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Water scarcity is a critical threat to global crop production. Here, we used the natural diversity of barley (Hordeum vulgare) to
dissect the genetic control of proline (Pro) mediated drought stress adaptation. Genetic mapping and positional cloning of a ma-
jor drought-inducible quantitative trait locus (QPro0.542-1H) revealed unique allelic variation in pyrroline-5-carboxylate synthase
(P5cs1) between the cultivated cultivar Scarlett (ssp. vulgare) and the wild barley accession ISR42-8 (ssp. spontaneum). The puta-
tive causative mutations were located in the promoter of P5c¢s1 across the DNA binding motifs for abscisic acid-responsive
element binding transcription factors. Introgression line (IL) S42IL-143 carrying the wild allele of P5cs1 showed significant
up-regulation of P5cs1 expression compared to Scarlett, which was consistent with variation in Pro accumulation under drought.
Next, we transiently expressed promoter::reporter constructs of ISR42-8 and Scarlett alleles in Arabidopsis (Arabidopsis thaliana)
mesophyll protoplasts. GUS expression analysis showed a significantly higher activation of the ISR42-8 promoter compared to
Scarlett upon abscisic acid treatment. Notably, the ISR42-8 promoter activity was impaired in protoplasts isolated from the loss-
of-function abflabf2abf3abf4 quadruple mutant. A series of phenotypic evaluations demonstrated that S42IL-143 maintained leaf
water content and photosynthetic activity longer than Scarlett under drought. These findings suggest that the ancestral variant

of P5cs1 has the potential for drought tolerance and understanding drought physiology of barley and related crops.

Land plants evolved from algae approximately 500
million years ago and established themselves in a
terrestrial habitat (Graham, 1993). This evolution was
possible as plants developed multiple physiological
and biochemical strategies to accomplish life under
water-limiting conditions. The biosynthesis of osmotic
compounds of low molecular weight, such as Pro,
glycine, betaine, mannitol, and organic acids, seems to
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be an essential evolutionary event to conserve water in
the terrestrial habitat (Blum, 2017). The effect of these
evolutionary changes can be seen as unique adaptive
strategies among the natural population (wild progen-
itors) of crop plants. Therefore, the genetic dissection
of diverse genetic resources is essential to understand
the drought physiology of crop plants as well as to
develop drought-resilient cultivars.

Pro is a compatible solute and a highly soluble organic
compound. It is located mainly in the cytosol, chlo-
roplasts, and cytoplasmic compartments to protect
cellular components from dehydration injury during
osmotic stress (Szabados and Savouré, 2010). In ad-
dition, it contributes to stabilizing subcellular struc-
tures (e.g. membranes and proteins), scavenging free
radicals and buffering cellular redox potential under
stress conditions (Ashraf and Foolad, 2007). Thus, Pro
is commonly referred to as an osmolyte or osmopro-
tectant. As an osmolyte, it has a role in plant responses
to drought stress and climatic adaptation, including
signal transduction, osmoregulation, and antioxidant
systems (Kishor et al., 2005; Kesari et al., 2012).

Pro is synthesized primarily from glutamate (Glu)
by the action of the pyrroline-5-carboxylate syn-
thase (P5CS) and pyrroline-5-carboxylate reductase
enzymes. In the first step, P5CS converts Glu to
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Glu-semialdehyde (Hu et al., 1992), which is subse-
quently reduced by pyrroline-5-carboxylate reductase
to Pro (Szoke et al., 1992; Verbruggen et al., 1993). In
many plant species, there exist two conserved P5CS
genes, P5CS1 and P5CS2, which share approximately
82% nucleotide and 94% amino acid sequence identity.
However, these genes are differentially regulated at
the transcriptional level (Strizhov et al., 1997; Székely
et al.,, 2008). In Arabidopsis (Arabidopsis thaliana),
P5CS2 modulates housekeeping Pro biosynthesis in
the cytosol, whereas up-regulation of P5CSI in the
chloroplast results in drought-inducible Pro accumu-
lation. Arabidopsis P5CS1 is induced by osmotic and
salt stresses and activated by the abscisic acid (ABA)-
dependent regulatory pathway as well as H,O,-derived
signals (Szabados and Savouré, 2010). Under ABA
signals, ABA-responsive element (ABRE) binding pro-
teins (AREB) or transcription factors (ABFs) like ABF1,
ABF2/AREB1, ABF3, and ABF4/AREB2 regulate
the expression of drought-inducible genes (Yoshida
etal., 2015). ABFs are a group of basic Leu zipper (bZIP)
domain transcription factors, which were discovered
using ABREs as bait in yeast one-hybrid screens (Choi
et al., 2000; Uno et al., 2000). It has been reported that
ABRESs require other copies of ABREs or the combina-
tion of an ABRE with one of several coupling elements
(CEs) across the promoter region to form the ABA re-
sponse complex (Shen et al., 1996). Hobo et al. (1999)
showed that ABRE with ACGT core and CE3 are func-
tionally equivalent and can be considered as a single
class of cis-acting elements.

Although much is known about Pro metabolism in
model plants, the genetics and utility are poorly under-
stood as a trait in crops because of quantitative inher-
itance of Pro accumulation, especially under drought
conditions (Kishor et al., 2005; Szabados and Savouré,
2010). This scenario demands quantitative analysis of
drought-inducible Pro accumulation among the natural
population of crop plants.

In this study, we employed a quantitative approach
to dissect the genetic and molecular regulation of Pro
accumulation under drought conditions in barley
(Hordeum vulgare). For this, we employed a set of intro-
gression lines (ILs) harboring genome-wide marker-
defined chromosomal segments of an ancestral wild
barley accession, ISR42-8 (ssp. spontaneum), in the
background of spring barley cultivar Scarlett (ssp.
vulgare). Here, we report the positional isolation and
molecular analysis of a novel drought-inducible P5cs1
allele originated from wild barley accession ISR42-8.

RESULTS

P5cs1 Allelic Variation Is Associated with the Major
Quantitative Trait Locus Effect for Drought-Inducible Pro
Accumulation in Barley

Initial screening of drought-inducible Pro accumu-
lation was performed in an IL population designated
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as S42IL, which contains genome-wide wild barley
ISR42-8 introgressions in the Scarlett background. This
population exhibited a wide range of variation in Pro
accumulation, especially under drought stress condi-
tions (Supplemental Fig. S1). For mapping, we com-
pared individual ILs with the recurrent parent Scarlett
using the Dunnett test. This analysis identified a major
drought-inducible quantitative trait locus (QTL) QPro.
542-1H on chromosome 1H, where two ILs, S42I1.-143
and S42IL-141, sharing a common wild barley intro-
gression resulted in significantly higher Pro accumu-
lation (Fig. 1A). In the next step, we confirmed this
QTL effect by rephenotyping the four selected ILs
carrying wild and cultivated alleles at the target QTL
region. Quantification of these ILs along with parental
genotypes showed a significant increase in Pro accu-
mulation in S4211-143 and S421L-141 up to 2,420 png/g
under drought stress (Fig. 1B). High concentrations of
Pro produce a red color after reaction with ninhydrin.
Thus, a dark red color indicated more Pro in the QTL
allele harboring IL, S42I1.-143, and S42IL-141 (Fig. 1C).
Using a diagnostic marker (M-L), we confirmed that
both ILs carried wild introgressions at the QPro.542-
1H region (Supplemental Fig. S2). Further, we validat-
ed this QTL effect and its segregation using 237 BC4S2
plants derived from S42IL-143 (Supplemental Fig. S3).

Positional cloning of QPro0.542-1H was conducted
using 3,300 BC4S2 plants derived from S421L-143. Ini-
tial mapping helped us to refine the targeted interval
to 1.6 cM between left and right border KASP mark-
ers derived from SNP:TP59951 and SNP:TP3687 (Fig.
2A; Supplemental Table S1). By KASP genotyping,
we identified 85 recombinants out of 3,300 plants that
segregated for the targeted QTL region. Later, these
recombinants were quantified for Pro accumulation
under drought (Supplemental Fig. S4). Next, we in-
corporated two additional markers at the left (M-L)
and right (M-R) border of the most promising candi-
date gene, P5cs1, which encodes a P5CS enzyme pro-
tein. By incorporating M-L and M-R, we established
an interval that carried no additional high-confidence
genes except P5cs1 (Fig. 2B; Supplemental Table S2).
The genotyping of M-L and M-R markers in 12 seg-
regants and their comparison with Pro accumulation
data revealed six recombinants at each left and right
border, indicating that the causal mutation influenc-
ing QPro.542-1H lies within P5cs1. P5cs1 was oriented
in the reverse strand and comprised of 20 exons
encoding 716 amino acids. Notably, we found two
high-Pro recombinants (R1, R3), which were heterozy-
gous at the 3" untranslated region (UTR) of P5cs1 but
carried ISR42-8 homozygous alleles at the 5" promoter
of P5cs1. Next, we developed an additional marker,
M-P5cs1-Pro, at the P5cs1 promoter region (Supple-
mental Table S2). Notably, at this marker, ISR42-8 and
Scarlett alleles revealed 100% cosegregation with high
and low Pro phenotypes, respectively. The heterozy-
gous recombinants exhibited a marginal increase in
Pro accumulation under drought stress conditions
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Figure 1. Genetic mapping and validation of major QTLs for Pro accumulation. A, Circos plot showing the genetic map of four
selected wild barley introgression lines carrying ISR42-8 and Scarlett alleles at the QTL region on chromosome1H. B, Quan-
tification of Pro QTL QPro.542-1H in four introgression lines. Bars represent the mean + st (n = 5). Different letters indicate
significant difference of genotypes and primes show differences between control and drought stress (P < 0.05) using Tukey’s
HSD test. Pr (C) Free Pro reaction with ninhydrin. A darker color indicates more Pro accumulation in the samples.

(Fig. 2C). Sequencing of Pb5cs1 in ISR42-8 and Scar-
lett revealed a single nucleotide polymorphism (SNP;
A/G) in exon 15 that resulted in an amino acid substi-
tution from His (ISR42-8) to Arg (Scarlett), along with
three additional silent SNPs in exons 7 and 9 (Fig. 2D).
To prove if the amino acid substitution was associated
with Pro variation, we developed marker M-P5cs1-
Cds at the substitution site via recombinant sequenc-
ing. Similar to M-L, this marker indicated the causal
mutation upstream of the amino acid substitution toward
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the 5" promoter region of P5cs1 (Fig. 2C). These results
suggest that the allelic variation of P5cs1 controls the
drought-inducible QTL (QPro.542-1H) effect in ISR42-8
and Scarlett.

Drought-Inducible Pro Accumulation in S4211-143
Involves P5cs1 Induction

Pro accumulation upon water stress is preceded by
increased expression of P5cs1 (Hu etal., 1992). Therefore,
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Figure 2. Positional cloning of the major QTL QPro.542-1H. A, Chromosomal map of wild barley introgression lines S421L-141
and S42IL-143 overlapping at the QTL region. B, Fine mapping of the QTL region using high-resolution segregating population
S421L-143HR. The refined QTL interval represents an approximately 178-kb region between the M-L and M-R harboring a
single high-confidence gene, P5cs1. The numbers 1 and 2 represent a low-confidence gene and a putative transposon element
having no functional annotation, respectively. The physical positions are according to Morex assembly HV_IBSC_PGSB_v2. C,
Comparison of genotype and phenotype data among the recombinants segregating at the targeted QTL interval. The cultivated,
wild, and heterozygous alleles are represented with letters C, W, and H, respectively. n = number of recombinants. Bars
represent the mean = st (n = 5). D, Coding sequence of P5csT showing mutations between ISR42-8 and Scarlett. Indicated
SNPs represent substitutions from ISR42-8 to Scarlett. Black triangle represents 44-bp insertion in the 3" UTR of Scarlett. Marker
positions upstream and downstream of ATG are indicated by — and +, respectively.

we hypothesized that the differential accumulation of
Pro between Scarlett and S42I1-143 during water stress
might also involve changes in the expression of P5cs1.
To investigate this, we analyzed the expression of P5cs1
in Scarlett and S42I1-143 under varying water stress
conditions. The leaf samples were collected at three
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different time points after drought stress: 3 days after
stress (DAS), 6 DAS, and 9 DAS. RNA was extracted
and analyzed for the expression of P5cs1 via quanti-
tative reverse transcription-PCR (qRT-PCR). There
were no significant changes in the expression of P5cs1
mRNA between Scarlett and S42IL-143 under control

Plant Physiol. Vol. 178, 2018
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Figure 3. Expression analyses of P5cs1 and Pro accumulation. A, Quantification of mRNA levels in leaves of Scarlett and
S421L-143 under control and drought stress conditions via qRT-PCR. The numbers on the x axis represent days after stress (DAS).
B, Pro accumulation in leaves of Scarlett and S421L-143 under control and drought stress conditions. Bars represent the mean
+ SE (n = 3). Asterisks indicate significant difference between control and drought (*P < 0.05, **P < 0.01) using pairwise t tests.

conditions. However, a significant increase in Pbcsl
expression was observed in S42]IL-143 at 6 DAS and 9
DAS, whereas a significant increase was only observed
9 DAS in Scarlett (Fig. 3A). Next, we tested whether
this significant increase in P5cs1 expression was pro-
portional to Pro accumulation. For this, we quantified
the Pro content in the same leaf samples used for ex-
pression analysis. Intriguingly, we observed that the
Pro accumulation in S42I1-143 and Scarlett followed
the same trend as P5cs1 mRNA expression in response
to water stress (Fig. 3B). These data suggested that the
QTL bearing IL S42I1.-143 showed a drought-inducible
up-regulation of P5cs1, followed by a proportional in-
crease in Pro content.

Promoter Divergence at the ABF Binding Sites Putatively
Determines P5cs1 Allelic Variation

Recombination and gene expression analyses sug-
gested that the causal mutations controlling drought-
inducible Pro accumulation may lie in the promoter
of P5csl. Therefore, we sequenced an approximately
1.5-kb region upstream of ATG in ISR42-8 and Scarlett.
The sequence comparison revealed mutations across
putative ABREs and related CE3 motifs between Scar-
lett and ISR42-8 (Fig. 4). Based on this, we assumed
that these mutations may influence the DNA binding
of ABFs in the Pbcs1 promoter. To investigate this, we
established promoter::reporter constructs for ISR42-
8 (pISR::eGFP-GUS) and Scarlett (pSCA::eGFP-GUS).
Next, we transiently expressed the pISR:eGFP-GUS
or pSCA::eGFP-GUS constructs in protoplasts isolated
from Arabidopsis leaf mesophyll cells. Transfection
efficiency was estimated using the GFP reporter (Sup-
plemental Fig. S5). We then incubated transfected
protoplasts of Col-0 ecotype in the presence of ABA
(50 um) for 4 h and analyzed the expression of GUS,
ABF1, ABF2, ABF3, and ABF4 via qRT-PCR. The ex-
pression of all four ABFs was substantially induced
upon ABA treatment in both pISR:eGFP-GUS- and
pSCA::eGFP-GUS-transfected  protoplasts. Similarly,
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expression of the GUS gene was strongly and sig-
nificantly induced upon ABA treatment in pISR::
eGFP-GUS transfected protoplasts; however, only
modest up-regulation in GUS expression was ob-
served in pSCA::eGFP-GUS-transfected protoplasts
(Fig. 5A). To determine whether up-regulation of GUS
expression in pISR::eGFP-GUS-transfected protoplasts
was mediated by ABFs, we transfected this construct
into mesophyll protoplasts isolated from the wild-type
Arabidopsis (Col-0) and loss-of-function abflabf2ab-
f3abf4 quadruple mutant. Notably, we found that the
up-regulation of GUS activity upon ABA treatment
was significantly impaired in abflabf2abf3abf4 as com-
pared to the wild type (Fig. 5B). Taken together, these
data suggest significantly different promoter activity
of Scarlett and ISR42-8 alleles might be regulated in an
ABF-dependent manner.

$42]1-143 Maintains Higher Leaf Water Status and
Photosynthetic Activity under Drought Stress Compared
to Scarlett

Plants affected by drought stress undergo changes
in physiological processes involved in photosynthesis,
such as stomatal conductance (g), transpiration rate
(E), and intercellular CO, concentration (C,). We inves-
tigated these parameters nondestructively using an
infrared gas exchange analyzer (LI-6400XT, LI-COR).
We found a significant reduction in g _in Scarlett under
drought as compared to control conditions (Supple-
mental Fig. S6A). S42IL-143 maintained similar g
in both conditions at 3 DAS and 6 DAS, but drought
reduced g_significantly at 9 DAS (Supplemental Fig.
S6B). The effects of drought on E were similar to those
of g in both Scarlett and S42IL-143 (Supplemental
Fig. S6, C and D). The influx of CO,, which is essen-
tial for carbon assimilation and photosynthetic activity,
is directly affected by g. We found that the internal
C, remained constant for both genotypes under control
conditions until 6 DAS. However, the slope of C, de-
cline in Scarlett was 40% lower than that of S421L.-143 at
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ISR42-8 |
Scarlett |-1542 CATAAGTCGTCTTTGACACGCGCCATGCGTTTGATGGGCCTCTGAGCCGCTTATCTCTCTCTCTCTTCCTTACCCTTTCCTTTCCTTATCTTTTTCCTATAAAAGCGTTGAGCCGCTCGTTC
CATAAGTCGTCTTTGACACGCGCCATGCGTTCGATGGGCCTCCGAGCCGCTTATCTCTCTCTCT==TCCTTATCCTTTCCTTTCCTTATCTTTTTCCTATAAAAGCGTTGAGCCGCTCGTTC
ISR42-8 CE3 |
Scarlett TTCTCCTTCTTTTTTTTCTTCGCGCGACACATCACACCCATGGGAGCACCATCCCTCATCGTCGTAGACCGGTGCACTGCCGTCGCGGCTCGTGTTGCTCCGACGTCTGCCCCTACATG
1420 TTCTCCTTCTTTTTCTTCTTCGCGCGACACATCACACCCATGGGAGCACCATCCCTCATCGTCGTAGACCGGTGCACTGCCGCCGCCGCTTGTGTTGCTCCGACGTCTGCCCCTACACG
ABRE
':::fe' 3 4301 CCACGCTCTACATCGTTGCTGCAAACCGCCGTCACCTCGEGTCACACCACCAOAGCTCCTGCGAAGCAGTTTGTGTCATCRTCGCCACACTCCGCATCAMGTTTTT-GCCATGGCCE
CCACGCCCTACATCGTTGCTGCAAACCGCCGCCGCCTCGCGTCGCACCGCCGCAGCTCCTGCAAAGCAGTTTGTGTCGTCGTCGCCGCGCTCTGCATCAAAGTTTTTTGCCATGGCCG
CE3
ISR42-8 | 43 TCGCATGCTGCATCCCAACATCCGCCTTCATCGACGACACTGCTGCAATGGAACGCACTGAGAGCTGCAATGGAGTGCCGCCAAGGTCGTTGGAGCTCCGTTGCGGCTCCATTGGAGC
Scarlett TCGCATGCTGCATCCCAACATCCGCCTTCATCGACGACACTGCTGCAATGGAACGCACCGAGAGCTGCAATGGAGTGCCGCCAAGGTCGTTGGAGCTTCGTTGCGGCTCCATTGGAGC
ISR42-8 TTAACCAGAGCTGCAATGGAATGCCGTCGGAGTTGCAATGGAGCTTCACCGACGGCTCTAGGGAGGGGTGAGGGTGGGAGGAGCTTTTGGTGTTGCATTGGAGCTCTCGTCGTCGGC
Scarlett [-1065 TTAACCAGAGCTGCAATGGAATGCCGTCGGAGTTGCAATGGAGCTTCACCGACGGCTCTAGGGAGGGGTGAGGGTGGGAGGAGCTTTTGGTGTTGCATTGGAGCGCTCGCCGTCGGC
ISR42-8 | 4c  TCCATTGCAGCTCCACCGGAACGATCACCGGTTACTAGACATAGCGGATGGTGTTACTATGAAGCTCTCGTCATGATTGCTCTTCGATGCCGTAATGGATGTTCGCCGGGGACTTGCGT
Scarlett TCCATTGCAGCTCCACCGGAACGATCACCGGTTACTAGACATAGCGTATGGTGTTACTATGAAGCTCTCGTCATGATTGCTCTTCGATGCCGTAATGGATGTTCGCCGGGGACTTGCGT
ISR42-8 GCTCGAAATCGAAGTAGGTGGGTTGATTGCATGCACGCGAGAGGAATGCGTCATCACACATTTAAGTATCTAAGGGTCGGAAAGAATTGATCAGACGGCTAGCGACCCGATTGATTTGG
Scarlett |-829  GCTCGAAATCGAAGTAGGTGGGTTGATTGGATGCACGCGAGAGGAATGCGTCATCACACATTTAAGTATCTAAGGGTCGGAAAGAATTGATCAGACGGCTAGCGACCCGATTGATTTCG
ISR428 [ 740  CTAGAAAATCAGTCGGATGATCAATAGTAGCCGCGAGGAAAAACCGTTTTCTTGCCGTCCCTCTCCGAAGCGACGTTCGCCGGATAACATCTTGGTTCGATCGTTCGACTTGACTCAGC
Scarlett CTAGAAAATCAGTCGGATGATCAATAGTAGCCGCGAGGAAAAACCGTTTTCTTGCCGTCCCTCTCCGAAGCGACGTTCGCCGGATAACATCTTGGTTCGATCGTTCGACTTGACTCAGC
ISR42:8 | 591  TCGTTCCGTGAGGCGACACACGTTTCGGTTCCCCCGTGTGAGGTGTCGTCTTTTTTTTTTTTTTTTTT====GAGATGGTGTCAGGTGTCGGCTCTAACCTGAAGCCCGAAGATGGAAG
Scarlett TCGTTCCGTGAGGCGACACACGTTTCGGTTCCCCCGTGTGAGGTGTCGTCTTTTTTTTTTTTTTTTTTTTTTGAGATGGTGTCAGGTGTCGACTCTAACCTGAAGCCCGAAGGTGGAAG
ABRE CE3
1SR42.8 | 472  CAAAAAACGGACCAGACAGATATACATACACTCCAGGAGATGTACGCCACGCCGTCTCAGTATCCATATATTGATATATATCCATCTCAGAGCACGTCAGCGGCCTACCAACCCTATTG
PN CAAAAAACGGACCAGACAGATATACATACACTCCAGGAGATGTACGCCACGCCGTCTCAGTATCCATATATTGATATATATCCATCTCAGAGCACGTCAGCGGCCTACCAACCCTATTG
1SRA2-8 TACGTGCTGTGCGTGTATCGTGCGCTCCATCTCACGAGGGGTCGATCGGACGGCCAGCGTCCCCGCGCCTCCTCCTCCGTGGAAGGCGGGTGACGCGCACGCCAACGGGACACGA
orar? 353 TACGTGCTGTGCGTGTATCGTGCGCTCCATCTCACGAGGGGTCGATCGGACGGCCAGCGTCCCCGCGCCTCCTCCTCCGTGGAAGGCGGGTGACGCGCACGCCAACGGGACACGA
1SRA2.8 CACGGGGTGGTGGTGGCGGCGGCGECGGCGGACGCAGAGGATCACGGGGTTCGTTGGCGAGCCGCTGGGGTTTCGCTCACGGAACCAAGCACCAACCCCTCACCCCTTTAAAACE
oraz® | 238 CACGGGGTGGTGGTGECGGCGGCEECEECEEACGCAGAGGATCACGEGGTTCATTGGCEAGCCECTGBGRTTTCGCTCACGBAACCAAGCACCAACCCCTCACCCCTTTAAMACE
1SRa2.8 |.123  GCTCBGCTCTATCCCTCTCCTCTCTCTCTGACCTCCCCACACATCGCGGGTGCGGCGACGAGGGCGACGRAAAAAAACACCGCTGATAAGAGAGAGGCGGCGCGCCGAGCCTRCT
s GCTCGGCTCTATCCCTCTCCTCTCTCTCTGACCTCCCCACACATCGCGGGTGCGGCGACGAGGCGACGGGAAAAAAAACACCGCAGATAAGAGAGAGGCGGCGCGCCGAGCCTGCC
CGCGGCCATG (F
ISR42-8 | 7 cecccocare ORF
scariett |7 CGCGGCCATG X

Figure 4. Promoter sequence analysis. P5cs1 promoter sequence alignment between wild barley ISR42-8 and cultivar Scarlett.
SNP mutations are indicated in red bold letters. Core sequence of DNA motifs are underlined with bold letters. ABRE, abscisic

acid-responsive element; CE3, coupling element 3.

9 DAS (Supplemental Fig. S6, E and F). Consequently,
we measured the photosynthetic rate (A), which was
significantly reduced by drought in Scarlett at 3, 6, and
9 DAS (Fig. 6A). No significant difference in A was
observed in S42IL-143 at 3 and 6 DAS, but a marginal
reduction due to drought was observed at 9 DAS. A
in S42I1-143 was 3-fold higher than in Scarlett under
extreme drought conditions (Fig. 6B). In addition, we
measured the effective quantum yield of PSII (YII)
at steady-state photosynthesis under light using a
MINI-PAM-II to confirm photosynthetic activity. YII
in Scarlett was significantly reduced by drought at 9
DAS, whereas no significant difference was observed
in 542IL-143 (Fig. 6, C and D). These data suggest an
increased photosynthetic activity due to the QTL al-
lele bearing-IL S42I1-143 under drought stress con-
ditions. In addition, we assessed the dynamics of the
water status of Scarlett and S42I1-143 leaves under
control and drought stress conditions using a micro-
wave sensor. According to Dadshani et al. (2015), the

776

microwave parameter resonant frequency shift (FRS)
strongly correlates with the amount of water stored
in leaf tissues. Under drought, Scarlett showed a sig-
nificant reduction in FRS value relative to control as
compared to S4211.-143 (Fig. 6E). To test if these differ-
ences influenced grain yield of Scarlett and S421L-143
under drought, we performed a pot experiment in the
greenhouse under control and drought stress condi-
tions. Grain weight per plant was significantly lower
in Scarlett compared to S42IL-143 under drought
stress conditions (Fig. 6F). These data indicate that
drought-inducible Pro accumulation has a role in mod-
ulating physiological tolerance in IL S4211.-143.

DISCUSSION

In this study, we focused on the major QTL QPro.
542-1H located on chromosome 1H, as it yields the
strongest drought-inducible effect on Pro accumulation
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Figure 5. P5cs1 promoter activity analysis in Ara-

1404 bidopsis protoplasts upon ABA treatment. A, Rel-
1 pISR ative expression of GUS, ABF1, ABF2, ABF3, and
1204 Em pSCA ABF4 in Arabidopsis Col-0 protoplasts transfected

with P5cs1 promoter::reporter constructs of ISR42-
8 (pISR::eGFP-GUS) and Scarlett (pSCA::eGFP-
GUS). For untreated samples (~ABA), data repre-
80+ sent relative expression of the indicated genes with
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in a library of wild barley ILs. Two independent ILs,
S42IL-143 and S42IL-141, complemented this QTL
effect due to the introgression of a wild P5cs1 allele in
the Scarlett background. S54211.-143 and S42IL-141 car-
ried wild introgressions that shared a small common
segment at the P5cs1 gene locus. This arrangement of
introgressions was advantageous to refine the target
QTL interval and to exclude the background effects
of additional genes as the extent of QTL QPro.542-1H
was almost similar in both ILs. Also, the near isogenic
genetic background of these ILs appeared more effec-
tive for the reproducibility of this drought-inducible
QTL during positional cloning. By this, we showed
single gene resolution of P5cs1 at the QTL region via
high-resolution recombination analysis using six re-
combinants at each left and right borders of this gene.
These findings are also in line with the previous stud-
ies of Pro metabolism in the model plant Arabidopsis
and related higher plants, which suggest a vital role
of enzyme-encoding gene P5CS1 for Pro accumulation
under drought stress conditions (Liang et al., 2013).

In the next step, we investigated sequence polymor-
phisms underlying genetic and molecular regulation of
the drought-inducible P5cs1 allele of ISR42-8. Intrigu-
ingly, we found mutations in the promoters of Scarlett
and ISR42-8 across the predicted binding motifs of the
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ABF transcription factors. Previous reports have sug-
gested that ABFs are transcription factors that bind to
ABRESs and regulate ABA-responsive gene expression
(Choi et al., 2000; Uno et al., 2000). The ABF gene family
is expressed in vegetative tissues in response to ABA
and osmotic stress in Arabidopsis, suggesting a funda-
mental role in ABA-mediated drought stress tolerance
(Fujita et al., 2011). All ABF transcription factors carry
four conserved domains in addition to the bZIP domain
(Fujita et al., 2011, 2013). Transcription factors having a
bZIP domain target DNA duplex sites as homo- or het-
erodimers and bind to related but distinct palindromic
sequences (Ellenberger, 1994; Hurst, 1995). Shen
et al. (1996) shed interesting insight on the ABRE cis-
elements; they found that these elements require other
copies of ABREs or the combination of an ABRE with
one of several CEs across the promoter region. These
researchers also claimed that a single copy of an ABRE
was insufficient to activate ABA-responsive genes
(Riley et al., 2008). The role of multiple transcription
factors binding sites (TFBSs) is well documented in
other systems, e.g. G-box factor, in substantiating tran-
scriptional up-regulation in plants (Schulze-Lefert et
al., 1989; Toniatti et al., 1990), which suggests that the
active role of multiple TFBSs in gene up-regulation de-
pends primarily on targeting transcription factor itself,
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Figure 6. Evaluation of physiological A Scarlett B
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the inter-TFB distance and the adjoining sequence of
the TFBS. In light of these reports, we proposed that the
sequence polymorphisms in ABREs and adjacent CEs
across the promoter region of ISR42-8 and Scarlett may
influence the action of ABF transcription factors under
ABA-modulated drought stress cascades. In support
of this hypothesis, we performed transient expression
of Scarlett and ISR42-8 promoter alleles in Arabidopsis
(Col-0) protoplasts with or without ABA treatment. We
found significantly higher GUS expression in pISR::
eGFP-GUS upon ABA treatment. However, a significantly
impaired GUS expression was observed in the proto-
plasts transfected with pSCA::eGFP-GUS. To test the
putative role of ABFs, which bind on ABRE motifs, we
expressed pISR::eGFP-GUS in the protoplasts of Col-0
and the abflabf2abf3abf4 quadruple mutant. Notably,
GUS activity was strongly impaired in abflabf2abf3abf4
as compared to Col-0. All together, these data suggest
that Pbcs1 allelic polymorphism of ABRE motifs puta-
tively regulate differential Pro accumulation in ISR42-8
and Scarlett under drought stress conditions.
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Finally, we tested whether drought-inducible Pro
accumulation has a role in mediating drought stress
tolerance in S42IL-143. Several physiological mea-
surements, such as leaf water status, photosynthetic
parameters, and efficiency of photochemistry, have
been widely used as markers for evaluating drought
stress tolerance in various plant species (Souza et al.,
2004; Chaves et al., 2009; Liu et al., 2015). Hence, we
measured these parameters in S421L-143 and Scarlett
under control conditions and drought stress. Water
status, measured through the microwave parameter
FRS, demonstrated that S42I1.-143 was able to maintain
higher tissue water status compared to Scarlett under
drought conditions. Dadshani et al. (2015) also found
that FRS correlates positively with water status in bar-
ley leaves. Gas exchange and photosynthetic rates are
considered important parameters in the determination
of drought stress tolerance for rain-fed agriculture. It is
logical that reduced g may result in the reduction of A
in plants (Lawlor and Tezara, 2009; Brestic and Zivcak,
2013; Hossain et al., 2015). However, several reports
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confirm that drought-tolerant genotypes maintain
open stomata and active photosynthesis, even under
dehydration conditions as compared to drought-sen-
sitive genotypes (BeneSovd et al., 2012; Hossain et al.,
2015). Our data showed significant reductions in g and
A occurring early under drought stress as compared
to control conditions in Scarlett, whereas significant
reductions under drought in S42I1.-143 occurred only
in more severe instances of drought. These parame-
ters are direct indicators to characterize the efficiency
of photochemistry under varying environmental con-
ditions (Rascher et al., 2000). According to Yuan et al.
(2016), plants that maintain YII under drought are rec-
ognized as stress-tolerant. Our results also showed
that the S42IL-143 maintained YII similar to control
under drought, unlike Scarlett. These data suggest that
increased Pro accumulation modulates physiological
parameters and drought tolerance in S42IL-143 due
to the introgression of a novel P5cs1 allele from wild
barley.

In conclusion, this study successfully demonstrated
the isolation of a new Pbcs1 allele of wild origin. This
QTL allele reveals promoter variation associated to
transcriptional induction of P5cs1, which was associated
with subsequent Pro accumulation, thus improving
drought tolerance. Future research will be focused to
prove a direct interaction between the causative DNA
and regulatory proteins, which will help to understand
the molecular regulation of the ABA-driven Pro cas-
cade in mediating drought tolerance. Further, we are
refining the QTL allele bearing IL S42I1.-143 to fix the
Pb5cs1 allele in the isogenic background of cultivated
barley to test the broader significance of Pro accumu-
lation for yield and yield sustainability traits in barley
under field conditions.

MATERIALS AND METHODS

Initial Screening and Mapping of Drought-Inducible Pro
Accumulation

Initial genetic screening of Pro accumulation was carried out in a popula-
tion (S42IL) of 72 wild barley ILs. The S42IL lines (BC354:10) were developed
from an initial cross between the German spring cultivar Scarlett (Hordeum
vulgare ssp. vulgare) and the Israeli wild barley accession ISR42-8 (H. vulgare
ssp. spontaneunt), followed by three rounds of backcrossing. The cultivar Scar-
lett was used as the recurrent parent for subsequent backcrossing, whereas
ISR42-8 was utilized as the donor of the drought-related traits. The develop-
ment of the S42IL population was described previously by Schmalenbach et
al. (2008).

Phenotypic evaluation of the S42IL population for Pro accumulation was
made in a split-plot design in two biological replicates of individual ILs under
control and drought conditions in a plastic tunnel. The treatments (control and
drought) were assigned to the subplots, within which the lines were assigned
randomly. Seeds of individual S42IL genotypes were sown in a plastic pot
(22 x 22 x 26 cm) containing a mixture of topsoil (40%) and natural sand (60%)
(Terrasoil; Cordel & Sohn). Plants were watered three times a day using a drip
irrigation system (Netafilm). Echo2 sensors (Decagon) were used to determine
the volumetric moisture content (VMC) digitally with the frequency domain
technique. The drought stress treatment was performed 30 days after sowing
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by eliminating the water supply completely at plant development stage BBCH
29 to 31 (Lancashire et al., 1991). The plants were exposed to stress for 26 d un-
til the VMC reached the maximum drought stress threshold that is close to the
wilting point (VMC near 0%). The control block was kept under a continuous
supply of irrigation. The first fully developed leaf of individual genotypes in
each block was harvested and flash frozen in liquid nitrogen for drought and
control conditions and stored at —80°C until Pro determination. Colorimetric
method of Pro determination described by Bates et al. (1973) was adopted for
Pro content measurement. Pro accumulation was quantified in ng/g of the
harvested fresh leaf material.

The S42IL population was genotyped using an Illumina 1,536 SNP array
and genotyping by sequencing approaches, which have been already de-
scribed (Schmalenbach et al., 2011; Honsdorf et al., 2014). This SNP map was
compared among the individual introgression lines to map the QTL region
associated with drought-inducible Pro accumulation. ILs showing significant
drought-inducible Pro accumulation were identified by comparing the S42IL
population with the recurrent parent Scarlett under control and drought stress
conditions using Dunnett test (Dunnett, 1955; Naz et al., 2014).

QTL Validation

The major QTL effect QPro.542-1H was validated by quantifying two wild
allele-bearing ILs, S421L-143 and S42IL-141, in comparison to two cultivated
allele-bearing ILs, S42IL-130 and S42IL-133, for Pro accumulation under con-
trol and drought stress conditions inside the growth chamber. For this, each IL
was evaluated in five biological replicates along with the parental genotypes.
The growth chamber was supplied with 12 h of artificial light at 22°C + 2°C
with 50% to 60% relative humidity. For Pro content measurement, 2-week-old
seedlings were exposed to drought stress by eliminating water supply com-
pletely.

To test the segregation of QTL alleles, the experiment was performed in the
S42IL-143HR population derived from S42IL-143. This population was devel-
oped via backcrossing of QTL bearing S42I1-143 with Scarlett and two further
rounds of selfing (i.e. BC4S2) as described previously (Schmalenbach et al.,
2008). Seeds of the S42IL-143HR population and parents were sown in climate
chambers under control conditions. The pots were randomized after sowing a
single seed per pot (10 x 10 x 12 cm). The growth chamber was supplied with
12 h of artificial light at 22°C + 2°C with 50 to 60% relative humidity. Drought
stress treatment was carried out 10 d after germination by eliminating the wa-
ter supply completely. The treatment pots were kept under stress, and the first
fully expanded leaf was harvested from drought and control conditions for
Pro measurement. Pro content was measured 9 d after drought treatment by
the colorimetric procedure as described previously (Bates et al., 1973). At least
five independent biological replicates of parents were used for Pro content
measurement. Higher Pro concentration was visualized by its reaction with
ninhydrin.

For genotyping, a simple sequence length polymorphic (SSLP) marker
M-L was developed from a 3" UTR of the putative candidate gene P5cs1. This
marker revealed 44-bp deletions in the ISR42-8 allele compared to the Scar-
lett allele. A total of 237 BC4S2 segregating progenies were genotyped using
this diagnostic SSLP marker and phenotyped for Pro variation under drought
stress conditions. The allelic polymorphism of Scarlett and ISR42-8 alleles was
visualized on 2.5% standard agarose gel.

Positional Cloning of QTL QPro.S42-1H

For positional cloning, 3,300 BC4S2 seeds of S42IL-143HR were sown
along with parental genotypes Scarlett and ISR42-8. In the next step, DNA
was extracted from fully expanded leaves of 1-week old seedlings using the
CTAB extraction method according to a protocol devised by VA Tech Small
Grains Breeding. For genotyping, two SNP-derived KASP markers at the left
(KASP-L) and right (KASP-R) border of the QTL region were established.
The KASP genotyping was outsourced at TraitGenetics. All the markers used for
KASP genotyping used in this study are listed in Supplemental Table S1. After
KASP genotyping, recombinants were selected among the 3,300 BC4S2 proge-
nies that showed recombination between KASP-L and KASP-R markers. These
recombinants were then subjected to drought stress for 9 d, and Pro accumu-
lation was measured as described previously (Bates et al., 1973). Later, two
additional SSLP markers, M-L and M-R, were incorporated to refine the QTL
region. These markers enabled refining the QTL region to a single candidate gene.
Later, a gene-specific marker (M-P5cs1-Pro) was established to compare the
cosegregation of Scarlett and ISR42-8 alleles with low and high Pro phenotypes
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under drought stress conditions, respectively. A list of markers and corre-
sponding primers sequence information is given in Supplemental Table S2.

Expression Analysis of P5cs1 mRNA

Expression analysis of P5cs1 mRNA was performed in Scarlett and
S421L-143 under varying drought stress conditions inside the growth cham-
ber. The experiment was designed in three biological replicates for each gen-
otype in drought stress and control treatments. Drought stress treatment was
introduced to 10-d-old seedlings. Later, leaf samples were harvested from each
plant and flash frozen in liquid nitrogen and stored at —80°C until further pro-
cessing. Samples were collected 3 , 6, and 9 DAS from both control and stress
treatments. RNA extraction, purification, and quantification were performed
using the TRIZOL RNA Isolation Protocol. The Thermo Fisher RT-qPCR kit
was used for cDNA synthesis following the manufacturer’s instructions. gqRT-
PCR was performed in 96-well plates using a 7500 fast real-time PCR system
and an SYBR green-based PCR assay using three technical replicates of each
cDNA sample. Each reaction contained 3 uL ¢cDNA, 10 pL Maxima SYBR
green/ROX qPCR master mix, and each primer at 0.4 um to a final volume of
20 uL. The reaction mix was subjected to the following conditions: 95°C for 10
min, followed by 45 cycles of 95°C for 15 s and 60°C for 30 s. Melting curves
were then analyzed at 95°C for 15 s, 60°C for 15 s, and 95°C for 15 s. In addi-
tion, a reverse transcription negative control was included to assess potential
genomic DNA contamination. For each cDNA sample, three technical repli-
cates were used. Elongation factor (Efl-a) was used as an internal control gene.
Relative expression of P5cs1 was calculated according to the 274 method
(Livak and Schmittgen, 2001). A list of primer sequences used for expression
analysis is shown in Supplemental Table S3.

Promoter Analysis

An approximately 1.5-kb region upstream from ATG of P5cs1 was sequenced
for ISR42-8 and Scarlett. The promoter sequence was aligned using MAFFT
alignment tools (Katoh et al., 2002). DNA binding motifs across the promoter
were identified using MULAN analysis (Ovcharenko et al., 2005) and the plant
cis-acting regulatory DNA elements (PLACE) database (Higo et al., 1999)

Transient Expression of ISR42-8 and Scarlett Promoter

Promoter regions upstream of the start codon of ISR42-8 (1,534 bp) and
Scarlett (1,537 bp) were synthesized commercially (Invitrogen) and cloned in
a Gateway cloning vector pDONR221 (Invitrogen) according to the manufac-
turer’s instructions. The verified promoters were fused with the eGFP-GUS
tag in the expression vector pPBGWFS7 (Yoo et al., 2007). Transient expression
analysis using Arabidopsis (Arabidopsis thaliana) leaf mesophyll cells (treated
with or without ABA) was performed as described previously (Yoshida et al.,
2002, 2015; Yoo et al., 2007). A luciferase gene under the control of the 355
promoter (Karimi et al., 2005) was used as an internal control for GUS activity
analysis between Col-0 and the abflabf2abf3abf4 quadruple mutant. The lucif-
erase activity was performed using the Luciferase Assay System (Promega;
catalog no. E1500) following the manufacturer’s instructions. The abflabf2ab-
f3abf4 quadruple mutant was derived from abfl (SALK_132819), arebl/abf2
(SALK_002984), abf3 (SALK_096965), and areb2/abf4 (SALK_069523) in Col-0
background (Yoshida et al., 2015). The seeds of the quadruple mutant were
kindly provided by Dr. Yamaguchi-Shinozaki’s lab. Total RNA was extracted
using an RNeasy plant mini kit (Qiagen) following the manufacturer’s instruc-
tions. Contaminating DNA was digested with DNasel using a DNA-free DNA
removal kit (Ambion), and the RNA was used to synthesize cDNA using a
high-capacity cDNA reverse transcription kit (Applied Biosynthesis) follow-
ing the manufacturer’s instructions. qRT-qPCR was performed with the Ste-
pOne plus real-time PCR system (Applied Biosystems) as described recently
(Mendy et al., 2017; Shah et al., 2017). The 18S ribosomal gene was used as an
endogenous control. For this, cDNA was diluted 1:100 for 18S analysis. Data
were analyzed using Pfaffl’s method (Pfaffl, 2001). A list of primer sequences
used for expression analysis is shown in Supplemental Table S4.

Determination of Physiological and Photosynthetic
Parameters

Various physiological parameters were analyzed to determine the effect of
drought stress on Scarlett and the IL S42I1.-143. For this purpose, a pot experiment
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was conducted in a climate chamber with a 12-h/12-h light/dark photope-
riod at 22°C + 2°C with 50 to 60% relative humidity. The seeds of S42IL-143
were sown in 10 replications each for control and treatment blocks in 1.2-liter
pots (10 x 10 x 12 cm) in a completely randomized design. Drought stress
treatment was performed at the three-leaf stage (10 d after germination) by
eliminating the water supply completely. The treated pots were kept under
stress for 3, 6, and 9 d. For all sensor measurements, the fully expanded third
leaf was analyzed nondestructively to detect the moisture content of plant tis-
sue (leaves) and parameters affecting photosynthetic activity. The EMISENS
dual mode cavity microwave resonator (EMISENS) was used to nondestruc-
tively estimate the water status of barley leaves. During the assessment of a
leaf with the microwave resonator, the change of the resonant frequency with
respect to the empty resonator was recorded. As described previously by Dad-
shani et al. (2015), the microwave sensor parameter FRS, which is the negative
relative frequency shift of resonant frequency, is highly correlated with the
water content in tested plant material. Five measurements were taken from
each leaf. The infrared gas exchange analyzer (LI-6400 XT; LI-COR) was used
to measure the photosynthetic parameters, namely stomatal conductance (g,),
transpiration rate (E), intercellular CO, concentration (C)), and photosynthesis
rate (A). To take continuous measurements, the center of the third leaf attached
to the sensor was positioned in a leaf chamber. The effective quantum yield of
photosystem II (Y(II)) at steady-state photosynthesis under light conditions
was measured using the MINI-PAM-II (Heinz Walz, Effeltrich, Germany) ac-
cording to manufacturer's instructions (http:/ /www.walz.com).

Grain Yield Evaluation of Scarlett and S42IL-143 under
Drought Stress

Scarlett and S42I1.-143 seeds were sown in a pot (22 x 22 x 26) containing a
mixture of topsoil, silica sand, milled lava, and peat dust (Terrasoil; Cordel &
Sohn). The experiment was conducted in a randomized complete block design
with five replications for each genotype per treatment. Plants were watered
three times a day using a drip irrigation system (Netafilm). Two drought stress
treatments were applied, at tillering stage and before heading. Water supply
was withheld for 2 weeks, and the pots were rewatered. Matured panicles and
straw were harvested and oven dried at 37°C for 72 h. Grain weight per plant
was evaluated under control and drought conditions.

Accession Numbers

Sequence data for P5cs1 can be found in the GenBank/EMBL data libraries
under the following accession numbers: gene ID (HORVU1Hr1G072780) and
protein ID (A0A287G756).

Supplemental Data
The following supplemental materials are available.

Supplemental Figure S1. Variation in Pro accumulation in the S42IL popu-
lation under control and drought stress conditions.

Supplemental Figure S2. Confirmation of common wild barley introgres-
sion in selected ILs.

Supplemental Figure S3. Segregation of QTL alleles for Pro accumulation
in the S42I1-143-HR population.

Supplemental Figure S4. Variation in Pro accumulation in the S421L-143-
HR population under drought stress conditions.

Supplemental Figure S5. Transfection efficiency in Arabidopsis proto-
plasts.

Supplemental Figure S6. Gas exchange parameters of Scarlett and
S542I1.-143 under control and drought stress conditions.

Supplemental Table S1. Primers and sequences of KASP markers for fine
mapping.
Supplemental Table S2. Primers used for positional cloning of P5cs1.

Supplemental Table S3. Primers used for expression analysis and sequencing.

Supplemental Table S4. Primers used for transient expression assays.
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