 
arrows between two metabolites represented 
the directions of catalytic reactions. The trans-
porter proteins and transcriptional factors are 
represented in orange boxes, whereas metabo-
lites are in gray boxes. TDC, tryptophan decar-
boxylase; T5H, tryptamine 5-hydroxylase; 
SNAT, serotonin N-acetyltransferase, TPH, 
tryptophan hydroxylase; COMT, caffeic acid O- 
methyltransferase. (For interpretation of the 
references to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   
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encoding the enzymes TDC (2 genes), T5H (2 genes), SNAT (15 genes), 
TPH (4 genes), and COMT (4 genes) were slightly expressed in both 
varieties under control conditions. Spraying melatonin did not cause 
significant differential expression of these genes (log2 |fold-change| 
<1). In contrast, PEG stress slightly up-regulated most genes related to 
melatonin biosynthesis in both varieties. In addition, only three genes 
encoding SNAT were significantly up-regulated in DT 43 under soil 
drought stress conditions. Meanwhile, four genes encoding SNAT and 
two genes encoding COMT were significantly up-regulated in DS 190 
under soil drought stress conditions. These results indicate that the 
melatonin biosynthetic pathway in broomcorn millet was slightly pro-
moted by drought stress, and it is correlated with genotype. 

Noteworthy, almost all genes related to melatonin biosynthesis in 
control conditions were not differentially expressed under melatonin 
spraying. However, all genes related to melatonin biosynthesis in PEG- 
stressed plants of both varieties were up-regulated under melatonin 
spraying (Fig. 7). One gene encoding TDC and two gene encoding SNAT 
were significantly up-regulated in PEG-stressed DT 43, and two other 
genes encoding SNAT were significantly up-regulated in PEG-stressed 
DS 190. Moreover, most genes related to melatonin biosynthesis in the 
soil drought-stressed experiments of both varieties were significantly up- 
regulated (log2 |fold-change| ≥ 1) under melatonin spraying. However, 
the up-regulation folds of the same gene were not synchronized in the 

two varieties. For instance, two genes encoding TDC increased by 0.05- 
and 1.46-folds in DT 43 under soil drought stress conditions, respec-
tively, but were up-regulated by 1.22- and 0.12 -folds, respectively, in 
DS 190 (Data S4). 

3.8. The transcription differences in plant hormone signal transduction 
and MAPK signaling pathway under drought and melatonin treatments 

A proposed pathway with annotations of candidate genes was 
identified to assess the transcription changes under drought stress 
induced by melatonin via plant hormone signal transduction and MAPK 
signaling (Fig. 8). Two AUX1 isoforms were identified; in one of them, 
drought stress was induced by both PEG and soil, strongly up-regulating 
AUX1 in DT43, while down-regulating AUX1 in DS190. In contrast, one 
of the genes encoding transport inhibitor response1 (TIR1) was 
considerably down-regulated in both PEG and soil-induced drought 
stress. Simultaneously, three auxin/indole-3-acetic acid (AUX/IAA) 
gene expression levels were down-regulated under PEG-induced 
drought but strongly up-regulated in soil-treated DT 43. Besides, 
drought stress significantly up-regulated auxin response factor (ARF) 
genes. Moreover, drought stress up-regulated the abscisic acid receptors 
(PYR/PYL) and Snf1-Related Kinases 2 (SnRK2s) protein-encoding genes 
and down-regulated Type 2 C protein phosphatases (PP2Cs) in soil- 

Fig. 8. Plant hormone signal transduction and 
MAPK signaling pathway of DT 43 and DS 190 
under drought stress and melatonin treatments. 
The color block represents the log2 FC values 
(D/C or D&M/D). Red and white indicate 
significantly up-regulated and down-regulated 
genes (log2 |fold-change| ≥ 1), respectively. 
For enzyme reactions, the arrows between two 
metabolites represented the directions of cata-
lytic reactions. The transporter proteins and 
transcriptional factors are represented in or-
ange boxes, whereas metabolites are in gray 
boxes. AUX1, auxin efflux carriers 1; TIR1, 
transport inhibitor response1; AUX/IAA, auxin/ 
indole-3-acetic acid; ARF, auxin response fac-
tor; PYR/PYL, abscisic acid receptors; SnRK2s, 
Snf1-Related Kinases 2; PP2Cs, type 2 C protein 
phosphatases; ABF, ABRE-binding factor; 
MAPKKKs, mitogen-activated protein kinase 
kinase kinases 17/18; MPKs, mitogen-activated 
protein kinases; MKKs, mitogen-activated pro-
tein kinase kinases. ’+u’, ’-u’, ’+p’ and’-p’ 
represented ’ubiquitination’, deubiquitination’, 
phosphorylation’, and ’dephosphorylation’, 
respectively. (For interpretation of the refer-
ences to colour in this figure legend, the reader 
is referred to the web version of this article.)   
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treated DT 43. Four transcription factors, ABRE-binding factor (ABF) 
genes were up-regulated under soil-treated DT 43. However, similar 
gene changes were not observed in PEG-treated DT 43 and DS 190, and 
soil-treated DS 190. These results indicate that the drought response of 
soil-treated DT 43 via PYR/PYL overexpression probably suppresses 
PP2Cs, releasing SnRK2s and subsequently activating the downstream 
target ABF. Furthermore, drought stress significantly up-regulated the 
abscisic acid-activated MAPKKK17/18 kinase in DT 43 and substantially 
suppressed the same kinases in DS 190, indicating that DT 43 was more 
actively adapted to drought stress than DS 190. Notably, PEG stress 
slightly up-regulated mitogen-activated protein kinase 6 (MPK6) genes 

in both varieties, indicating that drought stress induced the accumula-
tion of H2O2 in the two varieties. 

Melatonin treatment slightly up-regulated AUX1 genes in PEG- 
treated DT43, PEG-treated DS190, and soil-treated DT43, but strongly 
up-regulated soil-treated DS190 (Fig. 8). TIR1 gene was reactivated in 
PEG-treated DS190 and soil-treated DT43, but slightly up-regulated in 
soil-treated DS190. Moreover, abscisic acid (ABA) transduction 
signaling actively responded to the relief of drought stress caused by 
melatonin treatment. For instance, two PYR/PYL genes were up- 
regulated in both varieties. In addition, compared with drought stress, 
melatonin slightly reduced the expression of the MPK6, indicating that 

Fig. 9. Chlorophyll metabolism, photosyn-
thesis, and carbon fixation of DT 43 and DS 190 
under drought stress and melatonin treatment. 
The color block represents the log2 FC values 
(D/C or D&M/D). Red and white indicate 
significantly up-regulated and down-regulated 
genes (log2 |fold-change| ≥ 1), respectively. 
For enzyme reactions, the arrows between two 
metabolites represented the directions of cata-
lytic reactions. The transporter proteins and 
transcriptional factors are represented in or-
ange boxes, whereas metabolites are in gray 
boxes. Key enzymes associated with chlorophyll 
degradation were marked by blue frame. ChlH, 
magnesium chelatase subunit H; ChlI, magne-
sium chelatase subunit I; ChlD, magnesium 
chelatase subunit D; POR, protochlorophyllide 
oxidoreductase; SGR, stay-green; PAO, pheo-
phorbide a oxygenase; RCCR, red chlorophyll 
catabolite reductase, NOL, chlorophyll b 
reductase; ChlG, chlorophyll synthase; CAO, 
chlorophyllide a oxygenase; PEPC, phospho-
enolpyruvate carboxylase; PSII, photosystem II; 
PSI, photosystem I. PSII proteins (PsbA, PsbC, 
PsbB, PsbK, PsbQ, PsbR, PsbY, and PsbW); PSI 
proteins (PsaA, PsaB, PsaC, and PsaD); antenna 
proteins (Lhca1, Lhca2, Lhca3, and Lhca4); F- 
type ATPases proteins (ATPase-beta; gamma, 
delta, a and b). (For interpretation of the ref-
erences to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   
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melatonin alleviates drought by regulating H2O2. 

3.9. The transcription changes in chlorophyll metabolism under drought 
and melatonin treatments 

The DEGs regulating chloroplast development and degradation 
(based on KEGG pathway annotations) were identified to determine the 
molecular mechanisms of differential chlorophyll (Chl) accumulation in 
the two varieties during drought stress and melatonin treatments 
(Fig. 9). The KEGG results identified nine DEGs related to Chl biosyn-
thesis and five DEGs (one SGR [stay-green]; one PAO [pheophorbide a 
oxygenase]; two RCCR [red chlorophyll catabolite reductase]; one NOL 
[chlorophyll b reductase]) associated with chlorophyll degradation 
(Fig. 8). The expression of magnesium chelatase subunit H (ChlH) and I 
(ChlI) was up-regulated in both varieties, while that of the magnesium 
chelatase subunit D (ChlD) was down-regulated in PEG-treated DS 190, 
soil-treated DS 190, and PEG-treated DT 43, causing the low biosyn-
thetic efficiency of Mg-protoporphyrin IX. Besides, two genes encoding 
protochlorophyllide oxidoreductase (POR) were up-regulated in PEG- 
stressed DT 43 and DS 190, while they were downregulated in soil- 
stressed DT 43 and DS 190. The chlorophyll a and b (Chla and Chlb) 
biosynthesis-related chlorophyll synthase (ChlG) and chlorophyllide an 
oxygenase (CAO) were also down-regulated in both varieties under 
stress. However, most genes encoding SGR, PAO, RCCR, NOL for chlo-
rophyll degradation were significantly up-regulated in both varieties 
under stress (Fig. 9 and Data S4). These results indicate that drought 
inhibits chlorophyll synthesis and accelerates chlorophyll degradation. 
Furthermore, three genes encoding phosphoenolpyruvate carboxylase 
(PEPC), catalyzing primary CO2 fixation, were down-regulated in PEG- 
stressed DS 190, while only two genes were down-regulated in PEG- 
stressed DT 43. Of note, those genes were up-regulated in both vari-
eties under soil drought stress, indicating that CO2 fixation was more 
easily inhibited by PEG stress than soil drought stress. 

Notably, melatonin actively relieved drought stress (Fig. 9). For 
instance, the genes encoding ChlH, ChlI, and ChlD were significantly 
down-regulated (lighter color) in both varieties after melatonin treat-
ment compared with drought stress. Furthermore, the genes encoding 
RCCR were significantly downregulated (white color). These results 
indicate that drought activates chlorophyll synthesis and inhibits chlo-
rophyll degradation. In addition, melatonin activated and up-regulated 
the genes encoding PEPC in both varieties under PEG-stress. 

3.10. The transcription changes in photosynthesis under drought and 
melatonin treatments 

The DEGs related to photosynthesis, light-harvesting, and photo-
synthetic electron transport chain were the most enriched (Fig. 9). The 
expression of genes encoding photosystem II (PSII) proteins (PsbA, PsbC, 
PsbB, PsbK, PsbQ, PsbR, PsbY, and PsbW), photosystem I (PSI) proteins 
(PsaA, PsaB, PsaC, and PsaD) was also downregulated in DS 190 under 
the two drought stresses. Notably, the genes encoding PSII and PSI 
proteins were significantly downregulated under soil drought stress than 
PEG stress. Interestingly, the genes encoding antenna proteins (Lhca1, 
Lhca2, Lhca3, and Lhca4), the cytochrome b6f complex (PetC) proteins, 
and F-type ATPases proteins (ATPase-beta; gamma, delta, a and b) 
involved in photosynthetic electron transport were only downregulated 
in DS 190 under soil drought stress. These results indicate that drought 
severely inhibits the photosynthesis of DS190, especially under soil 
drought. 

Melatonin significantly up-regulated the genes encoding PSI- and 
PSII-related proteins in DS 190 than under soil drought stress (Fig. 9). 
Besides, melatonin treatment effectively alleviated the drought- 
activated genes in DT 43. For instance, the genes encoding antenna 
proteins (Lhca1, Lhca2, Lhca3, and Lhca4) were up-regulated (red color) 
in DT 43 under drought stress, while they were down-regulated (lighter 
color) after melatonin treatment. These results indicate that melatonin 

can effectively alleviate gene changes in the photosynthesis pathway 
under PEG and soil drought stresses. 

3.11. Impact of drought and melatonin on carbon and nitrogen 
metabolism 

Many starch and sucrose metabolism genes were differentially 
expressed in both varieties under drought and melatonin treatments 
(Fig. 10). The gene encoding invertase (INV), involved in sucrose 
degradation, was up-regulated in drought-stressed varieties. Moreover, 
the genes encoding endoglucanase (CELB), involved in cellulose 
degradation, were also up-regulated under drought treatment, indi-
cating that drought promotes the degradation of sucrose and cellulose to 
resist drought stress. The genes encoding terpenoid synthase/trehalose- 
6-phosphate phosphatase (TPS/TPP) and trehalase (TreH) were only up- 
regulated in soil drought-stressed DT 43, indicating that DT 43 relies on 
trehalose accumulation during long-term drought. Additionally, the 
beta-amylase (β-AMY) genes were activated in DT43 under soil drought 
stress. These results indicate that broomcorn millet has genotype spec-
ificity to drought stress and specific response to various stresses. Simi-
larly, the nitrogen metabolism pathway was also identified in KEGG. Key 
enzymes involved in nutrient uptake, including nitrate transporters 
(NRT), nitrate reductase (NR), nitrite reductase (NIR), were activated 
and up-regulated in both varieties under drought conditions. In contrast, 
the genes encoding glutamine synthetase (GS) and glutamine oxoglu-
tarate aminotransferase (GOGAT), catalyzing the biosynthesis of gluta-
mine (Gln) and glutamate (Glu) from ammonium, were down-regulated 
in DS 190 under drought stress, but not in DT 43, thus promoting 
ammonium synthesis, and inhibiting transformation, resulting in plant 
toxicity. In addition, one gene encoding pyrroline-5-carboxylate 
reductase (PROC) and two genes encoding delta-1-pyrroline-5- 
carboxylate synthetase (P5CS) were up-regulated in both varieties 
under PEG and soil drought stress. However, two genes annotated as 
proline dehydrogenase (ProDH) were downregulated in both varieties 
under PEG and soil drought stress. 

Genes involved in carbon and nitrogen metabolism were also 
significantly changed after melatonin treatment (Fig. 10). For instance, 
two genes encoding sucrose synthase (SS), catalyzing the biosynthesis of 
fructose and UDP-glucose from sucrose, were up-regulated in both va-
rieties after melatonin treatment. Most genes encoding TPS/TPP were 
also up-regulated after melatonin treatment for stress acclimation. 
Notably, the genes encoding CELB were down-regulated in both vari-
eties after melatonin treatment, indicating that melatonin maintains 
plant growth by inhibiting cellulose degradation. Melatonin also re-
lieves the ammonium effect to plants by inhibiting NTR, NR , NiR genes 
and activating GS and GOGAT genes in drought-stressed DS 190. 

3.12. Validation using RT-qPCR of some DEGs 

The RT-qPCR analysis of the DEGs identified under drought stress 
and melatonin treatments confirmed the changes in expression of genes 
for chlorophyll biosynthesis and degradation, photosynthesis, carbon 
fixation in photosynthetic organisms, MAPK signaling, plant hormone 
signal transduction, starch and sucrose metabolism, and nitrogen 
metabolism. Twelve DEGs were detected, including starch and sucrose 
metabolism (three), nitrogen metabolism (one), plant hormone signal 
transduction (two), MAPK signaling pathway-plant (two), carbon fixa-
tion in photosynthetic organisms (one), chlorophyll biosynthesis, and 
degradation (two), and photosynthesis (one). The RT-qPCR expression 
pattern of the twelve genes was similar to the transcriptome profiles. The 
twelve genes were consistently and highly correlated with the RNA-Seq 
results (Fig. S5) (correlation coefficient≥ 0.90), verifying the repro-
ducibility and credibility of the transcriptome data of this study. 
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4. Discussion 

4.1. Broomcorn millet is a promising model crop for water-saving 
agriculture 

Water deficit caused by global climate changes seriously endangers 
the survival of organisms and bioenergy crop productivity and increases 
environmental deterioration (Xu et al., 2020). Drought and extreme heat 
have reduced grain yields globally in the last decade (Schnoor, 2012; 
d’Amour et al., 2016; Huai, 2017). Therefore, drought-resistant crops 
are an effective measure to increase crop production. Broomcorn millet 
is an important ancient crop mostly grown in China, Russia, India, and 
the USA for food, feed, and fodder purposes (Vetriventhan et al., 2019). 
It exhibits desirable characteristics, such as a short growing season and 
the ability to produce grains under limited water on marginal soil with 

low agronomic inputs (Upadhyaya et al., 2011). Moreover, the broom-
corn millet is a C4 plant that efficiently converts CO2 into carbohydrates 
than the C3 plants, yielding higher biomass for the ever-growing global 
bioenergy and food demands (Ermakova et al., 2020). In addition, 
broomcorn millet has abundant genetic resources since it is widely 
cultivated worldwide through many different methods (Wang et al., 
2016). Genetic diversity of germplasm is essential for enhancing the use 
of germplasm in crop improvement (Rao and Hodgkin, 2002). Wild 
relatives of the current crops, adapted to semi-arid environments, are 
readily available sources of novel water stress-responsive phenotypes 
and rarely have breeding germplasms (Bacher et al., 2021). In this study, 
300 broomcorn millet varieties from 21 sources were evaluated under 
well-watered (Yulin) and drought (Dunhuang) conditions to develop 
and optimize a system for identifying drought-tolerant broomcorn millet 
varieties (Fig. 2). Plant height is an important trait for plant ecological 

Fig. 10. Carbon and nitrogen metabolism of DT 
43 and DS 190 under drought stress and mela-
tonin treatment. The color block represents the 
log2 FC values (D/C or D&M/D). Red and white 
indicate significantly up-regulated and down- 
regulated genes (log2 |fold-change| ≥ 1), 
respectively. For enzyme reactions, the arrows 
between two metabolites represented the di-
rections of catalytic reactions. The transporter 
proteins and transcriptional factors are repre-
sented in orange boxes, whereas metabolites 
are in gray boxes. INV, invertase; CELB, endo-
glucanase; TPS/TPP, terpenoid synthase/ 
trehalose-6-phosphate phosphatase; TreH tre-
halase; β-AMY, beta-amylase; NRT, nitrate 
transporters; NR, nitrate reductase; NIR, nitrite 
reductase; GOGAT, glutamine oxoglutarate 
aminotransferase; SS, sucrose synthase; PROC, 
pyrroline-5-carboxylate reductase; P5CS, delta- 
1-pyrroline-5-carboxylate synthetase; ProDH, 
proline dehydrogenase. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the web version of this 
article.)   
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strategies and has been used as an integrative indicator of environmental 
stress (Westoby et al., 2002; Liu et al., 2019). In this study, drought 
stress substantially decreased the plant height of all the broomcorn 
millet accessions; the accessions had significantly different plant heights 
(Data S1). The 300 accessions were divided into five groups based on 
drought tolerance (Fig. 2C and Data S1). The first group consisted of 
nine accessions (6% of the tested accessions), which were strongly 
drought-tolerant, thus offering a genetic diversity resource and novel 
drought adaptive traits for supporting water-saving agriculture. 

4.2. PEG stress simulates soil drought 

Notably, the influence of PEG stress is quantifiable and easily 
reproducible in different species under homogeneous growth condi-
tions, which is widely used to induce drought-like stress responses in 
plants (Skriver and Mundy, 1990; Reynolds-Henne et al., 2010). Addi-
tionally, pot experimentation with controlled water deficits is an 
invaluable and long-used method (≥ 50 years) for examining plant 
drought responses (Munns et al., 2010; Marchin et al., 2020). Thus, PEG 
solution and controlled water deficits in pot are often used to simulate 
drought stress in plants (Xu et al., 2013; Hannan et al., 2020; Tafreshi 
et al., 2021). Higher molecular weight PEGs (>3000) are more suitable 
and not easily absorbed by healthy roots in short-term experiments 
(Michel, 1970; Mexal et al., 1975); As a result, PEG is used to simulate 
water deficit in plants (Cui et al., 2019). This study compared pheno-
type, physiological, and transcriptome profiles of two varieties with 
different drought responses under PEG-6000 and soil drought stress 
(Table 1). Both PEG and soil drought stress affected plant phenotype 
(growth status and plant height), increased antioxidase activity, and 
decreased photosynthetic characteristics (chlorophyll content and 
photosynthetic parameters of the two varieties (Figs. 3–5; Fig. S1). 
Similar physiological changes have been reported in drought-stressed 
wheat leaves (Cui et al., 2019). Moreover, both soil drought and PEG 
stress significantly and commonly activated several pathways in both 
varieties, including starch and sucrose metabolism (ko00500), plant 
hormone signal transduction (ko04075) (Fig. 6; Data S3). Soil drought 
treatments gradually decrease water content because it takes a long time 
to alter soil moisture (Barnard et al., 2013). As a result, soil drought 
treatment takes longer to affect plants than the PEG stress. Generally, 
PEG stress first induces wilting in plants before other drought symptoms 
manifest (Fan and Blake, 1997). In this study, PEG caused significant 
water loss and wilting of broomcorn millet leaves within 24 h. However, 
no foliar damage was visible in both varieties, 24 h after soil drought 
stress (Fig. 3A-B). 

Furthermore, soil drought and PEG stresses induce different plant 
molecular characteristics (Cui et al., 2019). In this study, the tran-
scriptomic analysis revealed marked differences between PEG-induced 
and soil drought-induced stresses. PEG stress accounted for 47.71% 
and 36.36% of DEGs in DT 43 and DS 190, respectively. In comparison, 
soil drought had 38.86% and 57.24% of the DEGs in DT 43 and DS 190, 
respectively, suggesting that the two varieties have contrasting re-
sponses to PEG and soil drought stress (Fig. S4). The unique, soil 
drought-induced genes are probably necessary for effective response to 
drought stress but were not induced by PEG stress. Similarly, the 
PEG-induced DEGs were not differentially expressed by soil drought, 
implying that these PEG-induced DEGs are not representative of 
long-term drought stress. In addition, melatonin treatment significantly 
alleviated soil drought than PEG stress. In addition, 61.38% and 74.31% 
of total differentially expressed genes (DEGs) were up-regulated in DT 
43 and DS 190under PEG stress, respectively. Meanwhile, only 48.78% 
and 54.59% of total DEGs were up-regulated in DT 43 and DS 190 under 
soil drought stress conditions, respectively, indicating that PEG stress 
has stronger drought transcriptional changes than soil drought stress 
(Fig. S3). Moreover, only 48 and 44 DEGs were identified in the DT 
43_P_C&M vs. DT 43_P_C and DT 190_P_C&M vs. DT 190_P_C, respec-
tively. Moreover, 456 and 726 DEGs were identified in the DT 43_S_C&M 

vs. DT 43_S_C and DT 190_S_C&M vs. DT 190_S_C (Fig. S5), indicating 
that melatonin treatment more easily alleviate soil-induced drought 
stress than the PEG-induced drought. Therefore, PEG stress only simu-
lates soil drought to a limited extent. 

4.3. Drought-induced carbon and nitrogen starvation accelerate 
senescence of DS 190 

In arid and semi-arid areas, drought stress causes leaf wilting and is 
considered a visual indicator of soil water deficit (Cai et al., 2013). 
Wilting of the leaves under drought stress is highly associated with grain 
yield. Moreover, leaf-wilting is easy to measure thus can act as an in-
dicator of drought tolerance (Du et al., 2009). Herein, PEG and drought 
stress significantly decreased RWC and leaf extensive wilting (Fig. 2 and 
Fig. S1A). Generally, plants reduce water loss by stimulating the closure 
of stomata. Since stomatal movements control CO2 influx and transpi-
ration, reduced water loss via stomatal closure occurs at the cost of 
photosynthesis, growth, and yield, resulting in carbon starvation and a 
cascade of adverse downstream effects (Rodrigues et al., 2019). In this 
study, the FW of dehydrated seedlings was significantly lower than the 
FW of the control group, indicating that dehydration decreased nutrient 
assimilation and plant growth, especially in DS 190 (Fig. 2), consistent 
with the report of Rodrigues et al. (2019). Moreover, drought stress 
substantially repressed genes involved in light-harvesting complex, PSI 
and PSII subunits, key PEPC enzymes in DS 190 (Fig. 9). Furthermore, 
drought stress repressed several genes encoding key enzymes of the 
starch and sucrose biosynthesis pathway, including TPS/P, INV, and 
β-AMY in DS 190 (Fig. 10). Altogether, DS 190 showed accelerated 
carbon metabolism and inhibited carbon fixation, a state of carbon 
starvation. 

Nitrogen metabolism is a fundamental physiological process in 
plants. Moreover, nitrogen-carbon metabolisms are tightly coordinated, 
fundamental processes essential for plant growth (Otori et al., 2017). 
Drought decreases the soil water potential and accelerates root death, 
thus inhibiting plant nitrogen absorption (Heckathorn et al., 1997). In 
this study, drought stress markedly inhibited Nrt, NR, NirA, GS expres-
sions, thus inhibiting primary N assimilation in DS 190. Drought stress 
also repressed the genes encoding GOGAT and AMT (Fig. 10), similar to 
Tarvainen and Nasholm (2017) report on drought-induced nitrogen 
starvation. Drought stress can increase hydrolase activity and decrease 
protein synthesis, thus decreasing nitrate reductase enzyme activity and 
the expression of GS, GOGAT, and GDH. Taken together, these results 
indicate that carbon and nitrogen starvation severely inhibited the 
growth of DS 190 seedlings. 

4.4. Drought-induced plant hormone signal transduction and MAPK 
signaling protect DT 43 

Plants, especially drought-tolerant plants, have evolved many stra-
tegies for maintaining growth and development under restricted or 
unpredictable water supply (Nevo and Chen, 2010; Pennisi, 2010). In 
this study, TPS/P and pyrroline-5-carboxylate reductase (PROC), which 
catalyze trehalose and proline synthesis, were up-regulated in 
drought-stressed DT 43 (Fig. 10). Likewise, antioxidase activity (CAT, 
POD, and SOD) increased rapidly in drought-stressed DT 43 (Fig. 4). 
Factors such as the extent of water stress and the drought stress sensing 
in plant organs trigger specific signaling responses, including plant 
hormone signal transduction and MAPK signaling pathways (Gupta 
et al., 2020). Herein, the auxin influx carrier AUX1 required for auxin 
signaling was up-regulated in drought-stressed DT 43. The AUX/IAA 
genes were specifically activated in soil drought-stressed DT 43, which 
may activate ARFs to control cell enlargement and plant growth during 
drought stress. 

Similarly, most strategies for improving water efficiency and drought 
resistance in plants focus on fine-tuning stomatal conductance and 
manipulating ABA signaling via stomata-specific promoters (Rusconi 
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et al., 2013). Herein, the central signaling complex 
PYR/PYL-PP2Cs-SnRK2s (pyrabactin resistant, A-group proteins phos-
phatase; 2 C, sucrose non-fermentation kinase subfamily 2) of the ABA 
signaling pathway was activated in soil drought-stressed DT 43. More-
over, the genes encoding PYR/PYL and SnRK2s proteins were 
up-regulated in soil drought-stressed DT 43, while those encoding PP2Cs 
were down-regulated (Fig. 8). Guo et al. (2011) reported that PYR/ PYL 
is an ABA receptor of the signaling complex. Overexpression of PYR/PYL 
suppresses PP2Cs, releasing SnRK2s and subsequently activating the 
downstream target ABF transcription factor (Fujii and Zhu, 2009; Vlad 
et al., 2009). ABF binds to and activates the promoter of another tran-
scription factor, DRE-binding protein 2 A (DRE2A), which is essential in 
osmotic stress response (Kim et al., 2011). However, the PYR/PYL 
pathway was highly repressed in soil drought-stressed DS 190, 
PEG-stressed DT 43 and DS 190, while PP2Cs pathway was 
overexpressed. 

Therefore, the ABA-induced antioxidant pathway countered the 
deleterious drought stress effects in soil drought-stressed DT 43 (Fig. 8). 
The MAPK cascade is a vital plant defense pathway against abiotic and 
biotic stresses (Jiang et al., 2015). MAPK regulates responses by trans-
ducing signals in response to extracellular stimuli (Mahmood et al., 
2019). The ABA-activated MAPPPK18 kinase influences stomatal 
signaling under drought stress (Danquah et al., 2015). In this study, ABA 
up-regulated MAPKKK18 gene expression in DT 43 and not in DS 190 
(Fig. 8). Therefore, these drought-induced transcriptional changes in 
genes and pathways for plant hormone signal transduction and MAPK 
signaling are important molecular processes shielding DT 43 against 
drought stress. 

4.5. Melatonin mediates regulation of drought stress through physiological 
to molecular mechanisms 

Melatonin is a key regulator of plant growth, development, and de-
fense (Fleta-Soriano et al., 2017; Sun et al., 2020). Previous studies have 
shown that melatonin alleviates drought (Sun et al., 2020) and focused 
on melatonin pretreatment before drought stress (Huang et al., 2019; 
Sharma et al., 2020; Wang et al., 2021). However, there are limited 
studies on genes regulated by melatonin-drought interaction in plants. 
This study examined the protective role of melatonin in drought-stressed 
broomcorn millet. Melatonin did not significantly affect broomcorn 
millet growth or physiological responses under control conditions 
(Figs. 3–5). However, melatonin-treated plants exhibited significantly 
higher biomass (plant height and weight) and higher photosynthetic 
characteristics than non-treated broomcorn millet plants under 
drought-stressed conditions (Figs. 3–5). These results indicate that 
exogenous melatonin application improves drought stress resistance in 
broomcorn millet. 

Melatonin is an antioxidant that controls reactive oxygen and ni-
trogen species (Arnao et al., 2019; Cheng et al., 2021). Melatonin 
modulates salinity-induced oxidative damage by directly scavenging 
H2O2 and enhancing the activities of antioxidative enzymes in soybean. 
In this study, consistent melatonin application significantly activated 
ROS detoxification of antioxidants, including enzymatic antioxidant 
enzymes (SOD, CAT, and POD), thus maintaining relatively low levels of 
cellular ROS (mainly H2O2 and O2

.–) (Fig. 4; Fig S1). In summary, the 
melatonin-induced positive modulation of ROS enhanced resistance to 
drought stress in broomcorn millet. Moreover, comparative tran-
scriptome analysis identified 1571 (191 + 17 + 1363) and 5497 (793 +

363 + 4341) melatonin-induced DEGs in DT 43 and DS 190, respectively 
(Fig. S3). The plant hormone signal transduction, MAPK signaling 
pathway-, photosynthesis-, and nitrogen metabolism-related genes were 
involved in response to the melatonin effect (Data S3). Altogether, these 
results indicate that melatonin regulates key physiological, biochemical, 
and molecular processes in plants to confer drought resistance. 

5. Conclusions 

The two varieties, drought-tolerant DT 43 and drought-sensitive DS 
190, were selected for detailed investigation. The DT 43 demonstrated a 
better defense against osmotic and oxidative stresses than DS 190, by 
producing stronger antioxidant enzyme activities, lower ROS accumu-
lation, and higher relative water content. Also, the drought-tolerant DT 
43 had higher chlorophyll content and stronger photosynthesis than the 
DS 190, probably promoting the high biomass accumulation under 
drought stress. Additionally, the DEGs showed stress-responsive genes 
for plant hormone signal transduction and MAPK signaling, indicating 
that DT 43 has a better adaptation to stress than DS 190. Melatonin 
enhanced the drought resistance of the two genotypes, thus increasing 
photosynthetic and antioxidant capacities and mitigating transcription 
response, regardless of the drought stress. Therefore, understanding the 
distinct drought stress responses of different broomcorn millet acces-
sions may help breed crops adapted to the increasing drought stress and 
water-saving agriculture. Such advances may maintain the yield of 
important food-feed crops in the future. 
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