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Abstract This study maps genomic regions associ-

ated with terminal heat- and drought-stress tolerance

in barley (Hordeum vulgare L.). One hundred lines

were randomly sampled from a ND24260 9 Flagship

doubled haploid population and evaluated for stay-

green (SG) expression. SG expression including that

of parental controls and commercial check varieties

was evaluated in two controlled environments; one

simulating terminal heat-stress, the other terminal

water-stress. During grain-fill the greenness of the

spikes (S), flag leaf (FL) and the first leaf under the flag

leaf (FL-1) were phenotyped; visually (using a 0–9

scale) and via single-photon avalanche diode mea-

surements. From the visual assessments, the green leaf

area of the plant was determined, by using the

difference in green area of the S and FL. Composite

interval mapping detected 10 quantitative trait loci

(QTL) for SG, positioned on chromosomes 3H, 4H,

5H, 6H and 7H; six of which were associated with

terminal heat-stress and four with terminal water-

stress. None were co-located with previously reported

barley stress-response QTL and thus represent novel

barley QTL. Although novel, some SG QTL mapped

near chromosomal regions previously reported; such

as the two heat-stress QTL mapped to bPb-5529 on

5H, adjacent to QTL reported for root length and root-

shoot ratio. Detection of SG QTL in barley grown

under simulated heat- and water-stressed conditions

offers the potential of high through put screening for

these traits. If confirmed in field trials, these genomic

regions will be candidates for barley breeding pro-

grams targeting improved abiotic stress tolerance via

marker-assisted selection.
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Abbreviations

SG Stay-green

MAS Marker-assisted selection

GS Green spike

GFL Green flag leaf

GFL-1 Green first leaf under the flag leaf

LAUG Leaf area under green
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SP SPAD (Single-photon avalanche diode)

DH Double haploid

CIM Composite interval mapping

DArT Diversity Array Technology

LOD Logarithm of odds

Introduction

Barley (Hordeum vulgare L.) is extensively used for

feed, food, and malt products. The potential end use of

barley grain is determined in part by grain quality,

which can be influenced by numerous genetic and

environmental factors (Fox et al. 2003). Barley is one

of the oldest cultivated grains, and is considered one of

the most drought-stress tolerant. This is due to a

diverse array of morphological traits and adaptations,

which has ensured its survival and global wide

distribution (Vaezi et al. 2010; Li et al. 2001).

However, increases in the frequency and duration

of droughts associated with climate change have

prompted breeding programs to target the develop-

ment of more robust cultivars, by incorporating traits

for improved adaptation to drought stress tolerance

(Ashraf 2010; Rollins et al. 2013).

Stay-green (SG) is a drought-adaptation trait that

enables the plant to retain green leaf area post anthesis

during the grain-filling period (Thomas and Howarth

2000). In other cereal crops, such as sorghum

(Sorghum bicolor L. Moench), wheat (Triticum aes-

tivum L.), rice (Oryza sativa) and maize (Zea mays)

(Rong et al. 2013; Arriola et al. 2012; Harris et al.

2007; Jordan et al. 2012), SG phenotypes have given

rise to higher yield under water-limited conditions.

These yield increases have been associated with traits

such as delayed leaf senescence, photosynthetic

competence, decreased leaf area, rate and duration of

grain filling, the efficient assimilation of carbohy-

drates and remobilisation of nitrogen from the leaves

during drought-stress (Cattivelli et al. 2008; Spano

et al. 2003; Ashraf 2010).

Because SG has a genetic basis, the trait has been

successfully incorporated into elite breeding germ-

plasm of other cereal crops (Rong et al. 2013; Arriola

et al. 2012). In barley, selection for yield per se, even

in water-limited environments, may have led to some

degree of passive selection for SG. Yield under water-

limitation is a complex trait, often confounded by

many factors that have low heritability. Targeting

heritable traits that likely underpin drought-adapta-

tion, such as SG, could offer higher rates of genetic

gain for drought tolerance in breeding programs.

However, weather conditions can complicate pheno-

typing such traits in the field, reducing the efficiency

and reliability of screening (Cattivelli et al. 2008; Tao

et al. 1999). Identification of molecular markers

associated with SG and adoption of marker-assisted

selection (MAS) is considered a viable alternative for

the development of SG sorghum, wheat and barley

cultivars (Chen et al. 2010; Joshi et al. 2007; Spano

et al. 2003; Tao et al. 1999). With MAS, the level of

expression of the trait of interest is not quantified, but

rather a marker linked to the trait of interest is selected.

This can make MAS an effective method to screen for

complex traits in the early generations of a breeding

program (Collard and Mackill 2008).

To date, numerous studies have identified QTL

associated abiotic stress tolerance traits, which are

predominantly found on Chromosomes 2H, 3H, 4H, 5H

and 7H. Most notable of these studies identified QTL

associated with osmotic potential (OPQ), water-soluble

carbohydrate (WSCQ), and the accumulation of water-

soluble carbohydrate at 100 % relative water content

(DWSC100Q) on Chromosomes 2H, 3H and 7H (Diab

et al. 2004). Chen et al. (2010) identified QTL for

relative water content (RWCQ) and root length (RLQ)

on Chromosomes 1H, 2H and 5H; while several

putative QTL associated with root to shoot ratio

(RSRQ), root length (RLQ) and root dry weight

(RDWQ) for samples under drought conditions, were

identified by Arifuzzaman et al. (2014) across Chro-

mosomes 1H, 2H, 3H, 4H, 5H and 7H. These studies

emphasized the importance of root structure and

efficient water usage by the plant for the maintenance

of osmolality. However, none of these studies identified

photosynthetic capacity of the leaf as a factor con-

tributing to drought tolerance. It has not been until

recently that the impact of chlorophyll content and

fluorescence parameters in the leaves have been

evaluated as drought-stress tolerance indicators in

barley. Several putative QTL associated with these

studies have been reported byXue et al. (2008) and Guo

et al. (2008), with many traits linked to leaf structural

parameters. There are reports of QTL for leaf morphol-

ogy, chlorophyll content and chlorophyll fluorescence

in barley under abiotic stress (Xue et al. 2008; Guo et al.
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2008). There are also reports of changes in chlorophyll

parameters and in leaf senescence as indicators of

drought stress in barley (Gregersen et al. 2008; Rong-

hua et al. 2006). However, we are not aware of previous

reports of QTL for SG in barley.

In this study, we perform QTL mapping of SG in

barley using a subset of one hundred lines from the

ND24260 9 Flagship doubled haploid (DH) popula-

tion. SG expression was evaluated in two separate

experiments performed under controlled conditions;

one simulating terminal heat-stress and the other

simulating terminal drought-stress. We investigate the

alignment of genomic regions harbouring abiotic

stress tolerance QTL in barley and discuss implica-

tions for further research and potential for MAS in

breeding programs targeting development of cultivars

incorporating improved heat and drought tolerance.

Materials and methods

Plant materials

A subset of 100 lines was randomly selected from the

ND24260 9 Flagship doubled-haploid (DH) popula-

tion, which has been genotyped with DArT markers

(Hickey et al. 2011b, 2012), with both parents of the DH

population not closely (genetically) related. Flagship

(Chieftain/Barque//Manley/VB9104) is a DH Australian

malting barley cultivar released in 2005 by the Barley

Program at the Waite Campus of the University of

Adelaide, Australia (Eglinton 2006). ND24260

(ND19869-1//ND17274/ND19119) (Franckowiak et al.

2007) is an advanced breeding line from North Dakota

State University, Fargo, USA, which was selected for its

superior grain quality. ND24260 has also been observed

to express SG phenotype under drought-stress conditions

during field trials (Franckowiak unpublished data). The

DHpopulationwas developed to combine desirable traits

from Australian and North Dakotan germplasm, includ-

ing disease resistance and abiotic stress tolerance. The

population has been recently used to identify QTL for

grain dormancy and biotic stress resistance (Hickey et al.

2011b, 2012).

Abiotic stress glasshouse experiments

Grains from selected lines were imbibed in petri dishes

and refrigerated at 5 �C for one week to overcome

seed dormancy and induce synchronous germination.

The petri dishes were transferred to 19 �C for optimal

sprouting; five germinating grains per line were

transplanted into a 4L pot (ANOVApot, 200 mm

diameter, 190 mm height, http://www.anovapot.com/)

in the glasshouse. Temperature within the glasshouse

located at the University of Queensland, Australia

(27�29043.900S, 153�00036.600E) was maintained at a

constant 22 ± 2 �Cwith a natural diurnal photoperiod

of 11 h daylight. A ‘‘Twinpot’’ system (Gous et al.

2013) was used to provide an effective bottom

watering system. Once established, seedlings were

thinned to leave the strongest plant in each pot, and

two partially duplicated (Coombes 2002) trials were

set up. A slow release fertilizer with micronutrients

was applied at early booting (Z40; Zadoks decimal

growth stage scale (Zadoks et al. 1974) to maintain

optimal nutrient levels, while the glasshouse was

maintained to be disease and pest free. At anthesis

(Z61), the two sample populations, each consisting of

100 genotypes, were separated into heat- and water-

stress treatments. A set of parental lines (3 pots per

parent) were also grown under optimal stress-free

conditions (i.e. 22 ± 2 �C), with unrestricted access

to water.

In the drought-stress trial, severe water-stress was

applied by maintaining pots at 20 % field capacity

(FC), relative to the 24 h water consumption of the

parental controls, while glasshouse temperature was

maintained at an optimal 22 ± 2 �C (Gous et al.

2013). The degree of greenness including that of the

parental lines, were visually assessed and measured, in

the morning of every second day until the plants were

completely senesced. Three methods for monitoring

SG expression were used, two visual assessment

methods and measurements with a single-photon

avalanche diode (SPAD).

The first visual assessment method was taken by

scoring of the greenness of the spike (GS), flag leaf

(GFL) and the first leaf under the flag leaf (GFL-1)

using a 0–9 scale [0 = dead and 9 = dark green;

(Joshi et al. 2007)].

The second visual assessment approach used plant

area under green, which was determined using the

difference in spike and flag leaf (Yi) greenness (Joshi

et al. 2007). This difference in green area was referred

to as leaf area under green (LAUG). Using the 0–9

score the difference in the green leaf area between the

spike and flag leaf at a given time (ti) was used as Yi,
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while the time between two consecutive readings

(measured in days) was used as t(i?1) - ti (Joshi et al.

2007). The higher the LAUG score the greater the

lines capacity to express SG during drought-stress.

Leaf area under green is thus calculated as follows:

LAUG ¼
Xa

i¼1

Yi þ Y iþ1ð Þ
2

� �
� t iþ1ð Þ � ti
� �� �

A third, more objective, technique was used to

validate the data obtained by the visual assessments of

the FL and the FL-1, using a Minolta SPAD 502

(Konica Minolta, Hong Kong). SPAD is an instanta-

neous, non-destructive technique based on the quan-

tification of light intensity absorbed by the tissue

samples at 650 and 940 nm, which is proportional to

the amount of chlorophyll in the sample (Netto et al.

2004; Ling et al. 2011; Hamblin et al. 2014). The

readings were taken from the same FL and FL-1,

which were marked on their dorsal and ventral

surfaces. SPAD measurements taken from these

marked positions were annotated as SPFL and

SPFL-1, respectively as previously described

(Christopher et al. 2008; Harris et al. 2007).

In the heat-stress trial, the DH population had

unrestricted access to water using the ‘‘Twin-pot’’

bottom watering system, but severe heat-stress was

induced by adopting average day time temperatures of

35 ± 2 �C and night time temperatures of 28 ± 2 �C,
under natural diurnal photoperiod of 11 h daylight.

The degree of greenness was evaluated using the same

techniques and methods as described above in the

water-stress trial, until plants had completely

senesced.

Once the plants reached maturity, the number of

tillers and spikes producing grain was recorded prior

to harvest. Samples were threshed and dried for 48 h at

50 �C and the total grain and 100 kernel weights were

recorded before being stored in sealed containers.

Statistical analysis

The relationship between SG expression and pheno-

typic responses in the drought- and heat-stress exper-

iments were explored by conducting principal

component analysis (PCA) (Gabriel 1971; Demey

et al. 2008) using genotype trait means for GS, GFL,

GFL-1, SPFL, SPFL-1and LAUG. PCA and bi-plot

construction was performed using GenStat v.16 (VSN

International, United Kingdom). Correlation between

SGmeasurements and phenotypic responses in the DH

population, was determined using Minitab17 (Minitab

Inc., State College, PA, USA), adopting a 95 % CI.

Linkage map and QTL analysis

The linkage map for the ND24260 9 Flagship DH

population reported by Hickey et al. (2011a) was used

for initial marker order and mapping in this study. The

map comprises 605 polymorphic (DArT) markers and

10 linkage groups for the seven chromosomes, with

two linkage groups each for chromosomes 1H, 5H and

6H.

Composite interval mapping (CIM) was used to

detect QTL for GS, GFL, GFL-1, SPFL, SPFL-1and

LAUG; and estimate the magnitude of their effects,

using the stepwise regression analysis inWinQTLCar-

tographer 2.0 (Wang et al. 2002; Collard et al. 2005;

Phuong et al. 2014; Crasta et al. 1999). A series of

100,000 permutations were performed at 1 cM inter-

vals, to determine the experiment-wise significant

level at P = 0.05 of the logarithm of odds (LOD) for

the trait (Gous et al. 2012). The logarithm of odds

scores is a statistical measure of linkage and is defined

as the ratio of the probabilities that the observed effect

occurs due to linkage, compared to the effect occur-

ring by chance (Collard et al. 2005). QTL were

considered significant at a LOD threshold of 2.5 or

higher following the genome wide permutations tests.

Epistatic interactions between the QTLwere identified

following analysis in QTLNetwork with a threshold of

P = 0.05 (Yang et al. 2007, 2008). With QTL effects

estimated using the Monte Carlo Markov chain

method. Permutation tests were carried out using

1,000 iterations at 1 cM intervals, using a test and

filtration window size of 10 cM (Hickey et al. 2011b,

2012).

Collation of published QTL studies

QTL previously reported as underpinning drought

tolerance in other studies in barley were collated

(Arifuzzaman et al. 2014; Chen et al. 2010; Diab et al.

2004; Siahsar and Narouei 2010; Teulat et al. 2001).

The information collected from these studies included

pedigree, population type (i.e. DH, RIL), population

size, traits observed, QTL positioning, marker plat-

form used and the phenotypic variance explained (R2)
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by each of the QTL. From these studies, 10 different

traits relating to drought tolerance were analysed with

a total of 59 QTLs reported. Using the projection

strategy detailed in Mace et al. (2009), the location of

QTL identified in this study and those previously

reported were projected onto the DArT consensus map

(Wenzl et al. 2006). For display purposes, a 4

centimorgans (cM) confidence interval, 2 cM above

and below the peak marker location, was imple-

mented. DArT consensus marker data, SG QTL and

the aligned QTL reported in previous studies were

visually displayed using MapChart 2.2 (https://www.

wageningenur.nl (Voorrips 2002). The QTL were

annotated using the nomenclature style described on

GrainGenes (http://wheat.pw.usda.gov/GG2).

Results

Segregation for stay-green and other phenotypic

traits

The ND24260 9 Flagship DH population segregates

for SG under both heat- and water-stress treatments.

Examples of variation for SG evaluated using SPAD

or by visual assessment of FL-1 are illustrated in

Fig. 1. Under water-stress using either evaluation

method, ND24260 exhibited a more stay-green phe-

notype than Flagship. ND24260 was later than Flag-

ship to commence rapid senescence and later to reach

full senescence at SPAD or visual scores near zero

(Fig. 1c, d). This agrees with previous field observa-

tions suggesting that ND24260 has greater stay-green

phenotypic expression when compared to Flagship

under water-limited condition. In contrast, under heat-

stress conditions using either evaluation method,

Flagship was later to commence rapid senescence

and to reach full senescence (Fig. 1a, b).

Transgressive segregation for SG expression of the

FL-1 was observed in ND24260 9 Flagship DH

population for SG traits (Fig. 1). Under water-stress,

transgressive segregation in both directions for SG

traits is illustrated in Fig. 1, with DH183 exhibiting a

more SG phenotype than either parent contrasting with

DH310 which was more senescent (Fig. 1c, d). For

heat-stress, transgressive segregation for greater

SG was observed for genotype(s) such as DH119

(Fig. 1a, d).

As might be anticipated, a number of the SG traits

examined were closely correlated (Table 1). A signif-

icant correlation was evident between the SPAD

measurements for the FL and FL-1 within the heat-

stress experiment (R2 = 0.94; Table 1) and this is

confirmed in the PCA as vectors for these two traits

were of similar direction and length (Fig. 2a). The

visually assessed greenness ratings for both FL and

FL-1 were also significantly correlated with one

another (R2 = 0.95). LAUG scores did not signifi-

cantly correlate with any of the measured effects of

individual leaves (both FL and FL-1) within the heat-

stress data set (Table 1; Fig. 2a). In the water-stress

experiment, the SPAD measurements of the FL and

FL-1 were significantly correlated (R2 = 0.77,

P\ 0.05) to each other (Table 1; Fig. 2b). The

greenness of the FL and FL-1 were also significantly

correlated (R2 = 0.91) to each other. However, as was

seen in the heat-stress treatment, LAUG in the water-

stress treatment was not significantly correlated to any

of the measured effects within the water-stress trial

(Table 1).

The relationship between SG traits and morpho-

logical traits varied. Figure 2 represents the relation-

ship between SG expression and morphological trait

responses in the DH population, averaged for each trait

over the duration of the trial. In the heat treatment, the

SG traits examined appeared related to each other but

showed little relationship with any of the morpholog-

ical traits (Fig. 2a). Vectors for SPAD and visual

assessments as well as LAUG were aligned with each

other and the horizontal axis in Fig. 2a but are

approximately perpendicular to those for biomass

and kernel weight as well as tiller and spike numbers.

For the water-stress treatment, a more complex pattern

was observed. Vectors for the SPAD measured traits,

SFL and SFL-1 as well as for LAUG appeared related

as they roughly aligned with biomass as well as tiller

and spike numbers in the vertical direction of Fig. 2b.

However, these were not closely related to the visual

assessment scores GS, GF and GF-1 that aligned more

closely with kernel weight in the horizontal direction.

Significant (P\ 0.05) correlations were observed

between phenotypic responses associated with the SG

traits. However, no significant (P[ 0.05) correlation

was evident between these phenotypic responses

within each abiotic stress treatment and number of

spikes/tillers and biomass.
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Novel SG QTL were identified under both heat-

and water-stress

Composite interval mapping identified ten QTL asso-

ciated with SG expression, corrected for flowering

date, under abiotic stress in the ND24260 9 Flagship

DH population. Six QTL were identified under heat-

stress conditions, on chromosomes 3H, 4H, 5H and

6H. Individually these QTL explained between 0.7

and 17.4 % of the phenotypic variance observed in the

sample population, but explained a potential total of

52.5 % of the phenotypic variance observed (Table 2;

Fig. 3). The most significant QTL detected in the heat-

stress experiment was HSPFLQ1, positioned at bPb-

5529 on chromosome 5H bin 12 associated with SPFL

(LOD = 5.9) and SPFL-1 (HSPFL1Q, LOD = 4.3),

explaining 17.4 and 14.6 % of the phenotypic variance

respectively (Table 2; Fig. 3). An additional locus for

SPFL (HSPFLQ2) was identified and mapped to bPb-

3269 (LOD = 3.6) on chromosome 5H bin 13

(Table 2; Fig. 3), explaining 13.7 % of the phenotypic

variance. The allele associated with a SG phenotype at

HSPFLQ1 was donated by ND24260, while the allele

at bPb-3269, HSPFLQ2, was donated by Flagship.

CIM using data for spike greenness (GS) detected a

minor QTL on chromosome 6H bin 05 (DArT marker

bPb-8613), explaining 0.7 % of the observed pheno-

typic variance, with ND24260 contributing the desir-

able allele for SG (Table 2; Fig. 3). Two QTL

associated with LAUG under heat-stress were mapped

to bPb-9672 on chromosome 4H bin 08 (LOD = 2.5,

HLAUGQ1) and bPb-8770 on 6H bin 08 (LOD = 2.7,

Fig. 1 Stay-green (SG) response for parental lines (ND24260

and Flagship) and progeny displaying transgressive segregation

in the ND24260 9 Flagship DH population. a and c display SG
response measured in the FL-1, using a Minolta SPAD 502

under terminal heat-stress and water-stress, respectively. b and

d display the SG response based on visual assessment of the FL-

1 under terminal heat-stress and water-stress, respectively
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HLAUGQ2) explaining 2.8 and 3.3 % of the pheno-

typic variance respectively (Table 2; Fig. 3). Flagship

contributed the allele for high LAUG at both of these

QTL.

Four QTL associated with SG expression during

terminal water-stress were detected using phenotype

data based on both SPAD and visuals assessments.

Altogether, these four QTL explained up to 20.4 % of

the total phenotypic variance observed. Two QTL for

GFL-1 (WGFL1Q) were identified and mapped to

bPb-7425 (LOD = 3.0, WGFL1Q1) on chromosome

3H bin 16 (Table 2; Fig. 3) and bPb-3703

(LOD = 2.6, WGFL1Q2) on chromosome 7H bin 07

(Table 2; Fig. 3). These QTL explained a low portion

of the phenotypic variance observed—only 0.8 and

1.1 % respectively. WGFL1Q1, on chromosome 3H

was linked to ND24260, while Flagship was associ-

ated with the QTL on 7H. The visual assessment data

helped identify a QTL near bPb-3703 (LOD = 3.1) in

bin 07 of chromosome 7H, explaining 1.7 % of the

phenotypic variance observed for spike greenness

(GS). Unlike the heat-stress QTL, Flagship was the

contributing source for trait expression. Furthermore a

WLAUGQ associated with high LAUG was posi-

tioned at bPb-6023 on chromosome 6H bin 06

(LOD = 3.0) and explained 16.8 % of the phenotypic

variance (Table 2; Fig. 3). The allele for high LAUG

at bPb-6023 was donated by Flagship. Analysis of

QTL regions using QTLNetwork failed to detect any

significant epistatic interactions for QTL reported in

this study.

The QTL identified for SG expression under heat-

stress did not co-locate with those identified under

water-stress (Fig. 3). Despite occurring in regions

where QTL for stress-related response have been

previously identified in barley (Arifuzzaman et al.

2014; Chen et al. 2010; Diab et al. 2004; Siahsar and

Narouei 2010; Teulat et al. 2001), none of the QTL

reported in the current study are co-located with the

previously reported QTL (Fig. 3). The lack of corre-

lation between SG expression and anthesis date

suggest SG expression is independent to maturity.

This is supported by the point that a known maturity

QTL linked to Flagships was not detected by the

association analysis. Thus, the QTL reported here

appear to be novel. Although not co-located with any

of the previously identified drought stress tolerance

QTL (Fig. 3), a number of QTL on 5H for SG traits

under heat-stress are positioned in close proximity to

previously mapped QTL for some root traits. Simi-

larly, some QTL on 7H associated with SG expression

under water-stress were found in close proximity to

previously identified drought stress tolerance QTL.

These previously identified QTL on 7H were associ-

ated with relative water content (RWCQ) and water-

soluble carbohydrate (WSCQ). Although not co-

Table 1 Correlation between SPAD and visual assessments for greenness of the spike (GS), flag leaf (GFL), first leaf under the flag

leaf (GFL-1) and leaf area under green (LAUG) during heat-stress in the ND24260 9 Flagship DH population

SPAD: FL SPAD: FL-1 GS GFL GFL-1 LAUG

Heat-stress

SPAD: FL 1.00

SPAD: FL-1 0.94* 1.00

GS 0.50 0.44 1.00

GFL 0.72 0.69 0.72 1.00

GFL-1 0.78* 0.77* 0.68 0.95* 1.00

LAUG 0.22 0.29 0.01 0.08 0.10 1.00

Water-stress

SPAD: FL 1.00

SPAD: FL-1 0.77* 1.00

GS 0.75 0.77* 1.00

GFL 0.78* 0.70 0.74 1.00

GFL-1 0.72 0.70 0.73 0.91* 1.00

LAUG -0.13 -0.12 -0.16 -0.06 -0.02 1.00

* Indicates significant correlation at a 95 % CI (P\ 0.05)
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located, the SGQTLmapped in near proximity to each

other on 6H, are of interest as they represent terminal

heat- and water-stress treatments respectively.

Discussion

This is the first study reporting QTL for SG expression

in barley grown under simulated heat- and water-stress

conditions. Breeding for abiotic stress tolerance has

inadvertently been achieved (to some degree) in elite

lines, by increasing yield potential under abiotic stress

conditions. Although only putative, the identification

of these QTL is an important first step looking at the

genetic control of SG in barley. However, the mech-

anisms and genetic controls associated with heat-stress

and drought-tolerance in barley are neither clearly

defined nor well understood due to their complexity

and dependence on environmental effects. Thus the

putative QTL identified in this study need to be

validated under field conditions, by applying genomic

selection models to the whole population, using the

100 sub-sampled DH lines as a ‘training population’.

Therefore, lines with extreme predicted phenotypes,

representing the tails of the population, could be

selected for validation in the field.

Phenotypic responses and SG expression

The aim of this study was to identify QTL associated

with SG, using a double haploid ND24260 9 Flagship

barley population under simulated heat- and water-

stressed conditions. Under heat-stress, there was a lack

of correlation between SG expression and morpho-

logical traits such as number of spikes/tillers and

biomass (Fig. 2a). However, these morphological

traits are also key components associated with agro-

nomic yield and often driven by water-use or the

timing thereof. Therefore, the SG mechanism could

potentially be incorporated with other desirable agro-

nomic traits underpinning yield in different environ-

ments. Under water-stress, there was more suggestion

that SG traits, particularly those measured by SPAD as

well as the LAUG calculated from the visual scores,

were more related to morphological traits such as

biomass, tiller and spike numbers. This suggests that

SG traits selection may be more useful for perfor-

mance under water-limitation than for performance

under heat-stress. These trends also indicate that field

trials are warranted to validate these observations from

the controlled environments.

Transgressive segregation for the SG traits exam-

ined, indicates that they are likely controlled by

multiple genes. This was supported by evidence that

Fig. 2 Bi-plots from principal component analysis displaying

the correlation between season averages of visually assessed and

SPADmeasured SG expression of the spike (GS), flag leaf (GFL

and SPFL), first leaf under the flag leaf (GFL-1 and SPFL1-1),

leaf area under green (LAUG) and key morphological traits

(Biomass, 100 kernel weight (Kernel), tiller number (Tiller) and

spike number (Spike)). Bi-plot (a) presents the trait relationships
under terminal heat-stress, explaining 73.0 % of the variance

observed, while bi-plot (b) displays the trait relationships under
terminal water-stress, explaining 50.1 % of the variance

observed
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genes contributing to certain traits are derived from

both parents (Table 2). From data collected in a pilot

study by Gous et al. (2013), it was suggested that

ND24260 was the superior parent contributing to

abiotic stress tolerance. It is clear from the QTL

regions detected in this population, contributed by

Table 2 QTL associated with SG expression of the spike (S), flag leaf (FL), first leaf under the flag leaf (FL-1) and leaf area under

green (LAUG) under simulated terminal heat- and water-stress in the ND24260 9 Flagship double haploid population

Chr. positiona Marker LOD R2 (%)b Source QTL identifier

Heat-stress

GS 6H bin 05 bPb-8613 2.6 0.7 ND24260 HGSQ

SPAD FL 5H bin 12 bPb-5529 5.9 17.4 ND24260 HSPFLQ1

5H bin 13 bPb-3269 3.6 13.7 Flagship HSPFLQ2

SPAD FL-1 5H bin 12 bPb-5529 4.3 14.6 ND24260 HSPFL1Q

LAUG 4H bin 08 bPb-9672 2.5 2.8 Flagship HLAUGQ1

6H bin 08 bPb-8770 2.7 3.3 Flagship HLAUGQ2

Water-stress

GS 7H bin 07 bPb-3703 3.1 1.7 Flagship WGSQ

GFL-1 3H bin 16 bPb-7425 3.0 0.8 ND24260 WGFL1Q1

7H bin 07 bPb-3703 2.6 1.1 Flagship WGFL1Q2

LAUG 6H bin 06 bPb-6023 3.0 16.8 Flagship WLAUGQ

a Chromosome position based on the allocation of molecular markers to segments of the barley chromosomes based on the Nd24260-

Flagship map (Hickey et al. 2011b)
b Percentage of phenotypic variation explained by the QTL

Fig. 3 QTL for stay-green and drought tolerance traits in barley

projected onto the DArT consensus map (Wenzl et al. 2006). A

total of 59 QTL were sourced from five discovery papers

(Arifuzzaman et al. 2014; Chen et al. 2010; Diab et al. 2004;

Siahsar and Narouei 2010; Teulat et al. 2001) and combined

with the 10 QTL identified in this study. Twelve traits for

drought tolerance are displayed on the map [root length (RLQ),

root dry weight (RDWQ), root to shoot ratio (RSRQ), root angle

(RAQ), root number (RNQ), relative water content (RWCQ),

accumulation water-soluble carbohydrate at 100 % RWC

(DWSC100Q), osmotic potential (OPQ), osmotic potential full

turgor (OP100Q), water-soluble carbohydrate (WSCQ), WSC

full turgor (WSC100Q), osmotic adjustment (OAQ)]. The SG

QTL from the current study are indicated in black and detected

in the area associated with the greenness of the spike (GS), flag

leaf (GFL), first leaf under the flag leaf (GFL-1) and leaf area

under green (LAUG) or SPAD measurements of the flag leaf

(SPFL) and the first leaf under the flag leaf (SPFL-1) under

either heat- or water-stress (annotated as H or W respectively).

Identifiers for QTL proposed in the current study are as listed in

Table 1. Confidence intervals adjusted to 4 cM for display

purposes
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both parents, that SG is a complex trait which may be

underpinned by a number of different mechanisms,

each of which may be under its own complex genetic

control (Borrell et al. 2010). QTL with small to

moderate effects are expected for such complex

abiotic tolerance mechanisms in cereals. SPAD mea-

surements were used to quantify the leaf greenness and

to validate data collected through visual assessment. In

the heat-stressed trial the significant correlation

between the SPAD measurements of the FL and FL-

1 and the similarly correlated visually assessed

greenness of the FL and FL-1, indicated that rating

of the leaves greenness was performed consistently

within and between each replicate. However, the

SPAD readings and greenness scores of the FL and

FL-1 were only moderately correlated (R2 = 0.72 and

R2 = 0.77 respectively) when compared to each other

(Table 1). This is due to variation in the data collected

by these different techniques. However, the pheno-

typic data generated by these different techniques was

sufficient to perform QTL analysis with a 95 % CI

(P = 0.05).

Although SPAD measurements may provide more

precise data in the glasshouse, its application in field

trials evaluating large populations may prove to be too

time consuming and impractical, when compared to a

visual rating system. However, different QTL were

identified using these different techniques for moni-

toring SG expression, indicating the need to validate

data collected from these techniques under field trial

conditions, to determine which may be more relevant

for breeders.

Novel QTL for SG expression

The identification of SG QTL is of considerable

interest to industry, as genes controlling SG expres-

sion have low heritability. This makes SG genes

difficult to accumulate by means of traditional breed-

ing practices without the use of techniques such as

MAS. The trait is also expressed late during develop-

ment making screening in early generations more

difficult. Several QTL associated with SG were

identified by genome wide association analyses of

the ND24260 9 Flagship DH population under ter-

minal heat and drought-stress. These SG QTL mapped

to chromosomes 3H, 4H, 5H, 6H and 7H, with

ND24260 the greatest contributor to the greenness

characteristics, thus confirming field trial observations

and pilot study data determining greenness expression

of the parental lines (Gous et al. 2013).We believe that

this is the first report of SG QTL in barley.

Alignment of SG QTL with genomic regions

associated with abiotic stress tolerance

None of the novel QTL described here co-located with

any previously identified stress-related QTL. However,

some of these SG QTL mapped near chromosome

regions previously identified in other studies correspond-

ing toQTL for abiotic stress tolerance traits in barley. For

example, the LAUG QTL identified under heat-stress

conditions linked to DArT marker bPb-9672 on 4H

(HLAUGQ1), was in close proximity to QTL reported

for two abiotic stress tolerance traits. The first of which

was associatedwith osmotic adjustment (OAQ) found on

genemarker CDO541 (Teulat et al. 2001) and the second

found onEBmac635was associatedwith root dryweight

(RDWQ) (Arifuzzaman et al. 2014). Furthermore QTL

associated with SPFL and SPFL-1 under terminal heat-

stress, mapped to the same DArT marker bPb-5529 on

5H bin 12 (Table 2). This marker is associated with

expression of the long basal rachis internode gene lbi1 in

Flagship. However, these QTL were found in the

proximity of several QTL associated with abiotic stress

tolerance expression. The most significant of these was a

root length QTL (RLQ) found on VrnH1 and a root to

shoot ratio QTL (RSRQ) found on bPb-0071 (Arifuzza-

man et al. 2014). However, numerous QTL mapped to

3H, 5H and 7Hhave been reported to be linked to disease

resistance andmalt quality (Cakir et al. 2003; Teulat et al.

2001); as is evident in that BMag222 (bPb-3269) from

Flagship is associated with cereal cyst nematode (Rha4)

resistance (Table 2).

Similarly, QTL analysis using SG data from the

water-stressed treatment identified four QTL on

chromosomes 3H, 6H and 7H. The region on 6H is

also associated with the expression of the Karl low

protein gene (Dailey et al. 1988) from ND24260. Two

QTL, WLAUGQ and HGSQ, on 6H are in close

proximity to each other, and are of interest and worth

noting, because they align across both heat- and water-

stress treatments.

Two QTL for SG under water-stress mapped to the

same DArT marker bPb-3703 on 7H bin 07 (Table 2)

are of interest. This region on 7H has been association

with other QTL, such as those linked to relative water

content (RWCQ) and water-soluble carbohydrate
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(WSCQ), both found on Acl3. The expression of these

QTL could impact on grain quality particularly under

abiotic stress and needs to be determined.

The aim of this studywas to identifyQTL associated

with SG in barley. The identification of these SG QTL

suggests that trait accumulation through targeted

selection using MAS is a possibility. However, the

lack of information regarding SG expression in barley

is a significant hindrance; although progress is slowly

being made in defining this trait and its incorporation

into future breeding lines.

Conclusions

The identification and incorporation of SG in other cereal

crops, which has shown to improve yield under drought-

stress conditions, has led to attempts to identify and

incorporate similar traits in barley. Here we report novel

SG QTLs associated with stress-response in barley.

Molecularmarkers defining theseQTLmaybeused as an

effective tool forSGselection, followingvalidationof the

results in the field. With lines expressing high and low

levels of SG, identified in this study, selected as

population tails and used to more efficiently validate

the effect ofSGunderfieldconditions.Alternatively lines

with specific QTL combinations could be selected and

their effect tested, across the whole population, based on

marker haplotypes associated with SG that have been

identified in this study. SG has shown highly variable

expression and is strongly influenced by environmental

conditions making the manipulation and selection of

these traits, with low heritability or expression late in

development, very difficult without the use of modern

techniques such asMAS. Thus the identification of these

putative SGQTLs in barley is likely to be of considerable

benefit for the development of cultivars with stable grain

yield of outstanding quality notwithstanding heat- and

drought-stress.
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