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A MAGIC population as an approach to the conservation and
development of genetic diversity of winter barley for
breeding purposes by on-farm management

Eine MAGIC-Population als ein Ansatz zur Erhaltung und Entwicklung ziichterisch
nutzbarer genetischer Diversitdt von Wintergerste durch on-farm Management

Additional genetic diversity in crop breeding programmes
and in crop production is required to better cope with the
impact of climate change. To complement ongoing activ-
ities of winter barley breeders, an evolutionary plant
breeding programme has been initiated in 2008. Out of
227 German winter barley varieties released between 1914
and 2003, a set of 58 varieties was genetically analysed
using SSR markers. Among these, 32 genotypes repre-
senting the genetic diversity of the whole set were
crossed according to the Multi-parent Advanced Genera-
tion Inter-Cross scheme (MAGIC) over six generations.
The resulting 324 lines were combined to form a hetero-
geneous MAGIC winter barley population. In order to
adapt to regional agricultural conditions, MAGIC sub-
populations are currently being cultivated within a network
of 12 eco-geographically contrasting locations and sub-
jected to natural site-related selection as evolutionary
bulks. Cultivation and seed saving will take place over a
period of 6 to 8 years under high and low input production
conditions. An information system named ROBUSTUM
has been developed for consistent recording of cultiva-
tion conditions, of characterisation and evaluation data as
well as for documentation of the pedigree and for sub-
sequent data analyses. The present approach enables a
continuous and dynamic adaptation of the natural
genetic diversity present in our crops to climatic and
site-related agronomic changes. This makes the evolu-
tionary bulk particularly suitable for organic cultivation,

but also for marginal sites and locations with unfavourable
soil and weather conditions. In view of increasingly extreme
climatic conditions, these properties may become even
more important for agriculture in the future. Populations
also contribute to the maintenance and development of a
genetic diversity as broad as possible. This approach enables
estimation of the potential of evolutionary bulks to con-
tribute to the development of sustainable agricultural
production systems.

Key words: MAGIC population, evolutionary bulk,
winter barley, genetic resources,
sustainable agricultural production system

Zusatzliche genetische Diversitét in Ziichtungsprogrammen
und im Wintergerstenanbau sind erforderlich, um den
Auswirkungen des Klimawandels besser begegnen zu
konnen. Um bestehende Aktivitdten der Wintergersten-
zlichter zu ergénzen, wurde 2008 mit einem Programm
zur Populationsziichtung begonnen. Von insgesamt 227
deutschen Wintergerstesorten, die im Zeitraum von 1914
bis 2003 eine Sortenzulassung erlangten, wurden 58
Sorten mit SSR-Markern genetisch analysiert. Davon
wurden 32 moglichst divergente Elternlinien ausgewéhlt
und anschlief3end iiber 6 Generationen nach einem multi-
parentalen Kreuzungsschema (MAGIC) miteinander
gekreuzt. Die daraus resultierenden 324 Linien wurden
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zu einer heterogenen MAGIC-Population vereint. Um sich
an regionale Bedingungen anzupassen und auszudiffe-
renzieren, werden derzeit MAGIC-Subpopulationen in
einem Netzwerk bestehend aus 12 unterschiedlichen,
okogeografisch kontrastierenden Standorten in Deutsch-
land an- und nachgebaut und somit als Evolutionsramsche
einer natiirlichen standortbedingten Selektion unter-
zogen. Der Nachbau wird iiber einen Zeitraum von 6 bis
8 Jahren erfolgen und beinhaltet fiir jeden Standort zwei
unterschiedliche Intensititsstufen beziiglich Diingung
und Pflanzenschutzmalinahmen. Fiir die Protokollierung
der Anbaubedingungen, die Erfassung von Evaluierungs-
daten, aber auch zur Dokumentation des MAGIC-Kreu-
zungsschemas sowie fiir nachfolgende Datenanalysen
wurde das Informationssystem ROBUSTUM entwickelt.
Der beschriebene Ansatz erlaubt eine kontinuierliche
und dynamische Anpassung der natiirlichen genetischen
Vielfalt in unseren Kulturpflanzen an klimatische und
standortbedingte agronomische Verdnderungen. Damit
eignen sich Evolutionsramsche besonders fiir den 6kolo-
gischen Anbau, aber auch fiir Grenzlagen und Standorte
mit ungiinstigen Boden- und Witterungsbedingungen.
Vor dem Hintergrund zunehmender extremer Klima-
bedingungen konnen diese FEigenschaften in Zukunft
noch eine weitaus grof3ere Bedeutung fiir die Landwirt-
schaft erlangen. Populationen tragen ferner zum Erhalt
bzw. Aufbau einer moéglichst breiten genetischen Vielfalt
bei. Mit diesem Ansatz lasst sich das Potenzial von Evolu-
tionsramschen abschitzen, das zur Entwicklung nach-
haltiger landwirtschaftlicher Produktionssysteme beitra-
gen kann.

Stichworter: MAGIC-Population, Evolutionsramsch,
Wintergerste, genetische Ressourcen,
nachhaltiges landwirtschaftliches Produktionssystem

On-farm management of landraces not only conserves
genetic variation but also generates novel variation that
enables adaptation of crops to changing environments
(BELLON, 2009). Crop landraces formed connected and
dynamic networks of genetically diverse populations
(CaMAcHO VIL1A et al., 2005), which were used with the
upcoming of science-based plant breeding to develop
varieties adapted to modern production systems. In the
early phase of modern plant breeding, breeders discarded
materials that were not needed to achieve the current
breeding targets because such materials could always be
obtained from the centers of diversity where numerous
landraces were managed by farmers in traditional agri-
cultural production systems. Modern varieties superseded
landraces and as a consequence, traditional seed exchange
systems were given up and the number of landraces
decreased (Kuckuck, 1974, LoPEz, 1994, HAMMER et al.,
1996). Plant breeders expressed concern about the unsus-
tainable treatment of genetic resources already in the first
half of the 20th century (HusreLD, 1931) and supported

Journal flir Kulturpflanzen 71. 2019

Verlag Eugen Ulmer KG, Stuttgart

the establishment of national and European programmes
to facilitate the collection and long-term conservation of
genetic resources in genebanks (IBPGR, 1984). Plant
genetic resources programmes were set up and numerous
plant exploration missions were organised to rescue and
store threatened landraces in genebanks. Later, former
breeders’ varieties were also donated to genebanks to
allow the recycling of valuable and already adapted
material in crop enhancement programmes. Plant genetic
resources ensure future breeding progress by providing
novel alleles of desired traits. Genetic resources can easily
be accessed through genebanks that apply static ex situ
management systems to conserve plant genetic resources
for food and agriculture. By doing so, genebanks facili-
tate users’ access to germplasm and related data. Whereas
this storage of accessions in genebanks is referred to as ex
situ conservation, the on-farm conservation of crop plant
germplasm is inter alia referred to as dynamic manage-
ment of plant genetic resources (GOLDRINGER et al., 2001)
and is organised as public-private partnership (ENJALBERT
et al., 2011).

The pioneers of dynamic management were HARLAN
and MaRrTINI (1929) in California, they started the exper-
imental cultivation of so-called “composite crosses” with
barley. From crosses between 28 barley lines, they created
a “composite hybrid mixture” to broaden the base of their
breeding programme and to increase the chance for
selecting improved varieties. The material was grown as
unselected bulk for 30 generations to maintain a long-
term breeding reserve and achieved the yield level of the
best cultivars. Their pioneering work influenced breed-
ing research world-wide (CoopER et al., 2001) and still is
doing so. The term “composite cross” was published first
by SunesoN and STEVENS (1953) and describes a popula-
tion made of progenies derived from several barley
varieties that were crossed in all possible combinations or
in a similar complex crossing scheme. An evolutionary
plant breeding method using such composite crosses was
proposed subsequently (Suneson, 1956). A similar pro-
ject with barley was initiated in Scandinavia. Two bulk
populations consisting of 25 adapted varieties, 10 landraces
and 5 wild barley populations were produced, crossed
several times and cultivated in several places (VETELAINEN
and NissILA, 2001).

The development of wheat composite populations was
initiated in France in 1984 (HENRY et al., 1991) and the
material is still reproduced (ENJALBERT et al., 2011). The
wheat project was planned and sustained by a network of
public funded experimental stations over a period of
more than 12 years and developed towards a farmers’
network which is a subject of genetic and social studies
till these days. The results show that management of
genetic resources within a farmers’ network contributes
to the long-term conservation of wheat genetic diversity
(THoMAS et al., 2012) and encouraged us to develop a
similar programme for winter barley. This long-term
project was coordinated with plant breeding scientists
working in the public and private sector and was planned
in detail in the year 2007 (LEoN et al., 2008).
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Modern barley breeding currently relies on genebanks
as more or less safe repositories of seed accessions. Unlock-
ing the genetic diversity preserved in genebanks is a
prominent task of breeding research. Breeding research
supports the development of improved commercial vari-
eties which, when no longer be used, can be donated to
genebanks and recycled if need arises (FResE et al.,
2007). Evolutionary bulks are artificially created cross-
ing populations that are cultivated under field conditions
and adapted locally over generations (CooPer et al.,
2001). This does not preserve individual genotypes, but
the alleles contained in the bulk. They serve the conser-
vation and development of genetic diversity usable in
breeding (ScHNELL, 1980). The development of multiparent
populations can be regarded as active recycling of adapted
materials provided by genebanks or made available by
breeding companies. The concept of the “renewable
genetic resource”, which is described by the terms
“dynamic management of plant genetic resources” and
“evolutionary plant breeding”, comprises the production
of a genetically diverse initial population and its cultiva-
tion in ecologically contrasting locations, where it can
differentiate genetically over a period of several years
under the site-specific selection pressure. Multi-parent
Advanced Generation Inter-Cross (MAGIC) populations
are created according to the scheme published by CavanaGH
et al. (2008) by inter-crossing of several parental founder
lines and offspring thereof over several generations until
the genetic background of all founders will be equally
represented within the inter-crosses. This leads to highly
diverse genotypes each with a unique mosaic of founder
alleles. The advantage of MAGIC compared to classical
biparental populations consists of a higher number of
parents and the expected high level of recombination
events in the course of inter-crossing results in low linkage
disequilibrium (LD) (STADLMEIER et al., 2018). The small
number of parents in biparental populations represents
only a small portion of the genetic diversity related to the
trait of interest. Multi-cross populations were first pro-
posed for plants by Mackay and PowgLL (2007). MAGIC
populations classically are designed to allow for high-
resolution mapping of quantitative traits (SANNEMANN et
al., 2015; HuanG et al.,, 2012; BanpiLo et al., 2013;
Mackay et al., 2014). Furthermore, MAGIC populations
can also be used as a long-term genetic resource suitable
for plant breeding purposes due to their high heterogene-
ity (Huang et al., 2015; LADEJOBI et al., 2016).

The barley MAGIC population is established to recom-
bine winter barley genetic resources and to adapt the popu-
lation to diverse regional eco-geographic conditions. As
shown for wheat (ENJALBERT et al., 2011), the institutional
network can develop towards a farmers’ network and help
increasing genetic diversity in current production sys-
tems as called for by agricultural policy (BMELV, 2007;
EC, 2014). In this article, an approach is described that
allows for continuous adaptation to changing environ-
mental conditions by natural, site-specific selection of a
heterogeneous bulk population. The present approach is
comprised of three major parts, firstly the construction of

the MAGIC population (2008 until 2015), secondly the
cultivation and adaptation within a network of sites (2016
until 2023), and thirdly from 2023 onwards, the overall
genetic evaluation of the adapted and differentiated
MAGIC population. In addition, the potential of evolu-
tionary bulks contributing to the development of sustain-
able agricultural production systems will be estimated. In
this article, the development of the MAGIC population
and the institutional network for winter barley genetic
resources are described. The establishment of a network
of sites with winter barley populations creates an organi-
sational conservation structure (dynamic management)
complementary to the ex situ management as well as
develops a research infrastructure component for modern
breeding and evolutionary research in cultivated plants
(evolutionary bulk winter barley).

Scientific design and construction of the MAGIC popula-
tion were carried out by the Julius Kiihn Institute and was
supported by German barley breeders. Suitable founder
lines were chosen out of 227 German winter barley vari-
eties released between 1914 and 2003. Based on genetic
and phenotypic diversity information from previous studies
(ReeTZ and LEoN, 2004; ORDON et al., 2005), a set of 58
varieties was selected. PHILLIPS and WoLFE (2005) proposed
the use of molecular marker technologies for the genera-
tion of populations and for improving the understanding
of the dynamics and genetics of such populations. The
selected 58 varieties were therefore genetically analysed
using 20 polymorphic SSR markers evenly distributed
over the barley genome (Table 1).

Thirty-two founder lines were identified representing
the genetic marker diversity within this set of 58 varieties
(LEoN et al., 2008) and showing variation in terms of yield,
stability, winter hardiness and resistance to leaf rust, net
blotch, powdery mildew, BaYMV and BaMMYV (Table 2).
In the period from 2008 to 2015, the selected winter bar-
ley varieties were crossed (FRESE et al., 2012) according
to the Multi-parent Advanced Generation Inter-Cross
scheme (CAVANAGH et al., 2008) to produce a heteroge-
neous multiparent winter barley population.

Based on a principal component analysis (PCA), 32
diverse founder lines representing the genetic diversity of
the 58 analysed varieties were selected and assorted to
four groups of eight parents each. The initial crosses were
carried out according to this grouping (Table 2). Group I
of the parental generation GO consisted of the pairwise
initial crossings (Sorna x Gaulois), (Vulcan x Cervoise),
(Frances x Peragis), and (Birgit x Gilberta), group II of
(Pict x Alissa), (Alinghi x Merlot), (Lomerit x Leibniz), and
(Fridericus x Naomie), group III of (Eiszapfen x Alpaca),
(Banteng x Ludmilla), (Mammut X Venus), and (Enge-
lens II x Catinka), and group IV of (Elbany x Andrea),
(Engelens-6zlg x Hord. Hex. Giganteum), (Vogelsanger
Gold x Plana), and (Erfurt x Traminer). Within each of
the four groups, the resulting sixteen G1 lines were inter-
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Table 1. Markers used to analyse the genetic diversity of 58 winter barley varieties. Repeat motif, chromosomal location and
diversity indices (DI) are given. Markers were derived and mapped by Ramsay et al., 2000. nd - not determined

Marker Repeat motif
Bmac0029 Proprietary markera2
Bmac0090 (AC)20

Bmac0096 (AT)¢(AC)15
Bmac0154 (AT)19(AC)s
Bmac0156 (AC)zz( )5
Bmac0316 (AC)19

Bmag0006 (AG)17

Bmag0009 (AG)13

Bmag0013 (CN21

Bmag0125 (AG)19

Bmag0225 (AG)26

Bmag0345 (CT)6AA(CT)9AA(CT)6AA(CT);AA(CT);
Bmag0359 (AG)2s

Bmag0749 (AG)11

EBmac0701 (AC)23

EBMac0970 (AC)g

HVM20 (GA)1s

HVM33 (cA),

HVM67 (GA)11

WMC1ES (AC)24

Chromosome Position (cM) DI
3H 157 nd
1H 58 nd
5H 41 0.74
1H 84 nd
7H 156 0.89
6H 6 0.69
3H 55 0.64
6H 103 0.59
3H 141 0.72
2H 63 0.76
3H 74 0.42
1H 66 0.29
7H 100 0.52
2H 151 0.64
4H 76 0.74
5H 54 0.49
1H 58 0.48
3H 69 0.47
4H 118 0.53
1H 164 0.43

a3 Bmac0029 is a proprietary marker. Repeat and primer sequences may be obtained from The James Hutton Institute.

crossed with offspring resulting from crosses of the same
group yielding lines for the next generation G2. To exclude
accidental selfings, heterozygosity of G1 and G2 offspring
was verified by using selected polymorphic SSR markers.
Due to a limited analysis capacity, this validation was
restricted to G1 and G2 offspring only. Generally, for each
intercrossing generation at least 20 independent plants
were used in order to avoid losing alleles. The MAGIC cross-
ing scheme (CAVANAGH et al., 2008) was accordingly con-
tinued until the production of G6 seeds, each one harbor-
ing parts of all genomes from the 32 parental founder
lines. Aliquot amounts of seeds from each of the result-
ing 324 G6 lines were combined in 2015 to form a highly
heterogeneous and heterozygous population that was
subsequently propagated at the Julius Kiihn Institute in
Quedlinburg.

For DNA isolation, 3 to 5 cm long leaf pieces from
2-weeks-old barley seedlings were harvested in tubes
and the fresh leaf material was vigorously homogenised
in a mixer-mill 300 disruptor (Retsch Inc., Hannover,
Germany). Genomic DNA was prepared according to the
slightly modified CTAB protocol (SAGHAI-MAROOF et al.,
1984). The concentration and quality of DNA was deter-
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mined using a NanoDrop 8000 spectrophotometer (Thermo
Scientific, Germany). All samples were adjusted to a final
concentration of 30 ng/ul and stored at -20°C in 0.1xTE
buffer.

SSR analyses were carried out with selected polymor-
phic SSR markers (Ramsay et al., 2000). The PCR was
performed in a 20 pl reaction volume using the PeqSTAR
96 HPL Thermocycler (PeqLab, Erlangen, Germany).
Regarding the primers, two different PCR mixes were
used: a) a universal fluorescent-labeled M13-primer
(0.07 uM) in combination with an M13-tailed marker-
specific forward primer (0.1 uM) and a marker-specific
reverse primer (0.17 uM) as described by ScHUELKE (2000)
or b) a Cy5 labeled marker-specific forward primer
(0.5 uM) was added to the marker-specific reverse primer
(0.5 uM). PCR mix a) was preferred, but in case of unsuc-
cessful amplification, PCR mix b) was employed for the
labeling reaction. Generally, a touchdown PCR profile
with decreasing annealing temperature by 0.5°C per cycle
in the course of 12 cycles from 62°C to 56°C was used
that was followed by 35 cycles. However, adapted PCR
profiles were applied depending on the specific primer
pair employed. The sequence of the forward and reverse
primers, the repeat motif and the PCR profiles are given
by Ramsay et al. (2000). PCR products were separated
and detected on a GenomeLab™ GeXP platform (AB Sciex
GmbH, Germany) applying multiplexing.
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Table 2. Collection of 32 6-row winter barley varieties used as founder lines.

Variety Crossing Breeding company
group

Sorna | Saatzucht Leutewitz

Gaulois | Lochow-Petkus GmbH

Vulcan | W. von Borries-Eckendorf
GmbH & Co. KG

Cervoise | Momont Hennette et Fils

Frances I Dippe

Peragis I Peragis

Birgit I W. von Borries-Eckendorf
GmbH & Co. KG

Gilberta I W. von Borries-Eckendorf
GmbH & Co. KG

Pict I KWS UK Limited

Alissa 1] Nickerson GmbH

Alinghi I Lochow-Petkus GmbH

Merlot I Nordsaat Saatzucht GmbH

Lomerit I Lochow-Petkus GmbH

Leibniz I Lochow-Petkus GmbH

Fridericus Il Lochow-Petkus GmbH

Naomie Il Ackermann Saatzucht
GmbH & Co. KG

Eiszapfen 1] unknown

Alpaca 1] Semundo Saatzucht GmbH

Banteng 1] Mansholt

Ludmilla 1l Saatzucht Firlbeck GmbH & Co. KG

Mammut 1] W. von Borries-Eckendorf
GmbH & Co. KG

Venus 1} Saatzucht Firlbeck GmbH & Co. KG

Engelen II 1] Engelen

Catinka 1l Heidenreich

Elbany v Lochow-Petkus GmbH

Andrea v W. von Borries-Eckendorf
GmbH & Co. KG

Engelens-6zlg v Engelen

Hord. Hex. v unknown

Giganteum

Vogelsanger v Hauptsaaten fiir die Rheinprovinz

Gold GmbH

Plana 1Y Saatzucht Leutewitz

Erfurt v unknown

Traminer \Y Ackermann Saatzucht
GmbH & Co. KG

Release year  Pedigree
1989 ((Maris-Mink x HVW 46172) x Erfa)
1989 (Gerbel x Athene)
1968 (Domina x Wong)
2005 unknown
1989 (Athene x Mammut)
1933 (Giessener-0466 x Friedrichswerther-
Berg)
1976 ((Herfordia x H-204) x
(70272 x Weissenhaus-38249))
2001 (Express x CM-392611)
2001 (92-301 x Musca)
2000 (Milva x Krimhild)
2006 ((LP-6460 x Carola) x Lomerit)
2002 (Theresa x Carola)
2001 ((Askanova x Grete) x Oceane))
x 133229)
2007 (LP6-936 x BCYM-5)
2006 (Carola x LP-6564)
2003 ((Julia x Nord-51716) x Carola)
unknown unknown
1987 (Banteng x Tapir)
1976 ((Platen-2349 x Vinesco) x (Dea
x Jumbo))
1999 (Hasso x (Banteng x Venus))
1978 (Vogels.Gold x (Mddru x Weissenhaus
38249))
1990 (Corona x Tapir)
1947 ((Friedrichswerther Berg
x Eckendorfer) x Schwarze)
1983 ((Dura x Vogels. Gold) x Mirra)
2002 ((Borwina x Kantonijo) x P 9147)
1984 ((Dura x Tocka) x Banteng)
unknown unknown
unknown unknown
1965 ((((@rsaria x Hord.sp.nigrum-204) x
Mahndorfer) x Peragis-Mittelfri) x
Peragis-12-Melior) x Hauter)
1981 (vogels.Gold x Klw.1010/60)
unknown unknown
2002 (Uschi x Carola)

Each parent variety was genotyped to detect accidental
self-pollination and to ensure that only offspring from
cross-pollination are used to produce the next genera-
tion. Before starting the next crossing step, G1 and G2
offspring was verified with polymorphic SSR markers by

means of parent-specific alleles (Table 3). The composite
population was finally established by pooling aliquot
amounts of 300 seeds of each of the G6 progenies. The
bulked seed sample was subsequently propagated in
2015/2016 in Quedlinburg.
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Table 3. Polymorphic markers suited to distinguish offspring in the G1 and G2 generation including allele sizes.

Marker?

G1/G2 Parent specific allele (nt)  Parent specific allele (nt)
1 Bmac0029 Sorna 170 Gaulois 147

2 GMS001 Vulcan 150 Cervoise 140

3 Bmag0007 Pict 217 Alissa 239

4 Bmac0316 Alinghi 160 Merlot 155

5 Bmag0496 Frances 213 Peragis 231

6 Bmac0029 Birgit 147 Gilberta 170

7 Ebmac0788 Lomerit 173 Leibniz 168

8 Bmac0090 Fridericus 223 Naomie 225

9 Bmag0007 Eiszapfen 215 Alpaca 236

10 Bmag0206 Banteng 297 Ludmilla 273

11 Bmag0206 Elbany 273 Andrea 297

12 Bmag0225 Engelens 6 159 H. Hex. Giganteum (151/159b)
13 Bmac0096 Engelens Il 174 Catinka 191

14 Bmac0032 Mammut 233 Venus 259

15 Bmag0223 Vogelsanger Gold 189 Plana 173

16 Bmag0140 Erfurt 158 Traminer 160

1 Bmac0093 (Sorna x Gaulois) 161 (Vulcan x Cervoise) 157

2 Bmag0206 (Peragis = Frances) 273 (Birgit x Gilberta) 276

3 Bmag0211 (Pict x Alissa) 207 (Alinghi x Merlot) 200

4 Bmac0162 (Lomerit x Leibniz) 202 (Naomie x Fridericus) 212

5 Bmac0209 (Alpaca = Eiszapfen) 211+ 229 (Banteng x Ludmilla) 209 +211
6 Bmag0007 (Engelens Il x Catinka) 213 (Mammut x Venus) 217

7 Bmag0013 (Elbany x Andrea) 160 (Engelens 6 x H. Hex. 158

Giganteum)
8 Bmac0032 (Plana x Vogels. Gold) 233 (Traminer x Erfurt) 239

a Detailed information on all used markers was published by Ramsay et al. (2000).
b Bmag0225 does not allow for verification of the reciprocal cross.

The advantage of genetically diverse crop populations is
mostly perceivable under stress conditions since hetero-
geneous populations seem to better buffer abiotic and
biotic stress effects within the growing season leading to
improved yield stability (ScHNELL and BECKER, 1986).
Continuous natural as well as artificial selection is likely
to lead to populations that perform superior compared to
pure stands of the respective parent varieties if reproduced
at a specific location for a number of years (BRumLoP et al.,
2017). Populations therefore constitute an efficient
approach to provide heterogeneous material with agro-
nomic superiority particularly under stress conditions
(PHiLLIPs and WoLFE, 2005). If implemented in a network
of eco-geographically contrasting locations, one major
advantage of evolutionary population breeding is the
high number of possible genotype by environment com-
binations being represented at the same time. This reduces
the likelihood that desirable traits fall through the net
during the adaptation process (DORING et al., 2011). How-
ever, seed-borne diseases may build up when employing
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long-term evolutionary breeding because of direct trans-
mission of pathogens to the next generation before adap-
tation of the population will be effective to limit further
increase of disease. In consequence, seed treatments or
other conventional crop protection measures have to be
taken into consideration to ensure seed quality (DORING
et al., 2011).

Fifty-one different soil-climate-areas have been defined
for Germany that are derived from meteorological and
soil data and result in a consent map of soil-climate-areas
released by German agricultural federal and state authori-
ties (RORBERG et al., 2007). Based on these different areas,
12 eco-geographically contrasting locations were selected
to cultivate sub-populations in order to promote the
development of differently adapted germplasm (Table 4).
These locations constitute the network for the dynamic
management of winter barley genetic resources and
involve three locations under organic management prac-
tices, too. In addition, a further location in Southern
Sweden near Alnarp was included (Table 4). Since 2016,
sub-populations of the material have been continuously
cultivated under high and low agricultural input conditions
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Table 4. Overview of locations growing winter barley sub-populations with corresponding soil-climate-areas, geographical

coordinates, management practices and managing institutions.

Location name

Holtsee
Grof} Liisewitz
Scharnhorst

Dahlem

Dahnsdorf

Quedlinburg

Witzenhausen

Soil-climate-area no. (German
description)

154 (stdliches schleswig-
holsteinisches Hiigelland)

101 (mittlere diluviale Boden MV
und Uckermark)

146 (Lineburger Heide/Sandige
Boden)

104 (trocken-warme diluviale
Boden des ostdeutschen
Tieflandes)

104 (trocken-warme diluviale
Boden des ostdeutschen
Tieflandes)

107 (LoRboden in der Ackerebene
Ost)

132 (zentralhessische Ackerbau-
gebiete, Warburger Bérde)

Geographical coordinates

54.4212 N, 9.8358 E

54.0663 N, 12.3233 E

52.5309 N, 9.5296 E

52.4599 N, 13.2986 E

52.1121 N, 12.6358 E

51.7705N, 11.1441E

51.3739 N, 9.9036 E

Management

practice
conventional
conventional
conventional

conventional

conventional

conventional

organic

Managing institution

Syngenta
Julius Kiihn Institute
Federal Plant Variety

Office
Julius Kiihn Institute

Julius Kiihn Institute

Julius Kiihn Institute

University of Kassel

Nossen 108 (LoRbdden in den 51.0534 N, 13.2619 E conventional Federal Plant Variety
Ubergangslagen Ost) Office
Dachwig 107 (LoRbdden in der Ackerebene 51.0757 N, 10.8618 E conventional Federal Plant Variety
Ost) Office
Bad Vilbel 121 (Rheinebene und Nebentdler) 50.1954 N, 8.7545 E organic Dottenfelderhof
HaRloch 121 (Rheinebene und Nebentéler) 49.3778 N, 8.2778 E conventional Federal Plant Variety
Office
Freising 115 (Tertidr-Hugelland Donau-Std) 48.4050 N, 11.6941 E organic Technical University of
Munich
Alnarp Gotaland's southern plains, 55.6667 N, 13.1041 E conventional Nordic Genetic Resource
Sweden? Centre

3 The German soil-climate-area system is not applicable to this Swedish location

including crop protection measures at each one of these
locations. Adaptation of winter barley sub-populations to
different climatic, soil and agricultural input conditions
will take place over a period of at least 6 to 8 years. It is
however expected to maintain the network of sites as a
conservation infrastructure for dynamic management of
plant genetic resources over a much longer period. In order
to maximise adaptation to the different regional condi-
tions, locally usual cultivations practices like tillage, seed
bed preparation and seed density are applied at each of
the locations. Based on samples taken in each year,
changes in the allele frequencies within and between
locations will be monitored at the DNA level.

The winter barley sub-populations are expected to
adapt to the specific local conditions. The climatic condi-
tions in Germany have been recorded continuously by
meteorological stations in the past. To characterise dif-
ferences between the locations, 30-year average data on
temperature, precipitation, radiation, sunshine, and frost
were collected for the period from 1981 to 2010 for each
one of the German locations from the ClimateImpacts-
Online portal (http://www.climateimpactsonline.com/)

at administrative district level. However, climate is
steadily changing and the locations may be subjected to
different degrees of climate change resulting in the
need for local climate change predictions. When design-
ing such a long-lasting project, potential changes of cli-
matic conditions have also to be taken into account. As
possible future scenarios, four Representative Concen-
tration Pathways (RCPs) for greenhouse gases were
adopted by the United Nations Intergovernmental Panel
on Climate Change (IPCC) in its Fifth Assessment Report
(IPCC, 2014). These are RCP2.6, RCP4.5, RCP6, and
RCP8.5 named according to the radiative forcing in
W/m2 in the year 2100 compared to pre-industrial
values. RCP8.5 represents the scenario with the highest
greenhouse gas emissions and was considered by the
IPCC as an extreme case. Nevertheless, current green-
house gas emission rates match or even exceed the
RCP8.5 scenario (HAYHOE et al., 2017), and therefore, this
scenario fits the actual development most closely. The
Potsdam Institute for Climate Impact Research (PIK)
calculated regional climate projections for the next 60 to
100 years by employing the STARS model (STatistical
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Table 5. Past (years 1981 to 2010), prospected (years 2011 to 2040) average yields of winter wheat, yield fluctuations (in paren-
thesis) and relative prospected yield changes for the German locations corresponding to the respective administrative dis-
tricts. Data were collected from ClimatelmpactsOnline applying RCP8.5, medium temperature increase. N/A: data not available

Location name Administrative district Past yield (t/ha) Prospected yield (t/ha) Prospected yield change

Holtsee Rendsburg-Eckernforde 8.1 5.6 -30.9%
(1.9...10.9) (4.6...7.3)

Grof} Liisewitz Rostock 6.0 7.6 +26.7%
(2.8...8.8) (6.0 ...9.6)

Scharnhorst Hannover 7.0 7.1 +1.4%
(4.1..10.4) (5.8...8.6)

Dahlem Berlin N/A N/A N/A

Dahnsdorf Potsdam-Mittelmark 4.8 4.7 -2.1%
(2.2..8.0) (3.2..6.7)

Quedlinburg Harz 6.2 5.5 -11.3%
(3.2..9.3) (3.5..8.7)

Witzenhausen Werra-Meifdner 7.0 7.1 +1.4%
(4.8 9.3) (6.1 8.3)

Nossen Meifden 5.8 5.4 -6.9%
(3.3 8.6) (4.2 7.1)

Dachwig Gotha 6.0 6.8 +13.3%
(3.2..8.8) (5.7 ..8.1)

Bad Vilbel Wetteraukreis 7.0 7.1 +1.4%
(4.8 9.3) (6.1 8.3)

Haftloch Bad Diirkheim 6.0 6.7 +11.7%
(3.3 8.3) (6.1 7.6)

Freising Freising 6.3 6.4 +1.6%
(3.2 9.1) (5.6 7.3)

Analogue Resampling Scheme) (OrLowsKY et al., 2008) for
all German administrative districts. As a result of chang-
ing conditions, the climatic water balance will decrease,
especially during the main growing season of crops from
May to October (GERSTENGARBE et al., 2013). This and other
meteorological parameters will have implications for
future agricultural economy. At the country level, Ger-
many like Northern European countries is supposed to
economically benefit from climate change since its current
temperature is below the economical optimum (RICKE et
al., 2018). At the regional level, PIK used an Integrated
Regional Model Assessment to determine future yields of
agricultural crops in Germany. Yield decreases are expected
for summer-grown crops in these areas of Germany
where water availability is limited. On the other hand,
winter cereals will be less influenced and may even
benefit from the increased precipitation during the winter
season (GERSTENGARBE et al., 2013). Meteorological and
agronomic predictions based on the RCP8.5 scenario and
median temperature increase were collected from the
ClimateImpactsOnline portal for the period from 2011 to
2040 for each one of the 12 German locations to track
and assess future developments of the sub-populations.
There are no explicit data on winter barley yields, but
winter wheat data can be accessed to infer that most of
the German locations may benefit from climate change
while some might expect decreased winter cereal yields.
The degree of prospected yield changes is remarkable
and ranges from 30.9% decrease to 26.7% increase.
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Details on past and prospected winter wheat yields for
the German locations are given in Table 5.

In autumn of 2016, all locations were provided with
seeds from the propagated winter barley population
ERG16-1 and asked to continuously cultivate the popula-
tion on two plots of approximately 100 m2 applying two
different fertilizer and pesticide intensities. Given that
the locations correspond to different conditions regarding
soil and climate, usual local cultivation practices should be
applied in respect to crop rotation, sowing date, sowing
density, fertilisation, use of pesticides, and harvest. The
intensive or high input variant at each location stands for
these usual local cultivation conditions whereas the
extensive or low input variant represents reduced fertiliser
and pesticide intensities. Low input fertiliser application
rate should amount to approximately one third of the
high input rate. Regarding the low input variant, plant
growth regulators, fungicides and insecticides should be
completely avoided and only be used in case of probable
total loss of the harvest. Use of pesticides only applies to
the conventionally managed locations while locations
under organic managing practices completely reject
pesticides. Therefore, variants of the organically managed
locations only differ in the fertiliser application rate.
When needed, special local measures are applied, for
example the urban location Dahlem situated in the city of
Berlin covers the plots with nets to prevent bird damage
after sowing and before harvest. All local treatments and
cultivation conditions are being continuously documented.
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The harvested seeds at each location are saved for sowing
the next generation of the population. To avoid possible
edge effects, only the harvest of the central part of each
plot is kept as seed. The different locations constitute the
network of sites since 2016 when sub-populations were
first cultivated, and from then, the populations have been
grown continuously at the locations. It is intended to
continue cultivation and seed saving for 6 to 8 years. In
order to ensure this long-term cooperation between the
managing institutions of the locations, a memorandum
of understanding was signed to promote the continuity of
the network. The Julius Kiihn Institute was appointed to
currently take over the coordination of the network and
is in charge of the network management. This includes
services like documentation, data management and
long-term sample storage.

Samples of approximately one kg of each harvest from
all locations are sent every year to the Julius Kiihn Insti-
tute in Quedlinburg for central storage and later evalua-
tion. For better comparison, evaluation will take place
after the period of site-specific adaptation at one location
with all the collected samples. Since the adaptation period
lasts 6 to 8 years, standard genebank long-term storage
measures (Rao et al., 2006) are applied to the seed
samples, which includes drying to a low moisture content
of about 5% (ELLis and RoBERTS, 1980) before storage at
low temperature (DickiE et al., 1990). Purified and dried
seed samples from the locations are stored in air-tight
1000 ml wide-neck transparent PVC containers with PP
screw-on caps and PE-foam seals (Carl Roth GmbH + Co.
KG, article no. H318.1) at —20°C in a chest freezer. In
addition to the samples from all locations and all years,
seed samples from the initial evolutionary bulk (ERG16-1)
that was sent out to all locations as well as from the 32
parent varieties are treated and stored analogously.

When dealing with populations resulting from multiparent
intercrosses, data management and documentation is quite
a challenge since their origin is often complex as they may
originate from landraces, cultivars, lines, extracts from
other populations and the ancestors may be a few or even
hundreds of different genotypes obtained through various
crossing schemes. Bulk populations have no fixed charac-
teristics and their dynamics depend on the environmental
conditions where they have been grown and on population
composition, recombination and specific selection methods
applied. ROBUSTUM is currently being developed as an
information system within a project that aims at inter alia
analysing the potential of increased intra-specific diversity
within winter wheat populations on their ability to adapt
to low input farming conditions in future cropping sys-
tems (BARESEL et al., 2018). ROBUSTUM was implement-
ed as an information system that on the one hand meets
the specific documentation needs of the project but on
the other hand exhibits a flexible and extendible struc-

ture that makes the system also suitable for other related
projects and further documentation purposes (BULow et
al., 2018a). ROBUSTUM is an information system for the
consistent documentation of breeding material like vari-
eties and lines, of breeding actions like crossing schemes,
to record the composition of populations and derived
sub-populations, for documentation of cultivation condi-
tions, characterisation and evaluation data, and for sub-
sequent data analyses. ROBUSTUM is therefore well-
suited to record the MAGIC crossing scheme of the pres-
ent winter barley population as well as for tracing the
development of the sub-populations at the different
locations. The complex pedigree of the initial winter barley
population can be retrieved via ROBUSTUM (BULow et
al., 2018b). For easy access, the system provides an inter-
active graphical interface for pedigree visualisation
(Fig. 1). All steps from the initial crossing of the 32 parental
founder varieties, all resulting lines and further crosses
through six generations, and the combination of 324
lines to form the bulk population are documented. Addi-
tionally, data can be exported in various formats. In the
near future, the complete documentation of cultivation
conditions at all locations will be transferred to
ROBUSTUM. The upcoming evaluation data from the
stored samples will be recorded by ROBUSTUM as well.

Today's elite varieties originated from predominant land-
races of the mid-last century, which consisted of a hetero-
geneous mixture of inbred lines. By targeted selection of
individual plants from these populations of landraces, a
rapid decline in the genetic variability has been observed.
Recent studies revealed a steady reduction of climate
resilience in European cereal varieties indicating that
breeding efforts so far have not been adequately address-
ing climatic variability (Kan.uoto et al., 2014; KAHILUOTO
et al., 2019). Early selection favouring genotypes best-
suited for the specific breeding objectives resulted in a
strong narrowing of the genetic diversity (genetic bottle-
neck) which was considered a serious problem in barley
breeding (FiscHBECK, 1992). OrDON et al. (2005) analysed
the temporal changes in genetic diversity in winter and
spring barley varieties using 30 SSR markers and noticed
a decrease in genetic diversity as measured according to
Ne1 (1973) in winter barley and an increase in spring
barley varieties released between 1959 and 2003. The
increase of genetic diversity in the analysed spring barley
variety collection was interpreted as the result of intensi-
fied spring barley breeding since the 1980 s. Genetic
bottlenecks are therefore no problem as long as genetic
resources are being conserved and sufficient incentives
promote the broadening of the breeding pool.

An effective and efficient approach for a dynamic
management system with wheat was described by
GOLDRINGER et al. (2001) and is being developed by the
INRA at Le Moulon (France) towards an on-farm manage-
ment system involving farmers (ENJALBERT et al., 2011).
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Fig.1.  Pedigree representation by ROBUSTUM for barley line ERG11-66/5 (highlighted) from MAGIC crossing generation G2. The pedigree dis-

plays the line’s parentage up to its four parental founder varieties as well as all descendants derived from the line down to generation Gs. The
number of levels to be shown can be adjusted (not shown) and the interactive functionality enables retrieval of additional details on the breed-
ing material, its pedigree in XML format and the corresponding breeding actions.

This French approach is being accompanied and supported
by a Seed History and Network Management System, an
information system called SHiNeMas (RIVIERE et al.,
2013). Farmers in Germany have already expressed inter-
est in the present winter barley population. The network
may therefore be broadened towards a future participa-
tory breeding network. ROBUSTUM will take over the
documentation required by such a network. Recently, the
process to register the winter barley population as a het-
erogeneous population variety at the German Federal
Plant Variety Office has been initiated to allow for easy
distribution to interested farmers. The registration of
heterogeneous population varieties is also possible in
Germany since the publication of the regulation on the
placing into the market of seed of populations of the spe-
cies oat, barley, wheat and corn (BGB, 2015). The regu-
lation refers to the implementing decision of the Euro-
pean Commission on the organisation of a temporary
experiment providing for certain derogation rules for the
marketing of populations of the plant species wheat, bar-
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ley, oats and maize (EC, 2014). This experiment is part of
the agricultural policy trying to increase inter- und intra
specific genetic diversity in crop production as well as
on grassland (BMELV, 2007). It is expected that a more
diversity-friendly agricultural policy will not only pro-
mote sustainable farming activities but also help main-
taining and enhancing good ecological infrastructures,
and promote the conservation plant genetic resources
(PArRaccHINI and BERTAGLIA, 2018).

The production of and access to food and feed in suffi-
cient quantity and quality today and tomorrow is pivotal
to the implementation of the sustainability concept and
an enormous challenge to agriculture facing numerous
production limits. The challenge to agriculture research
today is to investigate and develop land utilisation systems
that (i) contribute to the maintenance and improvement
of ecosystem function, (ii) treat the non-renewable
resources sustainably, (iii) can buffer production systems
against negative effects of weather extremes and other
hazards, and (iv) can produce food, fodder and other agri-
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cultural commodities in sufficient quantities and qualities
(BAEUMER, 1997; GREGORIUS, 2001; FUHRER, 2003). How
inter-specific diversity can be deployed to implement
resilient production systems is currently being inves-
tigated (LN, 2011; RasepuzzamMaN and JENSEN, 2017).
Research projects concern inter alia the effects of inter-
cropping systems on weed control in pea and barley
(Comrre-HELLOU et al., 2011), wheat and subclover
(RaDICETTI et al., 2018), canola and legume mulch (LorIN
et al., 2015) or the recovery of fertiliser phosphorus (Xia
et al., 2013). Inter-varietal diversity, i.e. specific fractions
of the intra-specific diversity combined in varieties of a
crop species, offers benefits in yield response, yield stability
and disease control (NEwTON, 2016; NEwTOoN and Guy,
2009) in barley. The yield increase or disease index
decrease of mixtures compared to the average of their
components in pure stands depends on the specific features
of the components and how the components interact in
the mixture under local production conditions. High intra-
specific diversity thus has the potential for environmental
resilience, i.e. buffering the effects of environmental and
climate variability (DORING et al., 2010). In addition, evo-
lutionary processes contribute to a durable conservation
of biodiversity.

Bulk populations constitute a significant contribution
to the conservation and development of genetic diversity
that can be used in breeding and contribute to the replen-
ishing of the barley gene pool. MAGIC populations com-
pared to classical biparental populations highly benefit
from the inter-crossing process due to a faster decay in LD
and breakup of initial linkage blocks. The high number of
recombination events is also a prerequisite for new allele
combinations and influences the genetic diversity of the
population. In the case of self-pollinating species, the
adaptation and enrichment of favourable alleles can be
measured after 6 to 10 generations (GOLDRINGER et al.,
2001). Heterozygosity will substantially decrease in the
first years after the last crossing and only thereafter, a
continuous effect of the selection forces that is not
masked by heterozygosity will be detectable. Because of
this, in the present barley MAGIC approach cultivation
and adaptation within a network of sites shall take place
over a long period until 2023. Thereafter, the evaluation
of the adapted and differentiated MAGIC sub-popula-
tions will be carried out to assess the impact of local adap-
tation on the allele constitution and to analyse the temporal
and local dynamics of biodiversity and the genetic causes
of the adaptation processes at molecular level. Specific
traits of interest may be identified through marker-trait
association studies or high-resolution mapping of quantita-
tive traits by genotyping by sequencing (GBS).

In the future, the MAGIC population may continuously
be improved by introducing modern varieties originating
from classical plant breeding and use of a male sterility
trait to increase recombination rates. This will enable
breeders to use the population as a new source for complex
traits. The evolutionary plant breeding concept translates
the breeding of landraces by farmers and the functions of
traditional seed supply systems of the past into science-

supported crop diversity management practices of today.
Generally, diversification is a usual measure to increase
the stability of a system, and even financial service pro-
viders diversify their portfolios in particular in periods of
increasing instability to minimise the financial risks
(F1GGE, 2001). The present approach addresses the increas-
ing pressure on finite natural resources caused by a grow-
ing human population and changing consumption pat-
terns (STEFFEN et al., 2015) and increasing insecurity in
agricultural production systems. Evolutionary plant breed-
ing approaches will also play a very prominent role in solv-
ing problems related to climate change (SCHIMMELPFENNIG
et al., 2018). After successful adaptation, a better fitness
of the population against boitic and abiotic stress factors
is expected. Thus, the cultivation of evolutionary bulks
provides the plant breeders with a continuously filled
resource of locally adapted variability that will serve to
improve cultivated plants in the future. The creation and
cultivation of populations appears to be a suitable mea-
sure for successful in-situ conservation of plant genetic
resources under on-farm conditions. Bulk populations
can be considered as course of action in plant breeding
and contribution to a genetic diversification of agricul-
tural production systems.
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