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Abstract
Drought is one of the main environmental stresses that negatively impacts vegetative and reproductive yield. Water deficit 
responses are determined by the duration and intensity of the stress, which, together with plant genotype, will define the 
chances of plant survival. The metabolic adjustments in response to water deficit are complex and involve gene expression 
modulation regulated by DNA-binding proteins and epigenetic modifications. This last mechanism may also regulate the 
activity of transposable elements, which in turn impact the expression of nearby loci. Setaria italica plants submitted to 
five water deficit regimes were analyzed through a phenotypical approach, including growth, physiological, RNA-seq and 
sRNA-seq analyses. The results showed a progressive reduction in yield as a function of water deficit intensity associated 
with signaling pathway modulation and metabolic adjustments. We identified a group of loci that were consistently associated 
with drought responses, some of which were related to water deficit perception, signaling and regulation. Finally, an analysis 
of the transcriptome and sRNAome allowed us to identify genes putatively regulated by TE- and sRNA-related mechanisms 
and an intriguing positive correlation between transcript levels and sRNA accumulation in gene body regions. These find-
ings shed light on the processes that allow S. italica to overcome drought and survive under water restrictive conditions.

Key message 
Setaria italica cultivated under water deficit shows phenotypical plasticity associated with stress intensity, which is regulated, 
at least in part, by complex sRNA-dependent gene expression regulation mechanisms.
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Introduction

Drought is one of the most important abiotic stresses 
impacting vegetative and reproductive crop growth (Lata 
et al. 2010; Basu et al. 2016). In general, the biological 
responses to an environmental stress are determined by its 
duration, intensity and the plant genotype (Chaves et al. 
2003; Basu et al. 2016; Laxa et al. 2019). In grasses, it has 
been reported that drought stress up-regulates the expres-
sion of a wide range of osmoprotective molecules to avoid 
damage by reactive oxygen species (ROS) (Laxa et al. 
2019), decreases photosynthesis (Fracasso et al. 2016), 
impacts carbohydrate and amino acid metabolism to pro-
vide osmotically active compounds, as well as signaling 
molecules (Qi et al. 2013), alters flowering time and mor-
phology (Su et al. 2013; Kang and Futakuchi 2019), and 
reduces growth rate and biomass production (Sun et al. 
2016).

Drought-tolerant plants can deal with water stress, thus 
avoiding permanent damage and ensuring vegetative and 
reproductive growth by means of phenotypic plasticity 
(Nicotra et al. 2010; Basu et al. 2016). Plastic phenotypes 
are mainly determined by gene expression reprogramming 
regulated at different levels (Sudan et al. 2018), including 
transcriptional regulation mediated by transcription fac-
tors (TFs) and epigenetic modifications (Liu and Stewart 
2016; Brkljacic and Grotewold 2017; Hoang et al. 2017). 
In plants, epigenetic regulation includes three intercon-
nected mechanisms: DNA methylation, posttranslational 
histone modification and RNA interference (RNAi) (Sudan 
et al. 2018). RNAi is mediated by small RNAs (sRNAs) 
that, in turn, drive transcriptional (TGS) and posttranscrip-
tional (PTGS) gene silencing (Hung and Slotkin 2021). 
It is known that TGS is mediated by 24 nt and 21–22 nt 
small interfering RNAs (siRNAs) through canonical and 
non-canonical RNA-directed DNA methylation (RdDM), 
respectively (Hung and Slotkin 2021). Additionally, 21–22 
nt sRNAs participate in PTGS pathways (Cuerda-Gil and 
Slotkin 2016). RNAi functions as a defense against trans-
posable elements (TEs) and virus activity and, in plants, 
contributes to development and stress response (Chang 
et al. 2020; Hung and Slotkin 2021), which are associated 
with gene expression modulation of TEs and other repeats 
near loci (Lisch 2009; Quadrana et al. 2014; Matzke and 
Mosher 2014).

The model C4 grass species Setaria italica (L.) P. 
Beauv. is an annual plant domesticated from Setaria vir-
idis (Doust et al. 2009; Bennetzen et al. 2012). During the 
domestication process, S. italica was gradually adapted 
to tolerate arid and semiarid climates (Doust et al. 2009). 
When grown under drought conditions, S. italica shows 
declined photosynthesis parameters that result in reduction 

of growth, grain yield and biomass (Xu et al. 2006; Tang 
et al. 2017; Nematpour et al. 2019). Moreover, drought 
promotes the remodeling of S. italica metabolic pathways, 
such as lipids, amino acids, phytohormones and carbohy-
drates, together with the up-regulation of osmoprotectant 
and stress-related genes (Qi et al. 2013; Tang et al. 2017). 
These metabolic adjustments were combined with changes 
in the expression of drought-related TFs, such as those of 
AP2/EREF, bZIP, MYB, NAC and WRKY families (Qi 
et al. 2013; Tang et al. 2017), and differential accumula-
tion of 24-nt siRNA in flanking regions of drought-respon-
sive genes (Qi et al. 2013).

In this context, studies approaching plant water deficit 
responses on a comprehensive scale, integrating yield, physi-
ological, transcriptome and sRNAome analyses are indis-
pensable to improve the knowledge about the mechanisms 
that allow plant survival under water deficit. In addition, 
although the influence of TEs on abiotic stress responses has 
been demonstrated, the underlying molecular mechanisms 
remain poorly understood. Here, we show that S. italica cul-
tivated under distinct watering regimes displayed a positive 
association between growth parameters and water availabil-
ity. Changes in vegetative and reproductive development 
were accompanied by physiological, biochemical, and gene 
expression modulation. We were able to catalogue ‘stress-
related’ and ‘severe stress-related’ differentially expressed 
genes (DEGs), including several loci putatively involved in 
the water deficit signaling response. Finally, we propose that 
complex sRNA-dependent gene expression regulation mech-
anisms participate in the S. italica water stress response.

Materials and methods

Plant material and water deficit experimental 
design

The S. italica Yugu1 plants were grown in a chamber under 
an air temperature of 26 ± 2 ºC, 50–60% relative humidity, 
16 h photoperiod and photosynthetic photon flux density 
(PPDF) of 400—500 µmol  m−2  s−1 until seed harvesting. 
Seeds from an individual plant were sown in 50 ml pots 
(one seed per pot) containing a 3:1 mixture of commercial 
substrate (Tropstrato HT, Viva Verde, Brazil) and expanded 
vermiculite under daily watering. Later, fifty 14-day-old 
seedlings were transplanted to pots containing 5 L of 3:1 
mix of nutrient soil and expanded vermiculite supplemented 
with 1 g  l−1 of NPK 10:10:10 and 4 g  l−1 dolomite lime-
stone  (MgCO3 +  CaCO3) and maintained at the same growth 
chamber conditions during the experiment. Right after 
seedling transfer, substrate was brought to field capacity. 
Then, we determined the mean evapotranspiration volume 
during the first 48 h of experiment based on gravimetric 
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measurements. The mean volume of evapotranspiration was 
200 ± 3 ml. Based on this volume, five watering treatments, 
comprising 10 biological replicates each, were applied: 
100% (200 ml every 48 h), 60% (120 ml every 48 h), 30% 
(60 ml every 48 h), 5% (10 ml every 48 h) and 0% (no water-
ing). Every two weeks, before watering, the soil water con-
tent (SWC) was estimated by time domain reflectometry 
(TDR) using the sensor ML3 ThetaProbe of the Moisture 
Meter type HH2 (Delta-T Devices), calibrated to organic 
soil. The water stress experiment was conducted from 15th 
August 2016 to 9th March 2017. After 38 days of treatment, 
when the SWC of the 0% treatment was close to zero and 
plants were in the leaf development stage of phenological 
BBCH-scale (Zadoks et al. 1974), the 9th and 11th leaves 
from the base were harvested. Leaf material was immedi-
ately frozen in liquid nitrogen and stored at − 80 °C for 
further molecular analyzes, or immediately used to estimate 
the foliar relative water content (RWC).

Water status and gas exchange parameters

The relative water content (RWC) was estimated using two 
segments of the midpoint of the 9th leaf blade for each plant 
using the equation RWC (%) = (FW-DW/TW-DW) × 100, 
where FW is the fresh weight, estimated immediately after 
leaf harvest; TW is the turgid weight, estimated after 96 h 
of immersion in distilled water; and DW is the dry weight, 
estimated 96 h after incubation at 70 °C (Weatherley 1950).

Instantaneous measurements of net carbon assimilation 
rates (A, µmol  CO2  m−2  s−1), transpiration (E, mol  m−2  s−1) 
and stomatal conductance  (gs, mol  m−2  s−1) were performed 
in the 4th or 5th leaf blade from the apex using a portable 
infrared gas analyzer (IRGA, LCpro-SP, ADC BioScientific) 
under ambient  CO2 concentration (~ 420 ppm) and light sat-
urated irradiance of 1,200 µmol photons  m−2  s−1. The meas-
urements were carried out 38, 42, 51, 72 and 105 days after 
the beginning of watering treatments, between 11:00 am and 
3:00 pm, in five plants from each treatment. The instantane-
ous water-use efficiency (WUEi) was calculated using the 
A/E ratio.

Vegetative and reproductive growth parameters

Vegetative plant growth was estimated by plant height (from 
the stem base to the apical meristem), number of expanded 
leaves, relative foliar area (length of midrib x width of the 
middle part of the even leaves counted from the base), num-
ber of nodes and shoot biomass. These parameters were 
measured every two weeks until the aerial part of the plant 
was fully dry. Panicles were harvested at physiological matu-
rity, and reproductive parameters analyzed included panicle 
emergence time (days after sowing), panicle weight, pani-
cle length, panicle width and estimate of seed number per 

panicle. For the latter, the panicles were divided into 10 
transversal fragments, and the number of seeds in the middle 
and tip fragments was counted. The total number of seeds 
per panicle was calculated according to the following equa-
tion: number of seeds = (seeds in the upper tip + seeds in the 
bottom tip + seeds in the middle fragment)/0.3. The repro-
ductive traits of the plants from the 5% and 0% treatments 
were considered zero, as they did not produce panicles.

Carbohydrate quantification

Sugar extraction was carried out using 20 mg of dry leaf 
mass from three biological replicates per treatment, as 
described previously (Suguiyama et al. 2014), with modi-
fications. Briefly, soluble sugars were extracted eight times 
with 1.5 ml of 80% ethanol for 15 min at 80 ºC. The superna-
tants were recovered by centrifugation (5000 g, 5 min). One 
mililiter of the total extract was evaporated under vacuum, 
resuspended in 1 ml of ultrapure water, and filtered through a 
0.22 µm membrane. Glucose, fructose, sucrose and raffinose 
were quantified by high-performance anion exchange chro-
matography with pulsed amperometric detection (HPAEC-
PAD, Dionex) using a Carbopac PA1 column (250 × 4 mm, 
5 µm particle size, Dionex) in an isocratic run with 18 mM 
NaOH as the mobile phase. The residues from sugar extrac-
tion were dried and starch content was estimated (Suguiy-
ama et al. 2014).

Statistical analyses for physiological and growth 
parameters, and carbohydrate quantification

Dataset normality of independent parameters was verified 
by the Shapiro-Wilks modified test (P < 0.05). The results 
were compared using ANOVA (Tukey’s test, P < 0.05) or 
Kruskal–Wallis test (P ≤ 0.05), according to the normality 
test as indicated in the figure and table legends. Parameters 
collected throughout the experiment were compared using 
repeated measures ANOVA (Hotelling’s test, P < 0.05). 
Analyses were performed using the statistical package 
InfoStat (https:// www. infos tat. com. ar/ index. php). Principal 
component analysis (PCA) was carried out using all the veg-
etative and reproductive growth parameters and the PAST 
software (Hammer et al. 2001).

RNA and sRNA sequencing

Total RNA was extracted from 100 mg of frozen grinded 
leaves using TRIzol reagent (Invitrogen), and the residual 
genomic DNA was removed using the Turbo DNA-free kit 
(Thermo Fisher Scientific), according to the manufacturer’s 
instructions. The RNA samples were spectrophotometri-
cally quantified using the BioDrop Touch Duo (BioDrop). 
The integrity of the total RNA was further confirmed by 

https://www.infostat.com.ar/index.php


 Plant Molecular Biology

1 3

1.0% (w/v) agarose gel electrophoresis and by automated 
electrophoresis using a Bioanalyzer 2100 (Agilent Tech-
nologies) and Eukaryote Total RNA Pico Series II LabChip 
Kit. RNA samples with an RNA integrity number ≥ 6 were 
further sequenced. We sequenced RNA-seq and sRNA-seq 
Illumina libraries from two technical replicates of 100%, 
30% and 0% treatments, each one consisting of a pool of 
RNA samples from two different plants, in a total of four 
plants per treatment. The six samples were used for both 
100 bp paired-end read RNA sequencing (RNA-seq) and 
50 bp single-end read sRNA sequencing (sRNA-seq) using 
the Hiseq4000 platform (Illumina), according to Illumina’s 
protocol, at the Beijing Genomics Institute (BGI, China). 
RNA-seq samples were named 100%-1, 100%-2, 30%-1, 
30%-2, 0%-1 and 0%-2. sRNA-seq samples were named 
100%-1 s, 100%-2 s, 30%-1 s, 30%-2 s, 0%-1 s and 0%-2 s.

RNA‑seq, differentially expressed gene 
identification and functional category enrichment 
analyses

Raw RNA-seq reads were trimmed for adaptors and poor 
quality bases using Trimmomatic v.0.32 (Bolger et al. 2014) 
and the following parameters: ILLUMINACLIP:TruSeq3-
PE.fa:2:30:10, LEADING:3, TRAILING:3, SLIDINGWIN-
DOW:4:20 and MINLEN:50. Reads that reached the qual-
ity scores Q ≥ 33 were indexed and aligned to the S. italica 
v2.2 reference genome (Bennetzen et al. 2012) available on 
Phytozome (http:// phyto zome. jgi. doe. gov) using GMAP 
and GSNAP v.2017-08-15 (Wu et al. 2016), allowing 5 mis-
matches per read (-m 5) and searching to detect splicing (-N 
1). Counting of the number of reads mapped against the CDS 
(coding sequence) was performed using htseq-count v.0.8.0 
(Anders et al. 2015). Differentially expressed genes (DEG) 
identification were performed for the comparisons of 100% 
versus 30% (100% × 30%), 100% versus 0% (100% × 0%) 
and 30% versus 0% (30% × 0%) treatments. Gene expres-
sion was estimated by negative binominal distribution using 
two computational tools, EdgeR v.3.18.1 (Robinson et al. 
2010) and DESeq2 v.1.16.1 (Love et al. 2014) of the Bio-
conductor R package (Gentleman et al. 2004) to improve 
the reliability of the RNA-seq data analysis. Genes were 
considered differentially expressed if they met the criteria of 
FDR-adjusted P ≤ 0.05 for both methods and the screening 
cut-off of  log2-ratio ≤ − 1.0 or ≥ 1.0. Gene expression mul-
tidimensional analysis (MA) plots and principal component 
analysis (PCA) were generated using EdgeR v.3.18.1, with 
default parameters. DEGs of 100% × 30%, 100% × 0% and 
30% × 0% comparisons were categorized using the MapMan 
platform (Usadel et al. 2009), according to the functional 
BINs from the Mercator 3.6 annotation system (Lohse et al. 
2014), with default parameters.

Setaria italica water deficit signaling pathway 
reconstruction

The identification of S. italica loci involved in water deficit 
signaling was performed based on the Arabidopsis thaliana 
water deficit signaling literature. We searched for putative A. 
thaliana/S. italica homologous gene pairs using PhyloGenes 
(www. phylo genes. org/) and the Protein Homologs tool avail-
able in the Phytozome database (phytozome.jgi.doe.gov/pz/
portal.html#). Gene model accession codes and sequences 
of A. thaliana loci were retrieved from TAIR (www. arabi 
dopsis. org/ index. jsp). The results were validated using 
gene annotation from the S. italica v2.2 reference genome 
(Bennetzen et al. 2012) and MapMan functional annotation 
(Usadel et al. 2009). The schematic diagram was designed 
using the BioRender.com tool.

Quantitative RT‑qPCR validation

DEGs were validated by reverse transcription followed by 
quantitative PCR (RT-qPCR) in a 7500 real-time PCR sys-
tem (Applied Biosystems) using the same biological sam-
ples used in the RNA-seq. The reactions were performed in 
a final volume of 14 µl with 2 × SYBR Green Master Mix 
reagent (Applied Biosystem) and 200 nM of each primer 
(Table S1). Absolute fluorescence data was used to calculate 
Ct values and primer efficiency using LinRegPCR software 
(Ruijter et al. 2009). Expression values were normalized 
using the CULLIN reference gene as previously proposed 
(Lambret-Frotté et al. 2015). A permutation test, lacking 
the sample distribution assumption (Pfaffl et al. 2002), was 
applied to detect differences (P ≤ 0.05) in expression ratios 
using fgStatistics software package version 17/05/2012 
(https:// sites. google. com/ site/ fgsta tisti cs).

sRNA‑seq and TE data analyses

Raw sRNA-seq reads were trimmed for adaptors and poor 
quality bases using Trimmomatic tool v.0.32 and the fol-
lowing parameters: ILLUMINACLIP:TruSeq3-SE:2:30:10, 
LEADING:3, TRAILING:3, SLIDINGWINDOW:4:20 
and MINLEN:18 (Bolger et al. 2014). Reads with a Q ≥ 33 
and 20–24 nt long were mapped against the S. italica v2.2 
genome (Bennetzen et al. 2012) using ShortStack version 3.4 
(Axtell 2013), with default parameters and no mismatches 
allowed. Small RNA accumulation was evaluated in gene 
body regions (CDSs, introns and UTR sequences), regula-
tory regions (2 kb upstream of the transcription initiation 
site) and TEs. Loci with count numbers smaller than two 
per million were removed. Count values were normalized 
according to the library size factors. Statistical analyses were 
performed with EdgeR v.3.18.1 using a genewise negative 
binomial generalized linear model with the quasi-likelihood 

http://phytozome.jgi.doe.gov
http://www.phylogenes.org/
http://www.arabidopsis.org/index.jsp
http://www.arabidopsis.org/index.jsp
https://sites.google.com/site/fgstatistics
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test and a cut-off of P ≤ 0.05 and log2-ratio ≤ − 1.0 or ≥ 1.0. 
Loci with significant differences in sRNA accumulation 
were considered sRNAs differentially accumulating loci 
(sRDALs). TEs were de novo annotated using the Repeat-
Masker tool (www. repea tmask er. org), with default param-
eters, and two reference databases: Repabse Viridiplantae 
(www. girin st. org/ repba se/) and a S. italica LTR retrotrans-
poson database (Suguiyama et al. 2019).

Results

The performance of plants growing under water 
deficit conditions

To study S. italica phenotypic responses to different lev-
els of soil water content, 14-day-old seedlings were trans-
ferred to 5 L pots and grown in a chamber under controlled 
air temperature, relative humidity, and photoperiod until 
senescence. Right after seedling transplantation, pots were 
watered to bring the substrate to field capacity and then, 
five watering regimes supplied 200 ml (100% treatment), 
120 ml (60% treatment), 60 ml (30% treatment), 10 ml (5% 
treatment), and none (0%) of water every 48 h (see Material 
and Methods). The soil water content (SWC) measurements 
showed a progressive decrease in the water availability dur-
ing the experiment for all treatments (Supplementary Fig. 1). 
Moreover, except for the 5% and 0% treatments, the SWC 
was different between treatments, indicating that the experi-
mental design was efficient in providing a decreasing gradi-
ent of water availability. On the 38th day after the beginning 
of the treatment, when the SWC of the 0% treatment was 
close to zero, the leaves for further physiological, biochemi-
cal and transcriptome/sRNA analyses were harvested.

During the first 24 days of treatment, the plants showed 
similar vegetative growth parameters for all five treatments 
(Fig. 1a–c). Beyond this point, plants from the 5% and 0% 
treatments displayed the lowest values for all growth param-
eters evaluated, followed by the 30% and then, 100% and 
60% treatment plants. For example, plants in the 0% treat-
ment had a decrease of approximately 90% in shoot biomass 
and 80% in height compared to the 100% treatment plants 
(Table 1). All plants in the 5% and 0% treatments perished 
72 days after the beginning of water deficit and were not able 
to produce panicles. On the other hand, all 100% and 60% 
treatment plants produced mature panicles, completing their 
life cycle after 182 days of treatment. Finally, 30% treat-
ment plants had a developmental delay, flowering 20 days 
later than the 100% and 60% treatment plants (Table 1), and 
perished after 206 days of water deficit. Additionally, 30% 
treatment plants had smaller panicles and fewer seeds than 
plants of the 100% and 60% treatments (Table 1).

Principal component analysis (PCA) was used to evalu-
ate the similarity of the vegetative and reproductive growth 
responses between treatments (Fig. 1d). PC1 explained 
almost 90% of the variance among the samples. The clus-
tering pattern revealed that plants from the 100% and 60% 
treatments were similar, indicating that the 60% watering 
regime was not restrictive enough to induce differences 
from the 100% treatment. The 30% treatment plants showed 
an intermediate vegetative and reproductive profile, while 
plants from the 5% and 0% treatments clustered together.

The relative water content (RWC) of leaves after 
38 days of treatment was 92.96% ± 0.76, 91.04% ± 0.87 and 
87.77% ± 2.02 for plants from 100%, 60% and 30% water 
regimes, respectively. These percentages were not signifi-
cantly different among each other but were higher than the 
RWC of 5% (84.07% ± 1.28) and 0% (84.91% ± 1.31) treat-
ment plants (P < 0.001). Gas exchange parameters were dif-
ferent among treatments, displaying a positive association 
with water availability (Fig. 1e–g). Interestingly, on the 38th 
day of treatment, 5% and 0% treatment plants showed higher 
net carbon assimilation (A) rate than the other treatments. 
Similarly, the transpiration (E) was also higher for the 0% 
treatment plants than or the other treatments on the 38th 
day (Supplementary Table 2). Regarding the instantaneous 
water-use efficiency (WUEi), it is worth highlighting that 
until the 42nd day of treatment, the plants from the lowest 
water availability treatments had the highest WUEi values, 
which further inverted (Fig. 1h; Supplementary Table 2). To 
obtain an overview of the carbon metabolism of S. italica 
grown under water deficit regimes, we performed soluble 
sugar and starch quantification of leaves harvested after 
38 days of treatment. We were not able to identify differ-
ences in the levels of glucose, fructose, sucrose, raffinose 
and starch between treatments (Supplementary Table 3).

Setaria italica water deficit‑related transcriptome

We further analyzed the S. italica gene expression profile 
in leaves from 100%, 30% and 0% treatment plants, i.e., the 
treatments that induced the most contrasting vegetative and 
reproductive growth parameters. Foliar tissues of plants sub-
mitted to 38 days of water deficit treatment were sequenced 
using Illumina platform (see Material and Methods for more 
details). We obtained approximately 40 million 100 base 
paired-end reads per library, and approximately 99% of those 
were properly mapped against the S. italica genome (Supple-
mentary Table 4). On average, 18 million reads per sample 
aligned against 26,429 (76.42%) predicted CDSs of the S. 
italica genome.

MA plots from differential expression analyses showed 
that the three treatments had differences in the gene expres-
sion profiles, mainly for the 100% × 30% and 100% × 0% 
comparisons (Supplementary Fig. 2a-b). The PCA analyses 

http://www.repeatmasker.org
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evidenced reproducibility between replicates and indicated 
that the normalized differences in expression patterns were the 
major source of dataset variation (Supplementary Fig. 2c-d). 
Approximately 90% of the DEGs identified by DESeq2 and 
EdgeR tools were common, and those 1,947 were used for 
further analyses. Thirty-two DEGs were common to all three 
comparisons, and 363, 120 and 17 DEGs were shared by two 
comparisons (Fig. 2a; Supplementary Table 5). RT-qPCR was 
used to validate the RNA-seq experiment. Nine DEGs had 
their relative transcription ratios evaluated for the 100% × 30%, 
100% × 0% and 30% × 0% treatment comparisons using RT-
qPCR and the results were further compared with the mean 
number of reads sequenced in the RNA-seq experiment. RNA-
seq and RT-qPCR results were highly correlated  (R2 = 0.9258) 
validating more than 85% of the comparisons (Supplementary 
Figs. 3 and 4).

To MapMan categories, 1,346 DEGs were mapped, iden-
tifying 27, 33 and 24 main BINs for 100% × 30%, 100 × 0%, 
and 30% × 0% comparisons, respectively (Supplementary 
Table 6). The three comparisons had similar BIN mapping 
profiles. As expected for the most contrasting phenotypes, the 
100% × 0% comparison showed the highest number of mapped 
DEGs, followed by the 100% × 30% and 30% × 0% compari-
sons (Fig. 2b). The BINs with the highest number of DEGs 
mapped were signaling, protein, RNA, transport, stress, sec-
ondary metabolism, and hormone metabolism. Additionally, 
the subcategories with the most DEGs mapped were signaling/
receptor kinases (BIN 30.2, 173 DEGs), RNA/regulation of 
transcription (BIN 27.3; 156 DEGs), protein/degradation (BIN 
29.5; 115 DEGs), protein/posttranslational modification (BIN 
29.4; 64 DEGs), and secondary metabolism/flavonoids (BIN 
16.8; 55 DEGs) (Supplementary Table 6).

Differentially expressed genes (DEGs) along a water 
deficit gradient unravel water stress‑related 
signaling pathway

We further mined all the DEGs (Fig. 2) for loci with water 
stress signaling pathway-related products (Takahashi et al. 
2018; Konopka-Postupolska and Dobrowolska 2020). The 
experimental design and transcriptome data allowed the 
identification of 27 genes putatively involved from ABA 
biosynthesis to water stress mitigation (Fig. 3; Supplemen-
tary Table 7). Two loci encoding the ABA biosynthetic 
enzyme 9-CIS-EPOXYCAROTENOID DIOXYGENASE 
(NCED) were up-regulated in both the 30% and 0% treat-
ments. DEGs homologous to receptors and kinases involved 
in ABA/dehydration perception were also up-regulated: a 
pair of PYRABACTIN RESISTANCE 1/PYR1-LIKE/REG-
ULATORY COMPONENT OF ABA RECEPTORS (PYR/
PYL/RCAR ), five PROTEIN PHOSPHATASE 2C (PP2C) 
and two SNF1-RELATED KINASE 2 FAMILY 2 (SnRK2) 
homologs. Two homologs to the A. thaliana water deficit 
responsive MITOGEN ACTIVATED PROTEIN KINASE 3 
(MAPK3) and MITOGEN ACTIVATED PROTEIN KINASE 
9/12 (MAPK9/12) genes were up-regulated in both the 30% 
and 0% treatments. DEGs encoding putative  Ca2+-binding 
proteins capable of responding to or decoding dehydration 
signals were differentially expressed in water deficit treat-
ments: three CALCIUM-DEPENDENT PROTEIN KINASES 
(CPDKs), two CALMODULIN-LIKE PROTEINS (CMLs) 
and two CALCINEURIN B-LIKE PROTEIN KINASES 
(CIPKs).

The ABA-PYR/PYL/RCAR-PP2C-SnRK2 module, 
MAPK and calcium-dependent pathways activate several 
drought downstream effectors, such as stomatal closure-
related ion channels, ROS burst proteins, and transcription 
factors. Setaria italica loci homologous to these protein-
encoding genes were also differentially expressed (Fig. 3; 
Supplementary Table 7). A putative SLOW ANION CHAN-
NEL 1 (SLAC1) and a NADPH OXIDASE RESPIRATORY 
BURST OXIDASE HOMOLOG D (RBOHD) loci were up-
regulated. Finally, water stress-related transcription factors 
were also differentially expressed under water deficit. Two 
putative ABRE-BINDING FACTOR 3 (ABF3) and a puta-
tive DRE-BINDING PROTEIN 2A (DREB2A) loci were 
up-regulated in the 0% treatment. Moreover, two putative 
WRKY18/40/60 were highly down-regulated in the 30% and 
0% treatments.

Fig. 1  Setaria italica performance is impacted by the water deficit 
treatment. a Illustrative picture of S. italica plants after 66  days of 
water stress treatments (n = 10 biological replicates per treatment). b 
Height (mean ± SE) and c number of leaves (mean ± SE). d Principal 
component analysis (PCA) of vegetative and reproductive param-
eters. Each data point represents one independent biological replicate. 
Open ovals indicate different treatment clustering. e Carbon assimila-
tion rate (A, mean ± SE), f transpiration (E, mean ± SE), g stomatal 
conductance (gS, mean ± SE), and h instantaneous water efficiency 
use (WUEi, mean ± SE). Different letters above the legend represent 
the repeated measures ANOVA (Hotelling’s test, P ≤ 0.05) results 
among treatments. The values of gas exchange analysis, as well as 
the ANOVA comparisons of each day, are available in Supplemen-
tary Table  2. Fifty-two days after the beginning of the experiment, 
more than 50% of plants from the5% and 0% treatments had died. The 
arrows indicate the leaf harvest day for RNA- and sRNA-seq analyses

◂
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Stress‑related and severe stress‑related DEGs 
evidenced pathways consistently impacted by water 
deficit

To better understand the gene expression modulation that 
underlies water deficit responses in S. italica, we focused 
the analysis on the hereafter named Stress-Related (SR) and 
Severe Stress-Related (SSR) DEGs (Fig. 2a; Supplementary 
Table 5). These genes were the most robust and stringent rep-
resentatives of the water deficit expression profile. SR DEGs 
were those differentially expressed in both the 30% and 0% 
treatments compared to the 100% treatment (363 genes), as 
well as those genes differentially expressed in the three com-
parisons (32 genes). The SSR DEGs, on the other hand, were 
those differentially expressed only in the most severe water 
deficit treatment, being shared between the 100% × 0% and 
30% × 0% comparisons (120 genes). From the 278 SR and 
70 SSR MapMan annotated genes, we focused on those 179 
categorized as stress-related BINs according to MapMan, 
which could be divided into three groups: signal perception 
and transduction, downstream regulators, and defense genes 
(Fig. 4; Supplementary Table 6). Several water deficit-related 
genes were down-regulated, including genes in auxin, salicylic 
acid, signaling/receptor kinases, WRKY and MYB transcrip-
tion factors and secondary metabolites BINs. On the other 
hand, ABA and AP/EREPB transcription factor BINs were 
mostly up-regulated. It is worth noting the mapping of several 
DEGs in the proteolysis, redox state, and peroxidase BINs. 
Interestingly, 48% of the genes included in the water stress 
signaling pathway (Fig. 3) are SR genes, including two WRKY 
transcription factors, two MAPK kinases, RBOHD, and four 
from five PP2C kinases. This result pinpoints 13 S. italica 

loci as strongly associated with the canonical drought stress 
response pathway.

sRNA‑mediated gene expression regulation 
in response to water stress

The role of sRNAs in the regulation of gene expression in 
S. italica under water deficit was addressed by sRNA-seq 
using the same samples used in the RNA-seq experiment. 
We sequenced from 33 to 40 million reads per replicate, 
which were mapped against three genomic contexts: gene 
bodies (CDSs, introns and UTR sequences), regulatory 
regions (2 kb upstream transcription initiation site) and TE 
insertions (Supplementary Table 8). Regarding the length 
of sRNA reads, gene body regions were enriched for 21–22 
nt sRNAs, and regulatory and TE regions were enriched 
for 24 nt sRNAs (Fig. 5). The 100% × 0% comparison dis-
played a higher number of sRNA differential accumulating 
loci (sRDALs) in the three genomic contexts, followed by 
the 30% × 0% and 100% × 30% comparisons (Fig. 6a; Sup-
plementary Table 9). Most of the sRDALs were annotated 
as TE insertions, followed by gene body and regulatory 
regions. The sRDALs were mostly from protein, RNA, sign-
aling, transport and stress MapMan functional categories 
(Fig. 6b; Supplementary Table 10).

We further focused our analysis of sRNAs on the 515 
SR and SSR DEGs (Fig. 2a) and evaluated whether they 
were sRDALs, which might indicate epigenetic regulation 
of water stress-responsive genes. Almost half of the SR and 
SSR DEGs (239) were also sRDALs, and for most of them 
(216), the sRNA clusters mapped to the gene body regions 
(Supplementary Table 11). Additionally, six and 14 loci 

Table 1  Vegetative and reproductive parameters (mean ± SE) of S. italica cultivated under five different watering treatments

Different superscript letters (a, b and c) indicate statistically significant differences as calculated by ANOVA (Tukey’s test, P ≤ 0.05) for ten bio-
logical replicates
DAS: days after sowing
*Parameters measured every two weeks until leaves were fully dry
**Parameters measured on the panicle harvest day

Trait 100% 60% 30% 5% 0%

Maximum height* (cm) 100.6 ± 4.6a 101.3 ± 3.1a 61.0 ± 3.3b 23.2 ± 0.8c 17.3 ± 0.5c

Total number of leaves* 30.4 ± 1.2a 30.5 ± 0.5a 28.2 ± 0.8a 14.3 ± 0.3b 13.7 ± 0.3b

Estimative of foliar area*  (cm2) 3050.0 ± 223.4a 3010.9 ± 116.2a 1911.4 ± 85.3b 630.6 ± 33.6c 474.9 ± 23.9c

Number of nodes* 17.5 ± 0.4a 19.4 ± 0.5a 13.2 ± 0.6b 7.2 ± 0.5c 6.4 ± 0.3c

Shoot biomass** (g) 15.4 ± 1.7a 12.8 ± 0.7a 7.7 ± 0.6b 2.3 ± 0.1c 1.7 ± 0.1c

Emergence of panicle (DAS) 97.1 ± 4.5a 104.9 ± 3.5a 124.6 ± 6.5b – –
Weight of panicle** (g) 14.8 ± 2.2a 12.5 ± 1.4a 2.6 ± 0.3b – –
Panicle length** (cm) 20.4 ± 1.4a 18.6 ± 0.9a 9.5 ± 0.5b – –
Panicle width** (cm) 2.1 ± 0.2a 2.1 ± 0.2a 1.5 ± 0.0b – –
Estimative of seeds numbers** 6777.3 ± 728.4a 6736.2 ± 431.7a 972.5 ± 245.4b – –
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showed sRNA differential accumulation on TE sequences 
(sRDATs) located in the gene body and regulatory regions, 
respectively. These sRDAT loci code for proteins annotated 
in several MapMan BINs, including RNA/regulation of tran-
scription, signaling, transport, minor CHO metabolism and 
hormone metabolism (Supplementary Tables 6 and 11).

A clear positive correlation was observed between the 
expression of the DEGs and the sRNA accumulation pat-
terns in gene body regions, which was not observed for the 
regulatory regions (Fig. 7). This agrees with the fact that 
up-regulated sRDALs mapped preferentially against gene 
body regions of transcripts with high counts per million 
(CPM) levels, a pattern that was not observed for regulatory 
regions (Supplementary Fig. 5). The sRDAL mapping pro-
files were analyzed in detail and a clear example of the posi-
tive correlation between expression and gene body sRNA 
accumulation is the case of the O-METHYLTRANSFERASE, 
Seita.6G148100. This gene was highly down-regulated and 
accumulated much fewer sRNA clusters in the 30% and 0% 
treatments (Fig. 8a). The WALL-ASSOCIATED RECEPTOR 
KINASE-LIKE, Seita.8G241700, showed a similar pattern 
of positive correlation between sRNA and mRNA expres-
sion, and the sRNA clusters mapped mostly on the exons 
(Fig. 8b). The BOWMAN-BIRK INHIBITOR PROTEASE, 
Seita.7G140700, and the GLYOXALASE I, Seita.6G036000, 
are examples of genes with sRNA clusters mapped in TEs 
inserted upstream of the transcription start site, for which 
the accumulation of sRNAs on those TEs negatively cor-
relates with their mRNA expression profiles (Fig. 8c–d). 
In both cases, there was a reduction in TE-related sRNA 
accumulation and an increase in mRNA accumulation upon 
30% and 0% water stress treatments. Finally, 12 of the 27 
DEGs in the water deficit signaling pathway (Fig. 3) were 
also shown to be sRDALs (Supplementary Table 7). Among 
them, WRKY 18/40/60 homologs showed a positive corre-
lation between expression and gene body sRNA accumula-
tion, being strikingly down-regulated in both RNA-seq and 
sRNA-seq experiments for 30% and 0% treatment plants 
(Supplementary Fig. 6).

Discussion

Water deficit triggered phenotypic plasticity

Drought-tolerant plants can overcome low water availability 
using different strategies, depending on the stress intensity. 
These strategies can vary from transient phenotypic changes 
when submitted to low soil moisture levels to profound met-
abolic modulations in response to severe water stress (Basu 
et al. 2016; Laxa et al. 2019). Drought-tolerant C4 monocots 
are considered under moderate water deficit when the RWC 

achieves 85–96%, while plants with RWC between 80 and 
85% are considered severely stressed (Carmo-Silva et al. 
2008). These values are in accordance with our RWC results, 
allowing us to ascertain that the plants submitted to the 30% 
and 5–0% treatments, which showed 88% and 84% RWCs 
38 days after the beginning of water deficit treatments, were 
cultivated under moderate and severe stress, respectively. 
However, the 60% treatment applied here, which showed 
91% RWC, was not restrictive enough to promote physi-
ological responses compared to the 100% treatment.

The moderate (30%) and severe (5% and 0%) water deficit 
treatments led to an accumulative reduction in the vegeta-
tive and reproductive growth parameters (Fig. 1; Table 1). 
Growth impairments in drought conditions have already 
been reported for several monocots, including S. italica 
(Rajala et al. 2011; Aslam et al. 2015; Luo et al. 2018; 
Nematpour et al. 2019). The diminishment of shoot growth, 
leaf size and number was associated with a lower transpira-
tion rate under drought conditions (Blum 2005; Basu et al. 
2016), which is in accordance with our results (Fig. 1).

Although plants of the 30% treatment were able to com-
plete their lifespan, they took 24 days longer to flower and 
had a significant reduction in seed weight and number 
(Table 1). A delay in panicle emergence has been previously 
reported in S. italica under reduced irrigation conditions 
(Seghatoleslami et al. 2008). Late flowering can be a result 
of metabolism shrinkage (Cho et al. 2017) under prolonged 
water deficit. This result contrasts with well-known pattern 
of premature flowering under terminal drought (Shavrukov 
et al. 2017). The decrease in leaf area and seed number has 
been considered an adaptive strategy, ensuring reproduction 
under water stress conditions (Tardieu et al. 2014; Kazan 
and Lyons 2016). Yet, S. italica plants subjected to severe 
stress (5% and 0%) treatments prematurely perished, before 
flowering. After 38 days of stress treatment, we observed 
a marked decrease in stomatal conductance for 5% and 0% 
plants, which was accompanied by a reduction in the pho-
tosynthetic rate (Supplementary Table 2). Limited carbon 
uptake, as a result of stomatal closure, results in a decline 
in carbon-driven metabolism and hydraulic repair, which 
can ultimately promotes mortality (McDowell et al. 2018). 
In this context, our results suggest that one of the factors 
that led to the premature mortality of S. italica plants under 
severe stress was the persistent reduced  CO2 availability. 
Lethal drought assessment is a difficult parameter to identify, 
as it depends on several factors, such as drought duration and 
intensity (Hartmann et al. 2013). In this work, Setaria italica 
plants showed similar growth rates under the five water-
ing regimes during the first 24 days of treatment (Fig. 1); 
however, as SWC decreased (Supplementary Fig. 1), plants 
under severe treatments perished, indicating that the water 
regime applied to the 5% and 0% treatments can be consid-
ered a lethal drought assessment for S. italica.
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Gene expression modulation and water deficit 
response

Because plasticity of morphological, developmental, and 
physiological phenotypes has been largely attributed to 
gene expression modulation, we surveyed the mRNA 
expression profiles of plants from 100%, 30% and 0% treat-
ments. RNA-seq results allowed us to identify almost two 
thousand DEGs, and in accordance with the plant perfor-
mance results, we showed a higher number of DEGs for the 
100% × 0% comparison, followed by the 100% × 30% and 
30% × 0% comparisons (Fig. 2a). Functional gene categori-
zation revealed an important enrichment in categories such 
as signaling, protein, RNA, transport, stress, and secondary 
metabolism (Fig. 2b). RNA-seq was performed using leaves 
harvested 38 days after water stress imposition, when SWC 
was close to zero to 0% treatment (Supplementary Fig. 1), 
but plants did not have important differences in yield param-
eters yet (Fig. 1). Our experimental design may have favored 
the identification of DEGs involved in recognizing and trig-
gering the water stress response, as previously reported for 
rice (Lin et al. 2017) and grapevine (Upadhyay et al. 2018) 
for biotic and salt stress, respectively. Our results reinforce 
that early stress response gene identification can be a rel-
evant approach to studies focusing on the regulation of plant-
environment interactions, including water stress.

Drought triggers complex regulatory networks, includ-
ing phosphorylation signal cascades, which activate down-
stream regulators and effectors, and, ultimately, promote 
physiological adjustments in plant tissues (Takahashi et al. 
2018). Foliar endogenous ABA signaling has a central role 
in the plant drought response, regulating stomatal closure, 
gene expression, and the accumulation of osmoprotective 
molecules (Kim et al. 2011; Zhang et al. 2018). The iden-
tification of two up-regulated NCED loci in water deficit 
treatments (Fig. 3), which catalyze the first committed step 
in ABA biosynthesis (Xiong and Zhu 2003), as well as an 
enrichment of up-regulated genes in ABA biosynthetic and 
signaling pathways (Fig. 4; Supplementary Table 6) rein-
forces the elicitor role of ABA in the S. italica water deficit 
response (Tang et al. 2017).

In the 30% and 0% treatments, DEGs that puta-
tively encode proteins from the ABA-PYR/PYL/

RCAR-PP2C-SnRK2 module, MAPK, and calcium-
dependent drought-related signaling pathways were identi-
fied (Fig. 3). These signaling cascades have been involved 
in plant the cell response to drought stress in several plant 
species (Takahashi et al. 2018), including S. italica and 
its sibling species S. viridis (Tang et  al. 2017; Duarte 
et al. 2019; Qin et al. 2020). Several known downstream 
effector-encoding genes were also differentially expressed, 
including putative RBOHD, SLAC1, WRKY and ABF genes. 
AtRBOHD belongs to a protein family responsible for the 
primary production of superoxide radicals in ROS signaling 
(Miller et al. 2009). AtSLAC1 protein regulates anion efflux 
to mediate stomatal closure (Vahisalu et al. 2008). The tran-
scription factor ABF3 triggers drought-mediated chlorophyll 
catabolism and senescence (Hwang et al. 2019). DREB2A 
protein performs crosstalk between drought and heat stress 
signaling (Qin et al. 2008), and WRKY18/40/60 proteins 
are negative regulators of ABA-inducible genes, including 
ABFs and DREB2A (Chen et al. 2010; Shang et al. 2010). 
Thus, our results reinforce that the drought response triggers 
the canonical ABA signaling pathway in S. italica.

We identified two robust and stringent water deficit-
responsive sets of genes, SR and SSR (Fig. 2a), which rep-
resent genes differentially expressed in both mild (30%) 
and intense (0%) stress conditions and genes differentially 
expressed only in an intense stress condition, respectively. 
There was a higher number of SR than SSR genes (Fig. 4), 
indicating that 30% and 0% plant treatments have more simi-
larities than differences regarding the gene expression modu-
lation in response to water deficit. The functional annotation 
of SR and SSR DEGs revealed that the S. italica response to 
drought involved modulation of several hormonal and sign-
aling pathways in leaves, including an antagonistic response 
between ABA and auxin pathways, and AP2/EREBP and 
WRKY/MYB transcription factors (Fig. 4), in accordance 
with the literature (Asghar et al. 2019). SR and SSR genes 
also showed modulation of secondary metabolism pathways, 
mainly related to the flavonoid pathway (BIN 16.8, Supple-
mentary Table 6). Activation of non-enzymatic antioxidant 
systems in RWCs from 80 to 95% was also observed in the 
resurrection plant Barbacenia purpurea (Suguiyama et al. 
2014). Finally, the protein degradation pathway, especially 
Ubiquitin.E3 (BIN 29.5.11), was also enriched in SR and 
SSR genes. Ubiquitin ligase (E3) proteins participate in 
protein degradation by the ubiquitin (Ub)-mediated regu-
lation pathway, which plays a role in several cellular pro-
cesses, including the regulation of the water stress response 
(Jia et al. 2015). Taken together, our transcriptome results 
allowed us to catalogue several S. italica genes related to 
signaling and metabolic adjustments in response to water 
deficit.

Fig. 2  Gene expression modulation in response to water deficit in S. 
italica leaves. a Venn diagram representing the distribution of DEGs 
that met the criteria of FDR-adjusted P ≤ 0.05 and  log2-ratio ≤ − 1.0 
or ≥ 1.0. The number of DEGs mapped with the MapMan tool is indi-
cated between parentheses. SR stress-related and SSR severe stress-
related DEGs are indicated by the black and red dashed lines, respec-
tively. b Functional categorization of DEGs according to the main 
BINs of the MapMan tool. Only categories representing at least 1% 
of the mappings are shown. DEGs mapped to more than one category

◂
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Setaria italica water stress‑responsive genes can be 
regulated by sRNAs

It has been shown that stress-responsive genes are regu-
lated at both the transcriptional and posttranscriptional 
levels by RNAi mechanisms (Chang et al. 2020). To obtain 
an overview of the S. italica sRNA expression profile 
under water deficit, we sequenced sRNA-seq libraries from 
100%, 30% and 0% treatment leaves and mapped them 
against S. italica gene regulatory and body regions, as well 
as TEs. In accordance with DEG functional categoriza-
tion, sRDALs were enriched in regulatory pathways such 
as protein, RNA and signaling (Figs. 2, 6), indicating that 
the RNAi mechanism is part of S. italica response to water 
deficit.

Plant canonical and noncanonical RdDM pathways 
involve siRNA biogenesis and siRNA-guided de novo DNA 

methylation in all sequence contexts (CG, CHG, and CHH). 
While 24 nt siRNAs are specifically involved in the canoni-
cal RdDM pathway and transcriptional silencing, 21–22 nt 
siRNAs participate in both posttranscriptional silencing and 
noncanonical RdDM mechanisms (Cuerda-Gil and Slotkin 
2016; Wu et al. 2020). Our sRNA mapping profile showed 
that 24 nt sRNAs are the most abundant in the regulatory 
and TE regions (Fig. 5), which can be associated with canon-
ical RdDM gene silencing. On the other hand, in the gene 
body regions, 21–22 nt sRNAs were preferentially mapped, 
suggesting that both TGS and PTGS mechanisms are impor-
tant for S. italica gene expression modulation in response to 
water deficit.

siRNA-mediated epigenetic modifications are prefer-
entially activated in the presence of TEs and other repeats 
(Lisch 2009), which can modulate the expression of source, 
homologous and neighbor loci by RdDM (Li et al. 2015). In 

Fig. 3  Setaria italica signaling pathway in response to water deficit. 
ABA biosynthesis, HISTIDINE KINASE (HK) osmosensors and 
 Ca2+ transport into the cytosolic space trigger upstream regulators of 
the water deficit response: the PYR/PYL/RCAR-PP2C-SnRK2 mod-
ule, MAPK and calcium-dependent kinase pathways (Takahashi et al. 
2018). CPDKs, CIPKs and CMLs are Ca2 + -binding proteins capa-
ble of responding to or decoding dehydration signals. These pathways 
activate dehydration and/or ABA signaling networks by phospho-

rylating downstream effectors, such as anion channels, ROS-related 
proteins, and transcription factors. Heatmaps indicate the differential 
expression log2-ratio values for the 100% × 30% (squares on the left 
side of the protein name) and 100% × 0% (squares on the right side of 
the protein name) comparisons. The number of squares corresponds 
to the number of homologues identified. The above-mentioned genes 
were not differentially expressed between the 30% and 0% treatments
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Fig. 4  Functional categorization 
of stress-related (SR) and severe 
stress-related (SSR) DEGs 
according to MapMan stress-
related BINs. The colored boxes 
indicate the transcription levels 
of the DEGs. The gray circles 
indicate that no DEG was 
mapped in the corresponding 
category. The list of transcripts 
and the corresponding associ-
ated MapMan BINs terms are 
provided in Supplementary 
Table 6
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this sense, we were able to identify 14 and six DEGs with 
differential accumulation of sRNAs in TEs inserted in their 
regulatory and gene body regions, respectively. All 20 genes 
were SR DEGs; however, they had different expression pro-
files of mRNA and sRNA (Supplementary Table 11) and 
were annotated to various MapMan functional categories 
(Supplementary Table 6). At least five of these loci code for 
proteins that had homologous pairs participating in abiotic 
stress response, as follows: a GLYOXALASE I protein, which 
prevents oxidative damage during abiotic stress episodes by 
methylglyoxal detoxification (Batth et al. 2020); a serine 
protease BOWMAN-BIRK INHIBITOR PROTEASE (Yan 
et al. 2009; Malefo et al. 2020); a CALRETICULIN 3 pro-
tein that plays a role on  Ca2+-dependent processes during 
water stress response (Kim et al. 2011); a MOLYBDATE 
TRANSPORTER 2, responsible for molybdate transfer from 
leaves to seeds during plant senescence (Gasber et al. 2011) 
and the NAC transcription factor ATAF2, which induces 
early leaf senescence (Nagahage et al. 2020). The coordi-
nated mRNA and sRNA differential expression of these 
genes improves our knowledge of the water deficit responses 
in the drought-tolerant grass S. italica, suggesting that at 
least in part, TEs in the S. italica genome are involved in 
RdDM gene expression modulation.

Due to the nature of gene expression silencing mecha-
nisms, a negative correlation between mRNA and sRNA 
expression levels is expected for genes regulated by the 
RNAi mechanism. Although we identified several DEGs 
negatively correlated with sRDALs, we found no global 
correlation between SR and SSR DEGs and sRDALs in 
the regulatory regions, while a positive correlation was 
observed in the gene body regions (Fig. 5). Hypermeth-
ylation of gene bodies was positively correlated with high 
gene expression levels in maize and A. thaliana plants 
(Zhang et al. 2006; Li et al. 2015; Lu et al. 2015); however, 

the mechanism underlying this pattern is poorly under-
stood. Chaudhary and colleagues hypothesized that under 
stress conditions, plants buffer against normal protein syn-
thesis via alternative splicing coupled to decreased RNA 
decay to produce protein variants responsible for adapta-
tion to stress. This strategy could reduce stress metabolic 
cost and include stress-responsive alternative isoforms in 
the proteome (Chaudhary et al. 2019). RNA decay is a 
cytoplasmic mRNA quality control mechanism that targets 
newly synthesized transcripts for degradation by exonucle-
ases, antagonizing or circumventing the mechanisms that 
initiate the RNAi pathway by either generating or remov-
ing template RNA molecules that could be used by PTGS 
or RdDM (Crisp et al. 2016). On the other hand, a massive 
accumulation of 22 nt siRNAs has been reported in plants 
deficient in both PTGS and RNA decay mechanisms under 
abiotic stress, including activation of stress signaling and 
repression of growth loci (Wu et al. 2020). Although much 
remains to be elucidated about the gene expression regula-
tion associated with sRNAs mapping to gene bodies, our 
results reinforce that TGS and PTGS are important for S. 
italica water deficit response regulation and pinpoint that 
sRNA homologous to gene body regions might have an 
important role in that response, which should be better 
understood to untangle the intricate and multimechanistic 
pathways involved in gene expression modulation in the 
monocot drought response.

Conclusion

The experiments submitting S. italica plants to five water-
ing regimes performed in this study allowed the broaden-
ing of the knowledge about the adaptive strategies adopted 

Fig. 5  sRNAs have different 
mapping profiles depending on 
the genome context. Percentage 
of 20–24 nt sRNAs mapped to 
the gene body region, regulatory 
region, and TE insertions for the 
100%, 30% and 0% treatments
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Fig. 6  sRNA expression modulation in response to water deficit 
in S. italica leaves. a Venn diagram representing the distribution 
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regions,  and sRNA differentially accumulated on TE sequences 
(sRDATs) in the three treatment comparisons. b Functional catego-
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pings in the comparison are shown. DEGs mapped to more than one 
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by this species to the selective pressure imposed by water 
stress. The analysis of vegetative and reproductive growth, 
physiological, and genetic parameters showed that S. italica 
differentially responded to distinct water stress intensities. 
Additionally, we were able to catalogue several candidate 

genes related to water stress signaling and metabolic adjust-
ments, which seems to have a role in S. italica phenotypic 
plasticity. Furthermore, our results indicated that sRNA-
dependent gene expression regulation mechanisms contrib-
ute to the S. italica water deficit responses, providing an 
adaptive epigenetic line of defense against drought.
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