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Abstract

Climate change has generated unpredictability in the timing and amount of rain, as well as extreme heat and cold spells that 
have affected grain yields worldwide and threaten food security. Sources of specific adaptation related to drought and heat, 
as well as associated breeding of genetic traits, will contribute to maintaining grain yields in dry and warm years. Increased 
crop photosynthesis and biomass have been achieved particularly through disease resistance and healthy leaves. Similarly, 
sources of drought and heat adaptation through extended photosynthesis and increased biomass would also greatly benefit 
crop improvement. Wheat landraces have been cultivated for thousands of years under the most extreme environmental 
conditions. They have also been cultivated in lower input farming systems for which adaptation traits, particularly those that 
increase the duration of photosynthesis, have been conserved. Landraces are a valuable source of genetic diversity and 
specific adaptation to local environmental conditions according to their place of origin. Evidence supports the hypothesis 
that landraces can provide sources of increased biomass and thousand kernel weight, both important traits for adaptation 
to tolerate drought and heat. Evaluation of wheat landraces stored in gene banks with highly beneficial untapped diversity 
and sources of stress adaptation, once characterized, should also be used for wheat improvement. Unified development of 
databases and promotion of data sharing among physiologists, pathologists, wheat quality scientists, national programmes, 
and breeders will greatly benefit wheat improvement for adaptation to climate change worldwide.
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Introduction

An autochthonous wheat landrace is defined as a traditional 
variety with a high capacity to tolerate biotic and abiotic 
stresses, resulting in high yield stability and an intermediate 

yield level under a low input agricultural system (Zeven, 
1998). A landrace differs from a variety that has been selec-
tively improved by breeders for particular characteristics. The 
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Fertile Crescent (the area known as the cradle of civilization 
surrounded by arid and semi-arid land in western Asia) was 
home to wild wheats and traditional varieties and other valua-
ble crops of the modern world (Diamond, 2002). However, the 
migration process from the Fertile Crescent, as well as both 
natural and human selection, resulted in the development of 
local landraces. It is generally accepted that during the process 
of domestication and the spread of domesticated wheat, new 
adaptive traits suitable for new environments were selected 
(Charmet, 2011; Peng et al., 2011). Primary targets were prob-
ably critical traits that facilitated harvesting and enabled the 
colonization of new environments, such as larger seeded, non-
shattering plants (Fuller, 2007), or flowering time fit to the 
prevailing environmental conditions of the region (Cockram 
et al., 2009). It has also been suggested that many other traits, 
such as plant height, number, and weight of spikes and grains, 
were co-selected by ancient farmers (Peng et  al., 2011). For 
durum wheat (Triticum turgidum L.), a diversification of the 
species into different subspecies occurred in several territories. 
This was the case in Spain, whose durum wheat landraces have 
been classified into three main inter-fertile subspecies, dicoc-
con, turgidum, and durum, which all share the same AABB 
genomic constitution (Ruiz et al., 2012). Subspecies dicoccon, 
a hulled wheat for animal feed and human consumption, rep-
resents a primitive stage in crop evolution, and was gradually 
replaced by more advanced free-threshing types of ssp. durum 
and turgidum, which evolved from ssp. dicoccon (Zohary and 
Hopf, 1994). Cultivation of ssp. dicoccon was restricted to 
mountainous regions, while ssp. turgidum was grown in colder 
areas than ssp. durum, which was most widespread and better 
adapted to dry environments (Ruiz et al., 2012).

Wheat landrace collections contain wider genetic diversity 
than most breeding programmes and this diversity includes 
adaptation to different conditions according to the place of 
origin. This characteristic has been exploited in some coun-
tries, where the first improved varieties consisted of selections 
of local landraces. One such bread wheat variety, ‘Aragon 03’, 
selected from the indigenous landrace population ‘Catalan 
de Monte’ (Gadea, 1958), was the leading variety in Spain 
during the period 1960–1976 due to its capacity for drought 
resistance (Royo and Briceño-Félix, 2011). Another variety, 
‘Turkey’ (syn. ‘Turkey Red’), a hard red winter wheat suited 
to cold regions, had a tremendous impact on wheat cultiva-
tion in the United States at the turn of the last century due 
to decreased winterkill, among other traits (Olmstead and 
Rhode, 2002). It quickly became the most widely grown wheat 
in the central Great Plains in the late 19th and early 20th cen-
tury, transforming Nebraska into a predominantly winter 
wheat area. Such breakthroughs remain necessary to address 
the impact of climate change and risks to food security. 
Evidence suggests yield plateaus in some European countries 
(The Netherlands, UK, and France: Grassini et  al., 2013). 
However a significant improvement in wheat production will 
be required if  demand from the growing human population, 
predicted by the United Nations to be more than 9 billion 
people by 2050 (http://www.fao.org/fileadmin/templates/wsfs/
docs/expert_paper/How_to_Feed_the_World_in_2050.pdf), 
is to be met. The challenge for wheat breeders is to increase 

genetic gains in productivity at a rate not lower than growing 
demand, in combination with appropriate agronomy to mini-
mize yield gaps and guarantee environmental sustainability. 
Analysis of spring wheat lines distributed by the International 
Maize and Wheat Improvement Centre (CIMMYT) between 
1995 and 2010 has shown that average genetic gains in yield 
are still increasing; however, this study has also shown com-
paratively lower genetic gains in low-yielding environments 
(Lopes et al., 2012a). The use of wheat landraces (which have 
the same genome as current wheat germplasm) for direct 
crossing and introgression of adaptive traits is an attractive 
breeding strategy when compared to more complex breed-
ing approaches used in the deployment of synthetic wheat, 
which exploit genetic resources of wild species (Reynolds 
et al., 2007). Despite recognition that landraces possess a use-
ful source of stress-adaptive traits and wide allelic variation 
for most key traits, understanding how to exploit this genetic 
diversity is unclear and scattered. This review questions how 
this diversity can be exploited and made readily available for 
use by breeders and the scientific community. First, there is a 
discussion as to how a loss of diversity through breeding and 
associated bottlenecks occurred. Second, strategies to retain 
diversity are explored. Finally, ways of centralizing and unify-
ing genetic resources and their potential associated traits for 
specific environmental conditions through the conservation of 
germplasm and the development of databases are proposed.

Wide genetic diversity in wheat landraces: 
what did we lose through breeding?

The Green Revolution, which occurred throughout the 1940s 
to the 1960s, led to the development of high-yielding, disease-
resistant wheat varieties with dwarfing genes; these were lodg-
ing resistant and highly responsive to inputs. The success of 
these varieties is probably the most important event in the 
history of modern agricultural research and enabled such 
wheat-importing countries as India and Pakistan to become 
exporters. Currently, modern high-yielding varieties grown 
in major wheat environments have an assembly of genes or 
gene combinations pyramided by breeders. However, increas-
ing reliance on relatively few varieties in most breeding pro-
grammes has led to the loss of well adapted, genetic diversity. 
It is well documented that selection targeted at individual loci 
will reduce genetic diversity within and around the selected 
loci (Tanksley and McCouch, 1997). Selection in modern 
breeding programmes acts simultaneously upon many loci, 
controlling a variety of traits under selection, and such selec-
tion would greatly reduce diversity throughout the genome as 
has been predicted (Tanksley and McCouch, 1997). Decreases 
in genetic diversity are often recognized as genetic bottlenecks 
imposed on crop plants during domestication and in modern 
plant-breeding practices, as explained below.

Bottlenecks for wheat diversity

There are two potential bottlenecks in wheat diversity. The 
first relates to the recent origin of common wheat (~8000 years 
ago: Cox, 1997) and the presumption that there are relatively 
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few tetraploid and diploid progenitor crosses. Hence, only a 
portion of the diversity of T. dicoccoides and Aegilops squa-
rosa exists in common wheat. The second bottleneck relates 
to founder lines for local populations where breeding pro-
grammes often rely on a relatively limited number of parent 
lines in developing germplasm pools. In common wheat, this 
second bottleneck is believed to have reduced the population 
size by 6% (Cavanagh et  al., 2013). The second bottleneck 
helps to explain the value of germplasm exchange and the use 
of landraces. For example, while ‘Turkey’ was the landrace 
that greatly changed wheat production in the Great Plains, 
‘Cheyenne’, released in 1933, and a selection from the lan-
drace ‘Crimea’, formed the foundation line for the Nebraska 
gene pool. The impact of these two landraces on wheat 
improvement can be seen in the use of a major quantitative 
trait locus (QTL) for grain yield on chromosome 3A (Ali 
et al., 2011; Mengistu et al., 2012). First, the 3A QTL is most 
beneficial in the higher-yielding cropping systems of eastern 
Nebraska and neutral in the lower-yielding cropping systems 
of the western northeast (Mahmood et al., 2004). ‘Cheyenne’ 
and many of the lines grown in western Nebraska do not have 
the favourable 3A QTL allele because it is not favourable in 
those environments. However, the majority of lines grown in 
the higher-yielding cropping systems in eastern Nebraska or 
under irrigation in western Nebraska contain the favourable 
3A QTL allele. The favourable 3A QTL allele originates from 
‘Wichita,’ a Kansas wheat released in 1954, which was most 
likely to have been obtained from ‘Turkey’, which also has 
this favourable QTL. This example highlights how genes from 
landraces are effectively deployed. In their original state they 
may have little or no effect. Where they have small effects, 
selection neither selects for or against them. Often the founder 
line genotype predominates, but the pay-off is a loss of diver-
sity. However, where they have beneficial effects, selection will 
greatly increase their frequency. This example illustrates how 
germplasm beyond the founder line is incorporated through 
breeding.

Allelic variation of genes recovered by going back to 
landraces

Cavanagh et  al. (2013) highlighted the considerable germ-
plasm exchange that has occurred within the wheat-breeding 
community. The increased spectrum of international agricul-
tural research from the Consultative Group on International 
Agricultural Research (CGIAR) centres, particularly by 
CIMMYT, has enhanced the flow of germplasm worldwide, 
which in turn has favoured the use of beneficial alleles across 
environments. While the Green Revolution and the related 
spread of semi-dwarfing genes (Rht-B1b and Rht-D1d) are 
well known (Reynolds and Borlaug 2006), a third semi-
dwarfing gene, Rht8c, provides an additional insight into 
the use of landraces. Rht8c is contained in ‘Aka Komugi,’ a 
Japanese landrace, and was used by Italian breeder Nazareno 
Strampelli to improve his varieties (Korzun et  al., 1998; 
Worland et al., 1998; Ellis et al., 2007). Rht8c does not affect 
coleoptile length, which is important in seeding wheat in dry 
regions or with variable planting systems in poor seed beds. 

‘Aka Komugi’ also contains the photoperiod insensitivity 
gene (Ppd_D1, formerly Ppd1), which further reduces plant 
height by shortening the plant’s life cycle and is valuable for 
adaptation in short-day environments (e.g. in Italy). In more 
northerly climates where a longer season occurs, daylight 
insensitivity is detrimental, and Ppd_D1 is not used (Worland 
et  al., 1998). The ‘Aka Komugi’ landrace was the source 
of a different dwarfing gene than those used in the Green 
Revolution. This finding highlights the value of landraces 
as genetic resources; in this case its value was in part due to 
a second height-reducing gene (Ppd_D1), which was better 
adapted to the area where ‘Aka Komugi’ was initially used 
as a parent. As the value of Rht8c was determined and more 
broadly used, the second height-reducing gene (Ppd_D1) was 
not as valuable and was not incorporated (Gasperini et al., 
2012). Though not directly related to Rht8c, an additional 
finding was that initially a closely linked marker Xgwm261 
was assumed to be diagnostic for Rht8 alleles. However, sub-
sequent research (Ellis et al., 2007) proved that Xgwm261was 
not always linked to Rht8 and that Xgwm261 was only diag-
nostic in lines derived from ‘Aka Komugi’ because the link-
age disequilibrium still existed between the marker and the 
gene. The same can be said for resistance to pests and dis-
ease. As a pest arrives or is identified in a new country, breed-
ers often screen landraces from the pest’s original home for 
resistance genes for use in the development of new varieties. 
For example, the Iranian land races ‘PI 1377397’ (DuToit, 
1989) and ‘PI626580’ (Valdez et al., 2012) were used as par-
ents for their resistance to the Russian wheat aphid Diuraphis 
noxia (Kurdjumov). The Russian wheat aphid is native to the 
Middle East and west Asia (Puterka et al., 1993) and resist-
ance to this pest has co-evolved there. As the aphid moved 
to or was identified in other locations, such as South Africa 
in 1978 and the United States in 1986 (Puterka et al., 1993), 
plant breeders have searched the Russian wheat aphid’s 
original location for sources of resistance. These sources of 
resistance and the genes that control these traits have been 
incorporated into modern wheat varieties. Hence, in much 
the same way that the pest has moved to new areas where a 
favoured crop is grown, breeders have moved resistance genes 
from their original home to the crop’s new location and the 
pest has moved in tandem. These examples show how allelic 
variation of genes originally found in the wild, but gradually 
lost through domestication and breeding, have been recov-
ered only by going back to landraces.

Strategies to retain diversity from wheat 
landraces

It is fully understood that landraces provide a rich source of 
genes, but at the same time plant breeders, who want to cre-
ate new high-yielding varieties, tend to make crosses among 
elite lines where they have the highest likelihood of develop-
ing new varieties (Baenziger and DePauw, 2009). Similarly, 
although modern durum wheat varieties are more productive 
with a higher harvest index (Royo et al., 2008; Fayaz et al., 
2013), less photoperiod sensitivity and fewer vernalization 
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requirements (Motzo and Giunta 2007), and with better over-
all end-use quality than landraces (Nazco et  al., 2012), the 
nature of landraces, evolved and mixed through natural and 
artificial selection processes (Zeven, 1998), makes them the 
most genetically diverse of the cultivated lines. Mediterranean 
durum landraces represent a particularly important group 
of genetic resources because of their extensive genetic vari-
ability and their documented tolerance to drought (Kyzeridis 
et al., 1995), resilience to pests, resistance to diseases (Talas 
et al., 2011), and adaptability to low-input farming systems 
(Srivastava and Damania, 1989). Thus, landraces can be 
considered as likely sources of putatively lost variability and 
may provide new genes or alleles, which could be introgressed 
into modern varieties by hybridization. However, the impor-
tance of widening genetic diversity requires several actions 
in addition to hybridization within breeding programmes. 
These include monitoring genetic diversity and increas-
ing the frequency of rare alleles using landraces in breed-
ing programmes; finding ‘new’’ allelic variation for known 
functional genes among landraces; and promoting pheno-
typic characterization of landraces for adaptation to climate 
change and facilitating information sharing. These strategies 
are explained below in more detail.

Monitoring genetic diversity and increasing the 
frequency of rare alleles using landraces in breeding 
programmes

Sequencing is rapidly becoming so inexpensive that it will 
soon be possible to use it routinely in breeding programmes 
(Poland and Rife, 2012), e.g. for evaluation of genetic 
diversity (El-Basyoni et  al., 2013). Overall genetic diversity 
(including neutral or non-functional diversity) can be meas-
ured at two different stages: (i) to form core collections where 
genetic diversity is maximized with minimum repetition 
(Pessoa-Filho et  al., 2010); (ii) in the intermediate genera-
tions of a breeding programme to conserve genetic variabil-
ity for selection in later generations (El-Basyoni et al., 2013). 
Genetic diversity can be determined by the use of different 
data types, such as pedigree, morphological, and biochemi-
cal markers, and DNA molecular markers (Beaumont et al., 
1998; Li et al., 2010; Vinu et al., 2013). The first step toward 
identifying genetic diversity patterns in a given population 
is to estimate the similarity among genotypes. Various algo-
rithms have been developed to estimate the genetic similarity 
among genotypes, as described in the literature (Beaumont 
et al., 1998; Mohammadi and Prasanna, 2003; Kosman and 
Leonard, 2005; Aremu, 2011). Principal components analysis 
(PCA), principal coordinates analysis (PCoA), and multidi-
mensional scaling (MDS) are three ordination methods that 
are also frequently used visually to represent genetic relation-
ships among genotypes (Franco et al., 2003). Principal com-
ponents analysis [with 7710 Genotype-By-Sequencing (GBS) 
markers] was used to analyse a set of 2397 landraces from 
central and western Asia (Fig. 1). There is evidence that GBS 
markers are uniformly spaced across the chromosomes of 
wheat (Poland et  al., 2012); however, to avoid redundancy, 
markers with maximum missing values of 10%, minor allele 

frequency lower than 0.05, and R2 higher than 0.8 were dis-
carded to avoid redundancy; missing values were input using 
an expectation-maximization algorithm. Fig.  1 shows how 
wide the diversity of landraces was as primarily related to 
geographical origin. Geographical origin has discriminated 
major groups (except for China, which has two distinct lan-
drace groups) representing good evidence for local genetic 
adaptation to the place of origin.

In the area of diversity and genetic distance in populations, 
it is common to remove markers with minor allele frequencies 
(MAF). In studying and utilizing diversity, it is critical to rec-
ognize that MAF are part of the reservoir of genes that breed-
ers need to access. In fact, under selection, MAF will greatly 
increase if  the linked trait has commercial merit (Cavanagh 
et al., 2013). Genome-wide association studies have recently 
been used for the discovery of markers associated with traits 
of interest (Lopes et al., 2015); however, rare alleles are gen-
erally removed due to a limited population size (to keep an 
acceptable level of precision during phenotyping). Whether 
most of the variance for a specific trait is hidden as various 
rare alleles of large effect or as common alleles of very small 
effect is still not clear (Gibson, 2012; Romay et  al., 2013). 
New methodologies have been discussed in the literature via 
study designs and statistical tests for rare-variant association 
analysis (Lee et al., 2013), but these will have to be tested in 
plants. Next-generation genotyping and sequencing technol-
ogies may facilitate future studies of uncommon and rare var-
iants, while explaining an increased fraction of trait variation 
(Varshney et al., 2014). Nested-association mapping (NAM) 
and multi-parent advanced generation intercross (MAGIC) 
approaches may also improve rare allele detection (Yan et al., 
2011). The use of landraces in the development of popula-
tions may greatly increase diversity and will change the fre-
quency of alleles, making it possible to identify new alleles.

Finding ‘new’ allelic variation for known functional 
genes among landraces

While the importance of keeping diversity in breeding pro-
grammes has been well established, application may be ques-
tioned if  this diversity does not address allelic variation for 
key priority traits in breeding programmes. Allele mining is 
a research field aimed at identifying allelic variation of rel-
evant traits within genetic resource collections. For identified 
genes of known function and basic DNA sequence, genetic 
resources collections may be screened for allelic variation 
(Bhullar et al., 2010) using different molecular technologies 
(Kumar et al., 2010). Isolation of important alleles from lan-
draces and other genetic resources has been referred to as a 
source of functional allelic diversity and differential allelic 
frequency in comparison to modern breeding lines (material 
selected through breeding but not yet a variety) and varieties. 
Bhullar et  al. (2009) found new functional allelic diversity 
for resistance to powdery mildew using a strategic selection 
of bread wheat landraces. Similarly, new alleles for grain 
texture and quality have been identified in old Mexican and 
Mediterranean wheat landraces (Ayala et al., 2013). Realizing 
the immense potential of the discovery of new alleles for 
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functional genes, efforts are underway to screen wheat col-
lections in international crop research institutes (Kumar 
et al., 2010). Once available, this information will be highly 
valuable for enriching the genetic diversity within breeding 
programmes. Discovery of new markers associated with key 
traits through genome-wide association studies (GWAS) will 
greatly benefit the scientific community, particularly after 
validation of important markers associated with complex 
traits. For example, the wheat association mapping initiative 
(WAMI), which has been genotyped with the 9K and 90K 
SNP chip, is now delivering a set of markers associated with 
complex traits (Lopes et al., 2015; Sukumaran et al., 2015).

Promoting phenotypic characterization of landraces 
for adaptation to climate change and facilitating 
information sharing

Kato and Yokoyama (1991) have shown that half  of the vari-
ation for traits like heading time, photoperiodic responses, 
narrow-sense earliness, and vernalization requirements 
were explained by a geographical difference in origin. More 
recently, growth habit has been defined as one of the primary 
mechanisms driving local adaptation (Cavanagh et al., 2013). 
This has important implications for the development of core 
collections for drought and heat tolerance, where selection 
based purely on geographical origin will unfortunately pro-
duce diversity primarily related with growth habit. However, 
growth-habit genes have been fixed in most commercial 
breeding programmes (Richards et al., 2010) and this will not 
help in the development of more-tolerant breeding lines for 

drought and heat adaptation to climate change projections. 
Therefore, phenotyping and genotyping of landrace collec-
tions is crucial to further define and understand other traits 
of interest besides well known genes associated with ver-
nalization and photoperiod responses. Work is being devel-
oped at CIMMYT (Turkey) to phenotype landraces from 
central and western Asia (selected from landraces in Fig. 1), 
where drought and heat are common events. The objective is 
to find new traits in landraces associated with tolerance to 
drought and heat. Fig. 2 and Table 1 show the evaluation of 
three basic traits, including thousand kernel weight (TKW), 
biomass at maturity, and grain yield, in three populations 
(population one with 251 varieties and breeding lines, popu-
lation 2 with 291 landraces from several countries in central 
and western Asia, and population 3 with 236 landraces from 
Afghanistan). Table 1 shows basic information on experimen-
tal design and variance components of the field trials and it 
also indicates the range of variation (minima and maxima) 
for each trait in the different populations. Moreover, a com-
mon check was used in all trials and populations, in this case 
with check variety ‘Karahan’ (a locally well adapted vari-
ety). Landrace population 3 showed an increased percentage 
of genotypes with statistically significant higher TKW than 
check variety ‘Karahan’, whereas both populations 1 and 3 
did not (see extended tail showing genotypes with the highest 
TKW in Fig. 2A and Table 1). Similarly, landrace population 
2 showed an increased percentage of landraces with increased 
biomass (Fig. 2B) than check variety ‘Karahan’. Finally for 
grain yield, only populations one and two showed statistically 
significant higher grain yield than check variety ‘Karahan’ 

Fig. 1.  Principal component analysis (PCA) of ~10 000 genotype-by-sequencing (GBS) markers run in a total of 3300 wheat landraces from Afghanistan 
(AFG), Armenia (ARM), Azerbaijan (AZB), China (CHN), Georgia (GEO), Iraq (IRQ), Tajikistan (TJK), Turkey (TUR), and unknown origin. This figure is 
available in colour at JXB online.
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(Fig. 2C). However, most breeding lines and varieties in pop-
ulation 1 were above the check variety ‘Karahan’, as shown 
by the frequency peak in Fig. 2C. In terms of biomass, this 
result indicates that selection for yield is linked to selection for 
smaller plants when comparing landraces with varieties and 
breeding lines. In fact, Richards et al. (2002) concluded that 
it is appropriate to focus on methods of increasing biomass 
and thereby crop photosynthesis genetically after observing 
that during the 20th century biomass remained stable. Similar 
results were recently observed by Pask and Reynolds (2013). 
However, biomass must increase without further increasing 
plant height, which may result in sensitivity to lodging in 
more favourable years. Moreover, increased TKW has been 
associated with increased grain yield in low and intermedi-
ate-yielding environments (Lopes et al., 2012a) and this is an 
important trait for better performance. Landraces are prob-
ably an important source of allelic variation for biomass and 

TKW that can be used in breeding; however, this will greatly 
vary across populations and terms of reference used in com-
parisons with varieties and breeding lines. Genome-wide 
association studies for the discovery of markers associated 
with biomass and TKW in core collections with fixed and 
known growth-habit genes of wheat landraces will be valu-
able for marker discovery.

Durum wheat

Phenotypic characterization of durum wheat landraces has 
also been undertaken by various research teams. A study con-
ducted with durum wheat landraces from 14 Mediterranean 
countries revealed that those that evolved and dispersed 
through the north of the Mediterranean basin (via Turkey, 
the Balkan peninsula, Greece, and Italy) had different physi-
ological and yielding strategies than the ones that migrated 
from east to west through North Africa, the southern path-
way by which durum wheat was dispersed throughout the 
Mediterranean (Moragues et al., 2006a,b). One of the most 
interesting findings of this study was that the yield of lan-
draces was primarily related to variations in grain weight in 
terms of the ones that spread through the northern pathway, 
but was related to the number of spikes per unit area for lan-
draces dispersed through the southern route (Moragues et al., 
2006a). These contrasting yield-formation strategies are most 
likely to be related to the mechanism of durum wheat’s capac-
ity to adapt to different climatic conditions existing in the 
north and the south of the Mediterranean basin. It has been 
shown that during the wheat-growing period, temperatures, 
solar radiation, and potential evapotranspiration are signifi-
cantly higher in the southern region, which additionally has 
less rainfall than the north (Royo et al., 2014). These contrast-
ing yield-formation strategies developed by landraces appear 
to have also been adopted by modern varieties as a mecha-
nism of adaptation to their growing environment. The yield 
of commercial durum wheat varieties and inbred lines under 
warm and dry Mediterranean environments has been shown 
to be determined mostly by the number of spikes per unit 
area, whereas grain weight predominantly influences the yield 
in cool and wet environments (García del Moral et al., 2003; 
Royo et al., 2006). One reason for these contrasting adaptive 
strategies has been given in a recent study, which showed that 
high minimum temperatures and photoperiods before flower-
ing restrict the number of grains per unit area, while low lev-
els of radiation during grain filling limit the achievement of 
heavy grains (Villegas et al., 2015). Yield reductions related to 
a low number of grains per unit area under high pre-anthesis 
temperatures have been mainly associated with an accelera-
tion of spike growth (Fischer 2011), which results in a reduc-
tion of the potential number of florets (González et al., 2011), 
and consequently in the number of grains per unit area, which 
is not fully compensated later by kernel weight (Foulkes et al., 
2011; Peltonen-Sainio et al., 2007).

Landraces evolved on different sides of the Mediterranean 
basin have also been shown to differ in a number of other 
traits, which supports the conclusion that northern landraces 
are better adapted to the most productive environments, while 

0
10
20
30
40
50
60
70
80

0 0.5 1 1.5 2

Fr
eq

ue
nc
y

Normalized TKW

POP 1

POP 2

POP 3

A

0
10
20
30
40
50
60
70
80
90

0 0.5 1 1.5 2

Fr
eq

ue
nc
y

Normalized Biomass

POP 1

POP 2

B

*

0
10
20
30
40
50
60
70
80
90

0 0.5 1 1.5 2

Fr
eq

ue
nc
y

Normalized GY

POP 1

POP 2

POP 3

C

*

*

Fig. 2.  Histograms of frequency distribution of (A) TKW, (B) biomass, and 
(C) grain yield (GY) parameters measured in wheat in populations 1, 2, and 
3 (see Table 1 for details). All parameters were normalized against check 
variety ‘Karahan’. Populations 1 and 3 were grown during the 2012–13 and 
2013–14 wheat cycles in Konya; population 2 was grown in the 2013–14 
wheat cycle in the same location. Biomass was not measured in population 
3. Check variety ‘Karahan’ was randomly distributed (10% of entries) in 
each replicated trial for all three populations. *, populations where at least 
one genotype was statistically significant above the check variety.
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southern ones are more resistant to drought and the poorest 
conditions (Moragues et al., 2006b). Increased water and heat 
stresses which occur in the spring in southern Mediterranean 
countries may have caused landraces adapted to these envi-
ronments to reduce their cycle length to anthesis, when 
compared to those adapted to more northern environments 
(Moragues et al., 2006b; Royo et al., 2014), as a strategy to 
allow their grains to fill under more favourable conditions. 
Grain filling in wheat is supported by transient photosyn-
thesis and the remobilization of stored non-structural car-
bohydrates accumulated before anthesis (Blum, 1998). In 
Mediterranean environments, current photosynthesis during 
grain filling declines as a result of the hot and dry conditions, 
and the translocation of stored reserves becomes particularly 
important for grain filling (Papakosta and Gagianas, 1991; 
Blum, 1998). The larger contribution of pre-anthesis assimi-
lates to the grain yield of southern landraces when compared 
with northern ones (Moragues et al., 2006b) may also be a 
symptom of their superior adaptation to drought. On the 
other hand, landraces dispersed from the northern region 
have a larger tillering capacity and lower number of grains 
per spike than those dispersed in the south, which, according 
to Duggan et al. (2000), may indicate a greater yield potential.

A geographical pattern has also been identified regard-
ing the overall grain end-use quality of durum wheat in 
Mediterranean landraces (Nazco et  al., 2012), which have 
large diversity for quality traits (Moragues et  al., 2006c; 
Nazco et al., 2012). Genetic diversity based on allelic frequen-
cies at glutenin loci has been shown to be greater in landraces 
than in modern varieties (Nazco et al., 2014). Landraces from 
the eastern Mediterranean countries (Egypt, Turkey, Syria, 
Lebanon, Jordan, and Israel) have lighter grains and lower 
grain-filling rates than those from the western Mediterranean 
countries (Algeria, Italy, Morocco, Tunisia, Spain, France, 
Portugal, and Greece) (Nazco et al., 2012). Both groups have 
similar gluten strength, although different allelic frequencies 

of glutenin loci than those reported for landraces of south-
west Asia and southwest Europe (Moragues et al., 2006c).

Conservation of landraces

Conservation of all gene pools is a high priority for sustain-
ing food security and coping with current and future climate 
change effects. Scientists have been sensitive to conservation 
for a long time and in the early 20th century, a Turkish scien-
tist named Mirza Gökgöl collected and characterized wheat 
landraces from all over Turkey. Gökgöl identified about 18 
000 types from which 256 new varieties were identified, and 
his descriptions and publications are still an important source 
of original wheat types in this part of the world. With all the 
diversity detected in these collections, Gökgöl was convinced 
that almost all wheat varieties existing in the world were pre-
sent in Turkey and that Turkish landraces provided an end-
less treasure to breeders worldwide (Karagoz, 2014), as seen 
by the introduction of Turkish material in the United States 
(as described in the introduction of this paper). These early 
efforts by Gökgöl have been particularly valuable where the 
spread of high-yielding modern varieties grown under inten-
sive systems have been replacing local varieties around the 
world. Exceptionally, Turkey and Iran serve as two examples 
where landraces are still cultivated, although in a very limited 
area, and this source of diversity may be lost sooner rather 
than later if  not collected and conserved. Not only must 
landraces be conserved, but so should wheat varieties that 
have been replaced by new and more productive ones. Older 
varieties, due to the emphasis on landraces and more exotic 
materials, must not be forgotten, and older varieties, as well 
as other breeding materials, need to be conserved as a source 
of genetic diversity.

Despite the enormous efforts made by national and inter-
national programmes to conserve wheat diversity, eventually 
the conservation of germplasm and characterization of key 

Table 1.  Basic statistics for grain yield, biomass, and TKW in populations 1–3

Population 1 Years h2 LSD GEN ENV G×E ‘KARAHAN’ Min. Max.

Grain yield (gm–2) 2 0.28 124.2 <0.0001 <0.0001 <0.05 271.3 126.3 404.6
Biomass (gm–2) 2 0.10 267.7 <0.05 <0.0001 <0.05 820.6 460.6 944.8
TKW (g) 2 0.60 6.3 <0.0001 <0.0001 0.656 32.8 27.5 43.7
Population 2
Grain yield (gm–2) 1 0.46 117.7 <0.0001 NA NA 220.0 36.7 348.6
Biomass (gm–2) 1 0.20 361.7 <0.05 NA NA 611.4 187.4 1075.6
TKW (g) 1 0.78 6.3 <0.0001 NA NA 32.6 19.6 43.3
Population 3
Grain yield (gm–2) 2 0.40 87.8 <0.0001 <0.0001 0.40 239.9 62.9 269.4
Biomass (gm–2) 0 NA NA NA NA NA NA NA NA NA
TKW (g) 2 0.77 7.0 <0.0001 <0.0001 <0.0001 32.6 34.8 50.7

Populations 1 (251 varieties and breeding lines), 2 (291 landraces from several countries in central and western Asia), and 3 (236 landraces 
from Afghanistan) were grown in a two-replicated alpha-lattice experimental design in Konya, Turkey. Populations 1 and 3 were grown during 
the 2012–13 (224 mm precipitation) and 2013–14 (251 mm precipitation) wheat cycles in Konya; population 2 was grown in the 2013–14 wheat 
cycle in the same location. Common check variety ‘Karahan’ was randomly distributed (10% of entries) in each replicated trial for all three 
populations. Years, number of years in which data are available; h2, heritability; LSD, least significant difference; GEN, probabilities associated 
with variance components of genotype; ENV, environment; G×E, genotype by environment interaction (G×E) effects; ‘KARAHAN’, average 
of check variety ‘Karahan’ in each set of field trials; Min. and Max., minimum and maximum values in each population (without check variety 
‘Karahan’); NA, not available. For more information on data collection and associated methodologies see Lopes et al. (2012).
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traits will provide specific information to breeders that will 
promote the use of genetic resources by the scientific commu-
nity. Specifically, several challenges need attention: (i) dealing 
with duplication where tracking is lost when moving germ-
plasm from one place to other, particularly if  a unique nota-
tion is not used; (ii) genetic diversity of collections widely 
determined by DNA markers available in genebank facilities; 
(iii) diversity being well retained during collection through the 
use of molecular markers, visual observation, and by using 
internationally accepted conservation and characterization 
standards in seed genebanks; (iv) increasing in situ conser-
vation; (v) functional multiplication programmes; (vi) organ-
izing regular national or regional collection programmes 
with functional surveys that gather high quality information 
related to germplasm being collected; (vii) reliable ‘passport’ 
information being available with GPS coordinates; (viii) 
using internationally accepted data base management pro-
grammes in genebanks; (ix) providing a worldwide data sys-
tem among genebanks; and (x) spreading research results in a 
database system linked with genebanks. These activities, once 
established, will greatly improve the targeted use of genetic 
resources and will help scientists and breeders strategically 
extract and use allelic variation for important traits.

Concluding remarks

Loss of genetic diversity has been recognized as a genetic 
bottleneck imposed on crop plants during domestication and 
through modern plant-breeding practices. Allelic variation of 
genes originally found in the wild but gradually lost through 
domestication and breeding has been recovered only by 
going back to landraces. Landraces with increased biomass 
and total photosynthesis and TKW have potentially new 
allelic variation that should be exploited in wheat breeding. 
Several strategies to retain diversity found in wheat landraces 
are available and must be implemented. The first of these is 
measuring diversity to form core collections where genetic 
diversity is maximized with minimum repetition and in inter-
mediate generations of a breeding programme to conserve 
genetic variability for selection in later generations. The sec-
ond is addressing the allelic variation for key traits in breed-
ing programmes where the importance of keeping diversity 
has been well established. Allele mining for traits and alleles 
of interest (finding ‘new’ allelic variation for known func-
tional genes, e.g. Vrn and Ppd, among landraces and link-
ages or pleiotropy between new alleles for known functional 
genes and grain yield) will be highly valuable for enriching 
the genetic diversity within breeding programmes. The third 
strategy is retaining phenotypic variation and related genetic 
association for specific traits through large-scale and preci-
sion phenotyping coupled with GWAS for the identification 
of new markers. Ultimately, the unified development of data-
bases and promotion of data sharing among physiologists, 
pathologists, wheat quality scientists, national programmes, 
and breeders through linkages with genebanks will greatly 
benefit wheat improvement for adaptation to climate change 
worldwide.

Acknowledgements
The authors would like to thank Handan Karatogma and Ibrahim Ozturk 
for assistance with data and trial management. The genotyping was sup-
ported by the Seeds of Discovery project funded by the Sustainable 
Modernization of Traditional Agriculture (MasAgro) project supported by 
the Government of Mexico during 2011–12. The Australian Winter Cereal 
Collection (AWCC), the International Centre for Agricultural Research in 
the Dry Area (ICARDA), and CIMMYT genebanks are acknowledged for 
providing seeds of landrace collections. Seeds of population 1 containing 
wheat varieties and breeding lines were provided by the International Winter 
Wheat Improvement Programme (IWWIP), a Turkey-CIMMYT-ICARDA 
coalition. Editing assistance was received from Julie Mollins.

References
Ali ML, Baenziger PS, Ajlouni ZA, Campbell BT, Gill KS, Eskridge 
KM, Mujeeb-Kazi A, Dweikat I. 2011. Mapping QTLs for yield and 
agronomic traits on wheat chromosome 3A and a comparison of 
recombinant inbred chromosome line populations. Crop Science 51, 
553–566.

Aremu CO. 2011. Exploring statistical tools in measuring genetic diversity 
for crop improvement. In: Caliskan M, ed. Genetic diversity in plants . 
InTech. doi: 10.5772/34950

Ayala MC, Guzman JB, Alvarez RJP. 2013. Characterization of genetic 
diversity of puroindoline genes in Mexican wheat landraces. Euphytica 
190, 53–63.

Baenziger PS, DePauw RM. 2009. Wheat breeding: Procedures and 
strategies. In: Carver BF, ed. Wheat: Science and trade . Ames, IA, USA: 
Wiley-Blackwell Publishing, 275–308.

Beaumont MA, Ibrahim KM, Boursot P, Bruford MW. 1998. Measuring 
genetic distance. In: Karp A, Isaac PG, Ingram DS, eds. Molecular tools for 
screening biodiversity . Dordrecht, The Netherlands: Springer, 315–327.

Bhullar NK, Street K, Mackay M, Yahiaoui N, Keller B. 2009. 
Unlocking wheat genetic resources for the molecular identification 
of previously undescribed functional alleles at the Pm3 resistance 
locus. Proceedings of the National Academy of Sciences, USA 106, 
9519–9524.

Bhullar NK, Zhang Z, Wicker T, Keller B. 2010. Wheat gene bank 
accessions as a source of new alleles of the powdery mildew resistance 
gene Pm3: a large scale allele mining project. BMC Plant Biology 10, 88.

Blum A. 1998. Improving wheat grain filling under stress by stem reserve 
mobilisation. Euphytica 100, 77–83.

Cavanagh CR, Chao S, Wang S, et al. 2013. Genome-wide 
comparative diversity uncovers multiple targets of selection for 
improvement in hexaploid wheat landraces and cultivars. Proceedings of 
the National Academy of Sciences, USA 110, 8057–8062.

Charmet G. 2011. Wheat domestication: Lessons for the future. Comptes 
Rendus Biologies 334, 212–220.

Cockram J, Norris C and O’Sullivan DM. 2009. PCR-based markers 
diagnostic for spring and winter seasonal growth habit in barley. Crop 
Science 49, 403–410.

Cox TS. 1997. Deepening the wheat gene pool. Journal of Crop 
Production 1, 1–25.

Diamond J. 2002. Evolution, consequences and future of plant and 
animal domestication. Nature 418, 700–707.

Duggan BL, Domitruk DR, Fowler DB. 2000. Yield component variation 
in winter wheat grown under drought stress. Canadian Journal of Plant 
Science 80, 739–745.

DuToit F. 1989. Components of resistance in three bread wheat lines to 
Russian wheat aphid (Homoptera: Aphididae) in South Africa. Journal of 
Economic Entomology 6, 1779–1783.

El-Basyoni I, Baenziger PS, Dweikat I, Wang D, Eskridge K, 
Saadalla M. 2013. Using DArT markers to monitor genetic diversity 
throughout selection: a case study in Nebraska’s winter wheat breeding 
nurseries. Crop Science 53, 2363–2373.

Ellis MH, Bonnett DG, Rebetzke GJ. 2007. A 192bp allele at the 
Xgwm261 locus is not always associated with the Rht8 dwarfing gene in 
wheat (Triticum aestivum L.) Euphytica 157, 209–214.

 at M
ardin A

rtuklu U
niversitesi on January 13, 2016

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/


Using wheat landraces to cope with climate change  |  Page 9 of 10

Fayaz F, Mardi M, Aghaee M, Darvish F, Talebi, R. 2013. Phenotypic 
diversity analysis of grain yield and yellow pigment content in germplasm 
collected from Iranian durum wheat (Triticum turgidum L.) landraces. 
Archives of Agronomy and Soil Science 59, 1339–1357.

Fischer RA. 2011. Wheat physiology: a review of recent developments. 
Crop and Pasture Science 62, 95–114.

Foulkes MJ, Slafer GA, Davies WJ, Berry PM, Sylvester-Bradley 
R, Martre P, Calderini DF, Griffiths S, and Reynolds MP. 2011. 
Raising yield potential of wheat. III. Optimizing partitioning to grain while 
maintaining lodging resistance. Journal of Experimental Botany 62, 
469–486.

Franco J, Crossa J, Taba S, Shands H. 2003. A multivariate method 
for classifying cultivars and studying group times environment\times trait 
interaction. Crop Science 43, 1249–1258.

Fuller DQ. 2007. Contrasting patterns in crop domestication and 
domestication rates: Recent archaeobotanical insights from the Old World. 
Annals of Botany 100, 903–924.

Gadea M. 1958. Trigos cultivados en España y nuevas variedades 
recomendadas . Madrid, Spain: Ministerio de Agricultura.

García del Moral LF, Rharrabti Y, Villegas D, Royo C. 2003. Evaluation 
of grain yield and its components in durum wheat under Mediterranean 
conditions: An ontogenic approach. Agronomy Journal 95, 266–274.

Gasperini D, Greenland A, Hedden P, Dreos R, Harwood W, Griffiths 
S. 2012. Genetic and physiological analysis of Rht8 in bread wheat: 
an alternative source of semi-dwarfism with a reduced sensititivity to 
brassinosteroids. Journal of Experimental Botany 63, 4419–4436.

Gibson G. 2012. Rare and common variants: twenty arguments. Nature 
Reviews Genetics 13, 135–145.

González FG, Terrile II and Falcón MO. 2011. Spike fertility and 
duration of stem elongation as promising traits to improve potential grain 
number (and yield): variation in modern Argentinean wheats. Crop Science 
51, 1693–1702.

Grassini P, Eskridge KM, Cassman KG. 2013. Distinguishing between 
yield advances and yield plateaus in historical crop production trends. 
Nature Communications 4, doi:10.1038/ncomms3918

Karagoz A. 2014. Wheat landraces of Turkey. Emirates Journal of Food 
and Agriculture 26, 149–156.

Kato K, Yokoyama H. 1991. Geographical variation in heading 
characters among wheat landraces, Triticum aestivum L., and its 
implication for their adaptability. Theoretical and Applied Genetics 84, 
259–265.

Korzun V, Roder MS, Ganal MW, Worland AJ, Law CN. 1998. Genetic 
analysis of the dwarfing gene Rht8 in wheat. Part I. Molecular mapping 
of the Rht8 on the short arm of chromosome 2D of bread wheat (Triticum 
aestivum L.). Theoretical and Applied Genetics 96, 1104–1109.

Kosman E, Leonard KJ. 2005. Similarity coefficients for molecular 
markers in studies of genetic relationships between individuals for haploid, 
diploid, and polyploid species. Molecular Ecology 14, 415–424.

Kumar GR, Sakthivel K, Sundaram RM, Neeraja CN, Balachandran 
SM, Rani NS, Viraktamath BC, Madhav MS. 2010. Allele mining in 
crops: prospects and potentials. Biotechnology Advances 28, 451–461.

Kyzeridis N, Biesantz A, Limberg P. 1995. Comparative trials with durum-
wheat landraces and cultivars in different ecological environments in the 
Mediterranean region. Journal of Agronomy and Crop Science 174, 133–144.

Lee S, Teslovich TM, Boehnke M, Lin X. 2013. General framework for 
meta-analysis of rare variants in sequencing association studies. American 
Journal of Human Genetics 93, 42–53.

Li X, Yan W, Agrama H, Hu B, Jia L, Jia M, Jackson A, Moldenhauer 
K, McClung A, Wu D. 2010. Genotypic and phenotypic characterization 
of genetic differentiation and diversity in the USDA rice mini-core collection. 
Genetica 138, 11–12.

Lopes MS, Dreisigacker S, Pena J, Sukumaran S, Reynolds M. 
2015. Genetic characterization of the Wheat Association Mapping Initiative 
(WAMI) panel for dissection of complex traits in spring wheat. Theoretical 
and Applied Genetics. In press.

Lopes MS, Reynolds M, Jalal-Kamali M, Moussa M, Feltaous Y, 
Tahir I, Barma N, Vargas M, Mannes Y, Baum M. 2012. The yield 
correlations of selectable physiological traits in a population of advanced 
spring wheat lines grown in warm and drought environments. Field Crop 
Research 128, 129–136.

Lopes MS, Reynolds MP, Manes Y, Singh RP, Crossa J, Braun HJ. 
2012a. Genetic yield gains and changes in associated traits of CIMMYT 
spring bread wheat in a “historic” set representing 30 years of breeding. 
Crop Science 52, 1123–1131.

Mahmood A, Baenziger PS, Hikmet B, Gill KS, Dweikat I. 2004. The 
use of microsatellite markers for the detection of genetic similarity among 
winter bread wheat lines for chromosome 3A. Theoretical and Applied 
Genetics 109, 1494–1503.

Mengistu N, Baenziger PS, Eskridge KM, Dweikat I, Wegulo SN, Gill 
KS, Mujeeb-Kazi A. 2012. Validation of QTL for grain yield-related traits 
on wheat chromosome 3a using recombinant inbred chromosome lines. 
Crop Science 52, 1622–1632.

Mohammadi, SA, Prasanna BM. 2003. REVIEW & INTERPRETATION 
Analysis of Genetic Diversity in Crop Plants. Salient Statistical Tools , 
1235–1248.

Moragues M, García del Moral LF, Moralejo M, Royo C. 2006a. Yield 
formation strategies of durum wheat landraces with distinct pattern of 
dispersal within the Mediterranean basin: I. Yield components. Field Crops 
Research 95, 194–205.

Moragues M, García del Moral LF, Moralejo M, Royo C. 2006b. 
Yield formation strategies of durum wheat landraces with distinct pattern 
of dispersal within the Mediterranean basin: II. Biomass production and 
allocation. Field Crops Research 95, 182–193.

Moragues M, Zarco-Hernández J, Moralejo MA, Royo C. 2006c. Genetic 
diversity of glutenin protein subunits composition in durum wheat landraces 
[Triticum turgidum ssp. turgidum convar. durum (Desf.) MacKey] from the 
Mediterranean Basin. Genetic Resources and Crop Evolution 53, 993–1002.

Motzo R, Giunta F. 2007. The effect of breeding on the phenology of 
Italian durum wheats: From landraces to modern cultivars. European 
Journal of Agronomy 26, 462–470.

Nazco R, Peña RJ, Ammar K, Villegas D, Crossa J, Moragues M, 
Royo C. 2014. Variability in glutenin subunit composition of Mediterranean 
durum wheat germplasm and its relationship with gluten strength. Journal 
of Agricultural Science 152, 379–393.

Nazco R, Villegas D, Ammar K, Peña RJ, Moragues M, Royo C. 
2012. Can Mediterranean durum wheat landraces contribute to improved 
grain quality attributes in modern cultivars? Euphytica 185, 1–17.

Olmstead AL, Rhode PW. 2002. The red queen and the hard reds: 
productivity grown in American wheat 1800–1940. The Journal of 
Economic History 62, 929–966.

Papakosta DK, Gagianas AA. 1991. Nitrogen and dry matter 
accumulation, remobilization, and losses for Mediterranean wheat during 
grain filling. Agronomy Journal 83, 864–870.

Pask AJD, Reynolds MP. 2013. Breeding for yield potential has 
increased deep soil water extraction capacity in irrigated wheat. Crop 
Science 53, 2090–2104.

Peltonen-Sainio P, Kangas A, Salo Y, Jauhiainen L. 2007. Grain 
number dominates grain weight in temperate cereal yield determination: 
Evidence based on 30 years of multi-location trials. Field Crops Research 
100, 179–188.

Peng JH, Sun D, Nevo E. 2011. Domestication evolution, genetics and 
genomics in wheat. Molecular Breeding 28, 281–301.

Pessoa-Filho M, Rangel PHN, Ferreira ME. 2010. Extracting samples 
of high diversity from thematic collections of large gene banks using a 
genetic-distance based approach. BMC Plant Biology 10, 127.

Poland JA, Brown PJ, Sorrells ME, Jannink JL. 2012. Development of 
high density genetic maps for barley and wheat using a novel two-enzyme 
genotyping-by-sequencing approach. PLoS One 7, e37135.

Poland JA, Rife TW. 2012. Genotyping-by-sequencing for plant breeding 
and genetics. The Plant Genome 5, 92–102.

Puterka GJ, Black WC, Steiner WM, Burton RL. 1993. Genetic 
variation and phylogenetic relationships among worldwide collections 
of the Russian wheat aphid, Diuraphis noxia (Mordvilko), inferred from 
allozyme and RAPD-PCR maters. Heredity 70, 604–618.

Reynolds M, Dreccer F, Trethowan R. 2007. Drought-adaptive traits 
derived from wheat wild relatives and landraces. Journal of Experimental 
Botany 58, 177–186.

Reynolds MP, Borlaug NE. 2006. Impacts of breeding on international 
collaborative wheat improvement. Journal of Agricultural Sciences 144, 
3–17.

 at M
ardin A

rtuklu U
niversitesi on January 13, 2016

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/


Page 10 of 10  |  Lopes et al.

Richards RA, Rebetzke GJ, Condon AG, van Herwaarden AF. 2002. 
Breeding opportunities for increasing the efficiency of water use and crop 
yield in temperate cereals. Crop Science 42, 111–121.

Richards RA, Rebetzke GJ, Watt M, Condon AG, Spielmeyer W, 
Dolferus R. 2010. Breeding for improved water–productivity in temperate 
cereals: phenotyping, quantitative trait loci, markers and the selection 
environment. Functional Plant Biology 37, 1–13.

Romay MC, Millard MJ, Glaubitz JC, et al. 2013. Comprehensive 
genotyping of the USA national maize inbred seed bank. Genome Biology 
14, R55.

Royo C, Briceño-Félix GA. 2011. Spanish wheat pool. In: Bojean AP, 
Angus WJ, van Ginkel M, eds. The world wheat book. A history of wheat 
breeding . Vol 2. Lavoisier, 121–154.

Royo C, Martos V, Ramdani A, Villegas D, Rharrabti Y, García del 
Moral LF. 2008. Changes in yield and carbon isotope discrimination 
of Italian and Spanish durum wheat during the 20th century. Agronomy 
Journal 100, 352–360.

Royo C, Nazco R, Villegas D. 2014. The climate of the zone of origin 
of Mediterranean durum wheat (Triticum durum Desf.) landraces affects 
their agronomic performance. Genetic Resources and Crop Evolution 61, 
1345–1358.

Royo C, Villegas D, Rharrabti Y, Blanco R, Martos V, García del 
Moral LF. 2006. Grain growth and yield formation of durum wheat grown 
at contrasting latitudes and water regimes in a Mediterranean environment. 
Cereals Research Communications 34, 1021–1028.

Ruiz M, Giraldo P, Royo C, Villegas D, Aranzana MJ, Carrillo JM. 
2012. Diversity and genetic structure of a collection of Spanish durum 
wheat landraces. Crop Science 52, 2262–2275.

Srivastava JP, Damania AB. 1989. Use of collections in cereal 
improvement in semi-arid areas. In: Brown AHD, Frankel OH, Marshall 
DR, Williams JT, eds. The use of plant genetic resources . Cambridge 
University Press, Cambridge, 88–104.

Sukumaran S, Dreisigacker S, Lopes M, Chavez P, Reynolds 
MP. 2015. Genome-wide association study for grain yield and related 

traits in an elite spring wheat population grown in temperate irrigated 
environments. Theoretical and Applied Genetics doi: 10.1007/
s00122-014-2435-3

Talas F, Longin F, Miedaner T. 2011. Sources of resistance to Fusarium 
head blight within Syrian durum wheat landraces. Plant Breeding 130, 
398–400.

Tanksley SD, McCouch SR. 1997. Seed banks and molecular maps: 
unlocking genetic potential from the wild. Science 277, 1063–1066.

Valdez VA, Byrne PF, Lapitan NLV, Peairs FB, Bernardo A, Bai G, Haley 
SD. 2012. Inheritance and genetic mapping of Russian wheat aphid reistance 
in Iranian wheat landrace accession PI 626580. Crop Science 52, 676–682.

Varshney RK, Terauchi R, McCouch SR. 2014. Harvesting the 
promising fruits of genomics: applying genome sequencing technologies 
to crop breeding. PLOS Biology 12, e1001883.

Villegas D, Alfaro C, Ammar K, Cátedra MM, Crossa J, García del 
Moral LF, Royo C. 2015. Daylength, temperature and solar radiation 
effects on the phenology and yield formation of spring durum wheat. 
Journal of Agronomy and Crop Science (in press).

Vinu V, Singh N, Vasudev S, Yadava DK, Kumar S, Naresh S, Bhat 
SR, Prabhu KV. 2013. Assessment of genetic diversity in Brassica juncea 
(Brassicaceae) genotypes using phenotypic differences and SSR markers. 
Revista de Biologia Tropical 61, 1919–1934.

Worland AJ, Korzum V, Roder MS, Ganal MW, Law CN. 1998. Genetic 
analysis of the dwarfing gene Rht8 in wheat. Part II. The distribution and 
adaptive significance of allelic variants at the Rht8 locus of wheat as 
revealed by microsatellite screening. Theoretical and Applied Genetics 96, 
1110–1120.

Yan J, Warburton M, Crouch J. 2011. Association mapping for 
enhancing maize (Zea mays L.) genetic improvement. Crop Science 51, 
433–449.

Zeven AC. 1998. Landraces: a review of definitions and classifications. 
Euphytica 104, 127–139.

Zohary D, Hopf M. 1994. Domestication of plants in the old world . New 
York, USA: Oxford University Press.

 at M
ardin A

rtuklu U
niversitesi on January 13, 2016

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/

