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Abstract

Sustainable food production for a growing world population will pose a central challenge in the coming decades. Organic
farming is among the feasible approaches to achieving this goal if the yield gap to conventional farming can be decreased.
However, uncertainties exist to which extend—and for which phenotypes in particular—organic and conventional agro-
ecosystems require differentiated breeding strategies. To answer this question, a heterogeneous spring barley population
was established between a wild barley and an elite cultivar to examine this question. This initial population was divided into
two sets and sown one in organic and the other in conventional managed agro-ecosystems, without any artificial selection
for two decades. A fraction of seeds harvested each year was sown the following year. Various generations, up to the 23th
were whole-genome pool-sequenced to identify adaptation patterns towards ecosystem and climate conditions in the allele
frequency shifts. Additionally, a meta-data analysis was conducted to link genomic regions’ increased fitness to agronomi-
cally related traits. This long-term experiment highlights for the first time that allele frequency pattern difference between the
conventional and organic populations grew with subsequent generations. Further, the organic-adapted population showed a
higher genetic heterogeneity. The data indicate that adaptations towards new environments happen in few generations. Drastic
interannual changes in climate are manifested in significant allele frequency changes. Particular wild form alleles were posi-
tively selected in both environments. Clustering these revealed an increased fitness associated with biotic stress resistance,
yield physiology, and yield components in both systems. Additionally, the introduced wild alleles showed increased fitness
related to root morphology, developmental processes, and abiotic stress responses in the organic agro-ecosystem. Concluding
the genetic analysis, we demonstrate that breeding of organically adapted varieties should be conducted in an organically
managed agro-ecosystem, focusing on root-related traits, to close the yield gap towards conventional farming.

Keywords Comparative genomics - Long-term adaptation experiment - Population genotyping - Barley - Conventional and
organic farming comparison

1 Introduction

The cultivation of barley (Hordeum vulgare L.) and human

development have been closely associated over the last

54 Jens Léon 10,000 years (Zohary et al. 2012). Due to this tight bond,
j.leon@uni-bonn.de barley has accompanied human migration across almost all
continents (von Bothmer et al. 2003; Malysheva-Otto et al.
2006). This movement led to the adaptation of genetic mate-
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extent (Khush 2001). As a result, these varieties have been
adapted to applying agrochemicals and modern manage-
ment strategies and harvesting processes (Hedden 2003).
Furthermore, the demand for substantial yields will continue
to increase in the coming decades (Ray et al. 2012). Moreo-
ver, the focus on yield maximization in conventional farming
practices results in ecological damage. Modern societies are
increasingly less willing to accept this one-sided practice of
food production (Tilman 1998). The reduction of biodiver-
sity, an increase in pollution, and climate change are relevant
to the future development of strategies for farmers and poli-
cymakers. Based on shifts in priorities, organic farming has
become more relevant over the past few years (Willer et al.
2008). Despite the benefit of ecosystem services, organic
farming results in a yield reduction of 20-30% compared to
conventional farming (Reganold and Wachter 2016). There-
fore, it is imperative to counteract this reduction by increas-
ing yields, as the predicted demand for food will increase
by ~ 70% until the year 2050 (Ray et al. 2012, 2013). As the
genetic material used in organic farming is derived from
old varieties or varieties developed for conventional agricul-
ture, the yield gap can be reduced by developing organically
adapted varieties (Murphy et al. 2007). Previous studies have
highlighted this effect and pointed out the demand for selec-
tion towards local adaptation to account for environmental
interactions (Simmonds 1991; Ceccarelli 1994). Besides,
conventional agriculture is also facing severe challenges and
changes caused by the energy shortage and, in particular,
mineral fertilizer (Randive et al. 2021).

However, conventionally adapted germplasm seems
unsuitable for use as a single source of variation to achieve
this goal (Murphy et al. 2007; Le Campion et al. 2020).
Hence, integrating wild form genetic resources, which have
continuously undergone natural evolutionary adaptation,
could reverse the depletion of genetic diversity (Nevo 1998)
and enrich alleles suitable for organic farming and nutri-
ent efficiency. The value of landraces and wild material has
been demonstrated in evolution and physiology experiments
before (Grando and Ceccarelli 1995; Raggi et al. 2022).

Over the last two decades, a long-term evolutionary
adaptation experiment has been ongoing to identify rel-
evant alleles for organic agriculture in a spring barley
backcross population. Two backcrosses of the former elite
barley cultivar Golf (recurrent) and the wild form of barley
ISR42-8 (donor) were performed to establish the starting
population BC,F;. These seeds were sown in two different
agro-ecological environments (organic and conventional
management practice, Fig. 1, Supplementary Table 1).
The organic and conventional populations were harvested
separately for each following year, and seeds were used
to establish the next generation. As no artificial selection
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Fig.1 Workflow overview. A Crossing scheme for the establish-
ment of the initial spring barley population. B Field experiments with
generations and treatments. Seeds from previous years were used
to establish the next generation. The picture in the center is a drone
shoot of the field with the barley plots in their defined crop rotation
(unblurred row, rotating in these plots only, no shift to any other row).
Yellow boxes indicate the conventional (left) and organic populations
(right) in any exemplary year. The gray arrows indicate which crops
were fertilized with manure in the organic agro-ecosystem. The treat-
ments for both agro-ecosystems are indicated on top and below. C
Selected populations and sampling strategy.

occurred over 20 generations, mainly natural evolutionary
adaptation processes towards conventionally and organi-
cally characterized agro-ecosystems will have altered the
composition of these two wild form introgressed popula-
tions. The present study aimed to observe and compare
these spring barley populations for molecular genetic
adaptation footprints towards the agro-ecosystems.
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2 Material and methods
2.1 Plant material and population construction

More than 25 years ago, a long-term adaptation experi-
ment was launched using barley as a model. The crossing
scheme used in this study is described elsewhere (Cox
1984). The population was derived from the initial cross
of the cultivar Golf (H. vulgare L. ssp. vulgare) and wild
form ISR42-8 (Hordeum vulgare L. ssp. spontaneum) as
the recurrent and donor parents. Golf was selected as an
elite cultivar and used as the maternal plant in the initial
barley cross, while the wild form was used as the donor to
increase the genetic diversity of the population (Fig. 1A).
Golf is a spring barley variety developed by Nickerson in
the UK and registered under the ID “RPB 822-77” on the
23.01.1984 at the Bundessortenamt in Germany. No GMO
or DH techniques have been applied in the development of
this line variety. A single F, plant was backcrossed to the
cultivar to retain only a single wild form allele per locus,
and six BC|F, plants were randomly selected and further
backcrossed. Two plants of each BC,F,, in a total of 12
sublines, were used to produce BC,F, plants. All crossings
were performed in a greenhouse under controlled condi-
tions to avoid admixtures. An equal number of obtained
seeds from each (sub)cross in BC,F, were then sown to
ensure that all the BC,F; introgression lines had equal
contributions for the following evolutionary adaptation
process.

2.2 Agro-environmental evolutionary adaptation
experiments

Cultivation occurred under organic and conventional crop-
ping conditions for 22 generations (from 1997 to 2019)
at two field 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-field crop rotation without any application of pesti-
cides or growth regulators. In contrast, the conventionally
farmed system was based on a three-field crop rotation,
complemented by on-demand plant and fungicide control
following professional practice standards (Fig. 1B). In
addition, 80—-100 kg/ha of nitrogen (calcium ammonium
nitrate) fertilizer was applied at the booting and flowering
stages. Cattle manure (20 t/ha) was applied to two crops
in the seven-field rotation of the organic system (Fig. 1B,
gray arrows).

Further details of the crop management strategy are
presented in Supplementary Table 1. The pH value was

adjusted to 7, and the organic matter content of both
systems ranged from 1.5 to 2% across the entire dura-
tion of the experiment. The sowing density was 320 and
360 grains/m? for the conventional and organic systems,
respectively. Based on a plot size of 9 X 15 m, the annual
population size was approximately 45,000 individual
plants. The populations rotated in defined plots (Fig. 1B)
to ensure that selection pressure is caused only by diseases,
availability/lack of nutrients and minerals, crop rotation,
and weather conditions. The plants were harvested using
a plot combine harvester after an average cropping period
of 137 days. In order to avoid admixture, the seeds for the
following generation were harvested from the center of
the plots.

Climate data of the experimental fields were collected from
local field-based weather stations. Radiation, wind speed,
humidity, precipitation, and temperature were measured
every 10 min at 1 m above ground level. As there were devia-
tions in the measured average 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 mean and summary values (Suppl. Figure 1). The potential
evapotranspiration during the barley vegetation period was
estimated by calculating the reference evapotranspiration
value using the Penman-Monteith equation (Allen et al. 1998).
In addition, the barley crop evapotranspiration (ET) value
(Allen et al. 1998; Zotarelli and Dukes 2010) was calculated,
and the soil-water balance was determined to estimate periods
with water deficits (ET,) (Meyer and Green 1980; Minasny
and McBratney 2018). The limit of thermal time for the initial,
crop development, mid, and end stages was set at 220, 650,
1300, and 1650 growing degree days, respectively, using 0 °C
as the base temperature. The sowing date was set as starting
point for these calculations. The water balance was based on a
maximal root depth of 75 cm. When the usable field capacity
decreased to less than 30%, the evapotranspiration value was
corrected as described previously (Meyer and Green 1980).
The correct estimation of ET by the FAO Penman-Monteith
equation was illustrated in Poznikova et al. (2014).

The texture of the soil, which was composed predomi-
nantly of loam, was characterized by a high-field capacity of
approximately 25%. The soil type is Luvisol. The soil type
at both field stations was a Luvisol with a cation exchange
capacity of 210 and 240, with a high usable filed capacity of
191 and 198 mm in the top 110 cm soil, respectively. Both
field stations were located in plane areas with no risks for
water erosion.

2.3 Sample preparation for genotyping
Pooled samples for five offspring generations (BC,F; [ini-

tial offspring generation grown in a greenhouse], BC,F,,
BC,F ¢, BC,F,,, and BC,F,;) from both the conventional
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and organic environments were generated (18 pool samples
in total, Fig. 1D). For every generation, seeds have been
stored in a cold chamber under controlled humidity and
temperature conditions up to the point of sampling (4 °C,
50% humidity). The required sample size for a representa-
tive allele frequency estimation in each population was esti-
mated by applying Cochran’s formula (Cochran 1977) with
an aimed precision level of p < 0.05 and a narrow confi-
dence interval of p > 0.996 to determine the correct allele
frequency with a maximum deviation of 5% from the true
value. Based on a theoretically expected allele frequency
of infinite population size—12.5% (Cox 1984) of the donor
wild form alleles, a sample size of 296 genotypes per gen-
eration and environment was required to estimate the total
genetic diversity of the population. Based on these estimates,
300 genotypes were pooled. Pool samples at the leaf tis-
sue level were constructed by harvesting equal amounts
of leaf discs per genotype utilizing a hole puncher, which
were then pooled. To avoid any bias, tissue materials were
vigorously homogenized using a TissueLyser II ball mill
(Qiagen GmbH, Hilden, Germany). Total genomic DNA
was extracted using the Plant DNA Mini kit (VWR Inter-
national GmbH, Darmstadt, Germany) in accordance with

manufacturer’s instructions. Two samples of each generation
and environment with 300 genotypes were pooled, creat-
ing a test set of 600 genotypes per population-environment
combination.

2.4 Genotyping of parents and populations

The genotyping of the populations was performed by follow-
ing the method proposed by Schneider et al. (2022). WGS
(Novogene Co., Ltd., Beijing, China) (Belkadi et al. 2015)
with a moderate depth of 10 reads per locus was applied.
Similarly, the two parents, cultivar Golf and wild form
ISR42-8, were sequenced. The seeds used to genotype the
parental lines origin from the same batches from which the
population has been established in the 1990s. The sequence
quality was obtained with FastQC (Andrews 2010). As the
quality was sufficiently high, no trimming was performed.
The alignment to the Hordeum vulgare reference genome
toplevel v2 (downloaded 30.05.2019 (Mascher et al. 2017))
was executed using bwa mem (version 0.7.1 (Li 2013)).
Aligned reads were strictly filtered by sambamba view
(Tarasov et al. 2015) (version 0.6.6), while only retaining
single mapped reads with a mapping quality higher than 30
and removing unpaired reads:

sambamba_v0.6.6 view —h—f bam —p—F "mapping quality >=30 and not (unmapped or secondary—alignment)

and not ([XA]'=null or [SA]!=null)"

Duplicates were removed using sambamba markdup.
Variant calling was performed with SAMtools mpileup and
BCFtools call (version 1.8 (Li et al. 2009)) with a minimum
variant base quality of 30 and overall read quality of 25 for
parents and pool progeny samples in one run. Indels were
omitted. Additionally, the two flags -t AD and --positions
were specified. AD, the allelic depth format, generates infor-
mation about the read calls for each allele and sample. The
position flag was used to restrict the pileup to sites where
the parents were homozygote, variant from one another,
and the position was reported as variant in the Ensembl
(Cunningham et al. 2019) variant reference database. The
BCFtools options -v and -m were used to generate VCF file.
As described previously (Yao et al. 2020), the proposed
method is the best routine for large plant genome variant
calling with superior specificity and sensitivity.

Afterward, haplotypes were constructed based on the
cultivar and wild form alleles. The SNPs located within or
close to an annotated gene were aggregated into one single
haplotype, providing a haplotype allele frequency (haplo-
type allele frequency). More than 20 million variants were
identified between the cultivar and wild form donor. Variant
detection of next-generation sequencing data is exceptionally
error-prone (Nielsen et al. 2011; Olson et al. 2015); there-
fore, variant loci not reported in the Ensembl online database

& springer INRAQ)

were removed (Cunningham et al. 2019). This approach
retained about 3.6 million SNPs from pooled SNPs calling.

2.5 Genetic diversity determination

The allele frequency for each SNP was calculated as
AFParentl = RDAIIeZePurentl /(RDAlleleParem‘l + RDAIIeZeParentZ)
andAFp,,,.o =1 —AFp,. .1 where RD is the read depth.
The allele frequency and the read depth were further used
to calculate the haplotype allele frequency (haplotype allele
frequency). As the SNP’s allele frequency was corrected by
the read coverage for haplotype allele frequency estimation,
a minimum cutoff of coverage per SNP was not set, and all
SNPs with coverage of > 1 were included for analysis. Fur-
ther details are described in Schneider et al. (2022).

Based on the fact that the population has two founders
(Golf and ISR42-8) and their haplotypes are known, this
information can be incorporated into the pooled sequencing
of the population. Gene annotation derived from IPK data-
base (Anonymous IPK Galaxy Blast Suite n.d.) with posi-
tional annotation for high-confidence (HC) genes was used as
an anchor to generate haplotypes directly linked to a function.

HC gene-derived haplotypes’ associated SNP allele fre-
quency scores were used to perform pairwise statistical
comparisons of generations and systems. More detailed, to
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identify any significant variations, pairwise gene-derived
haplotype comparisons of the SNP allele frequency distribu-
tions were compared between generations and environments.
Prior to this step, the two samples per generation and system
were merged to achieve higher confidence. Haplotype allele
frequency calls were smoothed using a loess function with
a span of 0.03 to accommodate for potential false-positive
allele frequencies based on expected LD patterns. As the
SNP density and SNP allele frequency distribution per gene-
anchored haplotype varied widely, a dynamic algorithm
selected the appropriate test statistic.

Furthermore, commonly utilized approaches to identify
consistent differences between populations lack accuracy
and result in many false positives (Wiberg et al. 2017).
Exemplarily for our data set, some haplotypes were charac-
terized by relatively few SNPs, some by many SNPs with 0%
haplotype allele frequency, and others by mixtures of distri-
butions. Therefore, an algorithm was developed to choose
the appropriate test statistic based on the haplotype’s SNP
allele frequency distribution pattern. The Mann—Whitney U
test was applied if the number of SNPs per haplotype was
smaller than 30 (15 SNPs per haplotype and sample), as a
proper estimate of the distribution could not be completed,
or if one of both test samples consisted of all zero values.
If less than 15% of all values were zero or one test sam-
ple did not have any zero AF entries, a generalized linear
model, based on a negative binomial distribution, was used
to test the statistical significance. A zero-inflated, negative
binomial distribution characterized the largest haplotype
fraction. These haplotypes were analyzed with the Pscl R
package (Zeileis et al. 2008) implementation in Julia if less
than 75% of all SNPs had a wild form haplotype allele fre-
quency of 0%. Lastly, a zero-inflated Poisson-based linear
model was applied if the number of SNPs with no wild form
haplotype allele frequency detected exceeded 75%. Pscl
package separately calculates two test statistics for Poisson/
negative binomial and zero-inflated statistics. Therefore,
both p values were extracted and saved in the statistics sum-
mary table together with the information of the used test
statistic; the average haplotype allele frequency; and vari-
ation, read depth, SNP, and zero value count. Significant
candidate haplotypes were based on p values of < 0.05 for
the negative binomial distribution and an additional filter
based on the zero-inflated distribution if calculated (p <
0.05). These analyses were combined with a meta-analysis
of priorly published QTL loci and were further applied to
identify candidate genes, as described below.

2.6 Overall genetic structure analysis
The potential influence of genetic drift was simulated in a

customized Julia (Bezanson et al. 2017) script related to the
R function sim.drift (Sharma 2019). The following settings

were applied: population size, 10,000 (equals the center part
of the field plot used for the establishment of next year’s
population); ploidy level, 2; the number of generations, 21;
as initial allele frequency, 0.1; the number of loci, 34,237;
and iterations, 1000. Additionally, the wild form haplotype
allele frequency of the BC,F; was used as a starting point to
calculate the variation based on drift effects for the following
generations. Over the 1000 iterations, a median value and
the 95% confidence interval were calculated and compared
against the gene-based haplotype allele frequencies of the
organic and conventional populations. Corresponding gen-
erations were tested against one another. A negative bino-
mial linear model was applied to calculate the probability
(p) value.

Besides, we tested how many haplotypes did not show
evidence of any wild form alleles being present. This “intro-
gression rate” was assessed by counting those haplotypes
with less than 0.005 wild form haplotype allele frequency
across all generations.

A principal component analysis (PCA) was performed
with the R Bioconductor package PCAtools (Blighe and
Lun 2019) to identify genetic structures and variations
between generations and environments. The explanatory
effect and significance of each principal component (PC) on
the generations, replicates, and agro-ecosystems were cal-
culated by the stats (R Core Team 2020) cor.test function,
based on a Pearson correlation test. Samples were catego-
rized by the number of replicates, environments, and genera-
tions. 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
PC separately and multiplied with the explanatory weight of
the PC. Based on these values, a single value over the first
five components was summarized and compared between
the environments. A dendrogram of genetic distances based
on the HC gene haplotype allele frequency was created with
the pvclust (Suzuki et al. 2019) package with the ward.D2
agglomeration and canberra distance method. Haplotypes
with a read depth above 100 were used for this calculation.
The Fgr value was calculated using VCFtools (Danecek et al.
2011) with default settings and VCF and BAM files as input.

Abrupt changes in haplotype frequency were regarded
as a combination of crossing over (crossing-overs) events
combined with strong fitness differences between both sides
of the crossing-overs region. These regions were manually
identified after a loess adjustment of the haplotype allele
frequency with a span of 0.03. We considered all regions as
potential crossing-overs/adaptive selection regions when a
change of the haplotype allele frequency (A > 0.1) from one
genomic segment to another was observed. Each segment
needed to be longer than 5 MB, defined by a homogeneous
haplotype allele frequency in the segment.

INRAQ/ & spinse
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2.7 Predictions of coding and putative amino acid
sequences

The splice variants of the coding DNA reference from the
Ensembl Plants genome-centric portal for plant species
(Cunningham et al. 2019) were filtered for the presence of
start and stop codons and used to map the obtained reads.
The longest was used as a reference if multiple splice vari-
ants had a start and stop codon. Information of the physi-
cal location of the gene was utilized to extract a consensus
sequence for the cultivar and wild form donor from BAM
files using SAMtools and BCFtools (Li et al. 2009). If neces-
sary, the reverse complement strand was assessed with the
FASTX-toolkit (Gordon and Hannon 2010). The obtained
consensus sequences of the two parents were aligned to the
selected coding DNA splice variant by MEGACC muscle
(Edgar 2004) alignment implementation and mafft (Katoh
and Standley 2013) alignment using default settings. All
steps were implemented in a custom Julia script to process
127,149 gene splice variants. Introns, as well as up- and
downstream start and stop codons, were removed. The pres-
ence of start and stop codons in the parental coding DNA
alignment was tested, and deletions were counted. Addi-
tionally, the DNA sequence was translated into a putative
sequence of amino acids with Bio.Seq (Ward 2020) to esti-
mate mismatches and stop codons. The most similar align-
ment of muscle and mufft to the coding DNA was selected.
Some genes characterized by poor alignment quality were
reprocessed on the splice variant level. All splice variants
of these genes were aligned to the coding DNA, and the
most similar splice variant (compared to the reference cod-
ing DNA) was selected and added to the coding sequence
list. In total, 28,601 complete CDS alignments were utilized
to identify and select candidate genes based on structural
variations like insertions, deletions, preliminary stop codons,
or SNPs in the exons.

2.8 Evolutionary adaptation signature
and candidate gene selection

A meta-analysis of published QTL loci was performed. Sev-
eral QTL studies have observed marker-trait associations for
numerous traits, including drought, yield physiology, resist-
ance to biotic stressors, and yield components. Many of these
studies employed the 9K iSelect genotyping chip. Therefore,
each haplotype was aligned on this genetic map (Fig. 3). The
NCBI BLASTn algorithm (Altschul et al. 1990) and the bwa
mem option were used to retrieve the unique physical posi-
tion of all markers in the 9K iSelect chip on the barley refer-
ence genome V2. Markers with multiple loci were omitted.
The same procedure was followed for other genetic maps and
specifically designed markers reported in previous publica-
tions. Potential candidate genes related to QTL were selected

& springer INRAQ)

based on significant (p < 0.001) haplotype allele frequency
variations between the environments or generations, the func-
tional prediction (Anonymous IPK Galaxy Blast Suite n.d.),
and the coding DNA variation. The identified candidate loci
were clustered in the six agronomically relevant categories:
root morphology, biotic resistance, nutrient related, drought
tolerance, yield components, and yield physiology. The hap-
lotype allele frequency was compared generation-wise for
significant variations between the environments using an
unpaired Wilcoxon test, using the ggpubr R package (Kas-
sambara 2020).

3 Results

3.1 Characterization of genetic diversity
between the parental lines

The two parents were genotyped by whole-genome re-
sequencing (WGS). Five progeny generations (BC,Fj,
BC,F,,, BC,F 4, BC,F,,, and BC,F,;) with two replicates
each were separately genotyped for both agro-ecosystems
by pooled WGS, which resulted in 400 million high-quality
paired-end reads for each library. The genome-wide coverage
was uniform, with an average of nine reads per base (Sup-
plementary Figure 2). Overall, 3,991,259 high-confidence
single-nucleotide polymorphisms (SNPs) and 621,434 indels
were identified. As many as 3,632,910 SNPs were annotated
to 34,343 high-confidence genes, according to the haplotyp-
ing approach presented by Schneider et al. (2022), which led
to a median enrichment of 55 SNPs per gene and a median
haplotype size of 71,585 base pairs. The calculated allele fre-
quencies of all SNPs related to the same gene were aggregated
to one haplotype allele frequency (haplotype allele frequency)
with a median coverage of 434 reads per haplotype.

The coding sequences with annotated start and stop
codons were aligned to the parental haplotypes to predict
the functional effects of SNP variants and identify candidate
genes that might cause haplotype allele frequency changes
in linkage blocks. A total of 28,601 complete coding DNA
alignments were generated, and 640,611 amino acid vari-
ants in 16,570 predicted protein sequences were identified
between the parents. Compared to the reference coding
DNA, 3831 and 3305 genes in the wild form and the culti-
var genomes, respectively, showed evidence of deletions or
insertions. A high degree of variation was observed at the
DNA and the predicted amino acid level.

3.2 Agro-ecosystem-induced genetic variation

The observed donor genome-wide allele frequency (genome-
wide allele frequency) of the BC,F, generation was 10.07%,
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Fig. 2 Principal component analysis of the haplotype allele frequency
in respect to generation and agro-ecosystem. Per combination of gen-
eration (12th, 16th, 22nd, and 23rd) and agro-ecosystem (organic,
conventional), two samples were drawn (replication). The generations
are presented in different colors, while different shapes indicate the
different agro-ecosystems (A). The explanatory effect of the princi-
pal components is illustrated in B, where the first PC (PC1) explains

a deviation of 0.5% from the expected frequency for a
population of the applied population size, according to
Cox (1984). The genome-wide allele frequency was con-
tinuously reduced to 6.95% in the BC,F,; generation in the
conventionally evolving population. In the organic system,
the donor genome-wide allele frequency decreased to 8.96%
in the 12th generation but increased to 10.57% in the 23rd
generation, which was 0.5% greater than in the initial BC,F;
(Supplementary Figure 3, green line).

One potential cause for these allele frequency changes
across generations might be the drift. So, the potential drift
effect on these populations was estimated by simulations.
One thousand iterations on (I) the average genome-wide
allele frequency and (II) on all gene haplotypes individually
were performed to estimate the drift effect in the real observa-
tions. Both I and IT were compared to the observed haplotype
allele frequency in the 12th, 16th, 22nd, and 23rd genera-
tions. Compared to the drift simulation, ten times larger 95%
confidence intervals and a deviating average genome-wide
allele frequency in the conventional and organic systems were
observed (Supplementary Figure 4), indicating significant dis-
crepancies between the drift effect simulations and the gener-
ation-wise conventional and organic detected haplotype allele
frequency (Supplementary Table 3). Therefore, we conclude
that drift alone cannot explain most allele frequency changes.

Additionally, the introgression rate was assessed based
on the haplotype allele frequency across all generations. Of

Farming system -
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the majority of variation between the farming systems, and the sec-
ond PC explains the variation attributed to the generation effect. The
replications did not affect the clustering of the samples. Stars indicate
level of significance. A The majority of variation is explained by the
first PC (51.24%), while the second PC explains 7.74%. The first five
PCs explain 71.06 % of the total variance.

34,344 HC genes, 531 (1.55%) had a wild form haplotype
allele frequency < 0.005 and, thus, were not expected to be
introgressed into the population. Most of these genes were
located on chromosome 2H as well as on the short arms of
chromosomes 3H and 4H.

In the conventional BC,F,;, 7115 wild form and 15,124
cultivar-derived haplotypes showed a higher haplotype allele
frequency compared to the BC,F;. Three thousand sixty-six wild
form haplotypes were no longer found in the BC,F,; generation
of the conventional system, of which 524 were already missing
by the 12th generation. In contrast, only 547 haplotype positions
in the organic system were found to no longer carry wild form
haplotypes (Supplementary Table 4, Supplementary Figure 3).

A genetic diversity analysis estimated the genomic vari-
ation between the generations of both populations in both
agro-ecosystems to dissect an agro-environmental evolution-
ary adaptation process. The principal component analysis
(PCA) revealed large genetic differences between the gen-
erations and the two agro-ecological environments. The
first principal component (PC) described the significant (p
< 0.001) differences between the organic and conventional
environments, while the second PC separated the cumulative
effects of different years and generations (Fig. 2).

Furthermore, the diversity between the two pool samples
prepared for each generation and environment was com-
pared to estimate the within-generation genetic diversity
between the two systems. This analysis indicated a three to
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Table 1 Sum of the principal component distance between the two
samples (replications) of the same generation and agro-ecosystem.
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. An ANOVA, based on the difference of the replicates for
these five PCs, indicated a significant difference between both agro-
ecosystems (p = 0.021) across all generations.

Agro-ecosystem Generation

BC2FI2 BC2F16  BC2F22 BC2F23
Organic 140.23 123.67 31.6 265.42
Conventional 45.1 17.06 31.41 21.73

13-fold higher genetic variation over the first five PCs in the
organic environment for the 12th, 16th, and 23rd generations
(Table 1, Supplementary Table 2).

The population differentiation fixation index (Fgr)
increased with each subsequent generation between the
agro-ecosystems from 0.012 (BC,F;,) to 0.113 (BC,F,5)
(BC,F,c = 0.043; BC,F,, = 0.052). Similar observations
were made based on genetic distance clustering (Supple-
mentary Figure 5).

When the initial generation BC,F; was included in the
PCA, the first PC described the difference between the start-
ing generation (not adapted) and the offspring’s. The second
PC splits the organic from the conventional environment and
indicates adaptation patterns towards the agro-ecosystems
(Supplementary Figure 6). Meanwhile, based on the first PC,
the conventionally farmed population only evolved until the
12th generation, and after that changed little.

Besides the system effect, the generation, and with this
also the climate and weather had the second-highest effect
on the micro-evolutionary processes (Fig. 2B). The weather
was highly volatile during the annual vegetation period from
1998 to 2019. So, the collected weather data were exam-
ined to identify conditions that might have caused allele
frequency changes (Fig. 1C). The approximation of bar-
ley’s actual evapotranspiration (ETa, Supplementary Fig-
ure 7) revealed the presence of different periods with vary-
ing selection pressure. The years 1998, 2001, 2002, 2005,
2007, 2008, 2009, 2012, and 2013 were characterized by
sufficient water availability for plants throughout the growth
period. High air humidity levels in the anthesis stage were
observed in 2007, 2012, 2016, and 2018. 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 calculations
(ETc), drought stress periods occurred in 1999, 2000, 2006,
2011, 2015, 2017, 2018, and 2019, highlighting the other
end of the spectrum. Multiple consecutive days in 2011,
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2017, 2018, and 2019 were characterized by an actual ET,/
ET ratio of < 0.7.

3.3 Identification of chromosomal hotspot region
undergoing (micro)evolutionary adaptation

Haplotype allele frequency variations between the initial and
offspring generations, as well as both agro-ecological envi-
ronments, were observed on all seven chromosomes (Fig. 3).
Many loci in the telomeric regions indicated increasing wild
form haplotype allele frequency, while the wild form haplo-
type allele frequency was reduced in most pericentromeric
regions in both environments. A strong increase in wild form
haplotype allele frequency was observed in both agro-eco-
systems on the short arm of chromosome 1H (locus = 0-26
Mbp; wild form haplotype allele frequency: F; = 0.169, Oy,
= 0.392, C,5 = 0.391; mean haplotype allele frequency in
environment organic (O) and conventional (C) at generation
X,3), the long arms of 2H (locus = 645-690 Mbp; haplotype
allele frequency: F; = 0.173, 0,3 =0.219, C,; = 0.371), 3H
(locus = 630-647 Mbp; haplotype allele frequency: F; =
0.064, 0,3 = 0.486, C,; = 0.462), and 6H (locus = 530-590
Mbp; haplotype allele frequency: F; = 0.155, 0,5 = 0.279,
C,3 =0.1972) (Further details can be obtained from https://
michaelschneiderrun.shinyapps.io/allelefreqvariation/).

Besides, the two pericentromeric regions on chromosome
3H and 5H, characterized by large linkage blocks, were posi-
tively selected for the wild form alleles (3H, 210-450 Mbp;
5H, 370-490 Mbp). The increased wild form haplotype
allele frequency on chromosome 5H was associated with
QGL5H/QGWS5H (Fig. 4, Supplementary Table 5), a quanti-
tative trait loci (QTL) for grain length and width (Watt et al.
2019). The search for candidate genes for this region resulted
in several hits with a wild form haplotype allele frequency of
~ 0.5 for both environments in the late generations (Supple-
mentary Table 6). Remarkably, the average wild form hap-
lotype allele frequency of the entire region on chromosome
5H was low in the BC,F; (0.0009), but increased to 0.372 in
the conventional and 0.284 in the organic populations over
successive generations (values for F,;). The below-expected
allele frequency in the initial generation might be associ-
ated with the close physical bound of QGL5SH/QGW5H with
the seed dormancy locus 1 (SD1, Fig. 4). The tight linkage
between the agronomically favorable allele of ear length and
the unfavorable allele of extensive dormancy has caused an
unintended selection during seed multiplication against both
these wild form alleles. Still, the wild form haplotype allele
frequency of QGLSH/QGWS5H increased to > 0.45 in both
agro-ecosystems, while the wild form haplotype allele fre-
quency of SD1 decreased to < 0.01.

This development can be concluded that those few geno-
types in the BC,F; generation with a crossing-over event
between these two genes must have had an adaptational
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Fig.3 Genome-wide wild form haplotype allele frequency. Differ-
ent facets show different chromosomes (chromosome name is indi-
cated in the top left), while colors differentiate the generations and
line types and shapes the agro-ecosystems (solid line = conventional;
dashed-dot line = original population BC,F;; dashed line = organic
populations). Lines represent a loess adjusted wild form haplotype
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allele frequency estimate. The wild form haplotype allele frequency
(y-axis) is shown across the chromosome by physical position
(x-axis). The gray area presents the peri-centromere of each chromo-
some (Mascher et al. 2017). A Chromosome 1H; B = 2H; C = 3H; D
=4H; E = 5H; F = 6H, G = 7H, H = unknown.
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Fig.4 Zoomed image of the SH chromosome with emphasis on the
region beginning at 350 to 510 Mb. Colors differentiate the genera-
tions and line types and shapes the agro-ecosystems (solid line = con-
ventional; dashed-dot line = initial BC,F; population; dashed line
= organic populations). Lines represent a loess adjusted wild form
haplotype allele frequency estimate, while the blurred points in the
background show the actual measured wild form haplotype allele fre-
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quency of each block, separately. The wild form haplotype allele fre-
quency (y-axis) is shown across the chromosome by physical position
(x-axis). The figure illustrates the wild form allele frequency develop-
ment across multiple generations and farming systems on the entire
5H chromosome. The region in the black square is magnified to visu-
alize with an increased resolution (gray box above). Arrows indicate
the physical position of adaptational relevant alleles.
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Fig.5 Zoomed image of the 3H chromosome with emphasis on
the region beginning at 35 to 160 Mb. Colors differentiate the gen-
erations and line types and shapes the agro-ecosystems (solid line
= conventional; dashed-dot line = initial population; dashed line
= organic population). Lines represent a loess adjusted wild form
haplotype allele frequency estimate, while the blurred points in the
background show the actual measured wild form haplotype allele fre-

(fitness) advantage compared to the genotypes with the
QGL5H/QGWS5H Golf allele.

A similar pattern of lower than the average wild form
haplotype allele frequency values in the initial population
was observed in the peri-centromere of chromosome 2H
(250-400 Mbp; haplotype allele frequency: F; = 0.027).
However, unlike the region on SH, no substantial increase
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quency of each block, separately. The wild form haplotype allele fre-
quency (y-axis) is shown across the chromosome by physical position
(x-axis). The figure illustrates the wild form allele frequency develop-
ment across multiple generations and farming systems on the entire
3H chromosome. The region in the black square is magnified to show
an increased resolution (gray box above). Arrows indicate the physi-
cal position of adaptational relevant alleles in this region.

of the wild form haplotype allele frequency was observed in
either system (0,3 = 0.004, K,; = 0.004).

Compared to the linkage block in the peri-centromere on
5H, the peri-centromere of chromosome 3H revealed a major
differentiation between the organic and conventional popu-
lations (Fig. 5). The wild form haplotype allele frequency
reached 0.18 in the organic system but decreased below 0.02
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in the conventional one (F; = 0.059). In multiple QTL stud-
ies, this region was characterized by enriched loci for various
traits, including plant height (Marzec and Alqudah 2018), root
morphology (Reinert et al. 2016; Oyiga et al. 2020), and flow-
ering time (Guan et al. 2012; Xu et al. 2017) (Supplementary
Table 5).

The microevolutionary adaptation processes on chromo-
some 3H also allowed exemplifying recombination events in
the telomeres ((sub-) Fig. 5). The brittleness loci of brtl and
brt2 are located on the short arm (Komatsuda et al. 2004),
and the wild form carries the alleles for ear brittleness (brt/
and brt2), but not the modern cultivars (Brtl and Brt2). Both
brtl and brt2 are negatively selected by machine harvesting
and showed reduced wild form haplotype allele frequency
of 0 and 0.005 in the conventional and organic adapted
BC,F,, and following, respectively (compared to BC,F; =
0.06, Fig. 5). In addition, this region was characterized by
linkage blocks undergoing increased (four) and decreased
(four) wild form haplotype allele frequency changes in the
organic population. The transition from down- to up-selected
regions became more distinct with each subsequent genera-
tion, indicating these haplotype allele frequency patterns
are not likely to be by chance. Contrasting, the wild form
haplotype allele frequency in the entire region was reduced
to 0.003 in the conventional populations.

3.3.1 Adaptation in the context of linkage disequilibrium

The reported haplotype allele frequency changes are presum-
ably the result of adaptational selection and crossing-overs
(crossing-overs). Approximately equal numbers of crossing-
overs were present in both agro-ecosystems from the start of
the experiment, but the crossing-overs number in the BC,F;
is unknown as crossing-overs changes allele combinations in
the gametes but not the allele frequencies. However, differ-
ences in the fitness of alleles near crossing-overs visualize for-
mer crossing-overs events in later generations through abrupt
changes of haplotype frequency. Our goal was to trace the
remaining crossing-overs/fitness combinations in the BC,F,;.
Therefore, the loess-adjusted wild form haplotype allele fre-
quency of the 23rd generation in both organic and conven-
tional agro-ecosystems was examined to identify underlying
agronomically relevant crossing-over events (Fig. 6).

As expected, more recombinations occurred in the telom-
eres. No chromosome showed increased counts of crossing-
overs/fitness combinations, but comparing the agro-ecosys-
tems highlighted 131 genome-wide crossing-overs in the
organic but only 48 crossing-overs in the conventional agro-
ecosystem. This unequal decline in detectable crossing-overs/
fitness combinations could result from a more targeted selec-
tion in the conventional agro-ecosystem. Assuming equal
numbers of crossing-overs per genotype, this might indicate

that the organic BC,F,; population has a 273% higher geno-
type diversity than the conventional BC,F,;.

Aligning eight loci varying between spring and winter
barley (Mascher et al. 2017) highlighted significant differ-
ences between the agro-ecosystems for HvPpDH1, HCEIf2,
and HvPpDH2 (p < 0.05) in terms of wild form haplotype
allele frequency between the agro-ecosystems (Fig. 6).

3.4 Changes in allele frequency as alternative QTL
for key trait categories

In the following analysis, we aimed to transfer the genome-
wide patterns onto single traits and phenotypes. To do so,
a meta-data analysis of reported QTL data was performed
for various agronomically important traits from the follow-
ing six categories: nutrient uptake, biotic stress, drought
tolerance, yield physiology, yield components, and root
morphology. Many of these QTL alleles were detected in
crosses where the wild form ISR42-8 was used as a parental
line. The wild form haplotype allele frequency of the QTL
regions was assessed (Supplementary Table 5) and com-
pared between the two agro-ecosystems (selection force
of interest) and among generations (Fig. 7A). All reported
QTLs were clustered into the six trait categories mentioned
above. The wild form haplotype allele frequency of the yield
components (F; = 0.0728, O,; = 0.149, C,; = 0.116—mean
wild form haplotype allele frequency for the category across
associated QTLs, Fig. 7B), the biotic stress (F3 = 0.097, Oy,
= 0.205, C,; = 0.196), and yield physiology (F; = 0.0755,
0,3 = 0.1489, C,; = 0.104) categories were significantly
increased in both agro-ecosystems above the levels of the
BC,F; generation (p > 0.01).

Significant differences in drought tolerance (p,,3/.,30.0019,
comparing the 23rd generation of organic [p,,;] and conven-
tional [p,,;] populations; allele frequency F; = 0.113, 0,3 =
0.099, C,3 = 0.035), yield physiology (p,,3/.,; = 0.0031; F3 =
0.076, 0,5 =0.149, C,; = 0.104), and root morphology (7,323
< 0.0001; F5 =0.071, 053 = 0.162, Cy; = 0.071) between the
two agro-ecosystems were observed. Even though the wild
form haplotype allele frequency of drought tolerance decreased
in the 12th generation (O, = 0.0652, F; = 0.113), the process
reversed in the organic system in the following generations
(0,3 = 0.0989), analogous to the more frequent occurrence
of drought stress in the subsequent generations (Fig. 1C). In
contrast, wild form haplotype allele frequency associated with
drought tolerance-related genomic regions was further reduced
in the conventional system (Cy; = 0.0351). Root-related traits
demonstrated a marked difference between the agro-ecosystems
(053 =0.1621, C,; = 0.0707). While the wild form haplotype
allele frequency followed a linear increase in the organic system
across generations, there was no difference in the convention-
ally adapted generations compared to the initial generation.
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Fig.6 Detection of the crossing-over events combined with strong
fitness differences between both sides of the crossing-overs region in
the 23rd generation of the organic and conventional populations. Gray
= conventional; orange = organic adapted population. A Count of
crossing overs which became visible by adaptational-driven changes
of the allele frequency by chromosome, separated by agro-ecosystem.
B The loess corrected wild form haplotype allele frequency across the
genome (span = 0.03). The facet show different chromosomes. Run-

Remarkably, the wild form haplotype allele frequency of
all six clusters increased in the organic agro-ecosystem across
generations. At the same time, the conventionally farmed popu-
lation benefited from the wild form donor alleles, particularly in
biotic stress resistance, yield physiology, and yield components.

4 Discussion

4.1 Evaluation of the methods for populations
characterization

We used whole-genome sequencing of pooled samples to
locate allele frequency trajectories in a biparental cross
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ning numbers (red, organic; blue, conventional) present the position
and count of crossing overs across the genome in the populations.
Wherever two lines become visible, the two pool samples (replicates)
differed in wild form haplotype allele frequency. The gray back-
ground presents the peri-centromere. Dots above the allele frequency
curves indicate prominent plant physiology genes—significant dif-
ferences between the agro-ecosystems are shown for HvPpDHI,
HCEIf2, and PpDH2.

derived from an elite cultivar and wild barley. Parental
haplotypes were tracked down in the populations based on
biparental origin. Unlike other species, such as Arabidop-
sis thaliana, barley’s genome size and structure result in
pronounced challenges in terms of sequencing costs. Pool
sequencing of crops with exceptionally large genomes can
overcome these problems and has been shown to provide
reliable allele frequency estimates (Schneider et al. 2022).
Additionally, haplotype-based analysis can successfully
compensate for low sequencing coverage per genotype
(0.03%), as reported previously (Schneider et al. 2022;
Tilk et al. 2019). Still, deviations between the true and
observed haplotype allele frequency might occur, which
could be attributed to either methodical issues or genomic
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Fig.7 Combination of (meta-)QTLs and haplotype allele frequency
patterns. A The wild form allele frequency relative to the physical
position across the seven chromosomes. The yellow line represents
the organic, while the gray line shows the conventionally adapted
BC,F,; population. Whenever two lines become visible, the two
replicates of each population differentiate from each other. The gray
background illustrated the peri-centromere. Dots above the allele fre-
quency lines present QTLs identified in a meta-analysis, clustered in
the same six groups as aggregated in sub-figure B. The QTLs were
clustered into six groups: biotic stress (resistance genes), drought
tolerance (reaction to drought), nutrients (QTLs or genes identified
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

attributes. Such likely false-positive haplotype allele fre-
quency calls can be identified using expected LD patterns
or canceled using a loess adjustment of the haplotype allele
frequency. Single gene-anchored haplotype blocks with a

T T T T T
F23 F3 F12 F16 F22 F23

analyzed studies used ISR42-8 as donor parent to create introgres-
sion lines. The square and triangle indicate if the allele frequencies
equal or differentiate between both agro-ecosystem adapted popula-
tions after 20 generations in field. B The wild donor allele frequen-
cies in the QTL regions (based on Sup. Table 5) were clustered in six
groups and plotted for each generation and environment. The y-axis
illustrates the wild form allele frequency, while the generations are
plotted on the x-axis. The farming systems are separated by shape and
color (organic, yellow diamond; conventional, gray star). The gray
and yellow lines give the standard deviation for the respective popula-
tion, trait, and generation across all considered QTLs. Stars indicate
significant difference levels between the organic and conventional
populations.

strongly divagating haplotype allele frequency to neighbor-
ing blocks will likely provide false information. Such devia-
tions could result from undetected copy number variants,
where one parent inherits more copies of the same gene
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than the other (Mufloz-Amatriain et al. 2013), and due to a
potential low resolution of repetitive sequences of the used
reference genome mapped against in this region (Mascher
et al. 2017). Such variations might result in unexpected wild
form haplotype allele frequency patterns. Another potential
source of unexpected wild form haplotype allele frequency
might be the inadequate linear alignment of the reference
genome for wild form alignments (Beier et al. 2017). The
genomes of cultivated barley and its wild form might differ
in this background, and therefore, haplotype blocks might
be mismatched or broken apart. We reduced the bias of such
abnormal patterns by defining potential candidate regions
under adaptation to have a minimum number of haplotype
blocks with a similar wild form haplotype allele frequency
and smoothing these deviations by using a loess function.

4.2 Genome-wide adaptation patterns

This study’s results highlight that organically and conven-
tionally farmed populations can benefit from the genetic
diversity of distinct wild form alleles (Supplementary
Table 5, 6). ISR42-8, which was used as donor, was reported
to have an expanded root system (Naz et al. 2014), increased
drought tolerance (Sayed et al. 2012; Honsdorf et al. 2014,
2017), increased seed and ear length and kernel weight
(Zahn et al. 2020), reduced thresh ability (Schmalenbach
et al. 2011), reduced plant height (Naz et al. 2014), late flow-
ering (Wang et al. 2010), enhanced biotic stressor resistance
genes (Von Korff et al. 2005; Schmalenbach et al. 2008;
Dragan et al. 2013), and ear brittleness (Schmalenbach et al.
2011).

The highest magnitude of wild form haplotype allele
frequency changes was noticed until the BC,F,. This indi-
cates that few major alleles, like Denso (Fig. 5), seemed
to have dominated the evolutionary adaptation process in
the first generations towards the broad-sense environment
(climate, soil type, photoperiod, light intensity, precipita-
tion intensity). The climate characteristics of the broad-sense
environment are illustrated by an average daily temperature
of 14.5 °C, an average daily radiation of 2,250 W/m?, and
a total average evapotranspiration of 300 mm and 250 mm
of precipitation in the growth period (April to July) and are
complemented by a highly fertile Luvisol growth substrate.

These humid growth conditions strongly deviate from the
natural habitat the wild form has adapted to. Consequently,
most wild form alleles attributed to ISR42-8 natural habi-
tat, like flowering time delay, negatively affect individual
reproduction and fitness. Although late flowering was
hypothesized to be unbeneficial in the cropping environ-
ment (sown in spring), we observed an increase of wild
form haplotype allele frequency at the HvPpdH2 locus.
As a QTL for drought tolerance was identified in the same
genomic window, the positive selection of the wild form
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allele of HvPpdH?2 might only be a coincidence based on
linkage. Nevertheless, it was observed before that winter
wheat produces significantly more root biomass than spring
types (Thorup-Kristensen et al. 2009). We hypothesize from
this aspect that the wild form allele of HvPpdH?2 might cause
increased root development, which might ultimately result
in higher drought tolerance.

Contrasting to the wild form, the second parent Golf, an
elite breeding variety, was developed for such environmental
conditions.

With this genetic background in mind, we see an initial
adaptation phase towards the new environment. Conse-
quently, allelic variations between the organic and conven-
tional agro-ecosystems are not distinguishable until the 12th
generation. After these initial adaptations reached an equi-
librium state, a cumulative and linear differentiation of the
organically from the conventionally adapted populations was
detected across the generations. While the conventionally
farmed population seemed to have reached a state of equilib-
rium in the generations following the 12th, the organic popu-
lation showed higher within-population diversity and genetic
variation across generations (Fig. 2A). We can only specu-
late on the implications this might have—for instance, that
the increased heterogeneity is a state of equilibrium itself
and is beneficial in buffering varying environmental factors.
Besides, alleles derived from the wild form were observed
at higher rates in the organic population. Regardless, we
have to point out that the experimental site was shifted from
one location (Dikopshof) to another (Klein-Altendorf) after
the 12th generation. This could have some implications
on the composition of the populations, too. Especially the
organic population and its enhanced interaction with the soil
microbiome might be affected, which could also result in a
changed allele frequency pattern (Hawkes et al. 2020; San-
drini et al. 2022). Considering the transition phase of 3 years
and almost identical soils, we suspect this effect to be minor.

4.3 Detection of sharp regional linkage
disequilibrium changes caused
by crossing-overs and adaptational selection

Across the genome, sharp transitions in allele frequencies
between regions were noted. These changes were not coin-
cidental, as such changes also became more and more dis-
tinct across generations in this self-pollinating crop (Figs. 3
and 6). Allele frequency changes depend on genetic drift,
mutation, migration, and/or selection (Wright 1990). While
genetic drift was estimated as a minor effect in the present
study (Supplementary Figure 4, Supplementary Table 2),
mutations were, due to their rarity and the few generations
in which they might become significant, negligible, and
migration was avoided by the experimental design. These
often-small segments of sharp transitions may have resulted
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from breeding behavior (backcrossing followed by self-pol-
linating) combined with evolutionary adaptation (selection).
Backcrossing and selfing will reduce the length of heterozy-
gous chromosome segments, which are the only source of
recombination between nearby genes (Hanson 1959). In this
self-pollinating crop, the following evolutionary adaptation
will address the remaining segment rather than the respond-
ing allele itself. This will result in the observed haplotype
allele frequency transitions and selection of entire genome
regions (Fig. 6). The unequal number of observed crossing-
overs/fitness combinations in the 23rd generation between
agro-ecosystems can hint that higher diversity is promoted
in the organic environment.

4.4 Dissection of candidate regions and the wild
form haplotype allele frequency patterns

For the given population size and backcrossing level, the
expected wild form haplotype allele frequency in the BC,F;
was 10.5% (Cox 1984). However, only a minor deviation of
0.43% was detected. This underlines the power of the con-
ducted crossing scheme as well as the pooling and sequenc-
ing strategy. This deviation was most likely associated with
the reduced allele frequency in the peri-centromeres of
chromosomes 2H and 5H (Fig. 3). An incomplete represen-
tation of the ISR42-8 alleles in the population on 5H was
observed earlier (Schmalenbach et al. 2011). Interestingly,
the wild form haplotype allele frequency of this region on
chromosome 5H exceeded > 0.3 in both agro-ecosystems
after less than ten generations. Considering that a yield-
related QTL (Watt et al. 2019) and the seed dormancy gene
SDI (Pourkheirandish and Komatsuda 2007) are located
in this region, this leads to the assumption that the linkage
between these loci had a substantial impact on the genetic
composition (Fig. 4). Once a linkage is broken, evolutionary
selection processes are speedy, and even rare haplotypes can
be up-selected to the major haplotypes within a few genera-
tions—if the fitness effect of this allele (or linkage block)
is high. Similar patterns were observed for the brittleness
genes brtl and brt2 (Komatsuda et al. 2004), responsible for
a vital domestication trait (von Bothmer et al. 2003) (Fig. 5).
The wild form donor carried both unfavorable alleles of ear
brittleness (brtl and brt2), which could explain the adverse
evolutionary adaptation in both environments. However, the
selection of Brtl and Brt2 alleles may have occurred due
to an artificial influence because predominantly genotypes
with stable ears lose their kernels less easily, which is why
their grains are harvested more often by a combine harvester.

Although the populations endured varying weather con-
ditions throughout the experimental period, the climatic
background of a generally humid, maritime, and mild cli-
mate with a seasonal photoperiod remained similar for both
agro-ecosystems (Suppl. Figure 1, max day length 16.5 h).

While most wild form alleles were negatively selected in
this period, the genomic region surrounding the Denso locus
showed a high increase in the wild form haplotype allele fre-
quency (Fig. 5). The semi-dwarf growth habit of ISR 42-8,
likely associated with this locus, was beneficial in terms of
genetic fitness, presumably because the dwarfed growth type
of ISR42-8 might contribute in resistance to lodging and
nutrient use efficiency.

Besides these examples presented, many more regions
have shown distinct and linear adaptation patterns. In all
these regions, single or multiple genes might be under selec-
tion, which makes the presented data an alternative approach
to identify candidate genes (compared to GWAS or QTL
mapping). Similar approaches based on the allele frequency
exist for the F'st calculation (Berner 2019) and the identifica-
tion of common variants (Park et al. 2011).

4.5 Allele frequency patterns for phenotype
approximations

Furthermore, we were interested in special adaptations
towards biotic and abiotic stresses. The populations endured
varying weather conditions, imposing water and heat stress
and biotic attack (Fig. 1C). A positive selection of resistance
alleles towards biotic stressors was observed. Still, contrast-
ing to our hypothesis and common sense, those resistance
genes present in the gene pool of this population towards
biotic stress showed no statistical difference between organic
and conventional environments (p,,, = 0.8, F,;) (Fig. 7).
Additionally, the allele frequency equilibrium of resistance
genes was below 0.3 for all inspected candidate genes, indi-
cating a non-persistent adaptation to biotic stress. This find-
ing is in line with a report by Allard (1988), highlighting that
the resistance alleles present in the populations only had an
additive but no significant singular fitness effect.

The most prevalent variation between the agro-ecosys-
tems was detected in root-associated genes. Due to expected
nutrient-deficient growing conditions, a different root system
may have been a critical trait in the organic compared to the
conventional environment. While other trait-associated allele
frequencies have risen above 0.5 for the wild form allele,
most root-related alleles were characterized by intermediate
fitness (Supplementary Table 5, 6), suggesting high vari-
ability in the root morphology within the organic population.
A comparative experiment of root phenotypes between the
24th generation of the organic and conventional population
supported our genotype-based observations and identified
longer roots and increased root phenotypic variability in the
organic population (Siddiqui et al. 2022). Similarly, Bhaskar
et al. (2019) reported winter wheat composite cross popula-
tions having developed fewer seminal roots, thicker roots,
and a heavier root system after 11 generations of adaptation
towards organic farming. In a comparison between modern
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varieties, landraces and H. spontaneum, the latter was found
to have less seminal roots than both modern varieties and
landraces and thinner seminal roots than modern varieties
(Grando and Ceccarelli 1995). Lower and thinner seminal
roots are expected to increase root hydraulic resistance,
which is of advantage in crops growing on storage water
(Passioura 1972). These observations made in previous stud-
ies support our genomic-based assumptions.

Additionally, the allele frequency of the agronomically rel-
evant candidate loci was clustered in the clusters’ yield com-
ponents and physiology, nutrient uptake and allocation, and
drought tolerance. However, the nutrient and yield component
cluster did not show significant variations. Nevertheless, it
has been shown by Raggi et al. (2022) that diverse popula-
tions established from high-yielding varieties can also quickly
gain specific adaptations towards nutrient limited environ-
ments. Reasons for these observations could be (I) the allelic
diversity of the two parents was not wide enough; (II) the
period was too short for differentiation; (III) too few loci were
grouped in these classes; (IV) epigenetic changes, which have
not been reviewed in this study, was well as (V) the holobiont
of plant-soil microbe interactions. Nevertheless, as described
before, the ear length alleles, introduced into the population
by the wild form, were positively selected across the genera-
tions and highlighted a favorable yield allele.

Concluding on the candidate QTLs, matched with observed
allele frequency variation patterns, should serve as a potential
explanation for which agronomic effects could have caused all
those changes. Nevertheless, as already mentioned, we could
not match all loci under selection with a corresponding phe-
notype. Therefore, the presented variations and similarities
between the agro-ecosystems might not persist when more
candidate genes are included in this approximation.

5 Conclusion

The observations made in this study can be concluded as (I)
an adaptation to the habitat (climate zone) takes several gen-
erations, and (II) a follow-up period of multiple generations
was required to adjust the allele frequency towards the eco-
logical niche, defined by the agro-ecosystem. Furthermore,
(III) the allele (and with that likely also the genotype) diver-
sity is higher in the organically compared to the convention-
ally adapted populations, which might also result in (IV)
wild form alleles being more likely to be positively selected
in the organic environment. Lastly, in the context of climate
change and agronomical transformations, (V) wild forms
contributed beneficial alleles to the population and, there-
fore, might be a valuable source for modern plant breeding.
Based on an innovative pool genotyping approach, linked
with a long-term natural selection trial, this work highlights
for the first time the potential of wild alleles to close the
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yield gap between organic and conventional agro-systems.
We encourage organic breeders to focus on traits related
to root morphology, developmental processes, and abiotic
stress responses selected within an organic agro-ecosystem.
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