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Abstract
Major global crops in high-yielding, temperate cropping regions are facing increasing threats from the impact of climate 
change, particularly from drought and heat at critical developmental timepoints during the crop lifecycle. Research to address 
this concern is frequently focused on attempts to identify exotic genetic diversity showing pronounced stress tolerance or 
avoidance, to elucidate and introgress the responsible genetic factors or to discover underlying genes as a basis for targeted 
genetic modification. Although such approaches are occasionally successful in imparting a positive effect on performance 
in specific stress environments, for example through modulation of root depth, major-gene modifications of plant architec-
ture or function tend to be highly context-dependent. In contrast, long-term genetic gain through conventional breeding has 
incrementally increased yields of modern crops through accumulation of beneficial, small-effect variants which also confer 
yield stability via stress adaptation. Here we reflect on retrospective breeding progress in major crops and the impact of 
long-term, conventional breeding on climate adaptation and yield stability under abiotic stress constraints. Looking forward, 
we outline how new approaches might complement conventional breeding to maintain and accelerate breeding progress, 
despite the challenges of climate change, as a prerequisite to sustainable future crop productivity.
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Key message

Breeding is a long-term process. Conventional selection 
procedures consider plant performance in multiple environ-
ments over many years and are thus well-suited for adapta-
tion to climate change. However, modern breeding technolo-
gies can help to accelerate the incremental accumulation of 

positive alleles for “invisible” physiological traits underlying 
climate adaptation.

Introduction: the complexity of climate 
response traits

Crop growth and performance are impacted by a complex 
interplay with a multitude of interacting environmental (E) 
and management factors (M), with climate variation explain-
ing a considerable proportion of global crop yield variation 
(Ray et al. 2015). Both E and M interact strongly with the 
plant genotype (G), so that higher-order G*E*M interactions 
must be considered in both breeding and agronomy (Cooper 
et al. 2020). Considering that G*E*M interactions can affect 
all manner of physiological processes under quantitative 
genetic control – for example water and nutrient uptake or 
transport, dry matter production and partitioning, organo-
genesis, anthesis, senescence or grain maturation – their 
impact on source–sink efficiency and yield performance in 
the face of environmental stress factors is highly complex. 
A better understanding of the genetic and physiological 
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interplay between molecular and developmental processes 
underlying crop responses to climate change is therefore 
considered a key to minimising crop adaptive responses that 
limit yield potential (Fernie et al. 2020). However, it can be 
extremely difficult to disentangle the complexity of G*E*M 
interactions in order to identify useful, selectable component 
traits for breeding.

For this reason, breeding of arable crops during the past 
century has generally focused on yield performance as the 
ultimate outcome of all possible G*E*M interactions. In 
many crops threatened by the impact of climate change, 
considerable effort has been invested over recent decades 
in pre-breeding and introgression programmes that focus 
specifically on targeted identification and implementation 
of potentially useful variation for climate adaptation traits. 
The most intensively studied abiotic stress across all crops is 
drought, reflecting the major threat of drought to global yield 
performance as a consequence of climate change.

Climate change and drought: definitions 
and implications

In a meteorological definition, drought refers to a period 
without precipitation affecting an entire region. A distinc-
tion is made between regions showing temporary aberrations 
and those with permanent restrictions of rainfall, the latter 
is referred to as aridity (Wilhite and Glantz 2009). From 
an agricultural perspective, drought can be described as a 
state in which the evapo-transpirational demand exceeds 
the amount of water able to be taken up by the crop. In this 
sense, drought stress can be defined as the point at which the 
soil water content acts as a limiting factor for plant transpira-
tion, namely critical soil theta value �cr (Gosa et al. 2019).

This precise definition makes it clear that drought stress is 
not only the result of an extreme weather event (inadequate 
replenishment of soil water reservoir for months, depend-
ing on the water retention capacity of the soil), but can also 
be due to diurnal fluctuation of environmental factors, for 
example a combination of heat with high light intensity, 
causing an imbalance between rates of root water uptake and 
canopy transpiration. Therefore, the generic term “drought 
stress” needs to be understood as a collective of potential 
drought scenarios (Tardieu and Tuberosa 2010). More 
detailed elucidation of drought definitions can be found in 
Wilhite (2000) and Tardieu (2011).

In the face of climatic changes, it is expected that total 
annual precipitation levels might not necessarily change sig-
nificantly; however, the frequency and distribution of rainfall 
is expected to change. In case of phenologically adapted crops, 
this can result in a situation where the timing of water supply 
can be unfavourably related to the needs of the plant, for exam-
ple by a shift towards off-season rain events (Bönecke et al. 

2020). Furthermore, even a small increase in spring tempera-
tures may lead to earlier and faster growth of crops, causing 
them to consume more water earlier in earlier developmental 
stages and potentially run out of water in early summer (Lian 
et al. 2020). In this review, we use the term “drought stress” in 
a broad, generic sense to describe the general negative impact 
of water deficiency, at any critical timepoints during the plant 
lifecycle, on crop productivity. In a breeding context, however, 
drought stress must always be considered in regard to the spe-
cific vegetation stage and cannot be generalised as a complex 
of characteristics. A lack of water in early juvenile develop-
ment affects plant traits in a completely different manner to 
effects during at later ontogenetic stages, for example at flow-
ering or grain filling. Accordingly, the search for and improve-
ment of traits with a potentially useful impact on “drought 
stress tolerance” needs to be contextualised by breeders for 
defined target scenarios.

Nevertheless, limitations to water and nutrient supply exac-
erbated by various kinds of drought are a major contributing 
factor to global yield gaps (Mueller et al. 2012). At the time 
of writing, the PubMed search term [drought or “climate 
change” and (genetics or screening or breeding)] returned 
more than 17,500 published articles, of which around 20% 
referred to the four major global arable crops wheat, rice, 
maize and soybean. Over half of all these articles were pub-
lished in just the last five years. However, despite this rapidly 
growing publication activity, which presumably reflects a 
simultaneous rise in research activity in the face of expanding 
climatic challenges for crop production, progress in improv-
ing drought tolerance has been no more than incremental in 
most crops. For example, studies describing individual genes 
or gene networks purportedly conferring drought resistance 
in model and crop plants are very frequent (for reviews see 
Martignago et al. 2020; Shinozaki and Yamaguchi-Shinozaki 
2006; Todaka et al. 2015); however, few examples exist for 
the achievement of significant genetic gains for yield under 
drought conditions by manipulation of major-effect genes, 
either using conventional breeding or genetic engineering 
approaches. One reason for this is that the benefit of a physi-
ological mechanism conferred by a gene or a network normally 
depends on the drought scenario, which varies between years 
and sites (Tardieu et al. 2018). Although stress survival traits 
conferred by mutations in major-effect genes can be beneficial 
in perennial plants, they tend to be of less use for maintaining 
yield in highly productive annual crops.

Modulation of plant adaptation by key 
regulatory gene families

Nevertheless, some genetic factors may be useful for con-
text-dependent manipulation of stress response characters 
in cropping environments that have highly predictable stress 
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regimes. For example, single genes with significant positive 
effects have been identified and manipulated for enhance-
ment of salinity tolerance, for example through induced 
mutations or gene editing in rice (Takagi et al. 2015; Zhang 
et al. 2019). As a genetically more complex example, favour-
able stay-green phenotypes with improved drought toler-
ance can be achieved by selection for a plant architecture 
which improves the post-anthesis balance between supply 
and demand of water for crop growth under water-limited 
conditions (Borrell et al. 2014; Jordan et al. 2012). Indeed, 
optimisation of the stay-green trait is arguably the most 
promising approach to combat drought in major cereals like 
wheat (Christopher et al. 2016) and sorghum (Borrell et al. 
2000a, 2000b). Some major genetic determinants underlying 
important stay-green loci have been identified. Important 
examples include the PIN-formed protein (PIN) genes and 
the vernalisation response (VRN) gene family. Members of 
the PIN gene family regulate cellular auxin distribution in 
a multitude of plant tissues and developmental processes 
(Křeček et al. 2009) and have been shown to regulate vari-
ous architectural traits contributing to stay-green characters 
and drought response (Zhang et al. 2012), for example tiller 
number, root, shoot and leaf size. The VRN gene family 
contains multiple temperature-responsive genes whose regu-
lation and interaction with other response-pathway genes 
collectively determine flowering responses to temperature 
and day-length (Trevaskis et  al. 2007). In recent years, 
increasing evidence has emerged that VRN genes also target 
genes with central roles in freezing responses, spike archi-
tecture and hormone metabolism (Deng et al. 2015). They 
are also involved in developmental responses to heat stress 
(Dixon et al. 2019) and the modulation of above-ground and 
below-ground plant architecture (Voss-Fels et al. 2018).

Although variants of individual PIN and VRN gene fam-
ily members have been associated with traits implicated in 
environmental adaptation or stress responses in different 
cereals (e.g. Abdel-Ghani et al. 2019; Kippes et al. 2015, 
2018; Royo et al. 2020), they also impart pleiotropic effects 
(Voss-Fels et al. 2018; Wang et al. 2010) which may impact 
yield performance depending on the environment. Accumu-
lation, interaction and gradual selection of beneficial allelic 
combinations with minor modulatory effects on climate 
adaption are therefore a logical explanation for long-term 
optimisation of traits like stay-green characters in the course 
of crop adaptation to stress environments. Incremental accu-
mulation of genetic variants with small positive effects on 
multiple physiological traits during breeding (e.g. Voss-Fels 
et al. 2019b) could be easily explained by ongoing selection 
for performance and yield stability acting on widespread and 
subtle allelic variation in the functional domains of large 
regulatory gene families with a known impact on climate 
adaptation, like PIN and VRN genes. On the other hand, 
large-effect mutations with drastic effects tend to be fixed 

in modern breeding pools. Prominent examples are variants 
which differentiate the vernalisation requirement between 
winter and spring-sown ecotypes, major genes for photoper-
iod responsiveness, or root architecture variants that strongly 
change source–sink relationships and directly impact yield 
in target environments.

In the longer term, new approaches to improve photo-
synthetic efficiency by pathway engineering could poten-
tially introduce new genetic variants that may further help 
promote cumulative productivity increases. For example, 
South et al. (2019) showed that introduction of a suite of 
genetic modifications to the glycolate metabolism pathway 
can significantly reduce the energy cost of photorespiration 
and considerably raise photosynthetic efficiency and plant 
biomass, while Kromdijk et al. (2016) achieved similarly 
positive effects on photosynthetic efficiency and biomass 
productivity by engineering photoprotective mechanisms to 
accelerate responses to fluctuations in light. Both of these 
studies reported increased photosynthetic efficiency and bio-
mass productivity in greenhouse trials and in field-grown 
tobacco plants, promising a potentially important impact if 
comparative systems can be transferred into the complex 
genomes of major grain crops. However, the plants in both 
these studies were grown at low planting densities typical 
for tobacco cultivation and supported by irrigation to ensure 
adequate water supply. For grain crops growing in a dense 
canopy without irrigation, translation of enhanced biomass 
productivity and photosynthetic capacity into grain yield 
depends strongly on optimised coordination of sink (grain) 
development and a balanced allocation of limited resources 
to source and sink development. Although positive effects on 
water use efficiency are to be expected, the impact of geneti-
cally engineered photosynthetic enhancement on grain yield 
under abiotic stress constraints will depend strongly on an 
ability to simultaneously optimise and coordinate water and 
nutrient acquisition, the transition between vegetative and 
generative growth and the allocation of resources to sink 
and source organs through the crop lifecycle. The genetics 
of these processes extend far beyond photosynthetic modu-
lation, so that successful photosynthetic engineering alone 
cannot provide all answers to enhance breeding progress in 
the face of climate change. Instead, it appears more likely 
that genetic gain will continue to be achieved in the foresee-
able future by further accumulation of genome-wide, small-
effect variants.

Source–sink trade‑offs counter 
the improvement of single yield components

Yield potential is ultimately determined by the pleio-
tropic, frequently antagonistic relationships among numer-
ous source–sink characters, which together interact with 
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environmental factors and management practices to balance 
resource expenditure with crop productivity (Lichthardt et al. 
2020; Wu et al. 2019). For example, the gene WHEAT ABER-
RANT PANICLE ORGANIZATION 1 (WAPO1) has a major 
effect on quantitative inheritance of row number per rachis 
(Kuzay et al. 2019; Voss-Fels et al. 2019a), while GRAIN 
NUMBER INCREASE 1 (GNI1) can increase spikelet fertil-
ity (Sakuma et al. 2019). In combination, these two variants 
might be expected to collectively impart an overall increase in 
sink capacity, leading to increased grain yield. However, we 
have found that modern bread wheat cultivars carrying puta-
tively beneficial WAPO1/GNI1 haplotype combinations do not 
automatically show the expected positive effect on grain yield, 
suggesting either a negative pleiotropic interaction or a source 
limitation that negates any potential epistatic benefit of this 
combination and renders it neutral in terms of yield selection. 
Indeed, we found that WAPO1 variants with more numerous 
rachis nodes do not impact the number of grains per spike, nor 
the grain yield (Voss-Fels et al. 2019a). This suggests that fer-
tility repression by GNI1 may actively prevent excessive grain 
production. For example, high temperature and/or drought 
stress are well known to impact pollen fertility in wheat and 
other cereals (De Storme and Geelen 2013; Saini and Aspinall 
1981). Limited water availability in critical generative stages 
inhibits adequate hydration of the ear tip, which can lead to 
failure of fertilisation or stunted grains. Wheat produces short-
lived, recalcitrant pollen grains that do not enter developmen-
tal arrest and are normally highly hydrated when dispersed 
(Pacini and Dolferus 2019), so that desiccation by pre-anthesis 
heat and drought can severely limit pollen viability and, conse-
quently, grain development. Voss-Fels et al. (2019b) observed 
deficits in wheat grain number particularly in environments 
subject to pre-anthesis heat and drought stress, two constraints 
which are predicted to increase in importance in European 
winter wheat as a consequence of climate change. The few 
examples listed here illustrate the complexities of source–sink 
relationships even for genetically simple characters. Overcom-
ing the impact of such trade-offs and deficits requires much 
more comprehensive physiological insight into factors limit-
ing source and/or sink efficiency, as a basis to develop strate-
gies to compensate the deficits through breeding, genetics or 
crop management. Photosynthetic enhancement may provide 
one avenue for improvement in this regard, but to understand 
and deal with source–sink trade-offs it is necessary to gain a 
holistic view of whole-plant performance in the face of abiotic 
stress constraints throughout the entire crop lifecycle.

A “silver bullet” to improve drought 
performance?

A key reason for the absence of “great leaps forward" in 
yield performance under drought is that crops display a 
wide range of physiological drought responses that dif-
fer strongly (and often antagonistically) depending on the 
timing, duration and severity of specific drought events. 
Rarely are these complex responses governed by single 
genes and thus amenable to simple selection, marker-
assisted breeding, transgenesis or gene editing approaches. 
Physiologically, a strategy in response to drought, for 
example an increase in abscisic acid (ABA) production, 
can trigger several feedbacks in eco-physiological net-
works. Depending on the genetic and environmental con-
text, this can result in positive or negative effects on short 
or long-term plant growth patterns (Tardieu and Parent 
2017). Therefore, drought responses are normally geneti-
cally complex and highly context-dependent, tend to show 
low heritability and exhibit considerable pleiotropic inter-
actions, particularly with life-cycle traits like flowering 
time or with grain quality traits.

This means that “drought resistance” per se is argu-
ably a poor stand-alone target trait for breeding, unless 
the resistance can be associated with a strong yield per-
formance under both stressed and non-stressed conditions 
(see Guan et al. 2010; Raman et al. 2012 for good exam-
ples in rice). Consequently, research efforts which focus 
on assessment of relative performance between drought-
stress vs. non-stress conditions (e.g. Yue et al. 2006) tend 
to over-value apparently “drought-resistant” genotypes 
that have an equally poor performance under all condi-
tions, while undervaluing “susceptible” genotypes which 
in fact perform reasonably well under severe drought but 
poorly in relation to optimal conditions. On the other hand, 
the ecological concept of “response diversity” (Kahiluoto 
et al. 2019), describing a strong fluctuation of genotype-
by-environment responses as a fundamental basis for 
selection, is also poorly suited to plant breeding for agri-
cultural production systems (Snowdon et al. 2019) because 
it overlooks the need for consistent maximisation of per-
formance under all possible conditions.

Drought effects on crop productivity are frequently 
compounded by heat stress effects, because the two 
stresses commonly (though not always) occur in tandem, 
and they can also be further compounded by stress from 
high light (Zandalinas et al. 2020). However, different 
stress responses are not always genetically related, so that 
genetic dissection of one stress response necessitates care-
ful control or monitoring of the other; this requires stable 
and predictable environments for testing or selection. Due 
to the high complexity of potential interactions between 
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different quantitative stress response traits, and the consid-
erable cost and effort involved in effective evaluation and 
selection for drought/heat tolerance in the context of grain 
yield, the pragmatic approach of breeders to is generally 
to select for yield performance and yield stability across 
a broad range of environments which encompass varying 
degrees of stress for a range of abiotic stress factors.

Conventional breeding worked well so far

This classical breeding approach was the fundamental 
basis of the more or less linear increases in genetic gain in 
the course of the past century that have been reported by 
a multitude of studies in different regions for many differ-
ent crops, for example wheat (Crespo-Herrera et al. 2018; 
Fischer and Edmeades 2010; Peltonen-Sainio et al. 2009; 
Sanchez-Garcia et al. 2012), maize (Badu-Apraku et al. 
2015; Ci et al. 2011; Duvick 2005; Russell 1991), rape-
seed (Stahl et al. 2017, 2019), soybean (Rincker et al. 2014; 
Ustun et al. 2001), barley (Laidig et al. 2017), sugar beet 
(Loel et al. 2014) and rye (Laidig et al. 2017). Breeding 
durations for arable crops, from the initial cross until the 
subsequent fixation of desirable genetic components from 
the parents into a stable cultivar, can frequently span up to 
a decade. Hence, conventional selection processes that test 
breeding progenies in multi-environment phenotypic evalu-
ations over many years appear intrinsically well-suited to 
select for adaptation to gradual climatic changes, which also 
develop over the course of several years or a few decades. 
On the other hand, should severe yield repression imparted 
by severe drought and heat (Lobell et al. 2011) become the 
norm rather than the exception in important temperate crop-
ping regions, breeding progress for these specific target traits 
must necessarily accelerate at a greater rate than previously 
to compensate serious productivity losses in the face of 
climate change. Therefore, to optimise future genetic gain 
in the face of climate change, it is necessary to consider 
how selection processes might be further optimised to more 
effectively capture genome-wide, small-effect variance that 
positively affects long-term adaptation to key abiotic stress-
ors, without inadvertent introduction of negative pleiotropic 
effects on yield performance.

Since genetic diversity provides the essential basis for 
effective maintenance of long-term genetic gain, breeding 
programmes must take care to manage selection intensity 
and effective populations sizes in order to reduce the risk 
of losing potentially useful adaptation alleles for future cli-
matic scenarios. Modern hexaploid wheat breeding pools 
exhibit considerable founder effects, visible as differential 
subgenomic diversity patterns associated with directional 
selection for important phenological, plant height or resist-
ance traits (Hao et al. 2020; Voss-Fels et al. 2015; Zhao et al. 

2019). For example, Voss-Fels et al. (2016) found that link-
age drag, caused by preferential selection acting on a locus 
impacting post-vernalisation anthesis in European winter 
wheat, had eroded diversity for two closely linked QTL for 
root biomass, strongly restricting phenotypic diversity for 
root traits that could be potentially important in future culti-
vars in the face of climate change. Recycling allelic diversity 
from non-adapted primary-gene pool sources or exotic wild 
relatives (He et al. 2019) is therefore still a vital aspect of 
modern breeding programmes for long-term maintenance 
of genetic diversity.

Has breeding progress for yield diminished 
genetic diversity for climate adaptation 
in crop gene pools?

A frequent assumption in relation to genetic diversity in 
modern, elite crop gene pools is that the focus of breed-
ing on high productivity might inadvertently lead to loss of 
important genetic diversity for climatic adaption traits which 
might be potentially essential to ensure sustainable breed-
ing progress in the face of climate change. Underlying this 
assumption is a legitimate concern that the consequences 
of climate change are a relatively new phenomenon in the 
world’s most productive arable cropping areas, where the 
relatively predictable and favourable climatic conditions 
that dominated the past century were a key factor in the 
establishment of extremely productive agricultural produc-
tion systems. Today, however, extended periods of serious 
abiotic stress during key periods of crop growing seasons are 
also threatening regions that have benefitted from a century 
of enormous breeding progress under favourable climate 
conditions.

Plant breeding programmes targeting high-yield cropping 
systems logically focus on maximising yield under the pre-
dominant production conditions. Because water and nitrogen 
supply are major limiting factors for grain yields, historical 
yield increases are often associated with greater water and 
nitrogen consumption rather than with genetic gain (Sinclair 
and Rufty 2012). This is sometimes interpreted to suggest 
that modern elite cultivars have reduced water and nutrient 
efficiency, even though empirical studies show the opposite 
(e.g. Badu-Apraku et al. 2015; Hatzig et al. 2015; Voss-
Fels et al. 2019b). Since high-yielding conventional crop-
ping systems generally optimise plant nutrition and health 
using adequate applications of mineral fertiliser and chemi-
cal plant protection, it might be expected that genetic vari-
ants associated with performance under sub-optimal input 
conditions might be eliminated from modern breeding pools 
by genetic drift due because they confer no selective advan-
tage. For example, Kahiluoto et al. (2019) asserted that a 
reduction in what they interpreted as “response diversity” in 
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European winter wheat cultivars was caused by a reduction 
in genetic diversity through breeding, although this claim 
was not supported with data. In direct contrast, however, 
various empirical studies have in fact shown that genetic 
diversity in elite European wheat gene pools has actually 
not declined in recent decades (van de Wouw et al. 2010; 
Voss-Fels et al. 2019b; Würschum et al. 2018).

Despite evidence suggesting otherwise, the focus of 
breeding on improvement of grain or biomass yield is fre-
quently interpreted by non-breeders to be associated with a 
neglect of traits related to sustainability (for example disease 
resistance, nutrient or water use efficiency), likely due to a 
misconception that these traits are not relevant in high-yield-
ing conditions because yield-suppressing factors are able to 
be minimised by intensive management. This chain of argu-
mentation is often expressed in popular media sources, but 
rarely supported by empirical data in peer-reviewed publica-
tions. In stark contrast to this hypothesis, however, studies 
that empirically examined retrospective breeding progress 
in different crops have actually concluded that the opposite 
situation appears to be the case (Badu-Apraku et al. 2015; 
e.g. Chen et al. 2013; Voss-Fels et al. 2019b). Some stud-
ies also simultaneously shed interesting light on the genetic 
architecture of long-term yield progress for crop production 
under sub-optimal growth conditions, providing insights 
which may help guide future breeding to maintain breed-
ing progress in the face of climate change. Such examples 
demonstrate the importance of empirical data to document 
the consequences and potential of breeding for improved 
adaptation to sub-optimal production environments.

What can we learn from retrospective 
breeding progress?

In a major recent example in which retrospective breeding 
progress was investigated in winter wheat from Western 
Europe, an intensive cropping region where wheat grain 
yields are among the highest in the world, Voss-Fels et al. 
(2019b) analysed a panel of around 200 elite accessions 
released during the past five decades, selected to represent 
the most successful and highest performing cultivars during 
their respective periods of registration. The cultivars were 
grown in a large-scale experiment across six locations for 
multiple years, in order to analyse genetic gain for grain 
yield and compare performance across a multitude of com-
ponent traits, including yield and biomass components, grain 
quality, resistance and physiological traits. Uniquely, this 
study repeated the same experiments side by side under con-
trasting managing conditions, including reduced nitrogen 
fertilisation and fungicide-free treatments. These reduced 
intensity treatments enabled a highly detailed assessment 
of how breeding for high yield in the optimised, high-input 

agricultural production of Western Europe has impacted the 
ability of modern cultivars to respond to adverse conditions 
with sub-optimal plant protection and/or nitrogen nutrition.

In accordance with other studies of retrospective breed-
ing progress mentioned above, the results of Voss-Fels et al. 
(2019b) showed a clear pattern of linear genetic gain for 
yield performance of cultivars over time as a result of breed-
ing. Furthermore, the incremental gains in yield over time 
were also reflected in corresponding patterns of incremental 
improvement in almost all other traits reported (Fig. 1a). 
Most interestingly, these included not only traits for which 
ongoing selection in long-term breeding would be expected 
to result in continuous improvement, for example important 
fungal disease resistances, grain quality, harvest index and 
key primary yield components like grain number per spike 
(Fig. 1b). Moreover, clear evidence for ongoing, incremental 
genetic gain could also be observed in complex, low-herita-
bility traits for which breeders do not have the resources to 
devote to dedicated long-term selection. For example, nitro-
gen use efficiency and photosynthetic efficiency was found to 
be superior in newer cultivars than their older counterparts, 
although these traits are both very difficult and expensive 
to phenotype in multi-environment trials of large breeding 
populations. The obvious explanation is that traits impacting 
a more efficient utilisation of resources (e.g. water, nutrient 
and light) are important contributors to overall performance 
in the high-competition environments of intensive cropping 
systems. Conversely, it might be expected that elucidation 
and targeted consideration of relevant physiological compo-
nent traits and their underlying quantitative genetic architec-
ture in breeding activities could help accelerate genetic gain 
for yield stability.

Presently, however, a routine assessment of complex 
physiological or developmental traits associated with cli-
mate adaptation is beyond the scope of most breeding pro-
grammes. Instead, breeders rely on selection for yield as 
a simple-to-measure end-point phenotype which directly 
reflects the economic value of a selected genotype. With 
suitably replicated field evaluations in multiple locations, 
breeders gain accurate estimations of genetic potential for 
yield and yield stability that enable reliable, direct selection 
for their most important target trait. In contrast, it is very 
challenging for breeders to effectively identify and exploit 
novel genetic diversity for adaptation of crops to highly spe-
cific stress situations, for example post-anthesis drought, 
without potentially compromising yield performance in 
environments where the stress factors are absent or different. 
Selection for combinations of beneficial, context-dependent 
component traits requires detailed knowledge about how key 
yield-determining or yield-limiting processes are impacted 
by G*E*M interactions. These can provide a modelling 
framework to identify climatic factors impacting yield gaps 
and coordinate breeding and crop management in order to 
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lessen the impact of key abiotic stress factors (Cooper et al. 
2020).

Dissecting the basis of retrospective 
breeding progress to target future climate 
adaptation

Individual component traits (e.g. root, leaf, spike and canopy 
traits or stay-green characters) and specific physiological 
processes contributing to grain yield (e.g. water/nutrient 
uptake or translocation, biomass/grain development and 
photosynthesis) are frequently studied in considerable detail 
in selected plant genotypes. To adequately understand geno-
type–environment interactions with abiotic stress and their 
impact on reproductive capacity and grain yield, it becomes 
necessary to elucidate “hidden” traits and pleiotropic inter-
actions by detailed temporal phenotyping across critical 
crop growth periods. However, detailed investigations of 
dynamic temporal phenotypes in representative crop popu-
lations or breeding progenies are much more challenging 
than single time-point phenotyping of simple target traits. 
Although analyses of dynamic phenotypes in large breeding 

populations are very rare to date, new advances in digital 
phenotyping and drone-based remote sensing are begin-
ning to deliver a level of detail that can help uncover hidden 
genetic variants impacting the complex genetics of yield 
and stress responses (for examples, see Chen et al. 2014; 
Chenu et al. 2018; Knoch et al. 2020; Stahl et al. 2020; Tar-
dieu et al. 2017). Integrating recent high-throughput pheno-
typing, modelling approach and automatic computational 
data-processing pipeline have shown promising potential to 
obtain heritable physiological traits related to productivity 
for future breeding programmes (Chen et al. 2019).

Extensive retrospective datasets documenting breed-
ing progress, like those described in Fig. 1, are a valua-
ble resource to identify genome-wide haplotype diversity 
for relevant source–sink traits involved in genetic gain for 
resource-efficient crop productivity. For example, yield gains 
in modern cultivars associate with an improved source effi-
ciency, due to component traits like high water and nitrogen 
uptake efficiency, high biomass potential, high radiation 
interception/radiation use efficiency or a remarkable sink 
strength imparted by a high number of grains per unit area 
(Voss-Fels et al. 2019b). However, cultivars carrying such 
putative physiological advantages do not always exhibit the 

No stress: Yield benefit from optimised 
yield components and harvest index

Pre-anthesis drought: 
Possible yield benefit from deeper roots 
and/or early anthesis

Post-anthesis heat & drought:  
Possible yield benefit from early maturation 
and/or stay-green characters

Pre-/post-anthesis drought & heat: 
Possible yield benefit from narrow/deep roots, 
early anthesis and/or physiological stress tolerance

Fig. 1  Climate change can potentially have very different impacts 
on crop performance depending on the time-point and duration of 
drought events and whether drought stress occurs in combination 
with heat stress or alone. Depending on the type and intensity of 
stress, different genetically determined responses may be more bene-
ficial for the performance of a cultivar. This means there is no single, 
simple per se solution for breeders to overcome the potential impacts 

of drought stress caused by climate change. Selection for performance 
and yield stability under the expected stress scenarios that occur com-
monly in a particular target region may be the best way to maintain 
crop performance while mitigating risks. Yield selection in target 
environments also improves complex stress response traits and yield 
stability (Voss-Fels et al. 2019b)
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expected positive impact on grain yield: Instead, such geno-
types often show sink deficits in terms of irregular grain 
formation, spatio-temporal variability for grain development 
or other source–sink trade-offs (Lichthardt et al. 2020).

Long-term yield gains through breeding progress typi-
cally correspond with incremental, genome-wide elimina-
tion of alleles with small, detrimental effects as a response 
to selection (Voss-Fels et al. 2019b; Yang et al. 2017), and 
this phenomenon also has a positive impact on breeding pro-
gress in abiotic stress environments (e.g. Abdulmalik et al. 
2017). The small effect sizes inferred by this kind of posi-
tive, ongoing selection reflect Fisher’s infinitesimal model 
of evolutionary adaptation (Fisher 1930), which presumes 
that complex traits are under control of many thousands of 
quantitative trait loci (QTL) that have only small individual 
effects. On the other hand, QTL with larger effects, which 
contradict the infinitesimal model in breeding populations 
(Mackay 2001), are generally rapidly fixed for the most 
beneficial alleles in elite, adapted cultivars (e.g. Voss-Fels 
et al. 2019b). This observation corresponds to Kimura’s 
modifications of Fisher’s adaptation model (Kimura 1979, 
1991), which describe how favourable large-effect muta-
tions have a high probability of fixation. However, as noted 
by Orr (1998), remaining variants and new mutations tend 
to have only very small effects when an organism is close 
to its optimal state, as is the case in high-performing elite 
cultivars resulting from human selection during breeding. 
Maintenance of breeding progress in the face of climate 
change will rely heavily on an ability to reveal and com-
bine genome-wide, small-effect loci controlling traits with 
a cumulative beneficial impact on resource efficiency and 
yield performance.

Recently, Mahmoud et  al. (2020) presented a novel 
quantitative genetic approach that uses retrospective data-
sets during the course of breeding progress to identify 
traits that have been under selection at large numbers of 
loci. The method relates additive effects of genome-wide 
SNP markers to allele-frequency changes over time, using a 
composite statistic (Ghat) that can identify significant evi-
dence of selection on a given trait, even in relatively small 
panels of cultivars or breeding lines. Such methods open the 
possibility for large-scale retrospective analysis of digital, 
physiological, morphological, regulatory and/or metabolic 
traits in carefully preselected genotype panels to pinpoint 
trait complexes that have been subject to particularly strong 
indirect selection in the course of long-term breeding pro-
gress for grain yield. Such knowledge could provide a theo-
retical framework to test new selection regimes based on 
stress response and yield stability characters which were 
previously invisible to plant breeders, but could hold the key 
to accelerating genetic gain in the face of increasing envi-
ronmental challenges. Genomic selection strategies based 
on relevant trait complexes which were not yet accessible 

for breeders can expand the repertoire of breeding tools to 
combat the impact of climate change.

Conclusions

“Silver bullets” to breed for climate change, in the form 
of novel or induced genetic variants for beneficial pheno-
logical and physiological responses, can certainly play an 
important role in context-dependent crop stress adaptation, 
and new tools like gene editing provide breeders with com-
pletely new opportunities to accelerate the implementation 
and stacking of beneficial variants for important target traits. 
However, the majority of major-effect genes for key adap-
tation traits are generally rapidly fixed in high-performing 
modern crop gene pools, and pleiotropic interactions asso-
ciated with severe changes in plant phenology mean that 
breeders need to be cautious when promising huge returns 
from technological breakthroughs on a single-gene level. 
On the other hand, conventional selection processes in plant 
breeding, driven by testing and selection in diverse environ-
ments over many years, have proven well-suited for gradual 
adaptation of modern cultivars to changing environmen-
tal conditions—just as the same approach was enormously 
successful in adapting globally successful crops to diverse 
eco-geographical and climatic conditions that go far beyond 
the natural habitat range in their centres of origin.

Incremental accumulation of beneficial alleles for com-
plex quantitative traits impacting yield and quality has been 
the fundamental basis of historical breeding progress in all 
crops, and this process can be expected to also play a major 
role in crop adaptation to climate change in future. How-
ever, retrospective breeding progress for climate adaptation 
was in most cases simply the positive by-product of long-
term, multi-environment selection for high yield and culti-
var registration policies that encourage high yield stability 
(Snowdon et al. 2019). This is because breeders in the past 
did not have access to the resources and tools that today 
enable effective elucidation, genetic dissection and targeted 
selection of key adaptive target traits with small, genome-
wide effects under complex genetic control. Opportunities to 
capture and exploit the temporal complexities of important 
environmental lifecycle traits are today considerably more 
accessible. Automated phenotyping, remote sensing and 
image analysis are improving continually, while genomic 
selection strategies are expected to grow in power with 
an expanding phenomic and genomic data basis that makes 
it increasingly feasible to exploit the vast power of new pre-
diction methods based on artificial intelligence and “deep 
learning”. As the world population continues to expand and 
demand for crop products continues to rise, yield perfor-
mance as the outcome of G*E*M interactions will certainly 
continue to be the most valuable target trait for breeding 
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progress in the face of climate change. Simultaneously, the 
methods with which breeders maintain yield progress are 
today being increasingly enriched by powerful new tech-
niques and technologies that facilitate identification, intro-
gression and recombination of novel, genome-wide diversity 
for complex adaptive traits in a high-yield context. Even as 
this repertoire of breeding technologies expands, however, 
classical breeding theory and methodology will continue to 
secure long-term breeding progress to ensure ongoing crop 
productivity in the face of climate change.

Acknowledgements The authors acknowledge funding from BMBF 
grant 031A354 (BRIWECS).

Author contribution statement RJS drafted the manuscript. BWS, 
TWC and AS contributed ideas and examples and revised the 
manuscript.

Funding Open Access funding enabled and organized by Projekt 
DEAL.

Compliance with ethical standards 

Conflict of interest statement The authors declare that they have no 
conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

Abdel-Ghani AH, Sharma R, Wabila C, Dhanagond S, Owais SJ, 
Duwayri MA, Al-Dalain SA, Klukas C, Chen DJ, Lubberstedt T, 
von Wiren N, Graner A, Kilian B, Neumann K (2019) Genome-
wide association mapping in a diverse spring barley collection 
reveals the presence of QTL hotspots and candidate genes for 
root and shoot architecture traits at seedling stage. BMC Plant 
Biol 19(1):216

Abdulmalik RO, Menkir A, Meseka SK, Unachukwu N, Ado SG, 
Olarewaju JD, Aba DA, Hearne S, Crossa J, Gedil M (2017) 
Genetic gains in grain yield of a maize population improved 
through marker assisted recurrent selection under stress and non-
stress conditions in West Africa. Front Plant Sci 8:841

Badu-Apraku B, Fakorede MAB, Oyekunle M, Akinwale RO (2015) 
Genetic gains in grain yield under nitrogen stress following three 
decades of breeding for drought tolerance and Striga resistance in 
early maturing maize. J Agric Sci 154:647–661

Bönecke E, Breitsameter L, Brüggemann N, Chen TW, Feike T, Kage 
H, Kersebaum KC, Piepho HP, Stützel H (2020) Decoupling of 
impact factors reveals the response of German winter wheat yields 
to climatic changes. Glob Change Biol 26:3601–3626

Borrell AK, Hammer GL, Douglas ACL (2000) Does maintaining 
green leaf area in Sorghum improve yield under drought? I. Leaf 
Growth and Senescence Crop Sci 40:1026–1037

Borrell AK, Hammer GL, Henzell RG (2000) Does maintaining green 
leaf area in Sorghum improve yield under drought? II. dry matter 
production and yield. Crop Sci 40:1037–1048

Borrell AK, Mullet JE, George-Jaeggli B, van Oosterom EJ, Hammer 
GL, Klein PE, Jordan DR (2014) Drought adaptation of stay-green 
sorghum is associated with canopy development, leaf anatomy, 
root growth, and water uptake. J Exp Bot 65:6251–6263

Chen D, Neumann K, Friedel S, Kilian B, Chen M, Altmann T, Klukas 
C (2014) Dissecting the phenotypic components of crop plant 
growth and drought responses based on high-throughput image 
analysis. Plant Cell 26:4636–4655

Chen T-W, Cabrera-Bosquet L, Alvarez Prado S, Perez R, Artzet S, 
Pradal C, Coupel-Ledru A, Fournier C, Tardieu F (2019) Genetic 
and environmental dissection of biomass accumulation in multi-
genotype maize canopies. J Exp Bot 70:2523–2534

Chen X, Chen F, Chen Y, Gao Q, Yang X, Yuan L, Zhang F, Mi 
G (2013) Modern maize hybrids in Northeast China exhibit 
increased yield potential and resource use efficiency despite 
adverse climate change. Glob Change Biol 19:923–936

Chenu K, Van Oosterom EJ, McLean G, Deifel KS, Fletcher A, Gee-
tika G, Tirfessa A, Mace ES, Jordan DR, Sulman R, Hammer 
GL (2018) Integrating modelling and phenotyping approaches to 
identify and screen complex traits: transpiration efficiency in cere-
als. J Exp Bot 69:3181–3194

Christopher JT, Christopher MJ, Borrell AK, Fletcher S, Chenu K 
(2016) Stay-green traits to improve wheat adaptation in well-
watered and water-limited environments. J Exp Bot 67:5159–5172

Ci X, Li M, Xu J, Lu Z, Bai P, Ru G, Liang X, Zhang D, Li X, Bai 
L, Xie C, Hao Z, Zhang S, Dong S (2011) Trends of grain yield 
and plant traits in Chinese maize cultivars from the 1950s to the 
2000s. Euphytica 185:395–406

Cooper M, Tang T, Gho C, Hart T, Hammer G, Messina C (2020) 
Integrating genetic gain and gap analysis to predict improvements 
in crop productivity. Crop Sci 60:582–604

Crespo-Herrera LA, Crossa J, Huerta-Espino J, Vargas M, Mondal S, 
Velu G, Payne TS, Braun H, Singh RP (2018) Genetic Gains for 
Grain Yield in CIMMYT’s Semi-Arid Wheat Yield Trials Grown 
in Suboptimal Environments. Crop Sci 58:1890–1898

De Storme N, Geelen D (2013) Sexual polyploidization in plants–
cytological mechanisms and molecular regulation. New Phytol 
198:670–684

Deng WW, Casao MC, Wang PH, Sato K, Hayes PM, Finnegan 
EJ, Trevaskis B (2015) Direct links between the vernalization 
response and other key traits of cereal crops. Nat Commun 
6(1):1–8

Dixon LE, Karsai I, Kiss T, Adamski NM, Liu Z, Ding Y, Allard V, 
Boden SA, Griffiths S (2019) Vernalization1 controls develop-
mental responses of winter wheat under high ambient tempera-
tures. Development 146(3):dev 172684

Duvick DN (2005) The contribution of breeding to yield advances in 
maize (Zea mays L.). Adv Agron 86:83–145

Fernie AR, Bachem CWB, Helariutta Y, Neuhaus HE, Prat S, Ruan 
YL, Stitt M, Sweetlove LJ, Tegeder M, Wahl V, Sonnewald S, 
Sonnewald U (2020) Synchronization of developmental, molecu-
lar and metabolic aspects of source-sink interactions. Nat Plants 
6:55–66

Fischer RAT, Edmeades GO (2010) Breeding and cereal yield progress. 
Crop Sci 50:S85-98

http://creativecommons.org/licenses/by/4.0/


1622 Theoretical and Applied Genetics (2021) 134:1613–1623

1 3

Fisher RA (1930) The genetical theory of natural selection. Oxford 
University Press, Oxford, UK

Gosa SC, Lupo Y, Moshelion M (2019) Quantitative and comparative 
analysis of whole-plant performance for functional physiological 
traits phenotyping: new tools to support pre-breeding and plant 
stress physiology studies. Plant Sci 282:49–59

Guan YS, Serraj R, Liu SH, Xu JL, Ali J, Wang WS, Venus E, Zhu 
LH, Li ZK (2010) Simultaneously improving yield under drought 
stress and non-stress conditions: a case study of rice (Oryza sativa 
L.). J Exp Bot 61:4145–4156

Hao C, Jiao C, Hou J, Li T, Liu H, Wang Y, Zheng J, Liu H, Bi Z, Xu 
F, Zhao J, Ma L, Wang Y, Majeed U, Liu X, Appels R, Macca-
ferri M, Tuberosa R, Lu H, Zhang X (2020) Resequencing of 145 
landmark cultivars reveals asymmetric sub-genome selection and 
strong founder genotype effects on wheat breeding in China. Mol 
Plant. https ://doi.org/10.1016/j.molp.2020.09.001

Hatzig SV, Schiessl S, Stahl A, Snowdon RJ (2015) Characterizing 
root response phenotypes by neural network analysis. J Exp Bot 
66:5617–5624

He F, Pasam R, Shi F, Kant S, Keeble-Gagnere G, Kay P, Forrest 
K, Fritz A, Hucl P, Wiebe K, Knox R, Cuthbert R, Pozniak C, 
Akhunova A, Morrell PL, Davies JP, Webb SR, Spangenberg 
G, Hayes B, Daetwyler H, Tibbits J, Hayden M, Akhunov E 
(2019) Exome sequencing highlights the role of wild-relative 
introgression in shaping the adaptive landscape of the wheat 
genome. Nat Genet 51:896–904

Jordan DR, Hunt CH, Cruickshank AW, Borrell AK, Henzell RG 
(2012) The relationship between the stay-green trait and grain 
yield in elite sorghum hybrids grown in a range of environ-
ments. Crop Sci 52:1153–1161

Kahiluoto H, Kaseva J, Balek J, Olesen JE, Ruiz-Ramos M, Gobin 
A, Kersebaum KC, Takac J, Ruget F, Ferrise R, Bezak P, Capel-
lades G, Dibari C, Makinen H, Nendel C, Ventrella D, Rodri-
guez A, Bindi M, Trnka M (2019) Decline in climate resilience 
of European wheat. Proc Natl Acad Sci U S A 116:123–128

Kimura M (1979) The neutral theory of molecular evolution. Sci 
Am 241:98–100

Kimura M (1991) The neutral theory of molecular evolution: a 
review of recent evidence. Jpn J Genet 66:367–386

Kippes N, Debernardi JM, Vasquez-Gross HA, Akpinar BA, Budak 
H, Kato K, Chao S, Akhunov E, Dubcovsky J (2015) Identifi-
cation of the vernalization 4 gene reveals the origin of spring 
growth habit in ancient wheats from South Asia. Proc Natl Acad 
Sci 112:E5401–E5410

Kippes N, Guedira M, Lin L, Alvarez MA, Brown-Guedira GL, Dub-
covsky J (2018) Single nucleotide polymorphisms in a regu-
latory site of VRN-A1 first intron are associated with differ-
ences in vernalization requirement in winter wheat. Mol Genet 
Genomics 293:1231–1243

Knoch D, Abbadi A, Grandke F, Meyer RC, Samans B, Werner CR, 
Snowdon RJ, Altmann T (2020) Strong temporal dynamics of 
QTL action on plant growth progression revealed through high-
throughput phenotyping in canola. Plant Biotechnol J 18:68–82

Křeček P, Skůpa P, Libus J, Naramoto S, Tejos R, Friml J, 
Zažímalová E (2009) The PIN-FORMED (PIN) protein family 
of auxin transporters. Genome Biol 10(12):249

Kromdijk J, Głowacka K, Leonelli L, Gabilly ST, Iwai M, Niyogi 
KK, Long SP (2016) Improving photosynthesis and crop pro-
ductivity by accelerating recovery from photoprotection. Sci-
ence 354:857–861

Kuzay S, Xu YF, Zhang JL, Katz A, Pearce S, Su ZQ, Fraser M, 
Anderson JA, Brown-Guedira G, DeWitt N, Haugrud AP, Faris 
JD, Akhunov E, Bai GH, Dubcovsky J (2019) Identification of 
a candidate gene for a QTL for spikelet number per spike on 
wheat chromosome arm 7AL by high-resolution genetic map-
ping. Theor Appl Genet 132:2689–2705

Laidig F, Piepho H-P, Rentel D, Drobek T, Meyer U (2017) Breeding 
progress, genotypic and environmental variation and correlation 
of quality traits in malting barley in German official variety tri-
als between 1983 and 2015. Theor Appl Genet 130:2411–2429

Lian X, Piao S, Li LZX, Li Y, Huntingford C, Ciais P, Cescatti A, 
Janssens IA, Peñuelas J, Buermann W, Chen A, Li X, Myneni 
RB, Wang X, Wang Y, Yang Y, Zeng Z, Zhang Y, McVicar TR 
(2020) Summer soil drying exacerbated by earlier spring green-
ing of northern vegetation. Sci Adv 6(1):eaax0255

Lichthardt C, Chen T-W, Stahl A, Stützel H (2020) Co-evolution of 
sink and source in the recent breeding history of winter wheat 
in Germany. Front Plant Sci 10:1771

Lobell DB, Schlenker W, Costa-Roberts J (2011) Climate trends 
and global crop production since 1980. Science 333:616–620

Loel J, Kenter C, Märländer B, Hoffmann CM (2014) Assessment of 
breeding progress in sugar beet by testing old and new varieties 
under greenhouse and field conditions. Eur J Agron 52:146–156

Mackay TF (2001) The genetic architecture of quantitative traits. 
Annu Rev Genet 35:303–339

Mahmoud M, Ha N-T, Simianer H, Beissinger T (2020) Ghat: An 
R package for identifying adaptive polygenic traits. bioRxiv 
2020.07.06.189225

Martignago D, Rico-Medina A, Blasco-Escámez D, Fontanet-Man-
zaneque JB, Caño-Delgado AI (2020) Drought resistance by 
engineering plant tissue-specific responses. Front Plant Sci 
10:1676

Mueller ND, Gerber JS, Johnston M, Ray DK, Ramankutty N, Foley 
JA (2012) Closing yield gaps through nutrient and water manage-
ment. Nature 490:254–257

Orr HA (1998) The population genetics of adaptation: The distribution 
of factors fixed during adaptive evolution. Evolution 52:935–949

Pacini E, Dolferus R (2019) Pollen developmental arrest: maintaining 
pollen fertility in a world with a changing climate. Front Plant 
Sci 10:679

Peltonen-Sainio P, Jauhiainen L, Laurila IP (2009) Cereal yield trends 
in northern European conditions: Changes in yield potential and 
its realisation. Field Crop Res 110:85–90

Raman A, Verulkar S, Mandal N, Variar M, Shukla V, Dwivedi J, Singh 
B, Singh O, Swain P, Mall A, Robin S, Chandrababu R, Jain A, 
Ram T, Hittalmani S, Haefele S, Piepho H-P, Kumar A (2012) 
Drought yield index to select high yielding rice lines under dif-
ferent drought stress severities. Rice 5(1):31

Ray DK, Gerber JS, MacDonald GK, West PC (2015) Climate varia-
tion explains a third of global crop yield variability. Nat Comm 
6(1):1–9

Rincker K, Nelson R, Specht J, Sleper D, Cary T, Cianzio SR, Cas-
teel S, Conley S, Chen P, Davis V, Fox C, Graef G, Godsey C, 
Holshouser D, Jiang G-L, Kantartzi SK, Kenworthy W, Lee C, 
Mian R, McHale L, Naeve S, Orf J, Poysa V, Schapaugh W, Shan-
non G, Uniatowski R, Wang D, Diers B (2014) Genetic improve-
ment of U.S. Soybean in maturity groups II, III, and IV. Crop Sci 
54:1419–1432

Royo C, Dreisigacker S, Soriano JM, Lopes MS, Ammar K, Villegas D 
(2020) Allelic variation at the vernalization response (vrn-1) and 
photoperiod sensitivity (ppd-1) genes and their association with 
the development of durum wheat landraces and modern cultivars. 
Front Plant Sci 11:838

Russell WA (1991) Genetic improvement of maize yields. Adv Agron 
46:245–298

Saini HS, Aspinall D (1981) Effect of water deficit on sporogenesis 
in wheat (Triticum aestivum L). Ann Bot-London 48:623–633

Sakuma S, Golan G, Guo ZF, Ogawa T, Tagiri A, Sugimoto K, Bern-
hardt N, Brassac J, Mascher M, Hensel G, Ohnishi S, Jinno H, 
Yamashita Y, Ayalon I, Peleg Z, Schnurbusch T, Komatsuda T 
(2019) Unleashing floret fertility in wheat through the mutation 
of a homeobox gene. Proc Natl Acad Sci USA 116:5182–5187

https://doi.org/10.1016/j.molp.2020.09.001


1623Theoretical and Applied Genetics (2021) 134:1613–1623 

1 3

Sanchez-Garcia M, Royo C, Aparicio N, MartÍN-SÁNchez JA, 
ÁLvaro F (2012) Genetic improvement of bread wheat yield and 
associated traits in Spain during the 20th century. J Agric Sci 
151:105–118

Shinozaki K, Yamaguchi-Shinozaki K (2006) Gene networks involved 
in drought stress response and tolerance. J Exp Bot 58:221–227

Sinclair TR, Rufty TW (2012) Nitrogen and water resources commonly 
limit crop yield increases, not necessarily plant genetics. Glob 
Food Secur 1:94–98

Snowdon RJ, Stahl A, Wittkop B, Friedt W, Voss-Fels K, Ordon F, 
Frisch M, Dreisigacker S, Hearne SJ, Bett KE, Cuthbert RD, Bent-
ley AR, Melchinger AE, Tuberosa R, Langridge P, Uauy C, Sor-
rells ME, Poland J, Pozniak CJ (2019) Reduced response diversity 
does not negatively impact wheat climate resilience. P Natl Acad 
Sci USA 116:10623–10624

South PF, Cavanagh AP, Liu HW, Ort DR (2019) Synthetic glycolate 
metabolism pathways stimulate crop growth and productivity in 
the field. Science 363:eaat9077

Stahl A, Pfeifer M, Frisch M, Wittkop B, Snowdon RJ (2017) Recent 
genetic gains in nitrogen use efficiency in oilseed rape. Front Plant 
Sci 8:963

Stahl A, Vollrath P, Samans B, Frisch M, Wittkop B, Snowdon RJ 
(2019) Effect of breeding on nitrogen use efficiency-associated 
traits in oilseed rape. J Exp Bot 70:1969–1986

Stahl A, Wittkop B, Snowdon RJ (2020) High-resolution digital pheno-
typing of water uptake and transpiration efficiency. Trends Plant 
Sci 25(5):429–433

Takagi H, Tamiru M, Abe A, Yoshida K, Uemura A, Yaegashi H, 
Obara T, Oikawa K, Utsushi H, Kanzaki E, Mitsuoka C, Natsume 
S, Kosugi S, Kanzaki H, Matsumura H, Urasaki N, Kamoun S, 
Terauchi R (2015) MutMap accelerates breeding of a salt-tolerant 
rice cultivar. Nat Biotechnol 33:445–449

Tardieu F (2011) Any trait or trait-related allele can confer drought tol-
erance: just design the right drought scenario. J Exp Bot 63:25–31

Tardieu F, Cabrera-Bosquet L, Pridmore T, Bennett M (2017) 
Plant Phenomics, From Sensors to Knowledge. Curr Biol 
27:R770–R783

Tardieu F, Parent B (2017) Predictable ‘meta-mechanisms’ emerge 
from feedbacks between transpiration and plant growth and can-
not be simply deduced from short-term mechanisms. Plant, Cell 
Environ 40:846–857

Tardieu F, Simonneau T, Muller B (2018) The Physiological Basis of 
Drought Tolerance in Crop Plants: A Scenario-Dependent Proba-
bilistic Approach. Annu Rev Plant Biol 69:733–759

Tardieu F, Tuberosa R (2010) Dissection and modelling of abiotic 
stress tolerance in plants. Curr Opin Plant Biol 13:206–212

Todaka D, Shinozaki K, Yamaguchi-Shinozaki K (2015) Recent 
advances in the dissection of drought-stress regulatory networks 
and strategies for development of drought-tolerant transgenic rice 
plants. Front Plant Sci 6:84

Trevaskis B, Hemming MN, Dennis ES, Peacock WJ (2007) The 
molecular basis of vernalization-induced flowering in cereals. 
Trends Plant Sci 12:352–357

Ustun A, Allen FL, English BC (2001) Genetic Progress in Soybean 
of the U.S. Midsouth Crop Sci 41:993–998

van de Wouw M, van Hintum T, Kik C, van Treuren R, Visser B (2010) 
Genetic diversity trends in twentieth century crop cultivars: a meta 
analysis. Theor Appl Genet 120:1241–1252

Voss-Fels K, Frisch M, Qian L, Kontowski S, Friedt W, Gottwald S, 
Snowdon RJ (2015) Subgenomic Diversity Patterns Caused by 
Directional Selection in Bread Wheat Gene Pools. Plant Genome-
Us 8(2):1–13

Voss-Fels KP, Keeble-Gagnere G, Hickey LT, Tibbits J, Nagornyy S, 
Hayden MJ, Pasam RK, Kant S, Friedt W, Snowdon R, Appels R, 
Wittkop B (2019) High-resolution mapping of rachis nodes per 

rachis, a critical determinant of grain yield components in wheat. 
Theor Appl Genet 132:2707–2719

Voss-Fels KP, Qian L, Parra-Londono S, Uptmoor R, Frisch M, 
Keeble-Gagnere G, Appels R, Snowdon RJ (2016) Linkage 
drag constrains the roots of modern wheat. Plant Cell Environ 
40(5):717–725

Voss-Fels KP, Robinson H, Mudge SR, Richard C, Newman S, Wittkop 
B, Stahl A, Friedt W, Frisch M, Gabur I, Miller-Cooper A, Camp-
bell BC, Kelly A, Fox G, Christopher J, Christopher M, Chenu 
K, Franckowiak J, Mace ES, Borrell AK, Eagles H, Jordan DR, 
Botella JR, Hammer G, Godwin ID, Trevaskis B, Snowdon RJ, 
Hickey LT (2018) VERNALIZATION1 modulates root system 
architecture in wheat and barley. Mol Plant 11:226–229

Voss-Fels KP, Stahl A, Wittkop B, Lichthardt C, Nagler S, Rose T, 
Chen TW, Zetzsche H, Seddig S, Baig MM, Ballvora A, Frisch 
M, Ross E, Hayes B, Hayden MJ, Ordon F, Leon J, Kage H, Friedt 
W, Stutzel H, Snowdon RJ (2019) Breeding improves wheat pro-
ductivity under contrasting agrochemical input levels. Nat Plants 
5:706–714

Wang G, Schmalenbach I, von Korff M, Léon J, Kilian B, Rode J, 
Pillen K (2010) Association of barley photoperiod and vernaliza-
tion genes with QTLs for flowering time and agronomic traits in 
a BC2DH population and a set of wild barley introgression lines. 
Theor Appl Genet 120:1559–1574

Wilhite DA (2000) Drought as a Natural Hazard: Concepts and Defini-
tions. Drought Mitigation Center Faculty Publications, University 
of Nebraska Lincoln, Lincoln, NB

Wilhite DA, Glantz MH (2009) Understanding: the Drought Phenom-
enon: The Role of Definitions. Water Int 10:111–120

Wu A, Hammer GL, Doherty A, von Caemmerer S, Farquhar GD 
(2019) Quantifying impacts of enhancing photosynthesis on crop 
yield. Nat Plants 5:380–388

Würschum T, Leiser WL, Langer SM, Tucker MR, Longin CFH (2018) 
Phenotypic and genetic analysis of spike and kernel characteristics 
in wheat reveals long-term genetic trends of grain yield compo-
nents. Theor Appl Genet 131:2071–2084

Yang J, Mezmouk S, Baumgarten A, Buckler ES, Guill KE, McMullen 
MD, Mumm RH, Ross-Ibarra J (2017) Incomplete dominance of 
deleterious alleles contributes substantially to trait variation and 
heterosis in maize. PLoS Genet 13(9):e1007019

Yue B, Xue WY, Xiong LZ, Yu XQ, Luo LJ, Cui KH, Jin DM, Xing 
YZ, Zhang QF (2006) Genetic basis of drought resistance at 
reproductive stage in rice: Separation of drought tolerance from 
drought avoidance. Genetics 172:1213–1228

Zandalinas SI, Fichman Y, Devireddy AR, Sengupta S, Azad RK, Mit-
tler R (2020) Systemic signaling during abiotic stress combination 
in plants. Proc Natl Acad Sci 117:13810–13820

Zhang A, Liu Y, Wang F, Li T, Chen Z, Kong D, Bi J, Zhang F, Luo X, 
Wang J, Tang J, Yu X, Liu G, Luo L (2019) Enhanced rice salinity 
tolerance via CRISPR/Cas9-targeted mutagenesis of the OsRR22 
gene. Mol Breeding 39(3):47

Zhang Q, Li J, Zhang W, Yan S, Wang R, Zhao J, Li Y, Qi Z, Sun 
Z, Zhu Z (2012) The putative auxin efflux carrier OsPIN3tis 
involved in the drought stress response and drought tolerance. 
Plant J 72:805–816

Zhao J, Wang Z, Liu H, Zhao J, Li T, Hou J, Zhang X, Hao C (2019) 
Global status of 47 major wheat loci controlling yield, quality, 
adaptation and stress resistance selected over the last century. 
BMC Plant Biol 19(1):1–14

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Crop adaptation to climate change as a consequence of long-term breeding
	Abstract
	Key message
	Introduction: the complexity of climate response traits
	Climate change and drought: definitions and implications
	Modulation of plant adaptation by key regulatory gene families
	Source–sink trade-offs counter the improvement of single yield components
	A “silver bullet” to improve drought performance?
	Conventional breeding worked well so far
	Has breeding progress for yield diminished genetic diversity for climate adaptation in crop gene pools?
	What can we learn from retrospective breeding progress?
	Dissecting the basis of retrospective breeding progress to target future climate adaptation
	Conclusions
	Acknowledgements 
	References




