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Abstract
Organic farming has the potential to tackle the imminent task of sustainable food production, if the yields
could be raised. Here, the bene�ts of additional exotic alleles, the necessity of increased genetic
heterogeneity in organically farmed systems and the buffering capacities by the pronounced plasticity of
root traits are demonstrated. Two barley populations, naturally adapted for more than two decades to
organic and conventional farming systems, were compared by a novel strategy of whole genome
resequencing of pooled samples. Substantial allele frequency deviations between the farming systems
were uncovered (for various agronomically relevant chromosomal regions) by testing multiple
generations. In contrast to the organic adapted population, an early equilibrium in the conventional
population was observed, accompanied reduced genetic diversity. Differences between the populations
were revealed in root morphology, developmental processes and abiotic stress responses. These �ndings
indicate that wild genetic resources play a critical role in the development of organically adapted varieties
and distinct variations in ecosystems demand different genetic compositions.

Main
The cultivation of barley (Hordeum vulgare) and human development have been closely associated over
the last 10,000 years1. Due to this tight bond, barley has accompanied human migration across almost
all continents2,3. This movement was associated with early adaptation of genetic material to a wide
range of local environments and formed a highly diverse gene pool across the globe3,4. As compared to
this passive process, modern breeding strategies and the development of new farming technologies have
shaped the allele frequency of modern high-yielding varieties at an extraordinary pace and extent5. These
varieties have adapted to high-quantity application of agro-chemicals and the implementation of modern
management strategies and harvesting processes6. As the demand of substantial yields continues to
increase in the coming decades7, the status of environmental factors will become more in�uential in
modern societies8. The loss of biodiversity, pollution, and climate change are relevant to the future
development of strategies for farmers and policy makers. Based on shifts in priorities, organic farming
has become ever more relevant over the past few years9. To the bene�t of ecosystem services, organic
farming is reported to result in a yield reduction of 20%–30% as compared to conventional farming10.
Therefore, it is imperative to counteract with drastic increases in yield until the year 20507,11. As the
genetic material used in organic farming is either derived from old varieties or varieties developed for
conventional farming12, the yield gap might be reduced by the development of organically adapted
varieties13. However, conventionally adapted germplasm seems unsuitable for use as a single source of
variation to achieve this goal13,14. Hence, the integration of wild-type (WT) genetic resources, which
continuously undergo natural selection, could reverse the depletion of genetic diversity15 and might
enrich alleles suitable for organic farming. To test these hypotheses and identify relevant alleles for
organic farming, a long-term selection experiment has been ongoing over the last two decades. As no
arti�cial selection occurred, natural selection processes in conventionally and organically characterised



Page 3/29

farming systems have altered the composition of WT introgression populations. Therefore, the aim of the
present study was to investigate variant molecular genetic requirements and adaptation strategies on
different generations of barley.

Results
Characterisation of genetic diversity A second backcross of the former elite cultivar Golf (recurrent) and
the wild type ISR42-8 (donor) was performed to establish the starting population BC2F3. Their seeds were
sawn in two agro-ecological environments. For each following year, the organic and conventional
populations were harvested separately and seeds were used to establish the next generation. The two
parents were genotyped by whole genome resequencing (WGrS). Five progeny generations (BC2F3,
BC2F12, BC2F16, BC2F22 and BC2F23) were separately pooled for WGrS, which resulted in 400 million high-
quality paired-end reads for each library with an average length of 150 bp. The generated reads were
mapped against the barley reference genome (version V2). Overall, 3,991,259 single nucleotide
polymorphisms (SNPs) and 621,434 indels were identi�ed. The genome-wide coverage was uniform with
an average of nine reads per base (Supplementary Figure 1). As many as 3,632,910 SNPs were annotated
to 34,343 high-con�dence genes. The boundaries of the high-con�dence genes were extended into the
intergenic region for enrichment with closely located SNPs (Extended Data Figure 1), which led to a
median enrichment of 55 SNPs per gene and a median haplotype size of 71,585 base pairs. The
calculated allele frequency of all SNPs related to the same gene was aggregated to one haplotype
frequency with a median read coverage of 434 reads per gene-haplotype. To predict the functional effects
of SNP variants, the coding sequences with annotated start and stop codons were aligned to the parental
haplotypes. A total of 28,601 complete coding DNA alignments were generated and 640,611 amino acid
variants in 16,570 predicted proteins were identi�ed between the parents. As compared to the reference
coding DNA, 3,831 and 3,305 genes in the WT and the cultivar genomes, respectively, showed evidence of
a deletion or insertion. A high degree of variation was observed at the DNA as well as the predicted amino
acid level.

Variation among farming systems Genomic variation was estimated by genetic diversity analysis of the
populations to assess the agro-environmental selection process. The principal component analysis (PCA)
results revealed large genetic differences between the offspring generations due to differences in
microevolution between the two agro-ecological environments. The �rst principal component (PC)
described the highly signi�cant (p < 0.001) differences between the organic and conventional
environments, while the second PC separated the effects of different years (Figure 1). The PCA based
variation between the two samples, pooled for each generation and environment separately, indicate a
three to 13-fold higher genetic variation over the �rst �ve PCs for the 12th, 16th and 23rd generation in the
organic environment. Only the 22nd generation revealed identical values between the environments (Table
1, Supplementary Table 1). Based on the �rst PC, the conventionally farmed population evolved until the
12th generation, but changed little afterward. In contrast, the generations of organic populations were
clearly distinguished from one another. With each subsequent generation, the genetic distance between
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the organic and conventional populations increased, as also shown by the increase in the population
differentiation �xation index (FST) and genetic distance (Extended Data Figure 2). While the FST value of

the 12th generation was 0.012, values successively increased to 0.043, 0.052 and 0.113 in the 16th, 22nd

and 23rd generations, respectively. When the initial generation BC2F3 was included in the PCA, the �rst PC
described the difference between the starting generation and offspring. The second PC split the organic
from the conventional environment (Extended Data Figure 3).

The observed donor genome-wide allele frequency (gwAF) of the BC2F3 generation was 10.07%. In the
conventionally selected populations, the gwAF was continuously reduced to 6.95% in the BC2F23

generation. In the organic system, the donor gwAF was reduced to 8.96% in the 12th generation, but
subsequently increased to 10.57% in the 23rd generation, which was 0.5% greater than in the initial BC2F3

generation (Supplementary Figure 2, green line). To ensure these observations were not only or majorly
the result of genetic drift, its effect was simulated in 1,000 iterations on the average gwAF as well as on
all gene-haplotypes individually. Both were compared to the observed haplotype allele frequency in the
12th, 16th, 22nd and 23rd generations. Compared to the drift simulation, ten times larger 95% con�dence
intervals and a deviating average gwAF in the conventional and organic system were observed
(Supplementary Figure 3). This indicates signi�cant variations between the drift effect estimate and the
conventional and organic environment for each generation (Supplementary Table 2).

Of the 34,343 analysed gene-based haplotypes, 7,115 WT haplotypes in the BC2F23 generation of the
conventional system were positively selected, as were 15,124 cultivar-derived haplotypes. Meanwhile,
3,066 WT alleles were not found in the BC2F23 generation of the conventional system, of which 524 were

already missing by the 12th generation onwards. In the organic system, only 547 of the gene-based
haplotypes did not carry WT alleles present in any of the analysed generations (Supplementary Table 3,
Supplementary Figure 2).

In order to assess the �tness of chromosomal regions, a genetic map was created based on the physical
distance of two neighbouring haplotypes and associated allele frequency variation. A contracted genetic
map indicated a higher selection pressure towards one haplotype and was associated with reduced
genetic diversity in the population. The calculation resulted in a consistently more contracted map in the
conventional system across the generations and chromosomes, as compared to the organic population.
The results showed that genetic diversity, calculated as the chromosome map length, has decreased in
both farming systems over the generations from 300 centi Morgan (cM) for the BC2F3 generation to 130

cM and 250 cM for the 23rd generations of the conventional and organic systems, respectively. In
contrast to the general �ndings, the organic population showed evidence of an increased map length for
chromosomes 3H and 7H in the later generations (Figure 3, Supplementary Figure 4). The reliability of the
constructed genetic map was estimated by simulating a cross population according to given genetic
distances. A high correlation between the true and estimated genetic map (r² > 0.93) was obtained,
indicating the genetic map build from pooled samples is accurate (Supplementary Figure 5).
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To validate the observation of increased genetic variation in the organic environment, additional
experiments were performed to assess the phenotypic difference of root traits in the BC2F24 generation,
which highlighted the greater phenotypic variation in the organic population (Extended Data Figure 4). In
that regard, a signi�cantly higher root length (p = 0.02) was observed in the organic population, supported
by a 4-degree lower root angle (p = 0.005) (Supplementary Table 4)

Identi�cation of hotspots undergoing selection Genome-wide variation in allele frequency was observed
in both farming systems. While the wild type allele frequency (wtAF) was reduced in most pericentromeric
regions in both environments, many loci in the telomeric regions indicated increasing wtAF (Extended
Data Fig. 5 &6). A strong increase in wtAF was observed in both environments on the short arm of
chromosome 1H, the long arms of 2H, 3H and 6H, as well as the centromere of 5H (Figure 2). The only
centromere regions positive selected for WT alleles were on chromosomes 3H and 5H. These two regions
were characterised by large linkage blocks (approx. 250 and 108 million bp for 3H and 5H, respectively).

The increased wtAF on chromosome 5H was associated with QGL5H / QGW5H (Supplementary Table 5),
a quantitative trait loci (QTL) for grain length and width16. A search for candidate genes for this region
resulted in several hits with a wtAF of ~0.5 for both environments in the late generations (Supplementary
Table 6). Remarkably, this entire region of chromosome 5H (393–501 Mbp) had a very low wtAF in the
BC2F3 generation (0.005 wtAF), which had increased to 0.33 in the conventional and 0.27 in the organic
environments over successive generations. A similar pattern of lower than the average wtAF values in the
initial population was observed at the centromere of chromosome 2H.

The centromere of chromosome 3H revealed a major differentiation between the organic and
conventional populations. The wtAF reached 0.2 in the organic system, but remained below 0.05 in the
conventional system. In multiple QTL studies, this region was characterised by enriched loci for various
traits, including plant height17, root morphology18,19 and �owering time20,21 (Supplementary Table 5). The
genetic variation on chromosome 3H allowed for the study of selection and recombination events in the
pericentromeric regions. The brittleness genes brt1 and brt2 are located in this region22, and the WT had
the physiological trait of ear brittleness, which is undesirable in modern cultivars and negatively selected
by machine harvesting. Both brittleness genes were reduced in the wtAF to 0 and 0.005 in the
conventional and organic systems, respectively. In addition, this region was characterised by four blocks
undergoing positive selection in the organic system, but negative selection in the conventional system.
During the increase in wtAF in these regions of up to 0.2 in the F23 generation, the smooth transition from
down- to up-selected regions became more distinct with each subsequent generation tested (Extended
Data Figure 7). In total, 82 QTL loci and 95 related candidate genes were retraced (Supplementary Table
5, 6).

The impacts of climatic variations on yield trend and genetic composition As indicated by the PCA
results, the climate and weather in�uenced the selection process. The combination of annual weather
(Supplementary Figure 6) and estimation of the actual evapotranspiration (ETa, Extended Data Figure 8)
of barley revealed the presence of different periods with varying selection pressure. The years 1998, 2001,
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2002, 2005, 2007, 2008, 2009, 2012 and 2013 were characterised by no limitations of water availability.
The years 2007, 2012, 2016 and 2018 have shown high levels of humidity in the anthesis stage, why
these have been assumed to be bene�cial years for above average fungal infection levels
(Supplementary Figure 7A & B). Additionally, the ratio of days with precipitation to days without in the
anthesis stage was found to be above average (0.3) for 2007 (0.41), 2012 (0.39) and 2016 (0.38). Based
on evapotranspiration (ET) calculations, drought stress periods occurred in the years 1999, 2000, 2006,
2011, 2015, 2017, 2018 and 2019, highlighting the other end of the spectrum (Extended Data Figure 8).
Multiple consecutive days in 2011, 2017, 2018 and 2019 were characterised by an actual ETa to potential
ETC ratio of < 0.7 (Extended Data Figure 9).

The yield in both environments showed evidence of annual variation, while the yield of the conventional
system was on average 30% higher over the period than the yield in the organic system. Furth details can
be found in the Supplementary Note and Supplementary Figure 8.

To estimate the effect of weather conditions on the genetic constitution of barley, the allele frequency
patterns were compared between the years 2007 (F12) and 2017 (F22). As described before, 2007 and
2016 were notably moist, giving chances for higher fungal pressure. Therefore, the conventional (control)
and organic system (stress) were compared and referenced against the BC2F3 generation to ensure
selection processes had occurred. In total, 11 commonly selected gene ontology classes were observed
for both generations, which were related to oxidative stress responses and signalling functions. The most
manifested gene ontology classes were observed for proteolysis23, ADP and ATP binding24,
serine/threonine protein kinase activity25 and kinase activities26 (Extended Figure 10).

A prediction of drought adaptation was performed by observing the common WT allele frequency shift in
the years 2011 (F16), 2017 (F22) and 2018 (F23) as compared to those in 2007 (F12). While �ve
signi�cant (p < 0.05) gene ontologies were identi�ed in all tested conventional and organic environments
(DNA-dependent regulation of transcription27, transcription factor activity28–30, nucleus31, DNA binding32

and sequence-speci�c DNA binding33), �ve additional ontologies were identi�ed in the conventional
environment (protein binding, oxidation reduction, oxidoreductase activity34, zinc ion binding35 and
nucleic acid binding) (Extended Figure 11). Hence, the climatic conditions in exceptional years in�uenced
the genetic composition of the observed populations.

Linking agro-environmental selection pressure with QTL for key trait categories To transfer the genome-
wide variation to single traits, meta-data analysis of reported QTL data was performed of various
agronomically important traits from the following six categories: nutrient uptake, biotic stress, drought
tolerance, yield physiology, yield components and root morphology. Many of these trait associations had
direct links to the WT ISR42-8 genotype. The wtAF of a QTL region was assessed (Supplementary Table
5) and compared between the two environments and among generations. All of the reported QTL were
clustered into the above-mentioned six trait categories (Figure 4). The wtAF of the yield components, the
biotic stress and yield physiology categories were increased in both environments above the level of the
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BC2F3 generation, while signi�cant differences in drought tolerance, yield physiology and root
morphology between the two environments were observed. Even though the wtAF of drought tolerance
decreased in the 12th generation, the process was reversed in the organic system in the following
generations, analogous to the more frequent occurrence of water stress. In contrast, this cluster was
further reduced in the conventional system. Root-related traits demonstrated the most dominant variation
between the systems. While the wtAF followed a linear increase in the organic system across generations,
there was no variation as compared to the �rst generation in the conventional system.

The wtAF of all clusters increased in the organic system across generations, while the conventionally
farmed population bene�ted from the WT donor alleles, particularly in biotic resistance, yield physiology
and yield components.

Discussion
We used whole-genome sequencing of pooled samples to trace allele frequency trajectories in a
biparental cross derived from an elite cultivar and a wild barley. Based on the biparental origin, parental
haplotypes were retraced within the populations. Unlike other species, such as Arabidopsis thaliana, the
genome size and structure of barley results in pronounced challenges in terms of sequencing depth,
technique selection and costs. Regular coverage pool sequencing of crops with exceptionally large
genomes is possible and can produce reliable output down to the gene allele frequency level, as based on
WGrS of pool sizes of 300 genotypes. Using a regular sequencing coverage can successfully be
compensated by haplotype-based analysis, as reported previously36. Pool sequencing approaches have
been successfully applied to small genomes37,38, but relatively few studies have attempted to estimate
genetic variation at the gene level39,40. Pool sequencing has proven to be an essential tool for the
analysis of structural and genetic variations in population studies40 and can be vital in both breeding
strategies and population genetics.

Both organically and conventionally farmed populations can bene�t from the genetic diversity of distinct
WT alleles (Supplementary Table 5, 6). ISR42-8, which was used as the WT donor, was reported to have
an expanded root system41, increased drought tolerance42–44, increased seed and ear length and kernel
weight45, reduced thresh-ability46, reduced plant height41, late �owering47, enhanced biotic stressor
resistance genes48–50 and ear brittleness46.

Few major alleles seemed to have dominated the selection process in the �rst generations. This resulted
in the most remarkable changes of the allele frequency patterns in the �rst generations. The lowest
variation between both environments was observed in the 12th generation. In the following generations, a
cumulative distinction of the populations was observed. While the conventionally farmed population
seemed to have reached a state of equilibrium in the later generations, the organic population was
portrayed by diversity and genetic variation throughout all tested generations. This process was observed
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across the entire genome (Figure 2). Furthermore, alleles derived from the WT were observed at higher
rates in the organic population.

Across the genome, sharp transitions in allele frequencies between regions were observed. These
changes were not coincidental, as such changes became more and more distinct over generations in this
self-pollinating crop (Extended Data Figure 7). These often small segments of sharp transitions may have
resulted from breeding behaviour (backcrossing and self-pollinating) combined with selection.
Backcrossing as well as sel�ng will reduce the length of heterozygous chromosome segments, which are
the only source of recombination between nearby genes51. A following selection will address the
remaining segment rather than the responding allele which result in the sharp transitions.

The genetic length of all chromosomes was estimated based on the reference sequence and the
haplotype allele frequency. In contrast to a physical map, a genetic map depends on linkage as well on
genotypic frequencies and can alter from generation to generation when the mating behaviour or allele
frequencies change52. The mating behaviour did not alter between the organic and conventional
population. Allele frequencies changes depend on genetic drift, mutation, migration or selection53. While
genetic drift was identi�ed as minor effect in the present study (Supplementary Figure 3, Supplementary
Table 2), mutations were negligible and migration was avoided by the experimental design. Therefore,
mostly selection can have in�uenced the allele frequencies. Therefore, linkage and selection can alter the
frequency of gamete combinations. Based on these assumptions, the estimate of linkage disequilibrium
(LD) is not only dependent on linkage, but also on selection in these populations, as the estimation of LD
is based on the distribution of respective allele frequencies. The expected value of LD at equilibrium
decreases in the presence of selection54,55. Consequently, an even moderate but continuous selection
over consecutive generations will reduce the allele frequency variation and subsequently LD (Figure 3).
Condensing LD chromosome-wise summarises the level of selection on allele frequency reduction and,
consequently, reduced variation (Supplementary Figure 4). A more condensed map was generated for the
conventional population. This is in line with the reduced system parameter variability, such as nutrients,
growth regulators and pesticides, as compared to organic farming. Theoretically, the genetic map should
extend further beyond the BC2F3 before it reaches a maximum52. Since both populations show
condensed maps, we assume a strong selection in both environments, which, however, was more
continuous and consequently stronger in the conventional agro-ecosystem.

Besides the farming system, weather variations had the second greatest impact on the changes in allele
frequencies (Figure 1). The populations endured varying weather conditions, de�ned by water and heat
stress as well as biotic attack. In both populations, differences in gene ontology resulting from variations
in allele frequencies were found, with more extensive adaptations for the abiotic stress response being
made in the conventional and extensive biotic stress adaptations in the organic one. Contrasting,
resistance genes show no statistical difference between organic and conventional environment (p = 0.07)
(Figure 4). Furthermore, the repeated fungal pressure resulted in a comparable yield reduction in the
organic environment in the years 2007 and 2016 (Supplementary Figure 8), which highlights the
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assumption of non-persistent adaptations to biotic stress. Although unexpected, this �nding is in line with
a report by Allard56.

In terms of agronomically relevant traits, the most prevalent variation between the farming systems was
related to the root system. Due to expected nutrient-de�cient growing conditions, a distinct root system
may have been a key trait in the organic environment. While other trait-associated allele frequencies have
risen above the level of 0.5 for the WT allele, most root-related alleles were characterised by intermediate
�tness (Supplementary Table 5, 6), suggesting high variability in the root morphology within the organic
population. Phenotyping of root morphological traits of a representative sample size revealed the same
results (Extended Data Figure 4, Supplementary Table 4), indicating advanced genetic and phenotypic
diversity and pronounced habit of root characteristics in the organic population.

For the given population size and backcrossing level, the expected wtAF in the BC2F3 was 10.5%57. A
minor deviation of 0.43% was observed. This underlines the power of the conduced crossing scheme as
well as pooling and sequencing strategy. This deviation was most likely associated with the reduced
allele frequency in the centromeres of chromosomes 2H and 5H (Extended Data Figure 5), but local
deviations from the expected range could also be the result of copy number variations allocated to a
single reference location. An incomplete representation of the ISR42-8 alleles on 5H was observed
earlier46. The mean wtAF of these regions was <0.02 in the initial BC2F3 generation. Interestingly, the
wtAF of this particular region on chromosome 5H exceeded >0.3 in both farming systems after less than
10 generations. A reported yield-related QTL16 and the seed dormancy gene SD158 are located in this
region, which led to the assumption that the linkage between these loci had a strong impact on the
genetic composition. Once a linkage is broken, evolutionary selection processes are very fast and even
rare haplotypes can be up-selected to the major haplotypes within a few generations. Similar patterns
were observed for the brittleness genes brt1 and brt222, which are responsible for an important
domestication trait3 (Extended Data Figure 7). The WT donor carried an unfavourable allele, which could
explain the negative selection in both environments. This observation may have been due to an arti�cial
in�uence, as predominant genotypes with stable ears were harvested by the combiner.

The observation of yield and allele frequency in the conventional and organic environments indicate the
potential ability of such populations to buffer variant environmental stressors. An adaptation of the allele
frequency towards increased (a)biotic resistance was observed. Analogous to the extended root system
observed in the organic population, the drought stress response on candidate QTL loci level was over
represented by WT alleles. In contrast, the molecular drought stress response of the organic system was
less pronounced by WT alleles compared to the conventional population. These observations might
indicate that the more diverse root architecture in the organic population enables enhanced adaptation to
water limitation events. Nevertheless, climatic conditions vary widely from year to year, especially in the
last couple of years, resulting in potentially unfavourable adaptation, as observed in the organic system
for the year 2016 and afterward (Supplementary Figure 8).
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In conclusion, pool sequencing is a powerful method for the characterisation of populations when the
breeding behaviour, population size, gene �ow and a reference sequence are known. A comparison of
allele frequencies between populations provides information about different selection forces. Together
with an expansion or condensation of the genetic map distances relative to the reference map, the
selected regions indicate relevant traits and localise candidate genes, without analysing phenotyping
data. With regard to the selection forces under organic or conventional farming, the organic population
showed a much higher genetic and phenotypic variability. Since most of the differences between the
farming systems were related to soil attributes, functional and morphological roots traits should be the
focus of breeding for organic farming. Especially in organic farming, unpredictable weather strongly
in�uences the availability of resources, thus increased genetic heterogeneity is recommended. Genetic
resources that have not undergone selection in farming systems with high resources should be used to
establish adapted cultivars.
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Table
Table 1: Sum of principal component distance between the two samples of the same generation and environment. The distance

between these samples was calculated for each PC separately, transformed to an absolute value and multiplied with the
explanatory effect that has been observed for the corresponding PC. All values were summed up for the first five PCs and
illustrated in the table.

 Generation

Environment F12 F16 F22 F23
organic 140.23 123.67 31.6 265.42

conventional 45.1 17.06 31.41 21.73

Material And Methods

Plant material and population construction
More than 25 years ago, a long-term selection experiment was launched using barley as a model. The
crossing scheme used in this study is described elsewhere57. The population was derived from an initial
cross of the cultivar Golf (H. vulgare) and WT ISR42-8 (Hordeum vulgare L. ssp. spontaneum) as the
recurrent and donor parents, respectively. Golf was selected as an elite cultivar and used as the maternal
plant in the initial barley cross, while the WT was used as the donor to increase the genetic diversity of the
population. The F1 generation was backcrossed to the cultivar and six BC1F1 plants were randomly
selected and further backcrossed. Two plants of each BC2F1, in a total of 12 sublines, were used to
produce BC2F2 plants. All crossings were performed in a greenhouse under controlled conditions to avoid
admixtures. An equal number of obtained seeds (BC2F3) from each (sub)cross in BC2F2 were then sown
to ensure that all the BC2F2 introgression lines had equal contributions for the following selection
process.

Agro-environmental selection experiments
Cultivation occurred under organic and conventional cropping conditions for 22 generations (from 1997
to 2019) at two �eld stations managed by the University of Bonn: Dikopshof (1997 to 2010; 50°48'22.6"N
6°57'05.5"E) and Klein–Altendorf (2009 to 2019; 50°36'47.2"N 6°59'39.3"E). The organically farmed
system employed a seven-�eld crop rotation without application of pesticides or growth regulators. In
contrast, the conventionally farmed system was based on a three-�eld crop rotation, complemented by
on-demand plant and fungicide control in accordance with professional practice standards. 80–100
kg/ha of nitrogen (calcium ammonium nitrate) fertiliser were applied at the booting and �owering stages.
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Cattle manure (200 dt/ha) was applied to two crops in the seven-�eld rotation of the organic system.
Further details of the crop management strategy are presented in Supplementary Table 7. The pH value
was adjusted to 7 and the organic matter content of both systems ranged from 1.5% to 2%. The sowing
density was 320 and 360 grains/m2 for the conventional and organic systems, respectively. Based on a
plot size of 9 × 15 m, the annual population size was approximately 40,000 individual plants. To ensure
that selection pressure is caused only by diseases, availability/lack of nutrients and minerals, crop
rotation and weather conditions, the populations rotated in de�ned plots. The plants were harvested
using a plot combine harvester. Seeds were harvested from the centre of the plots for the following
generation.

Weather data and yield
Climate data of the experimental �elds were collected from local weather stations. Radiation, wind speed,
humidity, precipitation and temperature were measured every 10 min at 1 m above ground level. As there
were deviations in the measured data of the two sites (Dikopshof and Klein–Altendorf), annual average
values were calculated for the two data sets separately. The weather data was aggregated to daily
maximum, minimum, and mean values. The potential evapotranspiration during the barley vegetation
period was estimated by calculating the reference evapotranspiration value using the Penman–Monteith
equation60. In addition, the barley crop evapotranspiration (ETC) value61,62 was calculated and the soil–

water balance was determined to estimate periods with water de�cits (ETA)63,64. The limit of thermal time
for the initial, crop development, mid and end stages were set at 220, 650, 1300 and 1650 growing degree
days, respectively, using 0°C as the base temperature. The water balance was based on a maximal root
depth of 75 cm. When the usable �eld capacity decreased to less than 30%, the evapotranspiration value
was corrected as described previously63. The correct estimation of ETC by the FAO Penman-Monteith

equation was illustrated in 65. Precipitation events, minimal humidity and the deviation of ETA to ETC

were used to predict and categorise periods with high fungal pressure and excessive physiological
drought conditions by grouping years based on the Tukey test66.

The texture of the soil, which was composed predominantly of loam, was characterised by a high-�eld
capacity of approximately 25%. The soil type is a Luvisol.

Annual yield data was collected and reported as metric decitons per hectare (dt/ha) with a corrected
water content of 14%. A yield ratio value was calculated based on the annual yield, compared to the
mean value of the �rst three generations, national and state-wide yields of spring barley.

Preparation of samples for genotyping
WGS was performed for �ve offspring generations (BC2F3 [initial offspring generation grown in a
greenhouse], BC2F12, BC2F16, BC2F22 and BC2F23) from both the conventional and organic environments.
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Additionally, the genomes of the two parental cultivars were sequenced. The required sample size was
estimated by applying Cochran’s Formula67 with an aimed precision level of p < 0.05 and a narrow
con�dence interval of p > 0.996 in order to determine the correct allele frequency with a maximum
deviation of 5% from the true value. Based on a theoretically expected allele frequency of an in�nite
population size - 12.5%57 of the donor WT alleles, a sample size of 296 genotypes per generation and
environment was required for an accurate estimate of the total genetic diversity of the population. Based
on these estimates, 300 genotypes were pooled. Pool samples at the leaf tissue level were constructed by
harvesting equal amounts of leave discs per genotype utilising a hole puncher, which were then pooled.
To avoid bias, tissue materials were vigorously homogenised using a TissueLyser II ball mill (Qiagen
GmbH, Hilden, Germany). Total genomic DNA was extracted using the Plant DNA Mini kit (VWR
International GmbH, Darmstadt, Germany) in accordance with manufacturer’s instructions. Two samples
of each generation and environment with 300 genotypes were pooled, creating a test set of 600
genotypes.

Genotyping of parents and populations using pooled
samples
Three sequencing approaches, namely WGrS (Novogene Co., Ltd., Beijing, China)68, genotyping by
sequencing (GBS; LGC Genomics GmbH, Berlin, Germany)69 and massive analysis of coding DNA ends
(MACE; GenXPro GmbH, Frankfurt am Main, Germany)70, were tested and compared. Sequencing with a
moderate depth of 10 (WGrS) to 30 (GBS) reads per locus was applied. Haplotypes were constructed
based on data of the cultivar and WT genotypes. The SNPs located within or close to an annotated gene
were aggregated into one single haplotype. The annotated gene position was expanded up- and
downstream of the 3´and 5’ ends, respectively, to include adjacent SNPs into the “gene-based haplotype”.
The developed algorithm extended the haplotype size by 45% of the �anking intergenic region on each
side of the genes, leaving a minimum gap of 1000-bp non-coding DNA sequence between two
neighbouring genes. Furthermore, the same approach was utilised to construct haplotypes based on
markers of the Barley 9K iSelect SNP Chip59 (Illumina, Inc., San Diego, CA, USA). 3,539,767 SNPs were
linked to 5,948 markers included on the Barley 9K iSelect SNP Chip. Details on the applied bioinformatics
pipelines for reads alignment, variant calling and allele frequency estimations, and haplotype
construction are described in the Supplementary Notes and the following sections.

Evaluation of the pool genotyping approaches
The genotypes of the pooled samples were compared to the genotype data obtained from the
corresponding individual pooled samples. Competitive allele speci�c PCR (KASP) genotyping assays
were designed for three SNPs of each of the seven barley chromosomes. Meanwhile, seeds from 288
individuals of one pool were germinated and leaf tissues were collected from each. Subsequently, total
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genomic DNA was extracted using the Plant DNA Mini kit (Qiagen GmbH). The individual samples were
genotyped using KASP technology by SGS S.A. (Geneva, Switzerland).

The SNPs and haplotype allele frequencies of the pooled sequences were associated with the allele
frequencies determined with the KASP assay. All three sequencing methods were applied to sequence this
exact same set of genotypes via a pooling approach (GBS, MACE and WGrS). The KASP markers and
haplotypes were correlated if the marker was located within the haplotype boundaries. The data obtained
by the WGrS approach for gene-based haplotyping had the highest Pearson correlation coe�cient of the
pooled allele frequency determined with the KASP assay of 0.97. MACE RNA sequencing revealed a
comparably high correlation of 0.9, while GBS-based pooled genotyping failed to produce a reliable
correlation (-0.035) (Supplementary Figure 9). Based on a pool size of 288 genotypes per sample, the
most accurate allele frequency estimate was obtained by WGrS. On account of these �ndings, the WGrS
procedure was chosen for further pooled genotyping. Above a level of 100 reads coverage per haplotype,
no impact of the read coverage and the accuracy were identi�ed.

Genetic diversity determination
More than 20 million variants were identi�ed between the cultivar and WT donor. Variant detection of
next-generation sequencing data is exceptionally error prone71,72; therefore, variant loci not reported in the
Ensembl online database were removed73. Following this approach, about 4 million SNPs were retained
for calling of pooled SNPs. Although a potential source of variation, insertions and deletions (indels) were
omitted from haplotyping.

The allele frequency for each variant was calculated as AFParent1 = RDAllele Parent1 / (RDAllele Parent1 +
RDAllele Parent2) and AFParent2 = 1 - AFParent1, where RD is the read depth. The allele frequency and the read
depth were further used to calculate the haplotype allele frequency (HAF), as illustrated below. As the
allele frequency was corrected by the read coverage of the SNP, a minimum cut off of coverage per SNP
was not calculated and all SNPs with a coverage of >1 were included for analysis.

Based on the fact that the population has two founders (Golf and ISR42-8) and their haplotypes are
known, this information can be incorporated in the pool sequencing of the population. On short to
medium distances (< 200,000 bp), we assume that recombination should have rarely occurred. Gene
annotation derived from IPK database74 with positional annotation for low and high con�dence genes
was used as anchor to generate haplotypes with a direct link to a function. 80,554 low and high con�dent
genes are listed and can be utilized as potential origin of a haplotype. From this set of genes, only the
high con�dent genes have been used for haplotype construction. The gene bounds were extended on
both 3’ and 5’ ends to create haplotypes and include close-by mapped SNPs for haplotype allele
frequency (HAF) calculation. The extension algorithm extended the gene by 45 percent of the intergenic
region size if the latter was bigger than 1,000 bp. A gap of 10 percent the size of the intergenic region was
not annotated to any neighbouring gene. Exemplarily, gene Q with position 200 to 500 and gene W with
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position 800 to 850 both are expanded. The intergenic region has a size of 300 base pairs. 10 percent of
this, 30 bp, are removed, leaving 270 bp. This is divided by 2, giving 135 bp. The new end position of
haplotype Q is 500 + 135 = 635, and the new start position of haplotype W is 800 – 135 = 665. The gap
between these two haplotypes has been closed from 300 to 30bp. If a SNP is at position 590, it is now
considered as part of haplotype Q. Without the extension, the information of this particular SNP would
have been lost for the improvement of the haplotype frequency. If genes overlap, no extension is
performed in the direction of overlap for both genes. Besides the genes, markers present in the 9KiSelect
SNP chip59 were mapped against the reference genome and a range around them was de�ned as a
haplotype region. This was done according to the same procedure as highlighted for the genes and
shown in the extended �gure 1. 6,080 markers could be mapped to the reference genome. All reads within
a haplotype were used to calculate the haplotype allele frequency,

Equation 1: Haplotype allele frequency calculation

where p represents the allele for a speci�c parent. The k is the SNP, for which the coverage rd and freq
allele frequency is given. Marker information comes along with the genetic position, which were utilized
to plot the wtAF on a genetic map (Figure 2).

Genetic map construction
As no standard haplotype allele frequency (HAF) can be obtained from the pooled genotyping data, the
recombination (D’) and linkage (r²) values were calculated based on the HAF variation (delta) and the
physical distance (Dist) between two neighbouring haplotypes. Haplotypes with a read coverage below
100 were excluded, as these were more likely to present a biased or false allele frequency.

Equation 2: linkage estimation from pool sequencing data

Equation 3: recombination estimation from pool sequencing data

The recombination D’ was used to calculate a genetic map. The haplotype’s physical position was used to
arrange the haplotypes and D’ was calculated for each pair of neighbouring haplotypes. To generate a
genetic map, pairwise calculated D’ was continually summarized for all haplotypes. For each
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chromosome, its length was calculated from the sum of D’ over the chromosome. This calculation has
been repeated separately for each generation and each agro-ecosystem, resulting in a number of map
length estimates. The rationale behind this idea is that the gamete phase of two neighbouring haplotypes
should be identical, unless a recombination has occurred. The majority of the retraceable crossovers has
accumulated in the initial crossing and two backcrossing steps52 and should not be signi�cantly different
between the two populations, if no further forces affect the allele frequencies. Therefore, it is assumed
that the observed differences in crossovers’ probabilities between environments are related to a �tness
effect of one of regarded haplotypes.

To validate these assumptions, a simulation was performed using AlphaSimR75 package to create a
simple F4 population. The genetic positions of the 9KiSelect chip were used, after all markers with a
unique physical position and a distance of at least 10kb between the markers were selected. 3,999
markers in total were used. Homozygote, polymorph, diploid and inbred parental genotypes for all these
loci were created. Those were crossed by using the makeCross2 function with 4,000 progenies output.
Those 4,000 progenies were selfed 3 times, creating a single progeny per input genotype for each round.
The allele frequency for each marker was calculated over all 4,000 F4 genotypes. The genetic map was
estimated based on D’ (formula presented above), using the physical position of the marker and the allele
frequency variation, multiplied with 12,500,000. This value was subjectively chosen to align the genetic
maps and has no impact on the shape of the curve. All steps were iterated 20 times and the mean genetic
position was calculated for each marker over all iterations. The correlation of the approximated genetic
map to the 9KiSelect chip derived map was calculated by a Pearson correlation (Supplementary �gure 4).

Estimation of the donor alleles rate
Introgression level assessment at the SNP level was prone to errors, as the read depth was rather low.
Therefore, gene haplotypes of each generation were tested to determine the allele frequency of the WT. Of
34,344 HC genes, 531 (1.55%) had a trans-generational WT allele frequency of <0.005 and, thus, were not
expected to be introgressed into the population. Most of these genes were located on chromosome 2H
and the short arms of chromosomes 3H and 4H.

Overall genetic structure analysis
The potential in�uence of genetic drift was simulated by a Julia script, related to the R function
sim.drift76. The following settings were applied: population size, 10,000 (equals the center part of the �eld
plot); ploidy level, 2; number of generations, 21; as initial allele frequency, 0.1; number of loci, 34,237; and
iterations, 1,000. Additionally, the wtAF of the BC2F3 was used as start point to calculate the variation
based on drift effects for the following generations. Over the 1,000 iterations, a median value and the
95% con�dence interval were calculated and compared against the gene-based haplotype allele
frequencies of the organic and conventional population. Corresponding generations were tested against
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one another. A negative binomial linear model was applied to calculate the probability (p) value. PCA was
performed with the R Bioconductor package PCAtools77 to identify genetic structures and variations
between generations and environments. The explanatory effect of each principal component on the
generations, replicates and environments was calculated by the stats78 cor.test function, based on a
Pearson correlation test. Samples were categorised by number of replicates, environments and
generations. The diversity estimation within each environment and generation was tested based on the
variation between the two samples. The distance of the samples was calculated for each principal
component separately and multiplied with the explanatory weight of the PC. Based on these values, a
single value over the �rst �ve components was summarized and compared between the environments. A
dendrogram of genetic distances based on the HC gene HAF was created with the pvclust79 package with
the ward.D2 agglomeration and canberra distance method. Gene-based haplotypes with a read depth
above 100 were used for this calculation. The FST value was calculated using vcftools80 with default
settings and vcf and BAM �les as input.

Determination of root phenotype variation
Hydroponic and �eld experiments on root morphological characteristics were performed to complete the
observations made at the genetic level. In a hydroponic experiment, 150 BC2F24 genotypes of the

conventional and organic environment were sown, as described previously81. The soil pH value was
adjusted to 5.9–6.0 every second day and the nutrient solution was replaced once per week. One seed per
genotype was grown for 6 weeks and the complete root shoot materials were harvested. Plants were
grown in a greenhouse under a 16-h light/8-h dark cycle at a constant temperature of 12°C. Besides the
root morphological traits, the shoot height and the numbers of leaves and tillers were measured. The leaf
number per tiller was used to correct for variations in growth speed.

The �eld evaluation was conducted at Campus Klein–Altendorf Research Facility under rain-fed
conditions without additional application of agro-chemicals. A total of 100 barley BC2F24 lines from the
organic and conventional populations were grown until anthesis. The roots of three plants per line were
carefully harvested and the soil was washed off, in accordance with the guidelines described by
Neumann et al.82.

Root trait measurements were performed using WinRHIZO image analysis software (ver. 2008a; Regent
Instruments Inc., Québec, QC, Canada). The root mass density was calculated as described by
Nakhforoosh et al.83. The root anatomical parameters were measured on cross-section slides. A digital
microscope (Keyence's VHX-1000D with 100X magni�cation) was used to capture images of the section
area. At least three to �ve roots per genotype were considered for measurements of root anatomical
traits. Captured images were then analysed with ImageJ software84.

In the hydroponic experiment, signi�cant variations between the organic and conventional environments
were observed in 14 (51.9%) of 27 traits. Similarly, signi�cant variations were observed in 10 (50%) of the
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20 traits measured in the �eld experiment between the populations (p < 0.05) (Supplementary Table 4).

Predictions of coding and putative amino acid sequences
The splice variants of the coding DNA reference from the EnsemblPlants genome-centric portal for plant
species73 were �ltered for the presence of start and stop codons and used to map the obtained reads. If
multiple splice variants had a start and stop codon, the longest was used as a reference. Information of
the physical location of the gene was utilised to extract a consensus sequence for the cultivar and WT
donor from BAM �les using samtools and bcftools85. If necessary, the reverse complement strand was
assessed with the FASTX toolkit86. The obtained consensus sequences of the two parents were aligned
to the selected coding DNA splice variant by MEGACC muscle87 alignment implementation and mafft88

alignment using default settings. All steps were implemented in a custom Julia script for processing of
127,149 gene splice variants. Introns as well as up- and downstream start and stop codons were
removed. The presence of start and stop codons in the parental coding DNA alignment was tested and
deletions counted. Additionally, the DNA sequence was translated into a putative sequence of amino
acids with Bio.Seq89 to estimate mismatches and stop codons. The most similar alignment of muscle
and mufft to the coding DNA was selected. Some genes characterised by poor alignment quality were
reprocessed on splice variant level. All splice variants of these genes were aligned to the cDNA and the
most similar splice variant (compared to the reference coding DNA) was selected and added to the
coding sequence list. In total, 28,601 complete CDS alignments were utilised for the identi�cation and
selection of candidate genes.

Selection signature–candidate genes and gene ontology
Meta-analysis of published QTL loci was performed. Several QTL studies have observed phenotype to
genotype associations for numerous traits, including drought, yield physiology, resistance to biotic
stressors and yield components. As many of these studies employed the 9K iSelect genotyping chip, a
direct link of the genetic map of the QTL regions with marker-HAF was established. Other genetic maps
and speci�cally designed markers reported in previous publications were matched to the physical or
genetic map by sequence alignment using NCBI Blastn algorithm90. Potential candidate genes related to
QTL were selected based on signi�cant (p < 0.001) allele frequency variations between the environments
or generations, the functional prediction74 and the coding DNA variation. The identi�ed candidate loci
were clustered in the six agronomically relevant categories root morphology, biotic resistance, nutrient
related, drought tolerance, yield components and yield physiology. The wtAF were compared generations
wise for signi�cant variations between the environments by an unpaired Wilcoxon test, using the ggpubr
R package91.

Using GO term annotations from the agriGo v2.0 database92, gene ontologies (GO) were classi�ed for two
predominate weather impacts with potential to promote selection pressure. Fungal pressure was
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investigated by comparing the allele frequency patterns of the F12 (2007) and F22 (2017) generations
from the organic and conventional environments. These two generations were selected as they followed
years with observed high fungal pressure. The conventional environment was used as a control, as minor
or no selection in regard to fungi was expected. Variation analysis of the allele frequency was performed
in accordance with the statistical approach highlighted in the Supplementary Notes section. Genes with
signi�cantly different allele frequency patterns were selected (p < 0.05). Only genes with signi�cant
differences in both years’ allele frequency patterns were further processed. Genes were annotated to GO
terms and a Mann–Whitney-U test was performed to assess the allele frequency variation between the F3

and F12 / F22 generations as well as the conventional and organic populations to validate a targeted
selection process.

To determine the impact of drought on the selection processes, the F12 generation was selected as a
control or baseline (2007). This generation follows several years of su�cient water supply during the
vegetation period, while water de�ciencies occurred in 2011 (F16), 2017 (F22) and 2018 (F23). The gene
allele frequency pattern of these three generations was compared to the F12 generation of the organic
and conventional systems, which created a test set of six comparisons. Variation analysis of the allele
frequency was performed in accordance with the statistical approach highlighted in the Supplementary
Notes section. Genes with signi�cant difference in haplotype allele frequency pro�les (p < 0.05, HAF level)
were selected and the intersections of the six comparisons was identi�ed. Those genes were annotated to
GO terms and the Mann–Whitney U test was applied for each GO term to identify variations in the HAF of
the F3 and F12 vs. F16, F22 and F23 generations, respectively. Only GO terms with a coverage of at least six
genes were considered as potential candidates.
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Figures

Figure 1

PCA of the tested populations from the 12th, 16th, 22nd and 23rd generations with both samples per
population. The generations are presented as different colours, while different shapes indicate the
different systems (A). The explanatory effect of the principle components is illustrated in (B), where the
�rst PC explains the system impact, while the second PC highlights the generation / year effect. The
samples had no effect on the clustering of the samples. (A) The majority of variation is explained by the
�rst PC (51.24%), while the second PC explains 7.74%.
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Figure 2

Genome-wide wild type allele frequency on the barley genetic map. The left part of the plot represents the
conventional system, where each subplot corresponds to one generation. (A) F3; (B) F12; (C) F16; (D) F22;
(E) F23. The right part illustrates the generations evolved in the organic system. (F) F3; (G) F12; (H) F16;
(I) F22; (J) F23. Both samples per generation and environment were merged into one dataset. The wild
type allele frequency of the (y-axis) haplotypes is shown on the consensus genetic map (x-axis, 9KiSelect
map origin59), where each of seven barley chromosomes is indicated by different colours. (K) direct wild
type allele frequency comparison between the F23 organic and conventional population. The allele
frequency (x-axis) is plotted against the genetic position chromosomes wise (y-axis), the environments
are separated by colours. Boxes indicate regions with similar positive wild type allele frequency selection
in both systems.
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Figure 3

The genetic distance compared to the physical distance to investigate the recombination event likelihood.
The environments are separated by colour. 9,000 random haplotypes are drawn and used to generate the
plot. The genetic position (y-axis) is plotted against the physical position (x-axis). The generation is given
above each plot, as well as the identi�er for the chromosome. The blue curve of the organic population
reveals higher genetic map length compared to the yellow curve of the conventional population. Extended
map length indicates more variant selection processes, and a higher genetic variability.
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Figure 4

The wild donor allele frequencies in the QTL regions (based on Sup. Table 5), clustered in six groups and
plotted for each generation and environment. The y-axis illustrates the wild type allele frequency in %,
while the generations are plotted on the x-axis. The environments are separated by shape and colour
(organic, blue square; conventional, yellow star). The blue and yellow line give the standard deviation for
the respective population, trait and generation. Signi�cant levels between the populations are indicated
by stars. The QTLs were clustered into six groups: biotic stress (resistance genes), drought tolerance
(reaction to drought), nutrients (QTLs or genes identi�ed and related to the transport or uptake of
nutrients), yield physiology (e.g., plant height and heading dates), root morphological traits (e.g., root
length) and yield components (e.g., kernel size). Many of the analysed studies used ISR42-8 as donor
parent to create introgression lines.
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