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Abstract

Key message Six foxtail millet ASR genes were regu-
lated by various stress-related signals. Overexpression
of ASRI increased drought and oxidative tolerance by
controlling ROS homeostasis and regulating oxidation-
related genes in tobacco plants.

Abstract Abscisic acid stress ripening (ASR) proteins
with ABA/WDS domains constituted a class of plant-
specific transcription factors, playing important roles in
plant development, growth and abiotic stress responses.
However, only a few ASRs genes have been characterized
in crop plants and none was reported so far in foxtail millet
(Setaria italic), an important drought-tolerant crop and
model bioenergy grain crop. In the present study, we
identified six foxtail millet ASR genes. Gene structure,
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protein alignments and phylogenetic relationships were
analyzed. Transcript expression patterns of ASR genes
revealed that ASRs might play important roles in stress-
related signaling and abiotic stress responses in diverse
tissues in foxtail millet. Subcellular localization assays
showed that SiASRI localized in the nucleus. Overex-
pression of SiASR! in tobacco remarkably increased tol-
erance to drought and oxidative stresses, as determined
through developmental and physiological analyses of ger-
mination rate, root growth, survival rate, relative water
content, ion leakage, chlorophyll content and antioxidant
enzyme activities. Furthermore, expression of SiASRI
modulated the transcript levels of oxidation-related genes,
including NtSOD, NtAPX, NtCAT, NtRbohA and NtRbohB,
under drought and oxidative stress conditions. These
results provide a foundation for evolutionary and func-
tional characterization of the ASR gene family in foxtail
millet.
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Abbreviations

ASR Abscisic acid stress ripening
CAT Catalase

DAB 3,3’-Diaminobenzidine
GFP Green fluorescent protein
MDA Malonaldehyde

MV Methyl viologen

NBT Nitroblue tetrazolium

POD Peroxidase

gRT-PCR Quantitative real-time PCR
RWC Relative water content
SOD Superoxide dismutase
Introduction

Adaptation to drought stress in plants is coupled with
multifaceted strategies, including morphological, physio-
logical and biochemical changes (Shinozaki and Yam-
aguchi-Shinozaki 2007). It was proposed that drought
stress could provoke complex and tailored signaling
transduction to a regulatory network that perceived and
responded to adverse conditions by modulating the
expressions of downstream effectors. It was predicted that
modulation of signaling regulators would be a promising
method for improving stress tolerance of plants. Tran-
scription factors were implicated to be essential and critical
points in regulating the expression of downstream genes
(Golldack et al. 2011).

Abscisic acid stress ripening (ASR) proteins with
abscisic acid (ABA)/water deficit stress (WDS) domains
constitute a class of plant-specific transcription factors, that
play important roles in biotic and abiotic stress (Gonzdlez
and Iusem 2014). They occur in species ranging from
gymnosperms to angiosperms and from monocots to dicots,
but no homologous gene were found in the Arabidopsis
genome (Carrari et al. 2004). It seemed that ASR genes
were also missing from the Brassicaceae family (Shkolnik
and Bar-Zvi 2008). ASR proteins are encoded by a small
gene family represented by five genes in tomato, four genes
in loblolly pine and banana, six genes in rice (Gonzélez and
Tusem 2014) and nine genes in maize (Virlouvet et al.
2011).

The ASR gene family functionally participates in various
abiotic stress signaling pathways (Iusem et al. 1993; Konrad
and Bar-Zvi 2008; Hsu et al. 2011). Overexpression of
tomato SIASRI decreased rates of water loss during drought
stress in tobacco (Ricardi et al. 2014). Overexpressing lily
LLA23 or banana MpASR conferred drought tolerance in
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Arabidopsis (Yang et al. 2008; Liu et al. 2010). Maize
ZmASRI increased crop productivity under field drought
tests based on the expression of primary and/or cellular
metabolic genes in the vegetative stages (Virlouvet et al.
2011). The extreme halophyte Suaeda liaotungensis K. gene
SbASR1 improved tolerance to salt, drought and freezing
stresses in transgenic Arabidopsis (Hu et al. 2014). Over-
expression of rice OsASR1 increased cold tolerance through
reactive photosynthetic rate in rice (Kim et al. 2009).
Recently, it was reported that rice OsASR)S is involved in
response to aluminum (Al) ion stress (Arenhart et al. 2014).
Soybean ASR protein exhibited antioxidant activity in vitro,
but understanding the mechanistic understanding is still in
its infancy (Li et al. 2013). Nevertheless, a collective
understanding of the ASR family in foxtail millet (Setaria
italica), an elite drought-tolerant crop (Lata et al. 2013), has
not been established. This necessitated further work to
explore their functions in this species.

The release of foxtail millet genome information shed
light on the acquisition of ASR family members on a
genome-wide scale (Zhang et al. 2012). In this study, six
putative ASR genes were identified in the foxtail millet
genome. Their sequence phylogeny, genomic structure,
chromosomal location and promoter elements were ana-
lyzed by bioinformatics methods. Temporal and spatial
expression profiles of ASRs in different tissues and in
response to different hormone and stress treatments were
investigated through quantitative real-time PCR (qRT-
PCR). We found that SiASRI could positively regulate
drought and oxidative stress in transgenic tobacco plants.

Materials and methods
Identification of foxtail millet ASR genes

To obtain all the ASRs in foxtail millet, we used rice,
maize, Brachypodium and sorghum ASRs as queries to
identify homologous peptides from foxtail millet by
BLASTP searches (for homologous peptides listed in
Supplemental Table S1). The protein sequences were
downloaded from the PHYTOZOME v10.1 database
(http://www.phytozome.org/). The keywords ‘‘ASR”’,
““‘Abscisic acid stress ripening protein’’ and the HMM
profiles of the ASR domain PF02496 were also utilized for
identification of foxtail millet ASR and ASR-like sequen-
ces. Redundant sequences were removed via the decrease
redundancy tool (http://web.expasy.org/decrease_redun
dancy/). Structural analysis of conserved regions of each
non-redundant sequence was executed by SMART (http://
smart.embl-heidelberg.de/) (Letunic et al. 2012), Pfam
(http://pfam.sanger.ac.uk/) and conserved domain database
(CDD) (Marchler-Bauer et al. 2005) searches.
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Sequence alignment, phylogenetic, promoter
and gene structure analyses

Multiple alignments of ASR protein sequences were car-
ried out with ClustalX2.0. Phylogenetic trees were con-
structed by the neighbor-joining (NJ) method using
MEGAS.10 software (Tamura et al. 2011) and the boot-
strap tests were performed with 1000 replications. Infor-
mation on the number and composition of stress-mediated
regulatory elements in SiASR promoters were obtained
from PLACE  (http://www.dna.affrc.go.jp/PLACE/).
Structures of SiASRs were analyzed by the GSDS tool
(gsds.cbi.pku.edu.cn/).

Homology modeling of ASR protein

To identify the best template having a similar sequence and
known three-dimensional structure, BLASTP searches
were made against the Protein Data Bank (PDB) (http://
www.rcsb.org/pdb/). Structures of ASR proteins were
modeled by homology under the “intensive” mode at 90 %
confidence, using the Phyre2 Server (http://www.sbg.bio.
ic.ac.uk/phyre2). Subcellular localizations of ASRs were
predicted by YLoc (Briesemeister et al. 2010).

Plant material, stress treatment and qRT-PCR
analysis

Seeds of foxtail millet cultivar Yugu 1 were imbibed for
2 days and planted in peat/vermiculite mixture (1:1 v/v)
(28 °C day/20 °C night, 16 h photoperiod, 65 % relative
humidity). Three-week-old seedlings were immersed in
10 % PEG6000, 150 mM NaCl, 200 mM mannitol,
100 uM ABA, 10 mM H,0, and 10 % sugar solutions for
3 h. Non-stressed plants were maintained as controls.
Samples from roots, stems and leaves were frozen in liquid
nitrogen and stored at —80 °C until RNA extraction. For
inhibitor treatment, the H,O, scavenger dimethyl thiourea
(DMTU) was dissolved in distilled water to make a 10-M
stock solution. Foxtail millet seedlings were pretreated
with DMTU for 6 h, followed by exposure to PEG and
mannitol treatments for 3 or 6 h. Actin-RNA was used as
the internal reference. The 2,‘AAC method was used to
evaluate the relative amounts of transcript accumulated for
the SiASR genes. Each experiment was repeated three
times.

De novo transcriptome assembly

For drought treatment, 3-week-old foxtail millet seedlings
were not watered for 1 week in soil (28 °C day/20 °C
night, 16 h photoperiod, 65 % relative humidity) and the
well-watered seedlings were used as the control.

Construction of subtracted cDNA libraries, sequencing,
data analysis of ESTs, differential screening of ESTs by
microarray analysis and statistical analysis were performed
as the procedures described by Puranik for exploring dif-
ferential gene expression in response salinity stress (Pu-
ranik et al. 2011). The normalized data were subjected to
fold difference calculation. ESTs that showed fold differ-
ence >2 were considered significant.

Subcellular localization

Subcellular localizations of green fluorescent protein (GFP)
tags were used for protein localization analysis (Xu et al.
2007). The SiASR coding sequence was amplified and
fused to the N-terminal end of GFP under control of the
CaMV 35S promoter (for primers listed in Supplemental
Table S2). The GFP fusion vector was transformed into
onion epidermal cells and GFP fluorescence was observed
by fluorescence microscopy (Liu et al. 2013).

Tobacco transformation

For tobacco transformation, the ORF of SiASR was cloned
into the pBI121 vector to create a pBI121-SiNF-Y con-
struct under the control of the CaMV 35S promoter (for
primers listed in Supplemental Table S2). Transformation
of tobacco (W38 genetic background) was performed using
the Agrobacterium-mediated transformation method (Xu
et al. 2009). Seeds from transformed tobacco plants were
plated in 50 mg/L kanamycin selection medium in a
growth chamber (16 h light/8 h darkness, 70 % relative
humidity, 20 °C).

Abiotic stress tolerance assays

For the seed germination assay, 50 sterile seeds were
transferred to and cultured on MS agar plates containing
2 % PEG, 100 mM mannitol or 0.5 uM methyl viologen
(MV). Germination rates were scored at radicle emergence.
To examine root morphologies, 5-day-old tobacco seed-
lings were cultured vertically on MS agar plates containing
4 % PEG, 150 mM mannitol or 2 pM MYV for 5 days under
the above conditions. Primary root lengths were measured.
For drought treatment in soil, 2-week-old seedlings were
not watered for 10 days and then re-watered for 20 days
under the above conditions. Accumulation of H,O, and
0>~ was detected using 3, 3’-diaminobenzidine (DAB) and
nitroblue tetrazolium (NBT) as previously described (Yan
et al. 2014). For oxidative treatment in soil, 2-week-old
seedlings were watered with 10 uM MV for 10 days and
then re-watered normally for 20 days. Survival rates were
analyzed. For expression analysis of stress-responsive
genes, leaves were sampled for qRT-PCR assays (for
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primers listed in Supplemental Table S2). All experiments
were triplicated.

Physiological and biochemical detection

Before re-watering, leaves were harvested for measurement
of relative water content (RWC), ion leakage, chlorophyll
content, superoxide dismutase (SOD), catalase (CAT),
peroxidase (POD) and malonaldehyde (MDA) activities
(Wu et al. 2008; Hu et al. 2013; Zhang et al. 2014a). All
experiments were triplicated.

Results
Identification of ASR family genes in foxtail millet

Six ASR genes were identified and isolated from foxtail
millet (Table 1; Dataset 1). The ASR proteins consisted of
100-200 amino acids (Garay-Arroyo et al. 2000), with
predicted molecular masses of 11-25 kDa and isoelec-
tronic points (p/) 610 (Table 1). The genes were mapped
to three chromosomes, with chromosome 8 harboring one
locus, chromosome 7 harboring two loci and chromosome
5 harboring three loci. On chromosome 7, SiASRI and
SiASR6 were separated by 13,503 bp. On chromosome 5,
SiASR3 and SiASR4 were separated by 652 bp, whereas
SiASR3 and SiASRS5 were separated by 2740 bp.

Multiple alignments and phylogenetic tree analysis
of the ASR family

Multiple alignments showed that SiASR proteins contained
a highly conserved ABA/WDS domain (PF02496) at the
C-terminus (Supplemental Figs. S1A, S2). Two pairs of
closely related proteins were identified in the phylogenetic
tree analysis: (1) SiASR1 and SiASR2, and (2) SiASR3
and SiASR4 (Supplemental Fig. S1B). Multiple alignments
showed that SiASR nucleotide sequence identities ranged
from 58.1 to 86.4 % (Supplemental Fig. S3).

other plant ASR proteins. Multiple alignments and MEME
analysis indicated that ASR proteins were present and well
conserved in both dicotyledonous and monocotyledonous
(Supplemental Figs. S4, S5, S6). All ASR proteins con-
tained conserved ABA/WDS domains (motifs 1 and 3) and
bipartite nuclear localization signals (motif 2) (Supple-
mental Fig. S5). Motifs 1 and 3 contained amino acid
groups determined to be Zn®>"-dependent DNA-binding
activity domains and a sequence possibly hindering DNA
binding of ASR proteins. In addition, some ASRs con-
tained a small N-terminal consensus containing a sequence
of six His residues (motif 5).

The phylogenetic tree revealed that ASRs consisted of
three major groups, namely coniferous, dicotyledonous and
monocotyledonous groups (Fig. 1). Dicotyledonous ASRs
formed group A. Monocotyledonous ASRs formed groups
B and C. SiASRI1 was very close to ZmASRI and TaASRI
in monocot group B. SiASR2 and SiASRS were highly
homologous to OsASRS5 and ZmASR4, respectively, in
monocot group B. SiASR3, SiASR4 and SiASR6 were
highly homologous to OsASR2, OsASR1 and ZmASRS,
respectively, in monocot group C.

Gene and promoter region structures of the ASR
family

SiASRI possessed two introns (Supplemental Fig. S1C);
SiASR3 and SiASR4 had single exons; and SiASR2, SiASR5
and SiASR6 had one intron (Supplemental Fig. S1C).

The promoter sequences in the 2.0-kb region upstream
of the SiASR genes were also analyzed. DRE (response to
drought and ABA) boxes, CURECORECR (response to
oxygen) boxes, MYB boxes (response to drought), MYC
(response to drought) boxes and GTIGMSCAM4 (re-
sponse to salt) cassettes were overrepresented in upstream
regions of all ASR genes (Supplemental Table S3). In
these five types of elements, the average numbers for each
gene were DRE (2.8), CURECORECR (18.6), MYB
(9.0), MYC (21.0) and GTIGMSCAM4 (5.0). This indi-
cated that the ASR gene family in foxtail millet might be

To evaluate the similarity/diversity of ASRs, the motif  actively involved in drought and oxidative signal
distribution among SiASR proteins was compared with transduction.

igll’;se ;1 ;\Ie(z)an:,e;ij;cre of Name D Chr ORF (bp) Amino acids MW (kDa) pl

SiASRI Si011081 7 603 200 22.5 6.3

SiASR2 Si026988 8 414 137 154 6.2

SiASR3 Si003445 5 318 105 11.7 9.7

SiASR4 Si003457 5 309 102 11.5 9.8

SiASRS Si003109 5 522 173 19.4 6.3

SiASR6 Si011429 7 306 101 11.5 6.8
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Fig. 1 Phylogenetic relationships of foxtail millet ASR proteins.
Foxtail millet ASRs are highlighted in black and the tree was divided
into three phylogenetic clusters designated as A—C

Tissue expression profiles of the ASR family
under abiotic stress

Analysis of tissue expression profiles of 6 ASRs by qRT-
PCR for different tissues showed that SiASRs were
expressed in all tissues tested, including roots, stems and
leaves. SiASRI, SiASR2, SiASR3- and SiASR6 were pref-
erentially expressed in the roots, whereas SiASR4 and
SiASRS5 were predominantly expressed in leaves (Fig. 2).
The expression patterns of SiASRs during PEG, NaCl
and mannitol abiotic stresses in the three tissues were
analyzed by qRT-PCR. Transcripts of ASRs were strongly
up-regulated under PEG, NaCl and mannitol stresses in
roots and leaves, but down-regulated in stems. As shown in
Fig. 3, SiASRI and SiASR5 were up-regulated in leaves,

and SiASR3, SiASR4 and SiASR6 were expressed at high
levels in roots. The highest increase in leaves under PEG
and mannitol stresses was observed for SiASR1; the largest
increase in roots under NaCl stress was observed for
SiASRA4.

Drought, salt and osmotic responses interacted with
various signal molecules, so we also examined the effect of
ABA, H,0, and sucrose on SiASRs transcription. After
ABA, H,0, and sucrose treatments, transcripts of SiASRs
were induced to high levels in roots and leaves (Fig. 4).
The highest increase was observed for SiASRI with all
three signaling molecules (Fig. 4).

Each ASR gene member showed a differential expres-
sion pattern. For example, SiASRI was mainly up-regulated
in leaves under PEG, mannitol and H,O, treatments.
SiASR3 was mainly up-regulated under PEG and ABA
treatments. SiASR4 was mainly up-regulated in roots under
PEG and NaCl treatments. SiASR5 showed notable changes
in leaves under all stress treatments. SIASR6 was mainly
induced in roots under PEG, mannitol and ABA treatments.

In order to determine which members of the ASR family
were up-regulated by drought stress, we compared de novo
transcriptome assembly data of foxtail millet with and
without drought treatment and found that all six ASRs had
significantly different expression levels (Supplemental
Table S4). Among six ASRs, SiASRI showed the most
significant up-regulation after drought treatment (~4.6
fold). Based on the de novo transcriptome assembly data
and expression profiles (Figs. 3, 4), SiIASRI was selected
for further investigation.

3 rE3 Root
E Lecaf

NS
T
i- o]

Relative expression
—
T

0 T T " " " "
ASRI ASR2 ASR3 ASR4 ASR5 ASR6

Fig. 2 Expression profiles of six SiASR genes in different tissues.
Roots, stems and leaves were sampled for analysis. The gene
expression level in stems under control condition for each ASR gene
is seen as 1. Values are mean + SE of three independent experiments
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Fig. 3 Expression profiles of six SiASR genes under different stress
treatments. Stresses included PEG, NaCl or mannitol treatment.
Tissues included roots, stems and leaves. The gene expression level in
stems under control condition for each ASR gene is seen as 1. Values
are mean * SE of three independent experiments

H,O0, signaling is involved in the induction
of SiASR1 by PEG and mannitol treatments

Under PEG treatment, SiASR1 expression was significantly
up-regulated (11.3 fold) after 3 h, followed by a decrease
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stems under control condition for each ASR gene is seen as 1. Values
are mean + SE of three independent experiments

(Fig. 5a). To explore whether H,O, was involved in up-
regulation of SiASRI under PEG treatment, foxtail millet
seedlings were pretreated with the H,O, inhibitor DMTU,
prior to PEG treatment. Induction of SiASRI expression
was suppressed by pretreatment with DMTU in PEG-
treated foxtail millet seedlings (Fig. 5b).
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Fig. 5 Effects of inhibitor of
H,0, on the SiASR! transcripts
under PEG and mannitol
treatments. a SiIASRI transcript
under PEG treatment, b Effect
of inhibitor of H,O, on the
SiASRI transcript under PEG
treatment, ¢ SIASRI transcript
under mannitol treatment,

d Effect of inhibitor of H,O, on
the SiASRI transcript under
mannitol treatment. Values are 0
mean £ SE of three

independent experiments
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Under mannitol treatment, SiASRI was induced 3.4-fold
at 1 h and reached the highest level at 3 h (5.9-fold) fol-
lowed by a decrease (Fig. 5¢). To explore whether H,O,
was involved in up-regulation of SiASRI under mannitol
treatment, foxtail millet seedlings were pretreated with the
H,O, inhibitor DMTU, prior to mannitol treatment. In a
similar way, induction of SiASRI expression was sup-
pressed by pretreatment with DMTU in mannitol-treated
foxtail millet seedlings (Fig. 5d). Moreover, cis-regulatory
elements (CURECORECR, MYB and MYC boxes)
detected upstream of the translation initiation site of
SiASRI (Supplemental Table S3) further implied involve-
ment in drought, osmotic and oxidative responses. The
results suggested that H,O, was involved in up-regulation
of SiASRI under PEG and mannitol treatments.

Sequence and subcellular localization analysis
of SiASR1

The SiASRI cDNA consisted of 945 bp, with a 603-bp
open reading frame (ORF) and a 342-bp 3’ untranslated
region. SIASR1 encoded 200 amino acids with a calculated
molecular mass of 22.5 kDa and a predicted p/ of 6.3
(Table 1; Supplemental Dataset S1). Homology modeling
showed that the secondary structure of SiIASR1 protein was
predominantly comprised of a-helices and coils (Supple-
mental Fig. S7). Cellular localization showed that SIASR1-
GFP fusion protein was confined to the nucleus, whereas
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Fig. 6 Subcellular localization of SiASR1 protein. GFP alone and the
SiASR1-GFP fusion proteins driven by the CaMV 35S promoter were

transiently expressed in onion epidermal cells and observed under a
laser scanning confocal microscope. Scale bars 100 pm

GFP was uniformly distributed throughout the cell in the
control (Fig. 6).

Overexpression of SiASRI enhanced drought
and osmotic tolerances

Transgenic tobacco plants overexpressing SiASRI were
generated to investigate the biological function of SiASRI.
To examine whether SiASRI mediated drought stress
response, we compared WT and SiASRI overexpressing
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Fig. 7 Germination of WT and SiASRI transgenic seeds exposed to
drought and oxidative stress. a Germination of tobacco seeds after
treatments with PEG, mannitol and MV. b Statistical analysis of the
seed germination rates. Scale bars 1 cm. Values are mean + SE of
three independent experiments

plants in a drought tolerance assay. When sown on MS
media containing PEG or mannitol, higher germination
rates were observed in SiASR/ transgenic seeds than in WT
(Fig. 7). After 5 days of PEG stress, 80.02-82.28 % of
SiASRI transgenic seeds had germinated compared to
36.50 % for WT seeds germinated (Fig. 7). Under manni-
tol stress, 59.30-61.36 % of SiASRI transgenic seeds ger-
minated, compared to 24.61 % for WT seeds (Fig. 7).
Seedling root growth of SiASRI transgenic tobacco was
also investigated on MS medium treated with PEG and
mannitol. As shown in Fig. 8, when the seedlings were
placed on MS media containing PEG and mannitol for 5
days, growth of primary roots of WT was significantly
inhibited, whereas the roots of transgenic seedlings

@ Springer

exhibited stronger and longer growth than WT (Fig. 8).
Under PEG stress treatment, the primary roots were
reduced to 50-53 % in transgenic seedlings, whereas pri-
mary roots in the WT seedlings was 37 %, compared with
that in the untreated seedlings (Fig. 8). Under mannitol
stress treatment, the primary roots were reduced to
80-83 % in transgenic seedlings, whereas primary roots in
the WT seedlings was reduced to 42 %, compared with that
in the untreated seedlings (Fig. 8).

Overexpression of ASRI enhanced oxidative
tolerance

Expression pattern analysis in foxtail millet revealed that
SiASRI was involved in response to oxidative stress. To
examine the role of SiASRI in oxidative response, we
compared WT and SiASRI transgenic plants in an oxida-
tive-tolerance assay (Fig. 7). MV is a herbicide that causes
chlorophyll degradation and cell membrane leakage
through ROS production (Yan et al. 2014). In the MS
medium supplemented with MV, germination of WT seeds
was inhibited, whereas transgenic seeds continued to ger-
minate (Fig. 7). The germination rate of WT was 40.20 %
compared to 80.50-86.52 % for transgenic seeds (Fig. 7).
Similarly, in the presence of MV, the decrease in the pri-
mary length of the transgenic seedlings was more
remarkable than that in the WT seedlings (Fig. 8). More-
over, for plant growth, the growth on WT seedlings was
retarded and the WT seedlings exhibited a greater reduc-
tion in the whole seedling fresh weight and dry weight
compared with the transgenic seedlings (Fig. 8).

Overexpression of SiASRI decreased H,O,
accumulation and improved antioxidant enzyme
activities under drought and oxidative stresses

To examine the role of SiASRI in drought response in soil,
WT and SiASRI transgenic seedlings were withheld from
water. After drought treatment, the leaves of the WT wilted
severely and approached death (Fig. 9a). After re-watering,
some WT plants became dark and died. By comparison,
SiASRI transgenic plants displayed better growth and more
green leaves than WT plants. In addition, drought-treated
transgenic plants showed lower accumulations of H,O, and
0" than WT in the leaves as evidenced by brown (DAB
staining) and blue (NBT staining) pigments (Fig. 9b).
Survival rates were 33.33 % for WT plants compared to
94.40-97.13 % of SiASRI transgenic lines (Fig. 9c).
Physiological traits related to drought stress tolerance were
also analyzed. Under normal conditions, there was no
difference in RWC and ion leakage between WT and
transgenic seedlings, but under drought conditions, trans-
genic plants showed higher RWC and lower ion leakage
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Fig. 8 Analysis of root A
elongation in WT and SiASRI

transgenic seedlings exposed to

drought and oxidative stresses.

a Root elongation of tobacco

plants after treatment with PEG,

mannitol and MV. b Statistical MS
analysis of the root length. Scale

bars 1 cm. Values are

mean £ SE of three

independent experiments

PEG

compared to WT seedlings (Fig. 9c). Drought stress
markedly increased SOD, CAT and POD activities in
transgenic plants, compared to WT plants (Fig. 9d).

WT plants grown in soil irrigated with MV also showed
weaker development and more severe chlorosis than
transgenic plants (Fig. 10a). Detached leaf pieces from the
transgenic lines appeared healthier and showed less
chlorophyll degradation than those from WT plants
(Fig. 10b). Physiological differences were also examined
under oxidative stress and normal conditions. Without
oxidative stress, no differences were detected between
transgenic lines and WT with respect to ion leakage,
chlorophyll content, MDA content and SOD, POD and
CAT activities (Fig. 10c, d). However, under oxidative
stress, chlorophyll content in transgenic seedlings was
1.8-1.9 mg g~' higher than that in WT (0.7 mg g~ ")
(Fig. 10c). MDA content was increased by 5.3 uM g~ in
WT plants, compared to 3.5-4.0 uM g~' in transgenic
plants (Fig. 10c). Transgenic plants had markedly higher
SOD, CAT and POD activities than WT plants (Fig. 10d).

Overexpression of SiASR1 altered expression levels
of oxidation-related genes under stress conditions

To determine the possible mechanism of SiASRI in ROS
scavenging, the expression levels of genes that encode

5
6 = OWT EL3 mL5 @aL7
]
= 5
£ K V7
e 5

3 b ]

— 4] 2% (1
= (23] 203 [55
= ] £ k<1

2o K i o i

o Fod a8 |
=22 ~ K =5 b %

Z K = 53 £

= K = 59 K
© 55 K 5% K4
) b 3 &

S % b1 P 4

& ] bt b2 ]
S B 8 5
0 (< 2% bxd <X
Control PEG Mannitol MV
25 ¢ OWT mL3 mL5 aL7
2

GRS &

= ksl

- %Y

- R
& 1.5 ] 52

‘D % 58 k4

K = ]

2 1+ k1 = <
= ] = &
] = ]

<= ] = K]
7] B = k<4
805 ¢ < s
2 = <
>3 £ [

& = K]

0 g (A
Control PEG Mannitol MV
025 r OWT ®L3 mL5 aL7
N
2002

=

P<]
- %

&0.15 B i
1 [ 53 4
= & k2 %

L K s k<3 %

= 0.1 ] K K K

£0.05 S & S ]

r P % K4 X

Av. = % 4 kK
b4 % 25 kK]

K< b 25 2%

o0 o <A KR

0 b % ks 2%

Control PEG Mannitol MV

ROS-scavenging enzymes [ascorbate peroxidase (APX),
CAT and SOD] and ROS producers, i.e. the respiratory
burst oxidase homologs (RbohA and RbohB) were exam-
ined. No obvious differences in expression were detected
between transgenic and WT plants under normal conditions
(Fig. 11), but following drought and oxidative stresses, the
expressions of APX, CAT and SOD were clearly increased
in transgenic plants; transcript accumulations of RbohA and
RbohB were considerably lower in transgenic compared to
WT plants (Fig. 11a, b).

Discussion

Foxtail millet possesses several salient attributes, such as a
small genome, short life-cycle and drought tolerance, that
stand to become more important in a potentially dryer
future environment (Li and Brutnell 2011; Muthamilarasan
and Prasad 2015). Plant cells respond to dehydration
through triggering several signal transduction pathways
that result in accumulation of certain proteins, sugar
molecules and lipophilic antioxidants (Huang et al. 2012).
Among the proteins, the ancestral ASR gene family served
as an example of positive selection during colonization of
arid regions by adaptive evolution following gene dupli-
cation (Zhang et al. 2015).
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Fig. 9 Overexpression of
SiASR1 decreased ROS
production and oxidative
damage under drought stress
conditions. a Sensitivity of WT
and transgenic plants to drought
stress. b In situ detection of
H,0, and O°~ by DAB and
NBT staining of WT and
transgenic seedlings under
drought stress. ¢ Survival rate,
ion leakage and RWC contents.
d Activities of SOD, POD and
CAT. Values are mean £ SE of B
three independent experiments
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Varied expression of ASRs in response
to stress-related signals and abiotic stresses

Abscisic acid stress ripening transcripts accumulated under
different abiotic stresses and ASR proteins acted as
downstream components of a transduction pathway (Cakir
et al. 2003; Ricardi et al. 2014; Zhang et al. 2015). Sys-
tematic analyses of expression patterns showed that all six
ASR genes in foxtail millet were induced by various abiotic
stresses and stress-related signals (Figs. 3, 4). The wide-
spread induction of ASR genes in response to diverse stress
stimuli suggested that ASRs play important crosstalk roles
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in diverse stress tolerances (Cakir et al. 2003; Cortés et al.
2012; Kim et al. 2012).

Many recent reports describe crosstalk between drought
and salt stresses and signal molecules in the model plant of
Arabidopsis. However, studies in crop species were still
limited (Alam et al. 2015; Chen et al. 2015; Yan et al.
2014; Zhang et al. 2014b). Drought-imposed osmotic stress
elicits ROS production (Krasensky and Jonak 2012). ROS
act as important signal transduction molecules mediating
various stress responses (Golldack et al. 2014). As for
TaASRI (Hu et al. 2013), the H,O, inhibitor assay con-
firmed that H,O, was an important signal involved in the
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Fig. 10 Oxidative stress
tolerance of SiASRI transgenic
plants. a Representative images
showing leaf senescence during
oxidative treatment. b Leaf
discs obtained from WT and
transgenic seedlings are
incubated in MV (50 uM) for
72 h and then they are
photographed. ¢ RWC,
chlorphyll and MDA contents.
d Activities of SOD, POD and
CAT. Values are mean + SE of
three independent experiments
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induction of SiASRI transcript to drought and osmotic
stresses. These results implied that stress-related signals
contribute to an interactive network that coordinates the
responses of foxtail millet ASR genes to different stresses.

SiASRI enhanced drought and oxidative tolerance
through antioxidant enzymes

Abscisic acid stress ripening proteins were shown to pos-
sess zinc-dependent DNA-binding activity and to modulate
the expression of other genes. For example, grape VVMSA
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directly targeted the promoter of a sugar transporter gene
(Cakir et al. 2003). Several putative targets of rice OSASRS
in roots related to Al tolerance, such as an ABC transporter,
were found through chromatin immunoprecipitation (ChIP)
assays (Arenhart et al. 2014). Tomato SIASRI bound to a
large number of water transport and cell wall remodeling
genes (Ricardi et al. 2014). Wheat TaASRI modulated the
expressions of antioxidant defense-associated genes in
tobacco (Hu et al. 2013).

Abscisic acid stress ripening proteins also play a crit-
ical role as toxic ROS scavengers and chaperone-like
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Fig. 11 Gene expression in leaves of SiASRI transgenic plants.
Expression levels of ROS-scavenging and producing genes in leaves
of WT and transgenic plants during drought (a) and oxidative

proteins by preventing protein denaturation in response to
exogenous stimuli until other protective proteins or
mechanisms were activated (Kim et al. 2012). These
protective proteins included metabolic, antioxidant
enzyme and chaperone proteins which affected the redox
state and proteostasis in plant cell. For example, rice
OsASRI protein was shown to act more highly syner-
gistically with the osmolyte glycine-betaine in regulating
chaperone-mediated protein disaggregation than proline
and threhalose under stress conditions and to regulate
branched-chain amino acid biosynthesis (Konrad and Bar-
Zvi 2008).

In the present study, SiASR/ functioned in drought stress
by regulating cellular levels of ROS and being involved in
ROS signaling. DAB and NBT histochemical staining
assay and detection of antioxidant enzymes activities
indicated SiASRI transgenic plants decreased ROS accu-
mulation under drought stress (Fig. 9). The enhanced
activities of antioxidant enzymes protected plants against
ROS damage due to drought stress. The lower oxidative
injury of SiASRI-overexpressing plants under MV stress
further demonstrated the involvement of SiASRI in ROS
signaling which was an integral part of acclimation of
plants to drought (Suzuki et al. 2011). The expression
levels of antioxidant genes (SOD, CAT and APX) signifi-
cantly increased in SiASRI transgenic plants, while the
expression levels of ROS-producing genes (RbohA and
RbohB) significantly decreased in SiASRI transgenic plants
under drought and oxidative stresses (Fig. 11). Although
the hypothesis that SiASRI regulates these oxidation-re-
lated genes directly needs to be confirmed in detail, our
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(b) stress responses as determined by gqRT-PCR. The f-tubulin gene
was used as an internal reference. V. Asterisk significant at P = 0.05

results indicate that SiASR1 protein acts as ROS regulators
by increasing the transcription of SiASRI-regulated genes
or chaperon activity during abiotic stress.
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