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1  GENERAL INTRODUCTION 

The number of known vascular plant species is currently estimated to be 391,000 (Kew 2016). 

Of these about 8 %, or at least 31,128 have a documented use for humans, animals or the 

environment. About 5,500 are known to be used as human food, another 5,300 are reported as 

gene sources potentially useful in the genetic improvement of crops (Kew 2016). Humans 

however rely heavily on a very small number of useful plants. Just three – rice, wheat and maize 

– provide more than 50% of the world’s plant-derived calories used by humans. Only twelve 

crops and five animal species provide 75% of the world’s food. Most of the plant species that 

have been domesticated and gone through selection and breeding to achieve higher yields and 

desired qualities, have gone through major genetic bottlenecks (Tanksley and McCouch 1997). 

These have reduced the genetic diversity in their gene pools, which constrains the possibilities 

of crops to adapt to new or changing environments or to expand the range of their cultivation 

(Warschefsky et al. 2014).  The loss of local varieties can further put the resilience and adaptive 

capacity of crops and the agricultural ecosystems in which they grow at risk. Farmers and 

breeders require more genetic diversity to widen the genetic base of crops and adapt them to 

changing environmental and climatic conditions (FAO 2010). The wild species related to our 

crops have increasingly been used as resource for this genetic diversity (Hajjar and Hodgkin 

2007; Maxted and Kell 2009). These crop wild relatives (CWR) though are affected themselves 

by genetic erosion and climate change and need to be better conserved (Thuiller et al 2005; 

Jarvis et al 2008; FAO 2013). The present study is focused on the diversity in these wild 

relatives and its change over time, using as case study the primary wild relative of barley, 

Hordeum vulgare subsp. spontaneum (K. Koch) Thell., one of the first cereal grains that were 

domesticated and cultivated. 

 

1.1  Plant genetic resources for food and agriculture and crop wild relatives 

Any genetic material of plant origin of actual or potential value for food and agriculture are 

defined and commonly referred to as Plant Genetic Resources for Food and Agriculture 

(PGRFA) (FAO 2009). PGRFA are the raw material indispensable for crop genetic 

improvement and are essential in adapting to unpredictable environmental changes and future 

human needs. The genetic diversity in domesticated plants and their wild relatives has been 

used since millennia by farmers and breeders to develop and improve landraces and varieties 
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(Esquinas-Alcazar 1993; McCouch et al. 2013; Bertoldo et al. 2014). They have used the 

genetic diversity to increase crop yields, improve desired qualities (e.g. nutritional or 

agronomic) and enhance tolerance to biotic stresses, such as pests and pathogens, and abiotic 

stresses, such as drought, heat or salinity.  

The first global program focused on PGRFA and specifically on their collection and 

conservation, was coordinated by the International Board for Plant Genetic Resources1 

(IBPGR), founded in 1974. The high importance of PGRFA for food security is today 

recognized at global level by a number of international agendas, of which two specifically focus 

on conservation and sustainable use of PGRFA: the International Treaty on PGRFA 

(ITPGRFA) and the second Global Plan of Action for PGRFA (GPA2). The ITPGRFA provides 

a legal framework that facilitates the exchange and conservation of crop genetic resources 

amongst member nations, as well as the fair and equitable sharing of the benefits arising out of 

their use. The GPA2 lays out a series of agreed priority plans and activities that address 

conservation and sustainable use of PGRFA and capacity building. Both, the ITPGRFA and the 

GPA2 highlight the ongoing loss of genetic diversity and the need to develop actions to reduce 

future genetic erosion. The GPA2 addresses genetic erosion specifically in its activity 16, which 

proposed the “developing and strengthening systems for monitoring and safeguarding genetic 

diversity and minimizing genetic erosion of plant genetic resources for food and agriculture 

and rules to halt the loss of genetic diversity”. Although not specifically focused on PGRFA 

but on all biodiversity, the Convention on Biological Diversity (CBD) recognizes the threat of 

genetic erosion in PGRFA and addresses it specifically in target 13, “by 2020, the genetic 

diversity of cultivated plants and farmed and domesticated animals and of wild relatives, 

including other socio-economically as well as culturally valuable species, is maintained, and 

strategies have been developed and implemented for minimizing genetic erosion and 

safeguarding their genetic diversity”. This target 13 explicitly mentions CWR, as do also the 

ITPGRFA in article 5.1d, and the GPA2 in its activity 4, where they call for promoting in situ 

conservation of crop wild relatives and wild food plants.  

A CWR is defined as a wild plant taxon that has an indirect use derived from its relatively close 

genetic relationship to a crop (Maxted et al. 2006). Hajjar and Hodgkin (2007) reviewed the 

                                           
1 The IBPGR became the International Plant Genetic Resources Institute (IPGRI) in 1994 and is operating today 

as Bioversity International (www.bioversityinternational.org).   
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use of CWR in crop improvement and found a steady increase in the rate of release of cultivars 

containing genes from CWR. They also found that the range of characteristics used has widened 

from a strong focus on pest and disease resistance genes to drought and salt tolerance, improved 

quality and cytoplasmic male sterility. This trend was confirmed by Maxted and Kell (2009), 

who provide an extensive list of examples of uses of CWR in crop improvement programmes 

for 14 major food crop genepools. Farmers often tolerate the presence of CWR in their fields 

and in home gardens because they recognize the value of these species in providing beneficial 

traits to their crops (Hoyt 1988; Engels 2001; Hughes et al. 2007; Galluzzi et al. 2010).  

Based on a very broad working definition of CWR, i.e. any taxon belonging to the same genus 

as a crop, the total number of CWR taxa existing in the world was estimated to be between 

50,000 to 60,000 species. A more precise working definition of a CWR taxon is based on the 

gene pool (Harlan and de Wet 1971) or taxon group concept (Maxted et al. 2006). Applying 

these concepts and focusing on the closely related CWR taxon, the number of these CWR taxa 

is estimated to be about 700 globally (Maxted and Kell 2009). National, regional and global 

inventories of CWR taxa are being developed (for a review see Dulloo et al. 2015), which are 

used to set conservation priorities, but data on amount and distribution of genetic diversity 

harboured in these species and extent of genetic erosion are still mostly unavailable.   

 

1.2  Genetic erosion in crop wild relatives 

The term genetic erosion was initially related mainly to cultivated plant species, in particular 

crop landraces, and referred to loss of landraces caused by their replacement with improved 

varieties (Baur 1914; Bennett 1968; Brush 2004; Thormann and Engels 2015). This use in the 

broad sense of loss of landraces or species with time evolved to define the loss rather than in 

numbers of landraces or species, in terms of intraspecific genetic variation or specific alleles or 

gene complexes. The FAO technical meeting on the ‘Methodology of the World Information 

and Early Warning System on Plant Genetic Resources (WIEWS)’ held in Prague in 1999 

agreed on a working definition of genetic erosion: "A permanent reduction in the number, 

evenness and distinctness of alleles, or combinations of alleles, of actual or potential 

agricultural importance in a defined geographical area" (Serwinski and Faberova 1999). Maxted 

and Guarino (2006) further generalized the definition into the “permanent reduction in richness 

(or evenness) of common localized alleles or the loss of combination of alleles over time in a 
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defined area”. They included the aspects of local adaptation and dynamics of diversity in time. 

Generally, the definitive reduction in diversity needs to be distinguished from the normal 

addition and disappearance of genetic variability over time in a population (Brush 1999; Brush 

2004). With the development of the CBD, the Global Strategy for Plant Conservation (GSPC) 

and the Aichi biodiversity targets of the CBD’s strategic plan 2011 – 2020, the concept of 

genetic erosion has been extended to biodiversity more widely (Rogers 2004). Whether genetic 

erosion is considered within the context of agricultural diversity or of natural populations, it 

usually refers to losses in genetic diversity caused by human-driven or related activities, as 

these losses are faster in rate or extension than one would expect under natural conditions alone. 

The broad range of factors affecting genetic diversity and the inherent temporal component 

render genetic erosion a complex phenomenon. No coherent set of methods and indicators are 

yet available to assess its dimensions, and the picture that emerges from existing studies is 

complex. The range of causes leading to loss and the extent of loss vary, even for the same crop, 

by geography, national policy environment and agricultural system. Published records about 

genetic erosion in wild plant species and CWR are very few compared to studies that address 

genetic erosion in landraces and cultivars (Thormann and Engels 2015). Studies on CWR of 

major staple crops appear to have addressed mainly rice wild relatives. Several studies report 

high levels of threat to and extinctions of populations of wild rice (Oryza rufipogon Griff., O. 

officinalis Wall. ex G. Watt, O. granulata Nees & Arn. ex G. Watt, O. perennis formosana) in 

Asia (Kiang et al. 1979; Morishima and Oka 1995; Akimoto et al. 1999; Gao et al. 2000; Gao 

2003) due to invasive species and environmental changes caused by rapid population growth, 

new agricultural technologies, economic and cultural changes. Populations of African wild rice 

(O. barthii A. Chev., O. brachyantha A. Chev. & Roehr., O. eichingeri Peter, Oryza 

longistaminata A. Chev. & Roehr., O. punctata Kotschy ex Steud) were found threatened by 

land use change resulting from increasing population pressure that destroyed natural wild rice 

habitats converting them into agricultural land, and overgrazing (Kiambi et al. 2005).   

Several wild Arachis species in Latin America were found threatened by extinction based on 

highly restricted distribution ranges and land use pressures (Jarvis et al. 2003). Wild fruit tree 

diversity (Olea europaea L. var. oleaster Hoffmgg. et Link., Pyrus pyraster Burgsd., Pyrus 

amygdaliformis Vill.) decreased over the past two decades of the last century on the Italian 

island Sardinia, due to degradation of the natural environment. Frequent summer fires and 
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intensive exploitation greatly altered vegetation cover and many genotypes of the crop wild 

relatives disappeared (Chessa and Nieddu 2005). Ipecac (Psychotria ipecacuanha (Brot.) 

Stokes), an endangered medicinal plant native to the Atlantic rainforest in Southeastern Brazil 

is mainly threatened by the short distance of plant populations from inhabited areas and poor 

conservation status of plant populations (De Oliveira and Martins 2002).  

 

1.3  Re-collection and resurrection approaches to assess temporal variation in genetic 

diversity 

Genetic erosion is quantified as the proportion of richness of genetic diversity that no longer 

exists in current populations when compared with historic populations or that is predicted to be 

lost in the near future if no remedial measures are taken (Brown 2008).  Given this temporal 

dimension, the genetic diversity needs to be measured in a comparable way in the same 

geographic space in at least two different time points in order to verify whether genetic erosion 

has occurred and to estimate its extent. Research on genetic erosion therefore demands time 

series data which is not always readily and easily available.   

Projects such as ‘Project Baseline’ (Etterson et al. 2016) build a contemporary baseline by 

establishing a research seed bank for the scientific community for future research. Over 800 

populations from 61 wild plant species across a broad geographical range within the USA have 

been collected from sites that are likely to be preserved into the future, to constitute this 

baseline. Seeds are stored by maternal lines and will be available over the coming half century 

to study changes in genetic diversity and evolution under climate change in wild plant 

populations across time and space using the resurrection approach (Franks et al. 2014): 

Genotypes from the baseline collection will be grown in a common garden together with seeds 

that will be re-collected in the same sites, for comparison of ancestors with descendants under 

common conditions. A growing number of studies has used historical biological specimens 

from collections conserved in natural history museums, herbaria, botanic gardens and 

universities and compared with contemporary specimen for studies on population genetics, 

evolutionary changes or climate change impact  (Miller-Rushing et al. 2006; Wandeler et al. 

2007; Dosmann and Groover 2012; Vellend et al. 2013). For example, the analysis of herbarium 

specimens collected from the same geographical region over decades has revealed the impact 
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of climate change on flowering trends (Primack et al. 2004; Gallagher et al. 2009; Calinger et 

al. 2013; Li et al. 2013).  

Genebanks and plant germplasm collecting missions are a source for baseline data to monitor 

genetic diversity and erosion in PGRFA, particularly in landraces and CWR (Maxted and 

Guarino 2006; Franks et al. 2008; van de Wouw et al. 2010; Thormann et al. 2015). They have 

the added advantage that samples were collected to conserve the then existing diversity, hence 

samples are larger than museum, herbaria or botanic garden collection samples, which often 

conserve only one or few individuals of the taxon collected. The collecting missions supported 

by IBPGR and its successors International Plant Genetic Resources Institute (IPGRI) and 

Bioversity International represent a particularly useful resource for the study of CWR, as 27% 

of the collected material were CWR (Thormann et al. 2015). During more than 1,000 collecting 

trips 226,618 samples of landraces and CWR were collected in 136 countries. Collecting took 

place from 1975 – 2012, however 90 % of the samples were collected during the first two 

decades. The IBPGR employed professional collectors as well as some crop specialists to 

implement the collecting program. A systematic approach to conserve genepool diversity was 

used that included careful targeting of collecting sites, systematic sampling, the detailed 

recording of passport data, and general reporting about the collecting trip, which could include 

additional data about sites and their environments. The material collected was subsequently 

sent to genebanks for long-term conservation. The original passport data have been extracted 

from the historical documentation and made available online through the Bioversity Collecting 

Database (BCD) together with the original reports and collecting sheets (Thormann et al. 2012). 

The BCD represents therefore a unique historical resource of documented plant collections that 

can support the establishment of baselines for assessment of extent and drivers of genetic 

erosion (Thormann et al. 2015). 

Two approaches have been used in the study of genetic erosion in PGRFA, i.e. temporal and 

spatial comparisons. Spatial comparisons investigate populations at the same time in different 

geographies and environments that are different for one or few key characteristics, e.g. 

fragmented versus non-fragmented habitats or disturbed versus undisturbed situations. Here 

space is used as surrogate for time. Brush (1992) for example compared traditional potato 

diversity in two Peruvian valleys with contrasting levels of modernization and 

commercialization based on farmer household surveys.  
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Temporal comparisons are carried out either directly, or indirectly using proxies. Indirect 

temporal comparison is used where germplasm from earlier times is not available. Here the 

observations of the current situation are compared with passport data, published observations 

and/or indigenous and expert knowledge about the situation at the earlier time, e.g. numbers of 

sub-specific entities, such as landraces, or numbers and size of wild population (Hammer et al. 

1996; Hammer and Laghetti 2005; Peroni and Hanazaki 2002; Willemen et al. 2007; Keiša et 

al. 2008; Davari et al. 2013; Megersa 2014). Historical data can be sourced from formal 

literature, grey literature (e.g. plant germplasm exploration reports, field books, reports of 

extension departments), and from experts, farmers and local people.  

Direct comparison is possible when germplasm originating from two different time points from 

the same locations is available (e.g. Akimoto et al. 1999; Gao et al. 2000).  Several assessments 

of genetic erosion in genebank material have been carried out comparing accessions of a 

specific crop that have been regenerated varying numbers of times within the same genebanks, 

and a large number of studies have investigated the impact of breeding on genetic diversity of 

cultivars, using varieties released in different time periods, often grouping them by decades (see 

Thormann and Engels (2015) for a review of studies on genetic erosion in genebanks and in 

modern varieties). Khlestkina et al. (2004, 2006) used genebank accessions repeatedly collected 

from the same regions over time to study variation in genetic diversity in barley and wheat 

landraces. For comparison with contemporary diversity in situ in CWR or on-farm in landraces, 

germplasm is re-collected from sites that had been collected earlier. The diversity captured in 

the historical material is resurrected growing side by side with the contemporary samples re-

collected from the same sites for direct comparison of genotypic and phenotypic diversity of 

stored and re-collected seed samples (Davis et al. 2005; Barry et al. 2008; Franks et al. 2008; 

Bezançon et al. 2009). This approach provides also the necessary material to study evolutionary 

responses and their genetic basis in specific adaptive traits (see e.g. Franks et al. 2007; Nevo et 

al. 2012; Vigouroux et al. 2011).  

The re-collection and resurrection approach requires as a minimum the availability of quality 

passport data necessary for collecting site identification and the availability of historical 

material.  Information about sampling strategies adopted at the earlier collecting time will allow 

to apply comparable sampling methods during re-collecting. Re-sampling studies have been 

carried out for wild potato species in Arizona and New Mexico (del Rio et al. 1997) and for 
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various crops in Albania and southern Italy (Hammer et al. 1996). The specific activities to 

implement the re-collection and resurrection approach for a CWR species can be outlined as 

follows: 

1) Selection of the historical germplasm collecting mission: The historical collecting needs to 

fulfill some requirements in order to represent a meaningful baseline: Samples should cover a 

meaningful territory in terms of extension and ecogeographical variation. The existence and 

availability of historical seed material needs to be verified. The descriptions of the collecting 

sites need to be of sufficient detail and quality to allow—with the support of appropriate 

software such as Google Earth, gazetteers etc.—to validate quality of location data and to 

georeference sites if necessary.  

2) Re-collecting: Permission needs to be obtained from relevant authorities to allow collecting. 

The original collecting sites should be revisited possibly in the same period of time as in the 

original collecting. Available information about original sampling strategy should be 

considered when deciding about sampling sizes and strategy for re-collecting. Any available 

additional historical information about sites, size of populations and abiotic and biotic 

conditions that can help interpretation of diversity analyses should be recorded also during re-

collection.  

3) Comparison of genetic diversity pattern within and among time points and estimation of 

change: The genetic variation within original and re-collected samples is determined with 

molecular markers. If resurrected and re-collected samples are reared in a common garden, also 

phenotypic variation can be assessed.  The overall diversity pattern within each collecting time 

can be compared as well as variation within single sites to identify changes in diversity over 

time. 

4) Identification of potential drivers of change: While visiting sites, observed factors that affect 

collected populations can be recorded, and further socio-economic data e.g. about recent land 

use changes, planned constructions etc., be obtained from local agencies and organizations.  

Availability of climate data for the study period is required to identify any potential influence 

of climate change on observed changes in diversity patterns. 

 



GENERAL INTRODUCTION 

9 
 

1.4  Wild barley diversity, conservation and utilization in barley breeding 

The grass genus Hordeum (Poaceae) consists of 45 taxa (32 species) and is distributed in 

temperate and dry regions of the world (von Bothmer et al. 1995; von Bothmer et al. 2003). 

The genus is morphologically characterized by three single-flowered spikelets (triplets) at each 

rachis node of the inflorescence. The lateral spikelets are usually either sterile like in 2-row 

barleys or fertile like in 6-row barleys (von Bothmer et al. 2003). Some Hordeum species are 

annuals with relatively high percentages of inbreeding, while the majority is perennial with 

varying reproductive systems. The genus is very widespread and four centers of species 

diversity are recognized (von Bothmer et al. 2003): southern South America with 15 species, 

western North America (7 species), the Mediterranean (4 species) and Central Asia (3 species). 

Barley, Hordeum vulgare L., is the only cultivated species in the genus. It was one of the first 

domesticated cereal grains (Zohary and Hopf, 2000) and is of major economic importance 

today. Barley is the fourth most important cereal crop worldwide in terms of production, yield 

and area harvested (FAOSTAT). It is cultivated in about 100 countries, from the high plateaus 

in Tibet to sea level, from Norway down to Chile, often growing in places where other crops 

do not thrive (Harlan 1995). It is used to feed livestock, as human food, and is malted for beer 

or whisky production. The Fertile Crescent has been considered the primary center of origin 

and domestication of barley (Badr et al. 2000; Zohary and Hopf 2000). It is an arc of agricultural 

diversity that encompasses parts of Northern Palestine, Lebanon, West Syria, South East 

Turkey, Caucasus and North West Iraq, Iran and Jordan and is well established as the cradle of 

agriculture origin (Damania 1998). Two Vavilov centres (Asia Minor and Mediterranean 

center) of crop origin abut (Vavilov 1926) in the Fertile Crescent, and globally it is the region 

with the highest concentration of CWR species per unit area (Vincent et al. 2013). Several 

studies report polyphyletic origins of barley (Zohary 1999; Azhaguvel and Komatsuda 2007; 

Fuller et al. 2012; Allaby 2015; Poets et al. 2015) and suggest additional domestication events 

of barley in areas east of the Fertile Crescent (Morrell and Clegg 2007), Tibet (Dai et al. 2012), 

Ethiopia and the Western Mediterranean (Molina-Cano et al. 2005; Orabi et al. 2007). 

Wild Hordeum species are widely distributed in the northern hemisphere, in South Africa and 

in southern South America. Hordeum vulgare subsp. spontaneum (K. Koch) Thell. (hereafter 

referred to as Spontaneum), is considered the progenitor of cultivated barley and is part of the 

primary Hordeum genepool according to the genepool concept developed by Harlan and de Wet 

(1971). Members of the primary genepool are usually within the same species and intermate 
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freely. Cultivated barley and Spontaneum are both classified as subspecies in the species 

Hordeum vulgare and gene flow occurs naturally between them without any breeding barriers 

(Brown et al. 1978; Jaradat 1989a; Russell et al. 2011; Hübner et al. 2012; Jakob et al. 2014). 

The secondary genepool—which comprises those wild and weedy forms that have a 

comparatively good crossability with their cultivated relative, but which is affected by some 

sterility factors—includes as only species H. bulbosum L. All other wild Hordeum species are 

part of the tertiary genepool.  

Based on data available in Genesys (Gateway to genetic resources; https://www.genesys-

pgr.org), EURISCO (European catalogue of genebank collections; http://eurisco.ipk-

gatersleben.de) and WIEWS (FAO’s World Information and Early Warning System; 

http://www.fao.org/wiews-archive/), Spontaneum germplasm is conserved ex situ in 24 

genebanks with over 16,000 accessions. The five largest collections are held at the Israeli 

Lieberman Germplasm Bank (6,963), the Canadian Plant Genetic Resources Center (3,787), 

the International Center for Agricultural Research in Dry Areas ICARDA (1,809), the United 

States National Small Grains Germplasm Research Facility (1,603) and the German Federal 

Genebank (949). Most accessions originate from Israeli populations (66%). Other countries of 

origin are Syria (9%), Turkey (6%) and Jordan (5%) and Iran (3%).  

In situ conservation of wild Hordeum is reported for the Ammiad reserve in Israel (Vincent et 

al. 2013).  Maxted and Kell (2009) recommended in their report about the ‘Establishment of a 

Global Network for the In Situ Conservation of Crop Wild Relatives’ that although Spontaneum 

is a widespread and locally common species (von Bothmer et al. 1995), individual populations 

are likely to harbour important adaptive traits and selected populations should be actively 

conserved throughout their geographically and topographically range. Furthermore it should be 

included in monitoring activities at the national level throughout its range, both within and 

outside protected areas. The recent wild Hordeum gap analysis conducted by Vincent et al. 

(2013) suggested the establishment of a network of several reserves in the Israel/Jordan region, 

complemented by additional sites in Europe and Asia, to more effectively conserve the genetic 

diversity of Spontaneum. 

Efforts have been made since the 1970s to characterize Spontaneum germplasm diversity across 

its distribution range with several biochemical and molecular markers, such as isozymes (e.g. 

Nevo et al. 1979; Jaradat 1992; Jana and Pietrzak 1988; Volis et al. 2001; Liu et al. 2002), long 
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primer PCR (Liviero et al. 2002), RAPDs (e.g. Dawson et al. 1993; Baum et al. 1997), AFLPs 

(e.g. Pakniyat et al. 1997; Turpeinen et al. 2003; Ozkan et al. 2005; Vanhala et al. 2004), RFLPs 

(Neale et al. 1986; Zhang et al. 1993),  SSRs (Saghai-Maroof et al. 1994; Turpeinen et al. 2001; 

Baek et al. 2003; Ivandic et al. 2002; Hübner et al. 2009; Hübner et al. 2012; Fu and Horbach 

2012; Shakhatreh et al. 2016), SNPs (Cronin et al. 2007; Yan et al. 2009; Russell et al. 2011; 

Hübner et al. 2012; Russell et al. 2014), rDNA (e.g. Gupta et al. 2002; Sharma et al. 2004), 

(multilocus) sequence data (Lin et al. 2001; Morrell et al. 2005; Jakob et al. 2014). A number 

of studies focused on phenotypic analysis (Nevo et al. 1984; Jaradat 1989b; Volis et al. 2000; 

Volis et al. 2002a; Al-Saghir et al. 2009; Shakhatreh et al. 2010). These studies, carried out at 

varying geographical scales, focused on assessing the amount of genetic diversity in 

Spontaneum, comparing diversity between wild and cultivated barley, describing the 

geographical distribution of diversity across the Fertile Crescent and beyond, and investigating 

the relationship between allelic diversity and ecogeographical variables. Studies concord that 

genetic diversity found in wild barley is significantly higher than in its cultivated form (Saghai-

Maroof et al. 1994; Kilian et al. 2006; Jakob et al. 2014). Studies investigating the diversity 

across a broad geographical range furthermore concord that the highest genetic variation, 

characterized also by a substantial number of unique and locally common alleles, lies within 

the Fertile Crescent, specifically in Israel and Jordan (Fu and Horbach 2012; Jakob et al. 2014). 

Geographic pattern of diversity at single loci were reported to correlate with temperature or 

rainfall gradients (e.g. Nevo et al. 1979; Turpeinen et al. 2001; Baek et al. 2003; Batchu et al. 

2006). Observed genetic differences in Spontaneum populations located on opposing slopes in 

the Evolution Canyon in Israel were attributed to adaptation to different microclimates (Yang 

et al. 2009; Nevo 2014). 

Wild Hordeum species have been used extensively in research and breeding. The wild relative 

providing the largest source of genetic diversity for a range of traits is Spontaneum. It represents 

an important genetic resource for research and breeding on disease resistance traits such as 

powdery mildew, leaf scald or leaf rust resistance (Fischbeck et al. 1976; Ivandic et al. 1998; 

Backes et al. 2003; Dreiseitl and Bockelman 2003; Genger et al. 2003; von Korff et al. 2005; 

Repkova et al. 2006; Steffenson et al. 2007; Schmalenbach et al. 2008), drought and 

temperature tolerance (Chen et al. 2008; Lakew et al. 2013), yield (von Korff et al. 2006; 

Schmalenbach et al. 2009), malting quality (Erkkila et al. 1998; von Korff et al. 2008; 

Schmalenbach and Pillen 2009) or research on the genetics of plant development and yield 
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formation (Wang et al. 2010; Naz et al. 2014; Maurer et al. 2015; Maurer et al. 2016). Disease 

resistances have also been identified in the secondary and tertiary genepool. H. bulbosum was 

found to have resistance to Russian wheat aphid Diuraphis noxia (Kindler and Springer 1991), 

powdery mildew Blumeria graminis f. sp. hordei (Jones and Pickering 1978; Szigat and Pohler 

1982; Gustafsson and Claësson 1988; Xu and Snape 1988; Xu and Kasha 1992; Pickering et al. 

1995; Pickering and Johnston 2005), mosaic virus (Walther et al. 2000; Ruge et al. 2003; Ruge‐

Wehling et al. 2006), leaf rust Puccinia hordei (Walther et al. 2000), and Septoria passerinii 

(Toubia‐Rahme et al. 2003). Two species in the tertiary genepool, H. chilense Roemer & 

Schultes and H. brevisubulatum (Trin.) Link subsp. violaceum Boiss. & Hohen have shown 

resistance to barley leaf rust (Patto et al. 2001) and Russian wheat aphid (Kindler and Springer 

1991). 

 

1.5  Jordan as a case study 

Jordan, officially the Hashemite Kingdom of Jordan, is a Middle East country located at the 

south western end of the Fertile Crescent. In the north it adjoins to Syria, in the south and 

southeast to Saudi Arabia, to Iraq in the east, and Israel and Palestine in the west. The country 

is landlocked except for a 26 kilometer long access to the Gulf of Aqaba. The area of Jordan is 

about 89,300 square kilometers, of which over 80% are semi-arid and arid areas. Altitude ranges 

from -400 m at the surface of the Dead Sea up to 1,750 m in the southern highlands.  

The climate varies among regions from semi-humid Mediterranean conditions, with more than 

500 mm of rainfall, to desert conditions with less than 50 mm, over only 100 km distance. 

Rainfall occurs in the period from November to March, with a maximum in January, but with 

large variability between and within regions (Tarawneh and Kadioglu 2003). Jordan is one of 

the countries with the lowest per capita water supply globally (Al-Qinna et al. 2011). Frequent 

drought periods occurring in an irregular manner are reported for the years 1970 to 2005 and 

drought severity, magnitudes and life span increased with time from normal to extreme levels 

(Al-Qinna et al. 2011). Freiwan and Kadioglu (2008), analyzing climate data from 2000 back 

to the mid-1920s, identified trends in temperature and precipitation changes. They observed an 

increase in maximum and minimum temperature. The increase in minimum temperature was 

more pronounced, resulting in a decreasing daily temperature range. Precipitation showed a 

statistically not significant decreasing trend. Global climate models are reported to predict the 
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mean forecasted rainfall quantities to decrease significantly by an average factor of 10.5% until 

2040 (Al-Qinna et al. 2011).  

The flora of Jordan is rich and diverse comprising over 2,600 vascular plant species (Ghazanfar 

et al. 2015). It has an important number of wild species of socio-economic importance, 

including many CWR (Magos Brehm et al. 2016). The Fertile Crescent has in fact been 

identified globally as the region with the highest concentrations of CWR species per unit area 

(Vincent et al. 2013). Wild plant diversity is reported to be at risk of genetic erosion in Jordan 

due to factors such as population pressure, development and urbanization, invasive species, 

overgrazing, land use legislations and climate change and a national strategy has recently been 

developed to protect and conserve the wild diversity, focusing specifically on wild 

socioeconomically important species (Magos Brehm et al. 2016). 

Spontaneum is widely distributed across the country and occurs on roadsides and field margins 

as well as in protected areas (Jana and Pietrzak 1988; Damania 1998; Abdel-Ghani et al. 2004). 

In addition to Spontaneum, wild species of the secondary and tertiary Hordeum genepool occur 

in Jordan, which are Hordeum bulbosum L., Hordeum marinum Huds. and its subspecies 

gussoneanum (Parl.) Thell. and marinum, and Hordeum murinum L. and its subspecies glaucum 

(Steud.) Tzvelev and leporinum (Link) Arcang. (von Bothmer et al. 1995).  

Spontaneum diversity in Jordan has been studied by Jaradat (1991, 1992), Baek et al. (2003), 

Sharma et al. (2004), Al-Saghir et al. (2009), Shakhatreh et al. (2010, 2016). All studies 

revealed high variability in Spontaneum populations. A recent study carried out by Fu and 

Horbach (2012) on the development of a core subset of the world’s largest wild barley 

collection held at PGRC, found the accessions from Jordan and Israel to be the most diverse 

genetically. Tyagi et al. (2011) studied seedling vigor in Spontaneum and accessions from the 

southwestern part of the Fertile Crescent. Two Jordanian and one Turkish accession exhibited 

the highest positive values for most of the plant vigor traits that were investigated. Baek et al. 

(2003) studied diversity in Spontaneum in Jordan using the same SSRs that previously had been 

used by Turpeinen et al. (2001) for study of Spontaneum populations from Israel. While genetic 

diversity estimates were very similar for both countries, and both studies found associations 

between ecogeographical variables and gene diversity for a number of loci, the number of 

unique alleles found in Jordan was notably higher than that found in the Israeli populations. 

Also rDNA studies found higher genetic diversity in Jordanian populations compared to 



GENERAL INTRODUCTION 

14 
 

populations sampled in Israel (Sharma et al. 2004). Jana and Pietrzak (1988) found both wild 

and cultivated barleys in Jordan to be a richer source of genetic diversity than those from 

Turkey.  

Barley is an important staple crop in Jordan, and is the predominant crop grown in areas with 

less than 300 mm of annual rainfall, which are characterized by high inter-seasonal and intra-

seasonal variation in amount and distribution of rainfall. In these areas barley is mainly grown 

as animal feed and both the grain and the straw are utilized (Al-Tabbal 2012). Considering the 

critical water supply situation in Jordan and the forecasted further reduction of precipitation in 

the coming decades, barley is likely to remain a critical resource for farmers. Given the high 

genetic diversity in Spontaneum from Jordan and its general importance for barley 

improvement, this wild relative represents an important resource for breeders and researchers 

in Jordan. The recent development of the Jordanian national strategy for economic wild plant 

conservation has in fact identified the need to further assess distribution of genetic diversity and 

vulnerability of important CWR, including barley wild relatives (Magos Brehm et al. 2016). 

And as mentioned above, given the high diversity found in Jordan and Israel, the establishment 

of a network of several reserves in the Israel/Jordan region was suggested by Vincent et al. 

(2013). Furthermore, the number of ex situ accessions originating from Jordan is rather low 

when compared with accessions from neighboring countries like Israel and Syria, and as 

indicated by Vincent et al. (2013), suggests the need for additional collecting.  

 

1.6  Purpose of the study 

The purpose of the study was to assess the current pattern of diversity and its changes over time 

in situ in the primary wild barley relative Hordeum vulgare subsp. spontaneum (K. Koch) Thell. 

in Jordan, which is located in the center of diversity of this species, and where cultivated barley 

plays a critical economic role, especially in marginal areas.    

The specific objectives of the study were the following: 

1. Apply the re-collection and resurrection method to study CWR temporal variation, here 

in Spontaneum, using the IBPGR collecting documentation as resource to identify and 

describe the historical collecting used as baseline, to retrieve seed samples from the 

identified collecting in genebanks, and to locate collecting sites for re-collection; 
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2. Determine the current amount and distribution of genetic diversity of Spontaneum in 

Jordan, based on the collecting of maternal lines during the re-collection;   

3. Assess the contemporary and past amount and pattern of diversity in the collections, and 

investigate extent, direction and potential drivers of changes.  
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2  ORIGINAL PAPERS 

The present thesis comprises three papers. The first paper (Thormann et al. 2015), presented in 

chapter 2.1, relates to the first specific objective of the study and discusses the potential research 

options that past germplasm collections offer to investigate changes in diversity in CWR over 

time. It discusses specifically the collections carried out by the IBPGR, which include the 

Hordeum collection carried out in Jordan in 1981 that has served as baseline for the present 

case study on re-collection of Spontaneum germplasm from the same sites in Jordan for genetic 

erosion assessment. The re-collection was carried out in 2012. Specific objective two is 

addressed in the paper in chapter 2.2 (Thormann et al. 2016a). It studies the current extent and 

distribution of genetic diversity in Spontaneum in Jordan, based on the collection of maternal 

lines from 32 populations located across the study area in Jordan, and investigates possible 

contribution of geographical and climatic variation to shaping the observed diversity. The third 

paper (Thormann et al. 2016b), chapter 2.3, presents results related to objective three. It 

describes the genotypic and phenotypic differences observed between contemporary and 

historic Spontaneum populations collected from 18 sites across Jordan in 1981 and 2012, and 

discusses potential reasons for the observed changes.  
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3  GENERAL DISCUSSION  

3.1  Genetic erosion assessment through re-collection 

Monitoring of biodiversity for documenting loss of diversity, estimating genetic erosion and 

assessing conservation and use effectiveness are core activities of biodiversity conservation and 

conservation biology (Marsh and Trenham 2008). For agricultural biodiversity, the re-

collection and resurrection method is particularly appropriate, as seed samples collected during 

germplasm collecting missions and stored in genebanks can serve as baseline material. 

Reference to the use of these collections was made by Maxted and Guarino (2006), van de 

Wouw et al. (2010) and Hoban et al. (2014). Maxted and Guarino (2006) had specifically 

mentioned the extensive collecting missions supported by the IBPGR and its successors, IPGRI 

and Bioversity International, on which the studies in this thesis are based. The documentation 

associated with these missions has recently been digitized, the original sample passport data 

has been extracted and been made available online through the Bioversity Collecting Database 

(BCD) (Thormann et al. 2012). This paved the way for carrying out a thorough analysis of the 

over 220,000 sample passport data records with a focus on their use for genetic diversity 

assessment, which is discussed in chapter 2.1. Special focus was placed on CWR, for which 

this dataset was found to be particularly relevant, as 27% of all collected and documented 

samples are CWR.  

Some assessments of temporal variation in landrace diversity used IBPGR supported 

collections as baseline, such as the studies based on re-collection of sorghum and pearl millet 

diversity in Niger (Deu et al. 2008; Bezançon et al. 2009; Deu et al. 2010; Vigouroux et al. 

2011) and the study of rice landraces in Guinea (Barry et al. 2008). The present genetic erosion 

study on Spontaneum in Jordan is the first study using the IBPGR collections as baseline for 

the assessment of genetic erosion in CWR.  

Few previous studies on CWR have used re-collected samples and mainly focused on 

evaluating effectiveness of ex situ conservation and complementarity of ex situ and in situ 

conservation in wild potato, Agropyron and clover (del Rio et al. 1997; Che et al. 2011; Greene 

et al. 2014), or on investigating changes in flowering time as adaptive response to climate 

change in wild mustard, barley and wheat (Franks et al. 2007; Nevo et al. 2012). Two studies 

monitored genetic erosion in a wild rice population (Akimoto et al. 1999; Gao et al. 2000). A 

recent review of genetic monitoring studies where the same wild populations of animals or 
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plants were sampled over time showed that this approach is not widely used in plants (Hansen 

et al. 2012). Among the identified 44 studies only three regarded plant species, which were 

common beech in Spain (Jump et al. 2006), wild wheat in Israel (Li et al. 2001) and field 

mustard in the US (Franks et al. 2007). 

Chapter 1.3 outlines four major activities that are required for re-collection and resurrection 

studies making use of past germplasm collecting missions, namely 1) selection of historical 

germplasm collecting mission, 2) re-collecting, 3) comparison of genetic diversity pattern 

within and among time points and estimation of change, and 4) identification of potential 

drivers of change. These activities are discussed in the following in more detail, based on the 

experience and results gained in the present genetic erosion study. 

 

1) Selection of historical germplasm collecting mission 

As outlined in the introduction (section 1.3), the availability of sufficiently detailed data about 

past collecting missions is a fundamental condition for establishing baselines. The 

unavailability of data and/or original seed material was reported as a limiting factor in particular 

for CWR (Keiša et al. 2008; Etterson et al. 2016). Where data but no historical seed samples 

are available, an indirect genetic erosion assessment method based on the documentation of the 

historic collections was proposed (Keiša et al. 2008) to estimate the threat of genetic erosion. 

The two fundamental characteristics of the BCD, which support its use for genetic diversity 

assessment, are therefore the availability of sufficiently detailed and geo-referenced sample 

level passport data that allows the identification of both, original collecting sites as well as 

genebank accessions that stem back from the collecting missions. Nearly three quarters (73%) 

of the CWR sample records contain geo-references. For 35 % of all collected samples, accession 

numbers have currently been identified in genebanks to which the samples had been sent after 

collecting. For many other samples passport data are sufficiently detailed to allow identification 

of genebank accessions.  

The first fundamental step in the genetic erosion study consisted in thorough and extensive data 

mining, focusing not on the quantity of data available but in particular on the level of details 

provided about the location of the collecting sites. The BCD proved to be a very valid 

instrument to identify suitable collecting missions and retrieve collected germplasm in 

genebanks. It provides indications to which genebanks collected samples were distributed after 
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collecting, which is a particularly useful feature for the retrieval of germplasm. Within the 

context of a wider assessment of barley collecting missions and the retrieval of barley samples 

in genebanks, the Hordeum collecting mission to Jordan carried out in 1981 (Witcombe et al. 

1982) was selected for the present genetic erosion study for several reasons: (i) Spontaneum 

and barley landrace samples were both collected during this collecting mission, in some 

occasions even from the same collecting site. This provided the opportunity to make better use 

of the investment in a re-collecting mission by collecting Spontaneum and landraces at the same 

time. The landraces would then be used for an analogous genetic erosion study. The same type 

of genetic and phenotypic data as for Spontaneum (described in chapter 2.3) was generated and 

the same type of analyses applied. (ii) The collecting mission had covered most parts of the 

Spontaneum distribution range and barley cultivation in Jordan. The samples would therefore 

represent a range of agro-ecological environments. (iii) The collecting mission report contained 

latitude and longitude data as well as location descriptions, which provided a very good basis 

for identification of collecting sites. (iv) Seed samples of the collection had been conserved at 

the Nordic Genetic Resource Center (NordGen) under long-term storage conditions and without 

regeneration, hence represented the most original seed samples available from this collection. 

Further data mining in the System-wide Information Network for Genetic Resources of the 

CGIAR (SINGER) database (now incorporated in the Genesys gateway to genetic resources 

available at www.genesys-pgr.org/) and through passport data exchange with NCARE, allowed 

to identify accessions deriving from this collecting mission also in ICARDA and NCARE. The 

material had been repatriated from ICARDA to Jordan after opening of the national genebank 

at NCARE in Amman in the late 1990s. The samples in these two genebanks would have 

represented fallback collections, in case of unavailability of samples from NordGen.  

 

2) Re-collecting 

The preparation of a re-collecting mission requires as a minimum the geographical 

identification of the original collecting sites. Availability of any additional information about 

the original collecting, in particular the sampling strategy that determined sample size and 

method of sampling, will help to minimize differences between the original and re-collected 

samples that potentially could influence the diversity collected. Based on the available 

georeferences and location data, and advice provided by the original collector John Witcombe, 

it was assessed with the use of gazetteers and Google Earth how well the coordinates and the 

http://www.genesys-pgr.org/


GENERAL DISCUSSION 

72 
 

location description matched each other and all historical collecting sites could be identified. In 

most cases there was a fairly good match. In cases of discrepancies between coordinates and 

location description, location description was preferred over coordinates as recommended by 

Witcombe. NCARE researchers carried out scouting trips to various regions in April and early 

May 2012 to verify existence of sites, to anticipate the best collecting time and to set up an 

appropriate itinerary for the collection expedition.  Anticipated ripening stages in the various 

regions suggested to start collecting in the south of Jordan as seeds are expected to ripen earlier 

there. Then the sites located in the west, north and east of Amman would be collected. During 

re-collecting, in addition to the bulk samples, single spikes of at least 12 randomly chosen 

individuals from each Spontaneum population were collected to carry out a detailed analysis of 

the contemporary genetic diversity present in Jordan (focus of chapter 2.2). The original 

collecting in 1981 had targeted only sites in disturbed habitats and field margins. In addition to 

re-collecting from original collecting sites, samples were taken also in reserves managed either 

by the Ministry of Agriculture or the Royal Society for Conservation of Nature.  

Differences in sampling protocols between historical and contemporary collections have been 

suggested as possible explanations for genetic changes over time (del Rio et al. 1997; Barry et 

al. 2008). It is therefore relevant to seek information about sampling strategies employed in the 

historical collection to avoid introduction of potential sampling bias during re-collecting. 

Information about the sampling strategy was not contained in the original collecting 

documentation from 1981, but indications were provided by Witcombe (Witcombe 2015, 

personal communication). Populations in 1981 were generally abundant, sometimes very large. 

Seed samples were collected from the entire population and contained up to 200 spikes, as 

collected material needed to be split after collecting among three participating institutions. 

Samples of up to 100 spikes were collected from each site in 2012 sampling the entire 

population. These sample sizes were considered sufficient to adequately represent the diversity 

of a population (Brown and Marshall 1995; Hoban and Schlarbaum 2014) and sampling bias 

was ruled out as possible reason for observed changes. 

Prior informed consent (PIC) is required today for each plant collecting exploration (Moore and 

Williams 2011). Access to PGR is under the control of the national government in countries 

that are parties to the CBD, but PIC is also required in countries that do not have specific 

national legislation on access to genetic resources. PIC needs to be requested from respective 
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national authorities in the country where the collecting should take place. For re-collecting in 

Jordan, a formal letter of agreement (LOA) had been stipulated between Bioversity 

International and NCARE, which detailed the purpose of the collecting and NCARE’s active 

involvement. The LOA was considered by national authorities as sufficient to grant permission 

to collect. It might however be useful at the stage of selecting a collecting mission, to obtain 

preliminary information about the possibility and the required timeframe to obtain PIC from 

the target country, in particular for countries that are not party to the ITPGRFA and where 

access is known to be difficult.  

The resurrection approach relies on the ability to revive a random sample of genetic diversity 

present in the historical population and on the comparability between the historical and 

contemporary sample. While sampling bias was discussed earlier, seed handling during storage 

and potential selective loss of genotypes during long-term conservation are further caveats 

about re-collection and resurrection studies. Inappropriate seed handling or regeneration can 

affect genetic integrity of accessions (Rao et al. 2006; Dulloo et al. 2008a). As the 1981 seed 

material used in the genetic erosion study represented original seed samples, which had not 

been regenerated and had been conserved under standard long-term storage conditions, any 

impact on genetic diversity through inappropriate seed handling was ruled out. Regarding 

potential selective loss of genotypes, no study has yet demonstrated conclusively that selective 

mortality occurs during seed storage. Hordeum seeds are desiccation tolerant and comparatively 

long lived, and germination percentages (under field conditions) were within a normal range 

(76.3% for samples from 1981, > 80% for samples from 2012) thus major genotypic changes 

due to long term storage seemed unlikely in the present study. 

 

3) Comparison of genetic diversity pattern within and among time points and estimation of 

change 

The most common molecular markers currently used to assess genetic diversity in plants are 

microsatellites and they have proved to be very informative also in Hordeum (Matus and Hayes 

2002). It is estimated that 20 SSRs and 50 individuals from two collecting times can provide 

sufficient basis to detect genetic erosion (Hoban et al. 2014), while power of detecting change 

increases with increase in individuals as well as in markers. The genetic erosion study used a 

set of 38 SSRs, which have previously been used in other studies on wild and cultivated barley 
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(Hübner et al. 2009; Haseneyer et al. 2010). Populations stemming from 18 collecting sites 

were compared and 16 individuals per population were genotyped, providing a total of 288 

individuals per collecting time. The availability of 18 populations for each collecting time 

allowed to go beyond a comparison of the overall genetic diversity present in each collecting 

time. The relatively large number of sites distributed across the range of Spontaneum in Jordan 

was used to also assess population structure, distribution of diversity across the study area and 

genetic change in each collecting site.  

The studied populations were grown in a common garden in IPK, which allowed to collect also 

phenotypic data. Given that the common garden was limited to a single season, and was carried 

out in one location only outside the study area, the analysis was limited to relative changes in 

multi-trait phenotypes and did not focus on single trait values. In general, re-collection studies 

provide very useful material for investigating single adaptive traits (see Franks et al. (2007) and 

Nevo et al. (2012) as examples for flowering time). Experiments under controlled conditions 

or in multiple site-by-season combinations are then required.  

 

4) Identification of potential drivers of change 

Data on factors impacting populations and potentially presenting threats to their genetic 

diversity can be systematically recorded during collecting. The measures to estimate the threat 

of genetic erosion first developed by Goodrich (1987), modified by Guarino (1995) and adapted 

to specific studies by De Oliveira and Martins (2002) and by Keisa et al. (2008) can serve as 

useful basis. When cultivated species are collected for comparison, household surveys and 

farmer interviews (Peroni and Hanazaki 2002; Davari et al. 2013) are useful tools to collect 

information that can support the analysis of the comparison and interpretation of results. 

Especially the latter requires extensive advanced preparation and additional time.  

In several of the historical collecting sites that were visited in 2012, Spontaneum populations 

did not exist anymore or barley cultivation had been abandoned most likely due to urbanization, 

change from field crop to fruit tree cultivation or land degradation. As climate is expected to 

influence wild plant populations, particular emphasis was placed on climate data. Rainfall and 

temperature time series data was obtained both from ICARDA’s GIS unit as well as Jordanian 

national weather stations to verify if potential changes in climate have had an impact on any 

observed changes in the studied populations. Based on the results obtained in the present study 
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it is suggested to include the collection of information about agricultural and seed exchange 

practices used in the area of study in future assessments, when CWR are targeted which thrive 

in disturbed habitats and agricultural areas. These practices are an important variable that can 

affect population structure and diversity and should be considered in conservation actions 

(Mariac et al. 2006; Thormann et al. 2016b).  

 

3.2  Structure of genetic diversity in wild barley  

Geographical distribution of diversity in Spontaneum has mostly been studied across two or 

more countries. Jakob et al. (2014) studied population structure at a macro-geographical level 

across the natural distribution range from the Mediterranean to the Middle East. They identified 

three population clusters, one in the Levant (including Israel, Lebanon, Jordan, Syria, and 

Greece), one in Turkey and one east of Turkey (including Iran, Uzbekistan, Tajikistan). The 

cluster in the Levant was identified as the most genetically diverse, as had also been found in 

previous studies on geographic pattern across the distribution range from Israel to Tajikistan 

(Morrell et al. 2003), on a comparison between populations from Turkmenistan and the Middle 

East (Volis et al. 2001), as well as in a study on ecological niche modeling of Spontaneum, 

covering a range from North Africa, through the Fertile Crescent, into Central Asia (Russell et 

al. 2014).  

A number of studies investigated the correlation of geographic pattern of diversity at single loci 

with single ecogeographical variables, mostly related to rainfall or temperature (e.g. Nevo et al. 

1979; Nevo et al. 1986a; Nevo et al. 1986b; Dawson et al. 1993; Nevo et al. 1998; Turpeinen 

et al. 2001; Ivandic et al. 2002; Baek et al. 2003; Ozkan et al. 2005; Batchu et al. 2006). Very 

few analyses of population structure exist like the study on Spontaneum populations in Israel 

by Hübner et al. (2009). They studied 50 populations, using 42 SSRs, attempting to correlate 

genetic population structure—as opposed to polymorphism or allele frequencies at individual 

loci—with climate variables. Their study identified seven genetic clusters across their 

investigation area in Israel and suggested that a combination of elevation, midday temperature 

and rainfall has contributed to shaping population structure of Spontaneum in Israel. No similar 

study had been carried out on populations from Jordan.    
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The study presented in chapter 2.2 (in the following referred to as current structure study) was 

therefore specifically conceived to investigate the current population structure in Jordanian 

Spontaneum and hence to provide a reference to the subsequent study on genetic erosion in 

Spontaneum diversity in Jordan, subject of chapter 2.3. For this purpose the re-collecting in 

2012 was extended in two ways. Samples were not only collected from historical collecting 

sites, as those were mainly located in disturbed habitats. Samples were also collected from sites 

located in reserves managed by the Ministry of Agriculture (MoA) or the Royal Society for 

Nature Conservation (RSNC), thereby including populations from undisturbed habitats. 

Furthermore, in addition to bulk samples collected for comparison with historical samples, 

single spikes were collected to constitute a set of single maternal lines for the analysis of current 

population structure in Jordan as a baseline.  

Spontaneum diversity in Jordan had been studied by Jaradat (1991, 1992), Baek et al. (2003), 

Sharma et al. (2004), Al-Saghir et al. (2009), Shakhatreh et al. (2010, 2016). All studies 

revealed high variability in Spontaneum populations. The most recent studies were carried out 

on 16 populations collected in 1996, using 18 SSRs (Baek et al. 2003) and on a set of 103 

accessions, sourced from the ICARDA genebank (without information about collecting dates), 

using 11 SSRs (Shakhatreh et al. 2010; Shakhatreh et al. 2016). None of these studies inferred 

population structure within their respective samples from the genetic data. The former 

addressed the correlation of allele frequencies at specific loci with single climate variables such 

as annual rainfall or mean January and August temperatures. Gene diversity at some loci was 

found to be correlated with altitude, rainfall and temperature. The recent study by Shakhatreh 

et al. (2016) had grouped the 103 wild barley accessions a priori in six populations according 

to latitude, longitude, altitude and rainfall, hence no structure was inferred from the genetic 

data.  

Differently to these preceding studies, the current structure study aimed to describe the patterns 

of genetic diversity and population structure of 32 populations. All individuals were genotyped 

with 37 SSRs. Genetic diversity in the analyzed populations was found to be higher within than 

among populations, confirming previous findings in Jordan (Baek et al. 2003; Shakhatreh et al. 

2010; Shakhatreh et al. 2016). Populations were characterized by a high number of multi-locus 

genotypes of which very few were shared among sites, by admixture and high allelic richness. 

Genetic diversity was concentrated in the northern part of the study area. The analysis of 
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population structure suggested that the 32 populations could be divided into three major, 

genetically differentiated clusters. These clusters were distributed along a longitudinal gradient 

in the North (clusters 1 and 2), with a distinct cluster (cluster 3) in the South. Like in Israel 

(Hübner et al. 2009) large scale IBD was evident across the study area, but environmental 

variation was found to have no effect. At a slightly smaller scale, excluding the small southern 

cluster and focusing on the central and northern part of the study area, an environmentally 

heterogeneous landscape, neither geographical nor environmental distance was correlated to 

genetic distances.  

The temporal comparison of 18 populations discussed in the genetic erosion study in chapter 

2.3 also showed higher within than among population diversity and high number of multi-locus 

genotypes, of which very few were shared among sites, both in 1981 and 2012. Similar 

observations were made by Shakhatreh et al. (2016) who reported a high number of alleles 

unique to single genotypes. Nevo et al. (1986a, b) described a mosaic pattern of allele 

distribution in Spontaneum in Israel, Turkey and Iran with alleles being unique or locally 

common to a population or region, or widespread and common, but hardly any ubiquitous 

alleles among different regions. Low numbers of shared multi-locus genotypes among 

populations have been observed also in other highly selfing species like Medicago truncatula 

Gaertn. (Bonnin et al. 1996; Siol et al. 2007) and Arabidopsis thaliana (L.) Heynh. (Abbott and 

Gomes 1989). 

The distribution and structure of genetic diversity in wild plant populations is commonly 

expected to be correlated with ecogeographical variation. Based on this hypothesis, 

ecogeographical data has been used for example to identify areas and populations for in situ 

conservation (Dulloo et al. 2008b; Parra-Quijano et al. 2012; Maxted et al. 2013), to assemble 

core collections (Parra-Quijano et al. 2011) and to identify germplasm potentially useful for 

crop improvement (Khazaei et al. 2013; Thormann et al. 2014). The current structure study 

investigated therefore also whether ecogeographical variation would explain observed 

distribution and structure of genetic diversity, based on this hypothesis. 

The climate data used for the study was downloaded from the WordClim database, a global and 

freely available resource for climate data. It is a common source for climate data used in gap 

analysis studies, species distribution modelling and other ecogeographical studies, based on the 

inherent assumption that they are robust proxies for genetic data, which is often not available. 
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Genetic structure in Spontaneum was not correlated to climate variation as represented by these 

global climate layers. Given the low gene flow and very localized gene transfer, a characteristic 

for highly self-pollinating species such as Spontaneum, genetic structure has however been 

found at very local scale (Nevo 1986; Volis et al. 2002b;Yang et al. 2009; Nevo 2014). This 

local scale structure though is very unlikely to be detected by the commonly used landscape 

scale climate and spatial layers. Landscape scale climatic data would thus not be very useful 

for predicting distribution of genetic diversity in Jordan. 

Spontaneum is one of many CWR species that thrive in agricultural landscapes and in ruderal 

habitats (Jain 1975; Ellstrand 2003; Jarvis et al. 2015). This ruderal habitat preference might 

also explain why the general expectation of tight correlation between genetic and 

ecogeographical diversity was not observed. Spontaneum occurs in disturbed habitats and in 

sympatry with cultivated barley. These habitats favor anthropogenic movement of material—

inclusion and transport with cultivated barley seed lots or hitchhiking on livestock fur or human 

clothing—which interferes with natural diffusion and selection processes. This may alter the 

expected distribution of genetic diversity across the landscape and lead to weak or nonexistent 

correlations between ecogeographical and genetic diversity as found in the study. Natural 

dispersal and selection processes appeared not to be the principle force shaping the genetic 

structure of Spontaneum in some regions of Jordan. Similar observations and conclusions were 

drawn from the genetic erosion study discussed below. 

 

3.3  Temporal variation in wild barley 

A relatively limited number of studies on CWR exist that compare samples collected from the 

same or analogues locations at different points in time. These studies are very diverse regarding 

temporal sampling protocols, number of sites and purpose of the studies. Purposes span from 

evaluating effectiveness of ex situ conservation in genebanks and botanic gardens and the 

complementarity of in situ and ex situ conservation (del Rio et al. 1997; Che et al. 2011; 

Rucinska and Puchalski, 2011; Lauterbach et al. 2012; Greene et al. 2014), to investigating  

changes in adaptive traits as response to climate change, in both cases flowering time (Franks 

et al. 2007; Nevo et al. 2012) and monitoring of genetic diversity to understand extent of genetic 

change and erosion as well as ecological and genetic processes affecting population biology 

(Akimoto et al. 1999; Gao et al. 2000; Gomma et al. 2011). Time frames span from a focus on 
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a short time period of a few years (Franks et al. 2007) to several decades (Del Rio et al. 1997; 

Che et al. 2011; Nevo et al. 2012; Lauterbach et al. 2012). Geographic extension ranges from 

very few sites – even a single site (Gao et al. 2000; Franks et al. 2007; Greene et al. 2014) to 

over 20 sites in Northern China (Che et al. 2011). Studies based comparisons primarily on 

molecular marker data. No phenotypic data were included, except for the studies that focused 

specifically on an adaptive trait change.  

Given the diverse approaches, comparison among studies is difficult. This applies also to a 

comparison of the genetic erosion study with a similar investigation that addressed changes 

over time in Spontaneum in Israel. Historical and contemporary samples of 10 populations 

collected 28 years apart were compared (Nevo et al. 2012). Although the composition of the 

study material is similar, the protocols for validating the locations and sampling methods, the 

ex situ storage conditions, regeneration cycles and germination rates are not provided by Nevo 

et al. (2012). Data for allele counts is analyzed in a similar way, but results are different. A 

reduction of alleles was observed in Israel, an increase was recorded in Jordan. While the Israeli 

study focused on the allele states at a modest number of SSR loci, the genetic erosion study 

sought to estimate diversity and differentiation as a multi-locus measure using FST (Wright’s 

measure of differentiation among populations) and DST (Jost’s relative measure of 

differentiation). Treatment of phenotypic data differed considerably. The Israeli study was set 

up to explore the temporal effect of one specific trait, i.e. flowering time, thought to influence 

fitness during climate change. The genetic erosion study looked at change over time as relative, 

multivariate data to identify any relative change in morphology. Given a single season of field 

trial in a location outside the study range, focus on particular change in a single trait value was 

not reasonable. 

The comparison of the Jordanian Spontaneum populations collected in 1981 and 2012 showed 

that population structure was largely maintained across the study area. On the other hand, the 

populations collected in 2012 showed higher genetic diversity and a concurrent reduction in 

population differentiation across the study area, compared to the 1981 populations. Phenotypic 

variation within and among sites was comparable in both collecting years, but multi-trait 

phenotypes differed between years. The climate changed significantly over the study period 

becoming hotter and dryer. However, the observed changes could not be explained by 



GENERAL DISCUSSION 

80 
 

commonly used correlative analyses that link genetic and phenotypic change with climatic or 

geographic variation, similarly to the results discussed in the previous section.  

As in the discussion of current structure in Spontaneum, it needs to be considered here that 

Spontaneum thrives in agricultural landscapes and ruderal habitats (Jain 1975; Ellstrand 2003; 

Jarvis et al. 2015). Changes in land use, grazing intensity and movement of barley seed by 

farmers can potentially impact its population structure. The presence and spread of weedy pearl 

millet relatives for example was found to be influenced by farmers’ seed exchange practices in 

Niger (Mariac et al. 2006). The decades between the two collecting missions in 1981 and 2012 

in Jordan were characterized by increased urbanization and infrastructure development due to 

rapid population growth, land use changes and a generalized intensification of agricultural 

activities including a doubling of livestock (Khresat et al. 1998; Al-Bakri et al. 2001; FAO 

2006; Al-Bakri et al. 2008; NCARTT 2007; FAOSTAT 2015). Because Spontaneum seeds 

easily adhere to animal fur, bird feathers and human clothing (von Bothmer 1992), opportunities 

for dispersal likely increased with the intensification and expansion of grazing and agriculture. 

Spontaneum is widespread across the study area and the study populations were and are 

embedded in landscapes where many other ‘non-sampled’ populations occur, and adjacent 

populations could disperse into the study sites. The decrease in differentiation among the 

populations, therefore, may be attributable to, and indicative of, a generalized increase in seed 

dispersal among local populations since 1981.  

The common garden planted at IPK in 2013 allowed to describe multi-trait phenotypes and 

assess whether any relative change in multi-trait phenotype can be observed. As data was 

generated only for a single season in one location, no single trait values were assessed. The data 

indicated a significant relative change in phenotype, where plants from 2012 had shorter and 

less tillers, and produced less seeds than in 1981. Additional common gardens will be required 

to investigate whether the observed shift was mainly due to maternal effects or presents 

heritable adaptations.  

The increase in genetic diversity was a rather unexpected response for populations evolving 

under environmental pressures. It could not be explained through geneflow between 

Spontaneum and cultivated barley, as geneflow rates were found insignificant. Other studies 

observed that increased environmental variation can lead to an increase in variance in additive 
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genetic fitness (Shaw and Shaw 2014) or to maintenance of phenotypic and adaptive diversity 

as a strategy to maintain fitness (Kind and Masel 2007; Olofsson et al. 2009).  

The increase in genetic diversity and change in phenotype observed in the genetic erosion study 

have shown that responses to environmental variation can be compound and multi-faceted and 

require more complex models, as they could not be explained by the common correlative 

analysis that links genetic and phenotypic change with climate or geographic variation. More 

complex models are being developed to better predict future vulnerability and extinction risk 

(Williams et al. 2008; Chevin et al. 2010). These models must incorporate factors such as 

species interactions, dispersal differences, evolutionary processes, and—in cases of CWR 

growing in agricultural areas—agricultural practices and seed exchange mechanisms, to address 

biological and environmental complexities more realistically, and will require more empirical 

results to be validated.   

 

3.4  Future prospects 

The inherent complexity of genetic erosion, the dynamism and broad range of possible threats, 

and the lack of comparable quantitative assessments due to widely varying assessment methods 

and scales, are reasons for the difficulty in producing comparable measurements and drawing 

a clear picture of the overall status and trends in genetic erosion in PGRFA. Genetic erosion 

assessments should therefore be addressed in a more systematic way, which includes regular 

monitoring in agricultural and natural systems, and harmonized and standardized estimation of 

trends and impact.  

The re-collection and resurrection approach is an effective method that is used to study 

evolutionary and plastic responses of plant populations to environmental change (Franks et al 

2014). Here it was applied successfully to study genetic erosion in Spontaneum originating 

from Jordan, revealing an unexpected pattern of response (increased diversity, reduced 

differentiation and maintenance of phenotypic variation) in a CWR that is exposed to a variable 

and changing environment. The same approach has been used to study temporal changes in the 

barley landraces that were collected during the same collecting mission in 1981 and 2012 in 

Jordan and has proved equally effective in assessing changes. The data on the landrace 

comparison has been submitted for publication. 
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Spontaneum belongs to the group of CWR that thrive in disturbed habitats and agricultural 

areas, where the range of factors shaping their population structure and impacting on their 

evolution are different from those affecting CWR in pristine habitats. The results of the studies 

suggest that in future investigations on CWR growing in disturbed habitats and agricultural 

areas, agricultural and farmer practices should also be investigated to further inform 

interpretation of results and conservation actions that might be required to maintain the diversity 

in the species under study. 

The analysis of the data in the BCD (Thormann et al. 2015) has shown that there are many 

collections that could serve as baseline for studies similar to the genetic erosion study here 

presented on Spontaneum from Jordan. Further similar studies on other CWR species as well 

as on Spontaneum collected in other countries will contribute to improving our knowledge 

about the extent, causes and mechanisms leading to genetic erosion and micro evolutionary 

responses to environmental changes over time. The BCD could be harnessed to increase the 

still relatively small amount of empirical data about the likely rates and types of plant responses 

to changing climatic and other environmental conditions which is required for more effective 

conservation and for making species and trait-specific predictions. 
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4  SUMMARY 

Crop wild relatives (CWR) have been recognized as important source of genetic diversity and 

adaptive traits for plant breeding and climate change adaptation over the past decades. Their in 

situ diversity though is threatened by climate change, invasive species, land degradation and 

other anthropogenic factors. Knowledge about occurrence and distribution of CWR genetic 

diversity is insufficient and genetic erosion in CWR is ongoing.  

In this context, the purpose of this study was to assess the current pattern of diversity and its 

changes over time in situ in the primary wild barley relative Hordeum vulgare subsp. 

spontaneum (K. Koch) Thell. (referred to as Spontaneum hereafter) in Jordan, which is located 

in the center of diversity of this species, and where barley plays a critical economic role, 

especially in marginal areas. The re-collection and resurrection approach was applied to study 

genetic erosion in CWR, where ancestral and descendant genotypes sampled from the same 

location are grown together in a common environment. Maternal lines sampled from 32 

populations during the re-collection were analyzed to assess the current genetic structure in 

Spontaneum. The contemporary and past amount and pattern of diversity of 18 populations 

sampled from the same locations in Jordan in 1981 and 2012 were then compared and the extent, 

direction and potential drivers of changes investigated.  

The Collecting Mission database (BCD) hosted by Bioversity International was analyzed and 

used as resource to identify and retrieve data about past Spontaneum collecting missions and to 

select the 1981 Hordeum collecting mission to Jordan. This database provides original passport 

data and related documentation for samples of CWR and landraces collected during more than 

1,000 collecting trips in 136 countries mainly from 1975 – 1995. The 1981 collecting sites were 

resampled in 2012 and material from both collections grown in a common garden at the German 

Federal Genebank of the Leibniz Institute for Plant Genetics and Crop Plant Research (IPK) in 

2013.  

The analysis of current population structure identified three distinct genetic clusters. 

Populations were characterized by admixture and high allelic richness, and genetic diversity 

was concentrated in the northern part of the study area. Correlation analyses showed large scale 

isolation by distance (IBD) across the study area but did not reveal a correspondence between 

climate and genetic structure. Spontaneum prefers disturbed, human-made or influenced 
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habitats, sympatric with its domesticate. These habitats favor anthropogenic movement of 

material—inclusion and transport with cultivated barley seed lots or hitchhiking on livestock 

fur or human clothing—which interferes with natural diffusion and selection processes. This 

may alter the expected distribution of genetic diversity across the landscape and may have led 

to the observed weak or nonexistent correlations between ecogeographical and genetic 

diversity. Natural dispersal and selection processes have therefore probably not been the 

principle force shaping genetic structure in Jordan. 

The comparison of populations collected in 1981 and 2012 showed that population structure 

was largely maintained across the study area. However, the populations from 2012 showed 

higher genetic diversity and a concurrent reduction in population differentiation. Phenotypic 

variation within and among sites was comparable in both collecting years, but multi-trait 

phenotypes differed between years. The climate changed significantly over the study period 

becoming hotter and dryer. The observed increase in genetic diversity and change in phenotype 

showed that responses to environmental variation can be compound and multi-faceted. They 

could not be explained by common correlative analyses that link genetic and phenotypic change 

with climate or geographic variation and require more complex models to interpret results and 

better predict vulnerability and extinction risk. The changing environment to which the 

populations were exposed, was not only characterized by climate change, but also by increasing 

human activity, and opportunities for dispersal likely increased with the intensification and 

expansion of grazing and agriculture. The decrease in differentiation may, therefore, be 

attributable to, and indicative of, a generalized increase in seed dispersal among local 

populations since 1981. 

The results suggest that in future studies on CWR growing in disturbed habitats and agricultural 

areas, agricultural and farmer practices should also be investigated to further inform 

interpretation of results and development of conservation actions that might be required to 

maintain the diversity in the species under study. 

The re-collection and resurrection method has shown to be effective in assessing change over 

time in Spontaneum and the BCD provides data for many more CWR collections to which this 

approach could be applied to generate more data and knowledge about extent of genetic erosion 

and the impact of factors which is required to improve monitoring and conservation actions. 
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5  ZUSAMMENFASSUNG 

Die genetische Vielfalt der verwandten Wildarten der Kulturpflanzen (Crop Wild Relatives; 

CWR) stellt eine immer wichtiger werdende Ressource für die Pflanzenzüchtung und 

Anpassung an den Klimawandel dar. Die CWR Vielfalt in situ ist jedoch von 

Klimaveränderung, invasiven Arten, Bodenverschlechterung und anderen anthropogenen 

Faktoren bedroht. Die Kenntnisse über das Vorkommen und die Verteilung der genetischen 

Vielfalt in CWR ist unzureichend und die genetische Erosion in CWR schreitet fort. 

In diesem Zusammenhang war das Ziel dieser Studie, die heutige Struktur der genetischen 

Vielfalt in der Gerstenwildart Hordeum vulgare subsp. spontaneum (K. Koch) Thell. (im 

Folgenden Spontaneum genannt) und ihre zeitliche Veränderung in situ in Jordanien zu 

untersuchen. Jordanien liegt im Ursprungszentrum Spontaneums und der Kulturgerste. Gerste 

hat dort besonders in Randgebieten eine große wirtschaftliche Bedeutung. Die „re-collection 

and resurrection“ Methode wurde angewandt, um genetische Erosion in dieser Wildart zu 

untersuchen. Dabei werden frühere und gegenwärtige Genotypen, die an denselben Orten 

gesammelt wurden, gemeinsam im Versuchsfeld angebaut und verglichen. In dieser Studie 

wurden dazu 2012 neue Spontaneumproben an denselben Sammelorten genommen, an denen 

bereits 1981 gesammelt worden war. Die gegenwärtige genetische Struktur wurde zunächst 

anhand von Einzelähren untersucht, die 2012 von 32 Populationen gesammelt wurden. Die 

heutige und frühere Verteilung und Struktur der genetischen Vielfalt wurde anhand von jeweils 

18 Populationen aus 1981 und 2012 verglichen und das Ausmaß der Veränderung und mögliche 

Faktoren untersucht.   

Die von Bioversity International erstellte Sammelreisen Datenbank (Bioversity Collecting 

Mission Database; BCD) wurde analysiert und genutzt, um Hordeum Sammelreisen zu 

identifizieren und die Sammelreise von 1981 nach Jordanien auszuwählen. Die Datenbank 

enthält originale Passport Daten und dazugehörige Dokumentation über CWR und 

Landsortenproben, die hauptsächlich zwischen 1975 – 1995 in über 1,000 Sammelreisen 

gesammelt worden waren. Originalsammelgut von 1981 und die 2012 neu gesammelten Proben 

wurden 2013 im Versuchsfeld an der Genebank des Leibniz Instituts für Pflanzengenetik und 

Kulturpflanzenforschung (IPK) angebaut. 
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Die Analyse der gegenwärtigen Populationsstruktur identifizierte drei genetische Cluster. 

Populationen waren durch Vermischung und hohe allelische Variation gekennzeichnet, und 

genetische Vielfalt war vorwiegend im nördlichen Teil des Untersuchungsareals zu finden. 

Korrelationsanalysen zeigten Isolation durch Entfernung (Isolation by Distance; IBD) über das 

gesamte Areal, aber ergaben keinen Hinweis auf einen Zusammenhang zwischen Klima und 

genetischer Struktur. Spontaneum wächst bevorzugt in landwirtschaftlichen und 

Ruderalgebieten. Hier ist Samentransport durch menschliche Aktivitäten begünstigt, z.B. 

mittels Beimischung zu Gerstensaatgut, oder durch Anhaften an das Fell von Weide- und 

Nutztieren oder auch Kleidung, was mit natürlichen Diffusions- und Selektionsprozessen 

interferiert. Dies könnte die erwartete geographische Verteilung der genetischen Vielfalt 

verändern und zu einer schwachen oder gänzlich abwesenden Korrelation zwischen 

klimatischer, geographischer und genetischer Variation führen, wie in dieser Studie. Natürliche 

Verbreitungs- und Selektionsprozesse waren daher wohl nicht die hauptsächlichen Faktoren, 

die die genetische Struktur Spontaneums in Jordanien geprägt haben. 

Der Vergleich der 1981 und 2012 gesammelten Populationen hat gezeigt, dass die 

Populationsstruktur weitgehend erhalten wurde. Die heutigen Populationen besitzen jedoch 

eine größere allelische Variation, bei gleichzeitiger Verringerung der 

Populationsdifferenzierung. Phänotypische Variation in und zwischen den Sammelorten war in 

beiden Jahren vergleichbar, aber der Phänotyp insgesamt zeigte Veränderungen. Das Klima hat 

sich während des untersuchten Zeitraums signifikant verändert, und ist trockener und heißer 

geworden. Die größere genetische Variation und die Veränderung des Phänotyps zeigen, dass 

Reaktionen auf Umweltvariabilität komplex und vielschichtig sein können. Die beobachteten 

Veränderungen konnten nicht anhand geläufiger Korrelationsanalysen erklärt werden und 

erfordern komplexere Modelle, um diese Ergebnisse zu interpretieren und Vulnerabilität und 

Extinktionsgefahr einzuschätzen. Die Umwelt der untersuchten Populationen war nicht nur von 

Klimaveränderung geprägt, sondern auch von intensiveren menschlichen Aktivitäten, und die 

Möglichkeiten der Verbreitung erhöhten sich sehr wahrscheinlich mit der Intensivierung der 

Land- und Weidewirtschaft. Die verringerte Populationsdifferenzierung kann daher die Folge 

und ein Hinweis auf vermehrten Austausch zwischen Populationen seit 1981 sein. 

Basierend auf den Ergebnissen dieser Studie erscheint es angebracht, in zukünftigen 

Untersuchungen an CWR, die bevorzugt in landwirtschaftlichen und Ruderalgebieten 
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vorkommen, auch ackerbauliche und bäuerliche Praktiken mit einzubeziehen. Diese können die 

Interpretation der Ergebnisse und die Entwicklung von notwendigen Maßnahmen zur Erhaltung 

der CWR Vielfalt unterstützen.  

Die „re-collection and resurrection“ Methode erwies sich als sehr angebracht, um zeitliche 

Veränderungen in Spontaneum zu untersuchen. Die BCD enthält viele Daten für weitere 

Wildarten, die mit derselben Methode untersucht werden können, um zusätzliche Daten zum 

Ausmaß der genetischen Erosion und ihrer Auswirkungen zu generieren, die zur Verbesserung 

von Monitoring und Konservierungsaktivitäten notwendig sind. 
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