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a  b  s  t  r  a  c  t

The  emerging  model  Setaria  viridis  with  its C4 photosynthesis  and  adaptation  to hot  and  dry  locations  is
a  promising  system  to investigate  water  use  and  abiotic  stress  tolerance.  We  investigated  the  physiolog-
ical  plasticity  of  six S.  viridis  natural  accessions  that  originated  from  different  regions  of the  world  under
normal  conditions  and  conditions  of  water-deficit  stress  and  high  temperatures.  Accessions  Zha-1,  A10.1
and  Ula-1  showed  significantly  higher  leaf  water  potential  (� leaf ),  photosynthesis  (A),  transpiration  (E),
and  stomatal  conductance  (gs)  rates  compared  to Ast-1,  Aba-1  and  Sha-1  when  grown  under  stress  con-
ditions.  Expression  analysis  of  genes  associated  with  C4 photosynthesis,  aquaporins,  ABA  biosynthesis
and  signaling  including  genes  involved  in  stress  revealed  an increased  sensitivity  of Ast-1,  Aba-1  and  Sha-
1 to stresses.  Correlation  analysis  of gene  expression  data  with  physiological  and  biochemical  changes
ater-deficit stress
eat stress
tress responses

characterized  A10.1  and Ast-1  as two  extreme  tolerant  and  sensitive  accessions  originated  from  United
States  and  Azerbaijan  under  water-deficit  and  heat  stress,  respectively.  Although  preliminary,  our study
demonstrated  the plasticity  of  S.  viridis  accessions  under  stress,  and  allows  the  identification  of  tolerant
and  sensitive  accessions  that  could  be use  to study  the mechanisms  associated  with  stress  tolerance  and
to characterize  of the  regulatory  networks  involved  in  C4  grasses.
. Introduction

Monocot C4 cereal grains and grasses belonging to the Pan-
coideae subfamily comprise crops that are major sources of
ood and feedstock, such as maize (Zea mays),  sorghum (Sorghum
icolor), sugarcane (Saccharum officinarum), pearl millet (Pennise-
um glaucum), switchgrass (Panicum virgatum),  etc. Because most
4 plants are well adapted to high light intensities, elevated tem-
eratures and relatively poor soils, they have attracted significant

nterest and are becoming the focus of intense research [1,2].
lthough, considerable advancement towards the understanding
f the molecular and biochemical pathways associated with C4

etabolism [3–5] and the relative tolerance of C4 crops to abi-

tic stress has been made [6–8], the progress of these researches
as been hampered because of their big size, large and/or poly-

� This article is part of a special issue entitled “Water-use Efficiency in plants”,
ublished in Plant Science 251, 2016.
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ploid genome and long generation times. Setaria viridis has a
C4 metabolism, small genome (approximately 510 Mb), short life
cycle and simple growth requirements [3]. Moreover, the recent
demonstration of a fast and simple spike-dip-mediated genetic
transformation [9] makes S. viridis an ideal model plant for the study
of abiotic stress in Panicoideae crops.

Wild relatives of cultivated crops perform better under adverse
environmental conditions, and often deliver a valuable gene pool
for abiotic stress tolerance [10]. In addition, natural populations
of crop species inhabiting wide locations showed phenotypic plas-
ticity to stress based on their genetic background [11]. Recently,
phenotypic variability [12,13], as well as molecular genetic map-
ping and sequencing [14–16] of natural populations of S. viridis,
a wild ancestor of cultivated foxtail millet (S. italica),  have been
reported. Although, progress has been made in the genome
sequencing [17], including understanding the regulation of gene
expression related to the C4 pathway [4], characterization of its
germplasm to abiotic stress is lacking. Thus, understanding the phe-
notypic plasticity of its natural accessions to abiotic stress is crucial

to reveal the molecular mechanism of stress tolerance and water
use efficiency (WUE).

Here we  investigated six S. viridis natural accessions origi-
nated from different areas of the world under water-deficits, high
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emperature and a combination of both stress conditions. We
emonstrated the plasticity of accessions in the reduction of leaf
ater potential, photosynthetic rates and stomatal closure at the
hysiological level. We  also showed that stress related gene expres-
ion changes at the molecular level and biochemical changes such
s scavenging of reactive oxygen species (ROS), accumulation of
smolytes and reallocation of metabolites were different among
ccessions under stress. This preliminary study allowed us to dis-
inguish between tolerant and sensitive accessions as a function of
he water usage and their responses to abiotic stress.

. Materials and methods

.1. Plant materials and growth habitat

Seeds of six Setaria viridis (L.) Thell. (Zha-1, A10.1, Ula-1, Ast-1,
ba-1 and Sha-1) accessions were obtained from the Germplasm
esources Information Network (GRIN, http://www.ars-grin.gov/),
nited States Department of Agriculture (USDA) and germinated

n trays (27.9 cm × 54.3 cm)  (McConkey, Sumner, WA)  contain-
ng moist agronomy mix  (equal parts of redwood compost, sand
nd peat moss) in the greenhouse conditions at 28 ± 2 ◦C with
0% relative humidity under a 16 h day/8 h night photoperiod and
50 � mol  m−2 sec−1 light intensity. The characteristic, origin and
istribution of these six accessions are given in Table 1. At 10 days
ost germination (DPG), seedlings were transferred to plastic pots
10.2 cm × 8.2 cm)  (McConkey) containing equal amount of agron-
my  mix  soil and grown in the same greenhouse conditions.

.2. Abiotic stress treatments

Before the application of water-deficit stress and heat treat-
ents to the S. viridis accessions, 10 DPG seedlings of an average

eight of 6.9 ± 0.8 cm were grown in pots in the greenhouse under
he conditions described above for 10 days. Plants were watered to
eld capacity every alternate day with deionized water and fertil-

zed (once a week) with a solution of 100 g N:P:K (20:10:20) and
00 g ammonium sulphate in 20 L of deionized water. During this
eriod with the progression of stress treatments Zha-1, A10.1, Ula-1
nd Ast-1 initiated flowering while Aba-1 and Sha-1 did not flower
ntil the end of stress treatments.

For water-deficit treatments, water stress (WS) was applied by
ithholding the water supply to pots containing 20 DPG plants

or 7–10 days in the same greenhouse conditions. After this initial
eriod of water withholding, the soil water content (SWC) of each
ot was measured using a ProCheck soil moisture meter (Decagon
evices, Inc. Pullman, WA,  USA) until the SWC  reached to 30% and

hen more than 50% of the seedling populations of the differ-

nt accessions showed visible stress phenotypes (initiation of leaf
olling and dropping or wilting), the SWC  was maintained at 30%
or an additional 5–8 days.

able 1
istribution and associated parameters of Setaria viridis accessions used in this study.

Parameters* Accessions

Code Zha-1 A10.1 U

Accession Ames 28193 PI 669942/Ames 31045 P
Plant  name 132 A10.1 9
Origin  (country) Kazakhstan United States M
Area  Zhangiztobe NA U
Latitude 49.1286 NA 4
Longitude 81.1078 NA 1
Elevation (meter) 517.9 NA 1

* Data obtained from GRIN, USDA website. NA, not available.
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For heat stress (HS), 20 DPG plants were placed in a controlled
environmental chamber (Conviron, Pembina, ND, USA) under a 16 h
daytime (light intensity of 550 � molm−2 sec−1) and the tempera-
ture raised from 28 ◦C to 42 ◦C, the seedlings were exposed to 42 ◦C
for 2 h, and the temperature was  brought back to 28 ◦C afterwards,
followed by 8 h dark at 25 ◦C. Relative humidity was kept at 50%.
These temperature treatments were repeated daily for 15 days for
all accessions.

For water-deficit and heat stress combination treatments
(WSH), a set of plants (n = 6) was treated as described for HS treat-
ments while the plants were kept at a SWC  as described for WS  (see
above).

A well-watered (WW)  set of plants with 100% SWC  from all
accessions were grown under the same greenhouse conditions
with similar irrigation and fertilization regimes as described before.
Each experimental setup included randomized WW,  WS,  HS and
WSH sets of plants in four biological replicates for each of the six
S. viridis accessions. Three separate experiments were conducted
during August–September 2014, November–December 2014 and
March–April 2015. After 15 days of treatments and at the end of
each experiment (when plants were 35 days-old), physiological
measurements were conducted on three biological replicates while
leaves of one replicate were harvested followed by quick freezing
in liquid nitrogen at the same daytime period (10 a.m. to 12 noon).
All samples were homogenized to fine powder in liquid nitrogen
and stored at −80 ◦C until further use.

2.3. Physiological measurements

Leaf water potential (� leaf ) was  measured from an excised flag
leaf or top leaf whichever was available from 10 days post treat-
ment (DPT) plants under WS  and HS, as well as WW,  when plants
were 30 days-old from each accession using a pressure chamber
instrument (Model 600, PMS  Instrument Company, Albany, OR,
USA) attached to a portable nitrogen (N2) tank. An apical portion
of a leaf was  excised with a sharp razor blade and immediately
inserted inside the stainless steel chamber, and closed tightly. The
N2 gas was slowly released to gradually increase the inside pres-
sure of the chamber and the oozing out of sap was monitored using
a lighted hand lens. The value of the pressure gauge was  recorded
when first emergence of leaf sap was  monitored. All measurements
were taken between 10 a.m. to12 noon.

Gas exchange measurements were carried out using a Li-
Cor 6400 open gas exchange system (Li-Cor, Lincoln, NE, USA)
calibrated at 1800 �mol  m−2 s−1 saturating light condition and
400 ppm ambient CO2 with a 50–60% relative humidity and 28 ◦C as
described before. Each measurement was  recorded at steady state

on 15 DPT plant from each of the treatments mentioned above.

Leaf area measurements were taken at the end of each exper-
iment when plants were 35 days-old using a LI-3100 Area Meter
(Li-Cor). For biomass dry weight (DW), above ground plant parts

la-1 Ast-1 Aba-1 Sha-1

I 649320 PI 223677 PI 230135 PI 408811
8HT-80 Dekker 1851 Dekker 1850 UI 4833
ongolia Azerbaijan Iran China
laanbaatar Astara Abali Shaanxi
8.1339 38.4561 35.7624 34.2500
10.2281 48.8786 51.9653 108.8667
026.9 274.3 1828.8 405.1

http://www.ars-grin.gov/
http://www.ars-grin.gov/
http://www.ars-grin.gov/
http://www.ars-grin.gov/
http://www.ars-grin.gov/
http://www.ars-grin.gov/
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as cut at soil level and dried in an oven at 80 ◦C for 5 days before
eighing. DW penalty was calculated as relative ratio of DW under
S and HS with respective to WW (DWWSorHS/DWWW).

.4. Molecular analyses

Selection of candidate reference and target genes was  per-
ormed as described before in Ref. [18]. The list of genes tested
or the identification of suitable reference gene(s) for gene expres-
ion data normalization using qRT-PCR is given in Supplementary
able S1 in the online version at DOI: 10.1016/j.plantsci.2016.06.
11. Selection of best reference gene(s) was conducted following
he procedure described earlier [18,19] using the computer-based
efFinder [20] (see Supplementary Table S2 in the online version
t DOI: 10.1016/j.plantsci.2016.06.011). Primers were designed
sing Primer3Plus software (http://www.bioinformatics.nl/cgi-
in/primer3plus/primer3plus.cgi) considering the parameters spe-
ific for qRT-PCR [21]. The sequences with detailed parameters of
rimer pairs of candidate reference and target genes are given in
upplementary Table S1 in the online version at DOI: 10.1016/j.
lantsci.2016.06.011, respectively.

For gene expression analyses, RNA was extracted from 100 mg  of
rozen ground leaf tissue of WS,  HS, and WW samples as described
efore [22], and first-strand complementary DNA (cDNA) synthe-
is, followed by qRT-PCR were performed as described before [18].
nalysis of relative gene expression was performed after normal-

zation with two best reference genes according to Ref. [23].

.5. Biochemical quantifications

Extraction and quantification of abscisic acid (ABA) were con-
ucted as described earlier by Ref. [24] using 50 mg  of frozen
round leaf in 100% (v/v) methanol containing 0.5 g/L citric acid
onohydrate and 100 mg/L butylated hydroxytoluene (BHT). ABA

ontents were determined using enzyme-linked immunosorbent
ssay (ELISA) as described before [25] following manufacture
nstruction.

A total of 100 mg  of frozen ground tissue was homogenized
n a 2 ml  SealRite microcentrifuge tube containing 1 ml  of extrac-
ion buffer (50 mM Tris–HCl, pH 7.5; 5% w/v sucrose; 5% w/v PVP;
0 mM ascorbic acid) using 3.2 mm stainless steel beads in an auto-
ated shaker SO–10 M (Fluid Management, Wheeling, IL, USA). The

omogenate was centrifuged and the supernatant was  used as a
ource for total protein and enzyme assay as described elsewhere
26].

The Bradford assay [27] method was used for total protein
uantification using bovine serum albumin (BSA) as a standard.
atalase activity was assessed as the decomposition of H2O2 by
easuring the decrease of absorbance at 240 nm [28]. Chlorophyll

ontent was measured from 100 mg  of frozen ground tissue homog-
nized in 1 ml  of N,N-dimethyl formamide (DMF) in the dark and
he absorbance of the supernatant was recorded at 647 nm and
64 nm [29,30]. Malondialdehyde (MDA) content was  measured as
escribed before [30]. Proline was extracted from 100 mg  of ground
lant material by heating plant material for 20 min twice with 80%
thanol and once with 50% ethanol as described by Ref. [31]. SPS
ctivity measurements were conducted based on Ref. [32] using
0 mM Hepes/NaOH, pH 7.5 (Sigma), 15 mM MgCl2 (Sigma), 25 mM
ructose (Sigma), and 25 mM UDP-Glucose. Sugars were quantified
sing an anthrone assay [33], and absorbance at 650 or 595 nm were

easured using sucrose as a standard. Extraction and measurement

f the total soluble sugars (SS) from leaf tissue samples were car-
ied out as described by Ref. [30]. All reactions were performed
n two technical replicates and all measurements were made in a
 251 (2016) 128–138

96 well BioTek SynergyMx microplate reader (BioTek Instruments,
Inc., Winooski, VT).

2.6. Statistical analysis

Physiological measurements were carried out in nine biological
replicates whereas molecular analyses and biochemical quantifica-
tions were conducted in three biological replicates. Calculations of
means from biological replicates with standard errors (SE) includ-
ing figures were created using Microsoft Excel (version 2010).
Tukey-Kramer HSD tests was used to evaluate significant dif-
ferences at P ≤ 0.05 level in JMP  (version 7.0.2) software (SAS
Institute Inc. Cary, NC). The normal distribution of the data and
the homogeneity of variances were verified with the Kolmogorov-
Smirnov and Bartlett’s tests, respectively, before being subjected
to analysis of variance (ANOVA). Data were analyzed as a split-plot
design, where stress conditions (WW,  WS and HS) were used as
a fixed-plot factor while accession and stress × accession as ran-
dom effects in ANOVA using PROC GLM of SAS version 9.3 (SAS
Institute, 2011). For correlation analyses, physiological, biochemi-
cal and gene expression data from WS  and HS were normalized with
WW and transformed to Log10 values. To visualize the differences
among accessions exposed to stress, we performed Pearson Corre-
lation Coefficients (PCC) of Log10 transformed values and conducted
hierarchical clustering. Heatmaps illustrating positive (yellow) and
negative (blue) correlations under WS  and HS were generated using
R statistical software [34].

3. Results

3.1. Physiological responses to WS and HS

In this study we evaluated six S. viridis natural accessions which
were originated from wide areas world-wide (Table 1) for their
tolerance to WS  and HS. These accessions showed differential
patterns of physiological responses to WS  and HS (Fig. 1). Mea-
surements of leaf water potential (� leaf ) after 10 DPT revealed
significant changes in leaf water status (Fig. 1a). Under WW condi-
tions, Zha-1, A10.1 and Ula-1 showed relatively lower � leaf (−0.34
to −0.38 MPa) as compared to Ast-1, Aba-1 and Sha-1 (−0.15 to
−0.20 MPa). When these accessions were exposed to WS,  Ast-1,
Aba-1 and Sha-1 displayed a marked decrease in leaf water poten-
tial with an average � leaf of −1.1 MPa, whereas Zha-1, A10.1 and
Ula-1 maintained a � leaf in the range of −0.40 MPa  to −0.52 MPa. In
case of HS, all the accessions demonstrated a significant reduction
in leaf water potential, with lowest and highest � leaf of −2.13 MPa
and −0.71 MPa  in Ast-1 and Zha-1, respectively (Fig. 1a).

Gas exchange measurements showed a differential performance
of accessions subjected to WW,  WS  and HS (Fig. 1b–d). Under WW
conditions, maximum and minimum rates of photosynthesis (A)
and transpiration (E) were recorded in A10.1 and Sha-1, respec-
tively. The rates of A and E were significantly higher in Zha-1,
A10.1 and Ula-1 as compared to Ast-1, Aba-1 and Sha-1 under both
WS and HS treatments. In general A and E were severely affected
by HS in most of the accessions where Ast-1 and Aba-1 showed
the strongest reduction of A (86.3% and 93.3%, respectively) and E
(76.3% and 86.1%, respectively) under both WS  and HS treatments
(Fig. 1b–c). Measurements of stomatal conductance (gs) suggested
that H2O/CO2 exchange was  relatively less affected by WS  and HS
in Zha-1, A10.1 and Ula-1 as compared to Ast-1, Aba-1 and Sha-1
(Fig. 1d).
At the end of the experiment all accessions grown under WW
showed no significant difference in the total leaf area (Fig. 2a), while
above-ground biomass DW of Zha-1 and Ula-1 was significantly
lower compared to A10.1, Ast-1, Aba-1 and Sha-1 under similar con-
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Fig. 1. Physiological responses of Setaria viridis accessions to WW,  WS and HS con-
ditions. (a) Leaf water potential (� leaf ) of accessions measured after 10 DPT using
a  pressure chamber. Gas exchange measurements of (b) photosynthesis (A) and
(c)  rates of transpiration (E) and (d) stomatal conductance (gs) after 15 DPT using
a  Li-Cor 6400 portable gas exchange system, respectively. Black, white and grey
bars represent the Mean ± SE (n = 9) from well-water (WW),  water-deficit stress
(WS) and heat stress (HS) treated plants and letters on the bars indicate significant
d

d
D
Z
i
v

Fig. 2. Leaf area of Setaria viridis accessions under well-water (WW)  conditions and
the effect of water stress (WS), heat stress (HS) and water-heat stress (WHS) on
biomass dry weight (DW) after 15 days of stress treatments. Black, white, grey and
lined bars represent mean ± SE (n = 6-9) values of WW,  WS,  HS and WHS  combined
ifferences at P ≤ 0.05 level as tested by Tukey-Kramer HSD.

itions (Fig. 2b). WS  and WHS  showed a stronger effect of biomass
W reduction than HS in Ast-1, Aba-1 and Sha-1 compared to

ha-1, A10.1 and Ula-1 (Fig. 2b) which was clearly documented
n biomass DW penalty (see Supplementary Fig. S1 in the online
ersion at DOI: 10.1016/j.plantsci.2016.06.011).
treatments and letters on the bars indicate significant differences at P ≤ 0.05 level
as  tested by Tukey-Kramer HSD.

3.2. Identification and selection of suitable reference genes for
gene expression analysis under abiotic stress conditions

Prior to performing gene expression analysis under abiotic
stress conditions in the different S. viridis accessions, we  sought to
identify suitable reference gene/s for accurate transcript normal-
ization using qRT-PCR. We  searched for candidate reference genes
previously tested in Arabidopsis, rice and foxtail millet, and found
the orthologous locus identifiers and/or GenBank accession num-
bers of the potential candidate reference genes from S. italica,  a
cultivated close relative of S. viridis,  using orthologous group search
in Phytozome and/or BLASTN search in the NCBI GenBank. We
selected a total of 14 candidate reference genes (see Supplementary
Table S1 in the online version at DOI: 10.1016/j.plantsci.2016.06.
011) and tested their expression stability in a set of samples which
included WW,  WS,  HS and salt-stressed (SS) plants in six biologi-
cal with three technical replicates from the A10.1 accession using
qRT-PCR. Analysis of melt curves revealed a single dominant peak
of the specific amplicon with no detectable amplifications in the
no-template controls (NTCs), suggesting the absence of any primer
dimers and specific amplification from the respective primer pair
(see Supplementary Fig. S2 in the online version at DOI: 10.1016/
j.plantsci.2016.06.011). Detailed parameters, including analysis of
PCR efficiency (E) using LinRegPCR software [35], correlation coef-
ficients (R2) of PCR efficiency values and coefficient of variance
(CV) of threshold cycle (CT) values are given in Supplementary
Table S1 in the online version at DOI: 10.1016/j.plantsci.2016.06.
011. Further analysis of individual CT values in RefFinder soft-
ware recommended tubulin-  ̨ (TUA) and initiation factor 4A (IF4A)
with 2.0 and 2.3 of overall comprehensive geomean ranking values,

respectively, as the best two  reference genes for reliable transcript
normalization using qRT-PCR in S. viridis (see Supplementary Table
S2 in the online version at DOI: 10.1016/j.plantsci.2016.06.011).
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Fig. 3. Effect of WS and HS on photosynthesis, CO2 exchange and carbon assimilation
associated gene expression in Setaria viridis accessions. Quantitative measurements
of  mean relative expression patterns of (a) PS1, (b) RbcS, (c) PEPC, (d) NADP-MDH (e)
NADP-ME genes as determined by qRT-PCR. Black, white and grey bars represent
the Mean ± SE (n = 3) of 2−��CT values after normalization with reference genes
(TAU + IF4A) from RNA samples of well-water (WW),  water stress (WS) and heat
 251 (2016) 128–138

3.3. Monitoring expression pattern of photosynthesis and
aquaporin-related genes under WS  and HS

We  monitored the expression patterns of genes associated
with photosynthesis, C4-CO2 assimilation and aquaporin water
channels of the S. viridis accessions under WS  and HS using qRT-
PCR (Figs. 3 and 4). The expression of photosystem 1 (PS1) and
ribulose bisphosphate carboxylase small subunit (RbcS) decreased
significantly in all accessions under WS  and HS, with Ast-1,
Aba-1 and Sha-1 displaying a more pronounced decrease in tran-
scripts abundance (Fig. 3a,b). We  also examined the expression

of three genes associated with CO2 assimilation during C4 car-
bon fixation (Fig. 3c–e). Phosphoenolpyruvate carboxylase (PEPC)
and NADP-malate dehydrogenase (NADP-MDH), transcripts are rel-

Fig. 4. Assessment of water channel AQP genes from PIP1, PIP2 and TIP subfami-
lies  in Setaria viridis accessions under WW,  WS and HS  conditions. Mean relative
expression pattern of (a) PIP1-1, (b) PIP1-2 and (c) PIP2-1 genes as determined by
qRT-PCR, respectively. Black, white and grey bars represent the Mean ± SE (n = 3) of
normalized values (2−��CT) from RNA samples of well-water (WW),  water stress
(WS) and heat stress (HS) treated plants and letters on the bars indicate signifi-
cant differences at P ≤ 0.05 level as tested by Tukey-Kramer HSD. See Table S1 for
reference and target genes.

stress (HS) treated plants and letters on the bars indicate significant differences at
P  ≤ 0.05 level as tested by Tukey-Kramer HSD. See Table S1 for reference and target
genes.
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Fig. 5. Quantification of ABA biosynthesis- and signaling-related genes as well as
ABA content in Setaria viridis accessions subjected to WW,  WS  and HS conditions.
Quantitative measurements of mean relative expression of (a) ZEP, (b) NCED genes
of  the ABA biosynthetic pathway as determined by qRT-PCR. Determination of (c)
ABA content using ELISA. Expression profile of (e) PP2C and (f) SnRK2 genes of ABA
signaling using qRT-PCR. Black, white and grey bars represent the Mean ± SE (n = 3)
 251 (2016) 128–138 133

atively enriched in the cytosol and the chloroplast of mesophyll
cells, respectively, while NADP-malic enzyme (NADP-ME), is mainly
abundant in chloroplasts of the bundle sheath cells. Under WS,  the
expression of PEPC did not change significantly in Zha-1, A10.1 and
Ula-1 than that of Ast-1, Aba-1 and Sha-1. PEPC transcript level
decreased significantly compared to the WW condition (Fig. 3c). HS
caused significant down regulation of PEPC in all the five accessions
except in Zha-1 (Fig. 3c). Expression of NADP-MDH and NADP-ME
was significantly down-regulated under WS,  while relatively lesser
changes were seen under HS (Fig. 3d,e).

To assess the involvement of aquaporins (AQP) in differential
regulation of water status under stress, we  measured the transcript
levels of three plasma membrane intrinsic proteins (PIP1-1, PIP1-2
and PIP2-1)  AQP genes that function as membrane water channels.
Under both WS  and HS, Zha-1, A10.1 and Ula-1 showed little or no
change in the relative expression levels of PIP1-1,  PIP1-2 and PIP2-
1 whereas a 2-fold down-regulation was observed in Ast-1, Aba-1
and Sha-1 (Fig. 4a–c).

3.4. Divergence of accessions in regulation of ABA biosynthesis
and signaling during WS and HS

We examined the effects of WS  and HS on the expression level
of genes known to be key regulators of abscisic acid (ABA) biosyn-
thesis and signaling pathways in all the S. viridis accessions. In
the ABA biosynthesis pathway zeaxanthin epoxidase (ZEP) converts
zeaxanthin into antheraxanthin and subsequently to violaxanthin
while 9-cis-epoxycarotenoid dioxygenase (NCED) cleaves 9-cis xan-
thophylls to form the precursor of ABA, xanthoxin. The expression
of ZEP was significantly up-regulated in Ast-1, Aba-1 and Sha-1
under WS  and HS, respectively (Fig. 5a). No significant differences
in ZEP transcript was monitored when Zha-1 and A10.1 in WS  as
compared to the WW conditions. Ula-1 showed a 1.5-fold signif-
icantly higher ZEP expression under WS.  Under HS up-regulation
of ZEP transcripts was found to be 2-fold in Zha-1, A10.1 and Ula-
1, and 4-fold in Ast-1, Aba-1 and Sha-1 under HS when compared
with WW (Fig. 5a). The NCED was significantly up-regulated many
fold in Ast-1, Aba-1 and Sha-1, and to a lesser extent in Zha-1,
A10.1 and Ula-1, under WS and HS (Fig. 5b). Concomitantly, a
7.4- to 10.6-fold increase in ABA level was seen in Ast-1, Aba-
1 and Sha-1 (Fig. 5c). Expression of two  components of the ABA
signaling pathway, protein phosphatase 2C (PP2C) and sucrose non-
fermenting 1-related protein kinase 2 (SnRK2) displayed contrasting
patterns. Under stress, a significant decrease in PP2C expression
was observed in all accessions, while a relatively stronger down-
regulation of PP2C was  seen in Ast-1, Aba-1 and Sha-1 (Fig. 5d). The
expression of SnRK2 was  more than 3-fold upregulated in Ast-1,
Aba-1 and Sha-1 as compared to 1.5 to 3-fold in Zha-1, A10.1 and
Ula-1 (Fig. 5e).

3.5. Stress related molecular and associated biochemical changes
due to WS  and HS

Although no differences in catalase (CAT) gene expression were
seen under WW (Fig. 6a), WS and HS induced increased CAT expres-
sion in all accessions and particularly higher in Zha-1 and A10.1

(Fig. 6a). Lower CAT expression and catalase activity was seen in
Ast-1 (Fig. 6a,b), suggesting a relatively slower ROS-scavenging as
compared to Zha-1 and A10.1. The expression of chlorophyll syn-
thase (CS), a gene that is responsible for chlorophyll biosynthesis in

of normalized values (2−��CT) from RNA samples of well-water (WW),  water stress
(WS) and heat stress (HS) treated plants and letters on the bars indicate signifi-
cant differences at P ≤ 0.05 level as tested by Tukey-Kramer HSD. See Table S1 for
reference and target genes. FW = fresh weight.
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hloroplasts, was reduced under WS  and HS as compared to WW
onditions (Fig. 6c). This reduction was higher in Ast-1, Aba-1 and
ha-1. Also, the reduction in chlorophyll contents during WS  and
S was less marked than in Ast-1, Aba-1 and Sha-1 (Fig. 6d).

Expression of linoleate 9S-lipoxygenase (LOX), encoding an
nzyme involved in lipid peroxidation was induced by stress in all
ccessions, but markedly in Ast-1, Aba-1 and Sha-1 (Fig. 6e), with
he concomitant increase in MDA  content (Fig. 6f). The expression
f pyrroline-5-carboxylate reductase (P5CR), a gene that regulates
he last step in proline biosynthesis, and sucrose-phosphate synthase
SPS) which plays major role in sucrose biosynthesis, were analyzed
Fig. 7). P5CR transcripts increased (Fig. 7a), while SPS transcripts
ecreased (Fig. 7c) with stress. The increase in proline contents and
he decrease in SPS activity during stress were well correlated with
he gene expression trends in all accessions (Fig. 7b,d). A signif-
cant decrease in total protein content during stress was seen in
ccessions Ast-1, Aba-1 and Sha-1 (Fig. 7e). Total sugar contents
ecreased slightly during WS  and HS, but with a marked decrease
uring WS  in accessions Ast-1, Aba-1 and Sha-1 (Fig. 7f).

.6. Relationships of among physiological, molecular and
iochemical properties under WS  and HS
We  conducted ANOVA of physiological, biochemical and gene
xpression data to evaluate the significant trait differences among
ifferent accessions, stress treatments and the effect of interaction
etween accessions × stress treatments. Results showed that phys-
ttern in Setaria viridis accessions under WW,  WS and HS treatments. Mean relative
, (d) Total chlorophyll and (f) MDA  content at 15 DPT. Data values are the Mean ± SE
at stress (HS) treatments and letters on the bars indicate significant differences at
. FW = fresh weight.

iological data were highly significant in all the conditions studied
(Table 2). Among biochemical analyses (Tables 3 and 4) soluble
sugars (SS) did not show significant differences in all the compar-
isons tested. Further Pearson Correlation Coefficients (PCC) analysis
and hierarchical clustering of physiological, biochemical and gene
expression data revealed close relations between Zha-1, A10.1 and
Ula-1 (tolerant accessions) and Ast-1, Aba-1 and Sha-1 (sensitive
accessions) (horizontal axes of Fig. 8a, b). In the tolerant group,
Zha-1 and A10.1 showed the closest clustering under both WS  and
HS, suggesting that Zha-1 was  more closely related to A10.1 than
Ula-1 with respect to the stress response(s). In the sensitive group,
Ast-1 and Sha-1 showed the closest clustering under WS  (Fig. 8a)
while Aba-1 and Sha-1 showed the closest clustering under HS
(Fig. 8b). When comparing between groups under WS,  tolerant Zha-
1 and sensitive Ast-1 showed the most distantly related clustering
(Fig. 8a), while under HS, tolerant Zha-1 and sensitive Sha-1 showed
the most distant related clustering (Fig. 8b). This correlation anal-
yses suggest that Zha-1 > A10.1 > Ula-1 as the most tolerant, while
Aba-1 > Sha-1 > Ast-1 as the most sensitive under WS.  The ranking
for the tolerance response to HS was  Zha-1 > A10.1 > Ula-1 > Ast-
1 > Aba-1 > Sha-1.

4. Discussion
The progression of global climate change will result in water-
deficit and heat stress episodes that cause losses in the agricultural
productivity. C4 grasses of the subfamily Panicoideae (comprising
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Fig. 7. Stress-related biochemical changes and associated gene expression in Setaria viridis accessions subjected to WW,  WS and HS treatments. Mean relative expression
(2−��CT) of (a) P5CR and (c) SPS genes using qRT-PCR. (b) Proline and (c) total protein content. (d) SPS activity and (f) soluble sugar (SS) content at 14DPT. Data points represent
the  Mean ± SE (n = 3). Black, white and grey bars represent well-water (WW),  water stress (WS) and heat stress (HS) treatments, respectively, and letters on the bars indicate
significant differences at P ≤ 0.05 level as tested by Tukey-Kramer HSD. See Table S1 for reference and target genes. FW = fresh weight.

Table 2
Results of ANOVA for physiological studies of Setaria viridis accessions under three conditions tested (WW,  WS and HS).

Parameters Mean square

Stress (S) Replication (Stress) [Rep(S)] Accession (A) S × A Residual (R)

Leaf water potential (� leaf ) 17.50** 0.02 1.74** 1.05** 0.03
Photosynthesis (A) 4718.60** 15.10* 581.60** 129.80** 9.35
Transpiration (E) 107.30** 0.36 8.752** 3.18** 0.28
Stomatal conductance (gs) 0.1676** 0.0006 0.0199** 0.02** 0.00
Dry  weight (DW) 94.41** 0.6900 3.276** 2.157** 0.33

D

m
h
t
w
i
t
t
i
t

f

egrees of freedom (df) for S = 2, Rep (S) = 24, A = 5, S × A = 10, R = 120.
* Significant at P < 0.05.

** Significant at P < 0.01.

aize, sorghum, millet and switchgrass, etc.) are well adapted to
ot and dry climates [2] and they can make a significant contribu-
ion to global food and fuel security [36]. In this respect, S. viridis
ith its C4 photosynthesis and large number of accessions orig-

nated world-wide [14–16] provides an exceptional plant model
o further extend our understanding on plant water use and heat
olerance. Nevertheless the physiological, molecular and biochem-
cal analyses of S. viridis accessions to water-deficit and heat stress

olerance are scanty.

Here, we exposed a number of S. viridis accessions, collected
rom different locations of the world (Table 1), to water-deficit
stress and stressful heat stress (high day time temperatures) and
demonstrated the physiological plasticity of S. viridis accessions to
abiotic stress. Our observations in Ast-1, Aba-1 and Sha-1 showed
that decreasing � leaf correlated well with the reduced A and gs

under stress (Figs. 1 and 2). The decrease in � leaf (lower than
−1.1 MPa) under WS severely reduced photosynthetic rates in Ast-
1, Aba-1 and Sha-1 and to a lesser extent in Zha-1, A10.1 and Ula-1
(Fig. 1). A similar response in the reduction of A was  reported with

decreasing � leaf in C4 grasses under stress [36]. Similarly, A and
gs were more reduced by HS in Ast-1, Aba-1 and Sha-1 than in
Zha-1, A10.1 and Ula-1 (Fig. 1). Stress-tolerant switchgrass geno-
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Table 3
Results of ANOVA for biochemical studies of Setaria viridis accessions under three conditions tested (WW,  WS  and HS).

Parameters Mean square

Stress (S) Replication (Stress) [Rep(S)] Accession (A) S × A Residual (R)

ABA 8881015.00* 9793.80 6246727.00* 6395599.00* 2385.00
Catalase 473.60* 1.18 385.80* 73.85* 0.22
Chlorophyll 30.81* 0.17 6.48* 1.07* 0.36
MDA  9080.00* 89.12 474.90* 342.90** 146.60
Proline 2451.00* 21.97 142.40* 38.15 21.68
Protein 847.80* 58.26 123.60** 42.15 47.83
SPS  291.10* 0.56 33.74* 6.80* 0.25
SS  11914.00* 1444.00 1572.00 1266.00 911.20

ABA, abscisic acid; MDA, malondialdehyde; SPS, sucrose-phosphate synthase; SS, soluble sugar. Degrees of freedom (df) for S = 2, Rep (S) = 6, A = 5, S × A = 10, R = 30.
* Significant at P < 0.05.

** Significant at P < 0.01, respectively.

Fig. 8. Visualization of accessions differences in relation to physiological, biochemical properties and gene expression pattern of Setaria viridis under WS and HS. Cluster
analysis of S. viridis accessions with physiological, biochemical and gene expression data under (a) WS and (b) HS as compared with WW.  Hierarchical clustering of Log10

transformed mean values calculated based on Pearson correlation coefficients and heatmaps showing positive (yellow) and negative (blue) correlation were generated using
R  statistical software. See Tables 2–4 for physiological, biochemical and gene expression data and gene names.
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Table  4
Results of ANOVA for gene expression data of Setaria viridis accessions under three
conditions tested (WW,  WS and HS).

Parameters Mean square

Stress (S) Replication
(Stress)
[Rep(S)]

Accession
(A)

S × A Residual (R)

CAT 44.00* 0.07 2.70* 0.95** 0.08
CS  3.10* 0.00 0.12* 0.04** 0.00
LOX  468.00* 0.80 150.00* 43.00** 1.20
NADP-MDH 2.44* 0.10 0.10* 0.04 0.02
NADP-ME 2.10* 0.03 0.10** 0.03 0.03
NCED 1.50* 0.18 0.33* 0.13 0.07
P5CR 1257.00* 2.19 100.00** 27.00** 0.01
PEPC 1.20* 0.04 0.06 0.02 0.03
PIP1-1 1.13* 0.01 0.16** 0.07** 0.03
PIP1-2 1.10* 0.06 0.21** 0.07 0.03
PIP2-1 2.63* 0.01 0.24** 0.10** 0.02
PP2C 4.00* 0.00 0.04** 0.03** 0.00
PS1  3.00* 0.01 0.22** 0.07** 0.02
RbcS 3.10* 0.02 0.17** 0.05 0.03
SnRK2 39.00* 3.10 11.00** 4.00 3.89
SPS  2.40* 0.00 0.02** 0.01** 0.00
ZEP  18.10* 0.70 2.94** 2.70** 0.29

Degrees of freedom (df) for S = 2, Rep(S) = 6, A = 5, S × A = 10, R = 30;
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* Significant at P < 0.05.
** Significant at P< 0.01, respectively.

ypes displayed less decrease in A and gs under drought stress than
tress-sensitive genotypes [7], supporting our observations. There-
ore, since no significant differences in the total leaf area (which
ccounts for most of the area for transpiration) were seen among
he different accessions (Fig. 2), the lower � leaf including reduced
, E and gs in Ast-1, Aba-1 and Sha-1 under stress, suggest the sensi-
ivity of these accessions to WS  and HS as compared to Zha-1, A10.1
nd Ula-1. The reduced A under both WS  and HS caused significant
eductions of biomass DW in Ast-1 to Sha-1, as compared with Zha-

 to Ula-1, and WHS  reduced plant growth to a much greater extent
han WS  or HS applied separately (see Supplementary Fig. S1 in
he online version at DOI: 10.1016/j.plantsci.2016.06.011). These
bservations suggest that the variation in stress responses among
ccessions was a consequence of different water use as seen by
hanges in the � leaf and gs. This resulted in the changes of A which
onsequently reflected in the differences of biomass DW penalty
nder WS,  HS and WHS.

The analysis of changes in transcriptional activity could advance
ur understanding on the molecular regulatory mechanisms asso-
iated with the response(s) of accessions to WS  and HS. However,
or the accurate transcript normalization of gene expression data
uring abiotic stress treatments using qRT-PCR, suitable reference
enes are essential [18,19]. We  examined a set of reference genes
see Supplementary Table S1 in the online version at DOI: 10.1016/
.plantsci.2016.06.011) and identified a combination of two  (TAU
nd IF4A) best stable reference genes (see Supplementary Table S2
n the online version at DOI: 10.1016/j.plantsci.2016.06.011) for
uantifying changes in transcript levels under abiotic stress con-
itions in S. viridis.  Expression level of C4 photosynthesis-related
ranscripts (PS1, RbcS, PEPC, NADP-MDH and NADP-ME)  was signif-
cantly down-regulated in Ast-1, Aba-1 and Sha-1 under the stress
onditions when the � leaf was lower than −1.25 MPa  (Fig. 2). Sup-
orting these observations, Ghannoum [36] reported 20% to 33%
educed activity of Rubisco, PEPC and NADP-ME enzymes under WS
onditions when � leaf was −1.17 MPa  and −1.61 MPa  in maize and
ugarcane, respectively. These results are in agreement with the

ower � leaf and poor gas exchange of Ast-1, Aba-1 and Sha-1 under
tress. The different response of accessions to � leaf might be a result
f osmotic adjustment leading to changes in the root and leaf radial
ater movement [37]. Radial water movement through xylem is
 251 (2016) 128–138 137

highly regulated by anatomical structure and cellular factors such
as AQP membrane water channels [38]. For example, overexpres-
sion of AQP in various crop plants increased the plants hydraulics
and stomatal conductance under abiotic stress leading to tolerance
[39,40]. Zha-1, A10.1 and Ula-1 showed a relative high expression
of different AQP in the leaf under stress (Fig. 4) which was well cor-
related with the better � leaf , A and gs of these accessions. On the
other hand, Ast-1, Aba-1 and Sha-1 displayed strong decrease in
� leaf and less AQP expression upon stress (Figs. 1 and 4). These dif-
ferences in leaf AQP expression, together with the relatively high
� leaf , A, gs and proline content in Zha-1, A10.1 and Ula-1 might
suggest a better radial flux of water from roots to leaf through an
efficient osmotic adjustment.

During WS  and HS, the slightly increased ZEP and NCED tran-
scription and the relatively lower increase in ABA contents (Fig. 5)
correlated with a better E and gs (Figs. 1 and 2) and stress tolerance
in Zha-1, A10.1 and Ula-1 accessions. In contrast, Ast-1, Aba-1 and
Sha-1 accessions showed a marked up-regulation of ABA biosyn-
thesis pathway-associated genes and high ABA contents (Fig. 5).
Furthermore, the expression of PP2C, a negative regulator of ABA
signaling decreased with stress in all accessions, but more markedly
in the stress-sensitive accessions (i.e. Ast-1, Aba-1 and Sha-1). On
the other hand, the expression of SnRK2 increased markedly in the
sensitive accessions (Fig. 5). Protein kinases of the SnRK2 (SNF-1
Related Protein Kinase 2) were shown to be associated with the
accumulation of ABA during stress [41].

The response(s) of plants to abiotic stress is mediated by a num-
ber of metabolic/biochemical pathways that determine the ability
of distinct plant species to grow under stress [42]. Proline accu-
mulates in many plant species in response to osmotic stress [43],
where it acts as a store of carbon and nitrogen and as a scavenger of
reactive oxygen species (ROS) [44]. Moreover, the overexpression
of P5CR resulted in increased stress tolerance in several crops [42].
Abiotic stresses induce the generation of ROS and the enhanced
production of ROS-scavenging enzymes has been associated with
increased tolerance of plants to water-deficit stress [45]. Cata-
lase, mediating the degradation of H2O2, plays important cellular
roles protecting cellular damage during stress tolerance [46]. Other
stress-induced changes associated with abiotic stresses are chloro-
phyll degradation, lipid peroxidation, decreased protein and sugar
contents, denaturation and reduced carbohydrate metabolism, etc.
[45]. Although WS  and HS induced changes in the transcription of
CAT, CS,  LOX and P5CR with the consequent changes in catalase,
chlorophyll, MDA  production, proline and protein contents in all S.
viridis accessions (Figs. 6 and 7), our results indicated differential
transcriptional and metabolic regulations within Zha-1, A10.1 and
Ula-1 accessions could lead to stress tolerance. Finally, the lesser
effect of stress on Zha-1, A10.1 and Ula-1 on the transcriptional reg-
ulation of SPS and the higher SPS activity were in good agreement
with the better stress tolerance of these accessions.

In conclusion, results of this study shows that the S. viridis
accessions exhibit plasticity in their physiological, gene expres-
sion and biochemical responses to water-deficit and heat stresses.
Zha-1, A10.1 and Ula-1 are more tolerant to WS  and HS  than Ast-
1, Aba-1 and Sha-1. A comprehensive comparative transcriptomic
and metabolic analysis and its correlation to the distinct pheno-
types of the stress tolerant and stress sensitive accessions can be
a useful tool for the identification of pathways associated with the
responses of Panicoideae C4 grasses to abiotic stress.
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