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This review uses production and climate data to examine global and local production trends
that can be related to events such as drought. UK grain quality data is also available and
provides an overview of trends in protein content. Literature surveys show a consistent
reduction in grain size due to the effects of temperature and/or drought. A review of gene
expression studies showed that most genes involved in starch synthesis are down regulated
under heat stress. Net protein production is also reduced under heat and/or drought stress
but apparently to a lesser degree as the reduction in grain mass is larger, resulting in an in-
crease in protein concentration. Modelling has suggested that adaptation could be achieved
by moving production to more extreme latitudes but other research suggests that simply
transferring germplasm from one region to another is unlikely to be successful. Another re-
view has identified drought tolerance phenotypes that could be used to breed more drought
tolerant crops. At the time of the review, the authors concluded that phenotypic selection
was generally preferable to forms of marker-assisted breeding and have used the approach
to produce drought tolerant wheat cultivars. Transgenic approaches have also been shown
to improve drought tolerance under controlled environment conditions but there are no
results to show how well these results translate into improved crop performance under
field conditions. The recent advances in genomic data and detecting marker–trait associa-
tions suggest that marker-assisted breeding will play a much more important role in breeding
drought tolerant cereals in the future.

Barley: Wheat: Grain quality: Drought tolerance: Genetics

Barley and wheat production trends

The Statistics Division of the Food and Agriculture
Organisation of the United Nations collates data on
the world production of various commodities, which
can be downloaded for inspection(1). The average yields
in tonnes per hectare over time provide an overview of
any perturbations in production for individual countries
and the world total. These data show a reasonably steady
increase in the average yield at a world level for barley and
wheat from 1·41 and 1·31 t/ha, respectively, in 1961 to 2·96
and 3·16 t/ha, respectively, in 2012 (Fig. 1(a) and (b)).
Average yields per hectare in Australia are less than the
world average and also showmore variation with frequent

sharp reductions in the average yield per hectare that
correspond to significant drought events in the coun-
try(2,3). By contrast, average yields per hectare for the
two crops in the UK are much higher than the world
average, sometimes exceeding 8 t/ha for wheat. With
few exceptions, e.g. 1976, UK production is not limited
by drought. In fact too much water is more often a
limiting factor with the drops in wheat production in
2001 and 2007 corresponding to rainfall above the
1961–1990 average in some of the major wheat growing
areas(4). When there is a marked increase in rainfall over
most of the country as in 2012, the effect on wheat
production can be severe, being over 1 t/ha less than
the average of the five previous years.
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Abiotic stress and grain composition

The UK Home Grown Cereals Authority conducts an
annual survey of some cereal quality parameters and
these are available online(5). Among these data for
wheat and barley, the fluctuations in mean grain nitrogen
values for each year from 1977 to 2013 can provide some
information on the influence of climate changes upon
grain quality. The overall trend for wheat is an increase
in grain nitrogen over the past 36 years. This trend con-
ceals a pattern of 12 years with a protein content lower
than 11 % in the period 1981–2000 whereas the protein
content exceeded 12 % in 8 of the 13 years since 2000
(Fig. 2). While climate effects will have influenced these
figures, the changes are more likely a reflection of a
recent increase in the production of high protein wheat
types for flour milling compared with a greater emphasis
on high yielding feed wheat production in the previous
period. By contrast, there has been a downward trend

in the protein content of barley over the period
(Fig. 2), which again reflects changes within the crop
with spring barley forming a greater part of overall pro-
duction and the concentration on production of low pro-
tein for use in malting within the spring crop.
Nevertheless, there are some similarities in the responses
of the two crops, notably the high production year of
2008 where both showed a marked drop in protein
content.

The relationship between yield and protein content is
important for the barley and wheat crops as it can be
critical for the market destination. Typically, the malting
barley industry requires low protein content to maximise
the yield of fermentable sugars whereas the wheat flour
and baking industries require a high protein content to
provide the right baking characteristics. While nitrogen
fertilisers can provide an increase in grain protein con-
tent, protein content of both crops generally declines in
a linear fashion as yield increases and much of this is

Fig. 1. (colour online) Trends in average yield in metric tonnes per hectare (t/ha) of barley (a) and wheat (b) for
the Australian, UK and World crops from 1961 to 2012. Data obtained from FAOSTAT(1).
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the so-called yield dilution effect where the grains of
higher yielding crops tend to have a larger starchy endo-
sperm content and hence a lower protein content (Fig. 3).
This effect can be modified to some degree by altering the
timing of nitrogenous fertiliser applications when a late
summer application to wheat can help ensure adequate
protein for breadmaking(6).

The effects of abiotic stress on dietary fibre contents of
wheat and barley appear to be variable as one report sug-
gests that β-glucan content of barley declines under tem-
perature stress(7) whereas another reports an increase in
β-glucan content under drought stress(8). While the

stresses are different, one would have expected some
consistency in response. Indeed, studies of three wheat
cultivars under heat, drought and the combined effects
of heat and drought found that all the three stress con-
dition resulted in a decrease in grain β-glucan content
coupled with a decrease in the ratio of short to long
chain glucooligosaccharides(9). The last study also
found that arabinoxylan content increased with the
three stress conditions, together with the protein content.

The quality of the barley crop is also liable to be
affected by any drought stresses that may result from cli-
mate change. A study of the effect of an increase of 2·5°C

Fig. 2. (colour online) Trends in the grain protein content (% dm) of the UK barley and wheat crops from 1977
to 2013. Data available from the Home Grown Cereals Authority of the Agriculture and Horticulture
Development Board(5).

Fig. 3. (colour online) Relationship between grain yield per unit area (t/ha) and the grain nitrogen content
(% dm) of a range of winter wheat varieties (individual points on the graph) grown with three different levels of
nitrogen available to the plant over five site × season combinations. Data derived from the NUE Crops
project(28).
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in soil temperature on the spring barley variety Quench
found that yield and starch content decreased with the in-
crease in temperature. In contrast, the amounts of some
proteins increased substantially, notably aspartate, gly-
cine, alanine, arginine, valine and tryptophan(10). The ef-
fects of increased temperature on wheat grain properties
were studied in more detail by applying a 4 h heat stress
at 18 d after anthesis. The study sampled grains from
control and stress treatments at four developmental
stages from the beginning of the stress treatment up to
physiological maturity and found that the heat stress
reduced grain mass by 23 %. The heat stress also reduced
the amount of nitrogen in each grain by 16 % but, be-
cause this was less than the reduction in grain mass,
the net effect was an increase in nitrogen concentration
in the grain. Interestingly, there was a significant increase
in the amount of protein in a grain shortly after the stress
was removed but the control treatment appeared to con-
tinue to accumulate protein up to maturity whereas the
stress treatment did not(11). The authors also studied
the effects on different wheat protein components and
found that the responses of the gliadin and glutenin frac-
tions were very similar to those of the total protein. By
contrast, there were no significant differences between
the control and stress treatments for the albumin/globulin
and amphilipid fractions for the three pre-maturity
sampling stages with a noticeable decline in the amount
present in each grain at maturity compared with the
third sampling stage.

A review of gene expression studies on the effects of heat
stress on key genes involved in starch metabolism found
that nearly all were down-regulated in barley with just
two (a starch synthase and a β-amylase) being up regu-
lated. While fewer genes had been studied in wheat, all
were down-regulated in the heat stress experiments sur-
veyed. Rice also showed a general pattern of down regu-
lation of starch synthesis under heat stress(12). These
findings are consistent with the reduction in grain mass
as found in the wheat study aforementioned(11) and indi-
cate that the effect on starch synthesis is more marked
than on protein deposition in the grain. The gene ex-
pression review did note that the various heat stress experi-
ments had identified a trend to increased amylose content
together with a greater proportion of A granules of starch
and thus an overall effect on starch quality(12).

Clearly, climate change is going to affect barley qual-
ity as well as yield, which will in turn affect the efficiency
of major end-users such as maltsters, brewers and distil-
lers. This in turn may affect the sourcing of their crop
with a possible trend to buy from more distant markets
in times when the quality of the local market has been
adversely affected by climate change effects. This could
then lead to a reduction in barley area in the local area
and hence a withdrawal from barley breeding by the pri-
vate sector in some areas. Escape mechanisms such as a
switch to winter malting barley is an option in some tra-
ditional spring barley growing areas but it is also essen-
tial that sources of drought tolerance that can readily
be incorporated into elite germplasm are identified and
a public–good breeding effort is set up to facilitate the
development of drought tolerant barley germplasm.

Breeding for improved abiotic stress tolerance

Currently breeders feel that the effects of climate change
will be reflected in yield and therefore continuing to select
for high yield, whether phenotypically or genotypically,
will continue to produce yield gains. This strategy pre-
sumes that climate change effects are effectively in-
cremental changes in the same direction and some
pragmatists suggest that moving germplasm from lower
latitudes to higher latitudes may well provide the right
breeding material for the higher latitudes. A study of
barley production in Finland under a range of climate
change models suggested that production in such a
Northern region is currently limited by the short growing
season due to delayed sowing to avoid cold damage so
the extended growing season that a warmer climate in
such regions would mean an increase in production
under all but one of the scenarios evaluated, although
the increase was only predicted for the more favourable
soil types(13). Moving germplasm to higher latitudes
does not solve the problem for the lower latitudes and
may result in market failure for these regions. The
increased daylength at the higher latitude can be
expected to interact with the typical flowering time
genes found in lower latitude germplasm and this may
well result in a completely different growth pattern that
may not provide a sustainable escape from drought. It
is important to remember that Mediterranean varieties
effectively escape drought rather than tolerate it.
Indeed, evidence from a study of four genotypes suggests
that wheat varieties from more Mediterranean regions
are not inherently more drought tolerant than those
from the UK but that they are earlier and more likely
to escape severe effects(14).

The longer term prospects of breeding for drought tol-
erance were assessed through consultation with a panel
of experts from a range of European countries ranging
from Scandinavia to the Mediterranean. Experts were
asked to rate the current climatic challenges to crop pro-
duction in each region for different crops and then what
would be the best adaptation strategies to meet various
climatic scenarios. For spring barley, the threats most
consistently identified as causing problems were rain at
sowing and drought with the former being more import-
ant in Northern regions and rarely a problem in Southern
ones whereas drought problems were only considered
rare around the French and Iberian Atlantic coasts.
Curiously, introduction of ‘climate-proof’ spring barley
cultivars was considered to be of minor importance as
an adaptation strategy in three of the twelve climatic
regions with none considering such a development to
be of more than moderate importance. Measures such
as monitoring of pests and diseases and seasonal agrome-
teorological forecasts were, however, considered to be of
major importance(15).

The Focused Identification of Germplasm Strategy , in
which mathematical and statistical approaches have been
developed over a number of years to combine
environmental and Geographic Information Systems data
to predict regions that are most likely to contain germplasm
with specific attributes e.g. tolerance to mid-season drought
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stress, and thus select appropriate subsets from germplasm
collections. For example, this approach was used to screen
over 17 000 accessions of wheat in germplasm collections to
identify a subset of 510 for field evaluation of resistance to
Russian wheat aphid, a reduction of 97 % in testing. From
this pool, twelve promising new sources of resistance to the
pest were identified(16). This approach could also be
adopted to search and test for sources of drought tolerance
and has been applied to identify drought tolerance charac-
ters such as canopy temperature and relative water content
in faba bean(17).

Strategies for improving drought tolerance

Until the advent of DNA fingerprinting techniques, plant
breeders relied on direct observations of characters,
phenotypic selection, to select improved plant varieties
and release them to growers. By combining DNA finger-
prints of different genotypes of a crop with phenotypic
measurements of characters, researchers have been
able to associate specific chromosomal regions, called
quantitative trait loci (QTL), with the control of those
characters. In doing so, they have identified specific
DNA markers that can be used to select for favourable
alleles of the QTL, a technique known as marker assisted
selection. The advantages of using marker assisted selec-
tion are that the markers can be deployed at any stage in
the breeding programme and they are not subject to the
interactions with the environment that direct phenotypic
measurements can be. Marker assisted selection can
therefore be used to select a pool of germplasm that
has a high genetic potential for key target characters,
an attribute that is especially useful when applied to
characters that show very marked interactions with the
environment, such as drought tolerance.

Much research effort has therefore been directed at the
detection of QTL and searching the bibliographic data-
base Web of Science with the key words QTL and
Map showed that over 38 000 scientific refereed papers
on the topic have been produced between 1990 and
2012 inclusive. Much of this work was not, however,
taken up by the plant breeding community as, until re-
cently, the studies were not conducted on the typical
elite germplasm being used by breeders or the molecular
marker density was insufficient to produce a tightly
linked marker to a QTL that could be used reliably in
selection. The development of high density marker assays
in the mid 2000s coupled with developments in associ-
ation mapping methodologies has meant that these prob-
lems have largely been solved so that markers can be
found that are closely linked to QTL. Moreover, devel-
opments in genome sequencing mean that the gene con-
tent of key crops such as barley and wheat are now
available, which facilitate the identification of the under-
lying genes controlling the characters, offering the pros-
pect of identifying ‘perfect markers’ that target the
functional sequence polymorphism that contributes to a
high or a low expression of a character. The limiting fac-
tor is now the ability to generate high quality phenotypic
data on the populations.

A review examined a range of possibilities to improve
the water use efficiency and hence the drought tolerance
of cereal crops. The characters ranged from establish-
ment characteristics, including rooting behaviour,
through physiological mechanisms such as transpiration
efficiency to leaf morphological characters(18). All of
these characters have been the subject of QTL mapping
programmes and markers linked to most traits had
been identified, offering the prospect of marker-assisted
selection to improve water use efficiency, but the authors
concluded that phenotypic selection remained the most
efficient way of improving these characters. This group
had focused on the application of carbon isotope dis-
crimination as a surrogate measure for transpiration
efficiency and had applied it in a breeding programme
to develop two new Australian wheat cultivars that had
markedly improved water use efficiency. Drysdale and
Rees were released in the early 2000s and were recom-
mended for growing in low rainfall areas due to their
relatively better performance under such situations.

Such an outcome suggests that improvements in
drought tolerance are possible and other variants such
as the stay-green phenotype could also be deployed.
Mutation of a wheat genotype was used to derive a line
with delayed senescence of leaves, the stay-green pheno-
type. The mutant had a slower degradation of chloro-
phyll and appeared to have a greater stability of the
thylakoid membrane under drought stress conditions,
all of which led to a delayed senescence under drought
treatment(19). While such findings are promising, the
authors do not report any associated effects on yield,
although studies on the performance of sorghum hybrids
under drought stress indicated a significant yield advan-
tage for those with the stay-green phenotype(20).

There are many reports in the scientific literature of
transgenic approaches to improve drought tolerance.
Dehydrins have been reported as important factors in
stress tolerance(21) and the genetic locations of some
dehydrin family members co-locate with QTL for
drought tolerance characters in barley(22). Transcription
factors such as the dehydration responsive element bind-
ing (DREB) factor also play a role in plant abiotic stress
tolerance(23) and over-expression of some DREB genes
produced improved survival under drought stress under
the control of a constitutive promoter. This combination
did, however, produce slower growing and lower yielding
plants than the non-transformed controls, although this
effect could be modified by using a drought inducible
promoter to control the DREB factors under study(24).
The same study also found that there was no difference
in the plant yields of the control and drought-inducible
DREB transgenic plants that survived the drought stress
but that more of the transgenes did survive the stress and
thus should provide a greater crop yield under stress con-
ditions. The restrictions on growing transgenic plants in
the field generally prevent a true test of the effectiveness
of transgenic approaches to improve drought tolerance.
To test this, another study selected transgenic
DREB1A lines in the glasshouse on the basis of (1)
improved survival and recovery after drought and (2)
improved water use efficiency characteristics. While
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there was no difference between the yields under drought
of the combined transgenic selection groups and controls,
those selected for water use efficiency had an acceptable
yield when water was not limiting but also had a stable
performance across a range of different water regimes(25).

There are therefore a number of strategies that could be
deployed to improve the drought tolerance of wheat and
barley. Highly controlled experimental conditions with
plants moving on conveyor belts (so-called phenomics plat-
forms(26)) could be deployed to screen out the most promis-
ing and then these could be more fully evaluated under a
range of different field conditions to pick the best(27).

Conclusions

The threat of increased drought events poses not only a risk
to the amount of crop produced but also its quality with
reductions in the amount of carbohydrate and protein con-
tained in each grain. Carbohydrate production in the grain
is, however, more affected than protein production with the
result that the protein concentration in the grain increases.
While an increase in grain protein percentage might make
the wheat crop more suitable for milling, the smaller
grain would reduce the yield potential and increase the
land area required for milling wheat and there may well
be a reduction in flour yield (the proportion of the grain
that is milled into flour) that would result in a further in-
crease in the land area required for milling wheat. The ef-
fects of drought on soluble fibre compounds is varied
with β-glucan decreasing and arabinoxlyan increasing but
the balance of these factors and the consequent effect on
the digestive system remains to be established. Breeding
for improved drought tolerance in terms of yield is possible
but the associated effects on grain quality have yet to be
fully established. A multi-disciplinary research effort is
needed to integrate genotypic, phenotypic, proteomic,
physiological, transcriptomic and epigenetic data to under-
stand the networks that lead to various quality attributes
and then form strategies to make crops more resilient in
the face of climate change.
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