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ABSTRACT

The introduction of populations to novel environments can lead to a loss of genetic diversity and the accumulation of deleterious
mutations due to selection and demographic changes. We investigate how the recent introduction of maize to Europe shaped
the genetic diversity and differentiation of European traditional maize populations and quantify the impact of its recent range
expansion and consecutive breeding on the accumulation of genetic load. We use genome-wide genetic markers of almost 2000
individuals from 38 landraces, 155 elite breeding lines, and a large set of doubled haploid lines derived from two landraces to find
extensive population structure within European maize, with landraces being highly differentiated even over short geographic
distances. Yet, diversity change does not follow the continuous pattern of range expansions. Landraces maintain high genetic
diversity that is distinct between populations and does not decrease along the possible expansion routes. Signals of positive selec-
tion in European landraces that overlap with selection in Asian maize suggest convergent selection during maize introductions.
At the same time, environmental factors partially explain genetic differences across Europe. Consistent with the maintenance
of high diversity, we find no evidence of genetic load accumulating along the maize introduction route in European maize.
However, modern breeding likely purged highly deleterious alleles but accumulated genetic load in elite germplasm. Our results
reconstruct the history of maize in Europe and show that landraces have maintained high genetic diversity that could reduce
genetic load in the European maize breeding pools.

1 | Introduction et al. 2009; Slatkin and Excoffier 2012; Wang et al. 2017;

Takou et al. 2021). At the same time, deleterious mutations

Species distributions are the result of range expansion to
new environments, such as the post-glacial colonisation of
Northern Europe (Hewitt 2000). These dynamic population
genetic processes have a strong influence on the genetic diver-
sity of the expanding species (Excoffier et al. 2009), including
a decrease in genetic diversity due to increased drift and the
subsequent genetic differentiation among the newly estab-
lished and core populations (Austerlitz et al. 1997; Excoffier

accumulate at the front of the expansion range, increasing ge-
netic load (de Pedro et al. 2021; Gonzalez-Martinez et al. 2017;
Peischl et al. 2013). As locally adapted populations move to
novel environments (Colautti and Barrett 2013; Savolainen
et al. 2013), the adaptive potential of populations at the range
edges can be compromised (Excoffier et al. 2009). Rapid
range expansions are expected to become more frequent as
climate change alters the original environments, which will
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push species to new suitable conditions outside their origi-
nal range (Waldvogel et al. 2020). Crops have spread rapidly
around the globe and likely experienced the effects of range
expansion (Huang et al. 2022). They could have encountered
novel selective pressures caused by the different climate, soil
compositions, and ecological dynamics of the new regions,
as well as the human-driven selection for agricultural traits
(Purugganan and Fuller 2009; Purugganan 2019). This inter-
play between natural selection and human-driven interven-
tion ultimately resulted in the appearance of local traditional
crop varieties (Huang et al. 2022).

One of the most important crops worldwide is maize, which has
shown great adaptability to locations outside its initial range,
with one of the broadest cultivated ranges of all crops today
(Tenaillon and Charcosset 2011). Maize domestication started
approximately 9000years ago in a small region in Mexico, where
the wild grass species teosinte (Zea mays ssp parviglumis and
Zea mays ssp mexicana) have given rise to the crop we know
today (Tenaillon and Charcosset 2011; Yang, Xu, et al. 2017;
Yang et al. 2023). Over time, maize spread throughout the
Americas, facilitated by human movement (Kistler et al. 2018).
The early dispersion process was characterised by two routes:
one northward to the USA and Canada, and another extending
southward to South America and the Caribbean coast (Tenaillon
and Charcosset 2011; Kistler et al. 2018). This human-mediated
range expansion has led to decreased genetic diversity, introgres-
sion, and local adaptation across the colonisation route (Wang
et al. 2017; Hufford et al. 2012; Arca et al. 2023), which creates
the opportunity to study range expansion and the dynamics of
selection and decreasing genetic diversity. Hence, crops such as
maize might have experienced similar range expansion forces as
predicted for natural populations.

European maize landraces offer a compelling system to ex-
plore the recent introduction and expansion at potential range
edges. While extensive research has been done on the evolu-
tion, domestication and traditional use of primary American
maize landraces (Hufford et al. 2012; Yang et al. 2023; Wang
et al. 2017), the secondary range expansion and development
of their European counterparts have been little investigated
(Revilla Temifio et al. 2003; Tenaillon and Charcosset 2011).
Unlike the gradual expansion outside of the domestication area,
maize's arrival in Europe is characterised by an abrupt intro-
duction to a novel environment around 500years ago (Janick
and Caneva 2005; Brandenburg et al. 2017). Moreover, only a
relatively small number of plants were initially brought from the
Americas, likely resulting in a strong bottleneck (Tenaillon and
Charcosset 2011). After its first introduction into Europe from
the Caribbean through Spain, there is evidence for further diffu-
sion routes via France and Italy to the rest of Europe, as well as a
secondary introduction from North America to Central Europe
(Brandenburg et al. 2017; Leng et al. 1962; Rebourg et al. 2003).
Additionally, the varying local European environments likely
required local adaptation, as has been observed in Mexican
maize populations (Tittes et al. 2023). Historical accounts state
that by the middle of the 16th century, maize fields were pres-
ent across all of Europe (Finan 1948; Janick and Caneva 2005;
Brandolini and Brandolini 2009), making European maize land-
races an invaluable resource for understanding the rapid intro-
duction to new environments.

Here, we study the genetic diversity across Europe and how it
was potentially shaped by the multiple introductions of maize
to the continent. Using a comprehensive dataset of traditional
varieties spanning the range of European maize, we were able to
show that European landraces are highly diverse but genetically
differentiated. We detect two major clusters of landraces within
Europe that might depict their introduction history. In addition,
we identify local clusters of similarity between traditional variet-
ies, likely reconstructing historical trade routes. Selection scans
in two landrace doubled haploid (DH) line libraries with almost
1000 individuals reveal genomic regions that were likely under
selection in individual landraces and suggest potential adapta-
tion signatures within Europe. However, European maize does
not show signatures of range-edge decreased diversity and accu-
mulated genetic load. Together, our results give insights into the
history of the rise of European maize in the last centuries.

2 | Materials and Methods
2.1 | Dataset Composition

We selected a sample set to represent the history of maize in
Europe. Two primary categories of maize samples were used
to form the panel: European landraces and elite lines. The
European landraces, which represent authentic European pop-
ulations (Villa et al. 2005; Casaiias et al. 2017), were selected
with the aim of capturing a high geographical range. The sec-
ond category, elite lines, represeting modern hybrid pools (Reif
etal. 2005) were included as points of comparison with European
landraces. Furthermore, doubled haploid lines (DH lines), which
are completely homozygous lines from three European landra-
ces (Magbool et al. 2020), were also included.

All data used in the present study are publicly available
(Unterseer et al. 2016; Mayer et al. 2017, 2020). In brief, all in-
dividuals used were genotyped at high density with the 600k
Affymetrix Axiom Maize Array, which is comprised of 616,201
variants, of which 6759 represent insertions/deletions (Unterseer
et al. 2014, 2016). Specifically, 941 DH lines derived from 2
European landraces were taken from Mayer et al. (2020), which
were divided as follows: 501 DH lines of Kemater Landmais Gelb
(KL; Austria) and 409 of Petkuser Ferdinand Rot (PE; Germany).
952 individuals from 35 European maize landraces from Mayer
et al. (2017). Lastly, 3 landraces from Unterseer et al. (2016) and
155 elite lines were added from Unterseer et al. (2016). For the
following analysis, we clustered the populations in two groups,
based on population clustering (Table S1). The final panel had in
total 2954 individuals (Table S1).

2.2 | Data Preparation

The merging of the three data sets (Unterseer et al. 2016; Mayer
et al. 2017, 2020) was performed using custom python scripts,
and all data sets were formatted in the HapMap format using
Tassel 5.0 GUI (command: ./start_tassel.pl -Xmx4g) (Bradbury
et al. 2007). Post conversion, the TUPAC nucleotide codes in the
converted files were replaced with the corresponding nucleotide
bases, as stated in the user guide. For merging, the Unterseer
et al. (2016) data sets were updated to AGPv4 maize reference
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genome. All insertions/deletions in the datasets were removed,
which resulted in 6759 and 6752 markers being removed from
the Mayer and Unterseer data sets, respectively. For quality con-
trol, we checked if the alleles were correctly merged based on the
individual marker information provided by the manufacturer.
Additionally, in order to filter out possible sequencing errors
and sites with low genotyping quality, we used the Affymetrix
Quality classification, and only markers that had a quality of
‘PolyHighResolution” ‘MonoHighResolution’ or ‘NoMinorHom’
across all datasets were kept, resulting in 419,477 SNPs. As
none of the individuals had missing information in more than
0.8% of their sites and the majority of the sites had <1% miss-
ing information after the above filtering steps, we did not apply
any other filtering criteria based on missingness. Subsequently,
the dataset tables were merged and adjusted to fit the HapMap
format, enabling conversion via TASSEL. Lastly, the Hapmap
file was converted back into a common VCF file using TASSEL
Bradbury et al. (2007) The resulting VCF file was then used for
the subsequent analysis, each time filtered as indicated within
the respective sections.

2.3 | Population Structure and Genetic Diversity
Analysis

To investigate the underlying patterns of variation in this maize
dataset, a Principal Component Analysis (PCA) was conducted
using the scikit allel package (Miles et al. 2023) for python v3.7.
All individuals of the 35 landraces from Mayer et al. (2017), the
3 unique landrace lines from Unterseer et al. (2016) AL, FL,
and SO, as well as the elite maize lines grouped into dent and
flint populations were used for this analysis. We sub-sampled
the dataset to exclude the DH lines and reduce the number of
individuals to 1160 individuals divided into 40 populations, in-
cluding the dent and flint elite lines, for the PCA. In order to do
the PCA, using the scikit allel package, singletons were removed
from the sub-sampled dataset and linkage disequilibrium (LD)
filtering/pruning was done using 5 iterations, a window size of
500bp, and a step size of 200bp. The PCA was then performed
using the function allel.pca() (Miles et al. 2023) and plotted using
the matplotlib package (Hunter 2007). We further investigated
the clustering of the data by using the software STRUCTURE
(Pritchard et al. 2000). We ran the analysis for up to K=40 and
used the cross-validation error (cv) to decide the optimal number
of clusters.

Usingscikit allele package (Miles et al. 2023), all pairwise Fgy val-
ues between all the 35 European landrace population pairs from
Mayer et al. (2017) were estimated based on segregating SNPs.
We calculated Hudson's Fgp using the allel.blockwise_hudson_
fst() function with a block size of 100,000 variants (Smaragdov
and Kudinov 2020; Bhatia et al. 2013; Hudson et al. 1992).
Additionally, we estimated Slatkin's linearized Fgp, as shown in
(Bay et al. 2018). To visualise the population differentiation pat-
terns, the calculated Fg values were plotted with a hierarchical
clustered heatmap, using the package ComplexHeatmap in R
v4.1.2 (R Core Team 2021; Gu et al. 2016).

We estimated mean expected heterozygosity (Hgyp) per popu-
lation for all landraces to investigate the distribution of genetic
diversity and potential patterns of diversity among European

landraces across the diverse European landscape. We calculated
the expected heterozygosity using the allel.heterozygosity ex-
pected() function and estimated the mean using the numpy.nan-
mean() function (Harris et al. 2020). The geographical map
including the Hgyp values was created using the plotly package
(Inc.P.T 2015). The sample locations (longitude and latitude val-
ues from Mayer et al. (2017)) were used as proxies for each pop-
ulation's distribution. We estimated the haversine geographic
distance in kilometres of each landrace to the two populations
that are approximately the closest to the expected entry points
in Europe; the population Tuy (TU; 42.04N, —8.64W) marked
the entry point in Spain and the population Barisis (BA; 49.57N,
3.328E) in Central Europe. We estimated all the distances with
the function distm of the R package geosphere (Hijmans 2022).
For the populations Altreier (AL; Italy), Fleimstal (FL; Italy)
and Sornay (SO; France), whose coordinate information were
missing, we used the best approximation of their locations. The
inbreeding coefficient of each individual was estimated using
vcftools (Danecek et al. 2011).

2.4 | Spatial Gene-Flow Analysis of Population
Genetic Data and Selection Scans

The Fast Estimation of Effective Migration Surfaces (FEEMS,
version 1.0.0) analysis was conducted to investigate non-
homogeneous gene flow between the European landraces
(Marcus et al. 2021). For this analysis, we used the 35 populations
published in Mayer et al. 2017, as for the 3 additional landraces
in Unterseer et al. (2016) we did not have accurate geographic
information for them, leaving 834 individuals for 35 landrace
populations. Filtering was performed on the final dataset and
included the following steps: Variants were filtered to only in-
clude SNPs using the command bcftools view -v snps, and only
biallelic SNPs were selected with bcftools view -m2 -M2. As no
SNPs with more than 20% missing data were present, we did not
remove any sites based on this filter. Monomorphic sites were re-
moved with bcftools (Li 2011) and the input files were prepared
with PLINK2 (Chang et al. 2015). We used the FEEMS imputa-
tion feature for any present missing data. Specifically, we used
scikit's function SimpleImputer and the imputation strategy of
‘mean’. Additionally, the script was run with the options scale_
snps=True and translated = False and the provided smaller grid
size file grid_100.shp. A custom smoothing regularisation pa-
rameter (A=100) was estimated from a cross-validation proce-
dure using their provided cross-validation.ipynb.

2.5 | Selection Scans

We searched for signals of selection across the DH lines gen-
erated for Petkuser Ferdinard Rot (PE DH; Germany) and
Kemater Landmais Gelb (KL DH; Austria) as those could
be regarded as naturally phased datasets with approxi-
mately 500 individuals each. We used selscan (Szpiech and
Hernandez 2014; Szpiech 2024) to estimate the integrated
haplotype score (iHS). For each SNP, we estimated an empir-
ical p-value by dividing its rank of the absolute iHS value by
the number of SNPs. We classified SNPs as being under se-
lection when their p-value was below 0.05 and their absolute
iHS value was > 2. Then, we extracted either the upstream or
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downstream genes that were the closest to the selected SNPs.
We tested for Gene Ontology enrichment using the online da-
tabase agriGO v2.2 (Tian et al. 2017).

2.6 | Climate Characterisation and Climate
Redundancy Analysis

We used historical bioclimatic variables biol through biol9 to char-
acterise the population’s environment (Fick and Hijmans 2017).
For this analysis, we grouped the populations based on east and
west separation into clusters, and we compared the distributions
of the environments with a Wilcoxon's rank test. Moreover, we
correlated the bioclimatic variables with the estimated population
genetic parameters using Spearman’s p correlation coefficient.

We determined how genetic and environmental factors in-
teract, by performing the multiviarate ordination technique,
Redundancy Analysis (RDA) (Capblancq and Forester 2021).
We inferred the population structure of the landraces by ex-
tracting the first two PCs of a PCA on nearly neutral sites.
Near neutral sites were identified as all the 4-fold sites using
degenotate from  https://github.com/harvardinformatics/
degenotate/tree/main. We selected for the climatic variables
that fully explain the genetic structure by a forward model
building procedure, by using the function rda() from the
R package vegan (Oksanen et al. 2022). After we identified
which bioclimatic variables were part of the model, we tested
for the drivers of genetic variation by comparing four different
models. A full model that included the selected bioclimatic
variables, the first two PCs of neutral sites, latitudinal and lon-
gitudinal information as fixed effects; a purely climatic model
that incorporated the bioclimatic variables as fixed effects
and the geographical and population structure information as
‘condition’; a pure neutral population structure model, which
incorporated the PCs as fixed and the rest of the parameters
as conditional and finally, a geographic model, which had the
longitudinal and latitudinal data as fixed effects and the rest
as conditional parameters. We selected for the model that best
described the dataset based on their R? values via the function
RsquareAdj() from the vegan package. All results were plotted
with ggplot2 (Wickham 2016).

For each pair of populations we calculated their environmental
distance, as described in (Bay et al. 2018). We first scaled and
centered each bioclimatic variable and subsequently calculated
the pairwise Euclidean distances between each landrace pair.

2.7 | Genomic Load Estimations

We estimated genetic load per individual of the landrace popula-
tions and elite pools to estimate the accumulation of deleterious
mutations. We used the Genomic Evolutionary Rate Profiling
(GERP) scores from Kistler et al. (2018). To estimate genetic load,
for each individual belonging to one of the landraces or elite
pools, we scored each site based on the number of derived alleles
they have and then summed up the scores across all sites. We ex-
cluded 100 individuals that had more than 1.69% of missing sites
(95th quantile of the distribution) in order to exclude potential
differences in load due to missing information. Furthermore, we

estimated the fixed and segregating load within the dent elite
and flint breeding pool, as well as for the dent and flint land-
races. Finally, we counted the number of highly deleterious al-
leles, which we defined as sites with a GERP score larger than 5,
within each sample. We compared the genetic load distributions
between the different groups with a Kolmogorov-Smirnov test.

3 | Results

3.1 | Genetic Diversity Remains Constant Across
European Maize Landraces

Maize was likely introduced multiple times to Europe through dif-
ferent routes (Brandenburg et al. 2017). This introduction history
and the consecutive expansion should be reflected in the popula-
tion structure of European traditional varieties. We assessed the
population structure within European maize of 1253 individuals,
which were divided into 38 traditional populations and modern
elite inbreds of the two heterotic pools, flint and dent, represent-
ing a diverse sampling of the European maize (Figure 1a). We per-
formed a PCA based on 491,477 genome-wide SNP markers. The
PCA showed the integrity of landrace populations, as individuals
from the same landrace grouped together (Figure 1b). The first two
principal components, explaining 7.1% of the variation, mostly sep-
arated the populations into a Western and Eastern cluster.

Furthermore, PC2, which explained 2.8% of variation, clearly
separated flint (Europe) and dent (US and Europe) maize. It
has been shown before that the flint and dent pools are genet-
ically differentiated, despite sharing haplotypes (Brown and
Anderson 1947; Unterseer et al. 2016; Haberer et al. 2020). This
reflects the long divergent germplasm pools of the two het-
erotic groups Brown and Anderson 1947; Unterseer et al. 2016.
Moreover, there are 2 landrace populations, Polnischer
Landmais (PL; Poland) and Altreier (AL; Italy), which clustered
with the dent instead of the flint heterotic group. The existence
of multiple well-defined populations within the European
maize landraces was also supported by a STRUCTURE analy-
sis of the individuals (Figure S1). The STRUCTURE supported
the presence of 35 (cv=0.38024) separate populations (Mayer
et al. 2017), with varying levels of shared ancestry between the
populations.

We estimated genetic diversity using expected heterozygosity
(Hpyy,) per site within each population (Table S1). The median
Hgy, was 0.232 and mean Hp,, was 0.224 across all populations
(Figure S2a). The highest Hy,, was observed within the landrace
Gleisdorfer (GL; Austria) and lowest for Fleimestal (FL; Italy),
with Hg,, 0.299 and 0.068, respectively. The elite breeding lines
had the highest inbreeding coefficients (median Fig=0.992), but a
few landraces also had high inbreeding coefficients (Figure S2c).
Surprisingly, the populations in Eastern Europe showed higher
variation in inbreeding than in the West (Figure 1c).

In line with the theory of range expansion, we looked for patterns
of decreased Hfp,, across the geographic distance from potential
introduction points to study the impact of maize range expansion
within Europe (Figure 1c,d). We estimated the Haversine geo-
graphical distance between the populations closest to the potential
entry points of maize in Europe and the rest of the populations. We
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used the population Tuy (TU) in Spain as the closest population to
the entry for introduction via the Southern route and the coordi-
nates of the population Barisis (BA; France) as the closest popu-
lation to the second entry point in Central Europe, as described in
Tenaillon and Charcosset (2011). The Hp,, was significantly neg-
atively correlated with the geographic distance from Tuy (Spain;
p=0.024, p=-0.366), which might reflect a pattern of declining
genetic diversity along the range expansion route. However, the
opposite pattern was observed for the Northern route from Barisis
(France; p=0.00099, p=0.518). There was a significant negative
correlation (p=0.0191, p=-0.568) of Hp,, and distance within

the Western cluster of populations from the introduction point
in the South. No equivalent correlation was detected within the
Eastern cluster of populations, or with the introduction point close
to Barisis.

3.2 | Population Structure and Expansion
Across Europe

The calculated Fgp values, which ranged from 0 to 0.531, with
the mean and median of 0.255 and 0.257, respectively, supported
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the presence of separate landrace populations (Figure 2a). The
Polnischer Landmais (PL; Poland) population, which clustered
with the dent elite lines in the PCA, had on average high Fg; val-
ues with the other populations (median of 0.352), corroborating
the results of the PCA.

The two population clusters, each of which included landraces
from the Western or from Eastern Europe, were also definable
by the Fgp values. On average, the Fg; values were significantly
lower (Kolmogorov-Smirnov test p=4.663e-09; Figure S3) be-
tween populations within the same cluster (mean of 0.259 and
median of 0.2542) than between populations between the two
clusters (mean of 0.303 and median of 0.295). A third smaller
cluster of populations was observed within the Western cluster,
which consists of Polnischer landmais (PL; Poland), Nostrano
dell Isola (ND; Italy), Tremesino (TR; Spain) and Castellote (CA;
Spain). Those correspond to landraces, which clustered with the
dent elite lines in the PCA (Figure 1b).

We summarised historical bioclimatic variables (Fick and
Hijmans 2017) from the origin of landraces, according to the
two major clusters we identified in both the PCA and Fg; anal-
ysis. The Western cluster was characterised by significantly
higher (Wilcoxon's p =1.6e-05) annual precipitation and overall
higher mean temperature in the coldest quarter and minimum

temperatures in the coldest month, with p-values of 9 e-10 and
1 e-06, respectively (Figure 2c). Meanwhile, the Eastern cluster
had a significantly (p =2.6 e-10) greater temperature seasonality
than the Western cluster. In general, out of the 19 bioclimatic
variables, 13 were significantly different between the two popu-
lation clusters, when using a p-value cut-off of 0.001 (Figure 2c;
Figure S3). Since the population subdivision corresponded well
to both climatic and genetic differences, we used this clustering
for the following analyses in this study.

The genetic differentiation between populations increased
with the distance between them (p<2.2e-16, p=0.409;
Figure 2b). The same result was reached when we used
Slatkin's linearized Fgr (p<2.2e-16, p=0.409; Figure S4b).
The pattern of isolation by distance was also evident when
taking the environmental distance between the populations
instead of the physical distance into account. The correlation
between Fg; values and environmental distance was p=0.282
(p=4.882e-13; Figure S4c), with the results being the same
when we took into account Slatkin's linearized Fgr. This gen-
eral pattern of correlation with the geographic distance was
stronger within the Western European group (p=7.14e-16,
p=0.678), than the Eastern European cluster of populations
(p=1.179e-07, p=0.367). This pattern was also observed
when the environmental distance was correlated within each
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cluster, with the Eastern and Western clusters of populations
having positive correlations of 0.346 (p=2.5e-10) and 0.471
(p <2.2e-16), even though the median Fg; value between the
Western European populations was 0.167. In contrast, the
Eastern European populations had a more defined popula-
tion structure, with median Fg; of 0.2391. On the contrary, the
correlation of Fgr with the environmental distance was higher
within each cluster than between clusters. Between the pop-
ulations of the same cluster the correlation with the environ-
mental distance was p=0.290 (p =9.015e-08), while when the
populations belonged in different clusters the Fgp values had
a significant negative correlation with the environmental dis-
tance (p =0.0016, p=—0.179; Figure S4c).

The strongest genetic differentiation was observed between the
landrace populations of Rheintaler St. Gallen (RT; Switzerland)
and Nostrano dell Isola in Italy (ND; Fygp=0.531), Rheintaler
Monsheim (RM; Germany) and Nostrano dell Isola (ND;
Fyr=0.525), as well as between Rheintaler St. Gallen (RT;
Switzerland) and Tremesino in Spain (TR; Fgy=0.523) despite
their geographic proximity to each other (approximately 324
and 559 km between RT/ND and RM/ND, respectively). These
examples demonstrate the complex local history of maize in
Europe.

To further investigate the geographic patterns of diversity, we
used the FEEMS analysis, which estimates effective migration
surfaces (1=100; cv error =0.126; Figure S4d). The effective
migration rate was higher than neutral (logl0(w)> 1) within
the Iberian peninsula, with a barrier to migration present
along the Pyrenees (logl0(w) < 1), reducing gene flow between
the Iberian peninsula and Central Europe. Within the Central
European cluster of populations, there were surfaces with
lower effective migration (loglO(w) <1). Those areas over-
lapped with the locations of the Rheintaler Monsheim (RM;
Germany), Nostrano dell Isola (ND; Italy) and Rheintaler St.
Gallen (RT; Switzerland), which also had high Fg; values be-
tween them (Figure 2c).

3.3 | Evidence for Selection Within Two European
Maize Landraces

The observed population structure within Europe could have
been the result of selection pressures in the new environ-
ment. We scanned the genome of two doubled haploid (DH)
line libraries derived from the Petkuser Ferdinand Rot (PE;
Germany) and Kemater Landmais Gelb (KL; Austria) landra-
ces (Mayer et al. 2020) for signals of relatively recent positive
selection. The iHS statistic measures the relative extended
haplotype homozygosity between alleles and indicates signa-
tures of recent selection. Within both Petkuser Ferdinand Rot
(PE; Germany) DH and Kemater Landmais Gelb (KL; Austria)
DH libraries, we detected SNPs with elevated absolute iHS
values (Figure 3).

In total, we found 266 and 103 significant markers for Kemater
Landmais Gelb (KL; Austria) DH and Petkuser Ferdinand Rot
(PE; Germany) DH respectively (p <0.05; Table S2). In both
DH populations the signatures of selection were distributed
along all chromosomes. We identified the closest unique genes

to the selected SNPs, and specifically, we found 140 genes for
Kemater Landmais Gelb (KL; Austria). These were signifi-
cantly enriched (p<0.05) for two Gene Ontology functions
‘lipid metabolic process’ and ‘cellular lipid metabolic process’
(Figure S5; Table S2). Moreover, the markers on chromosome
1 overlapped with previously identified selective sweep re-
gions related to maize breeding in the US and China (Huang
et al. 2022). Only 48 unique genes were located in close dis-
tance upstream or downstream from the identified selection
signals in the Petkuser Landmais Rot (PE; Germany) DH, but
we did not find overlapping regions under selection in the two
populations. Those genes were significantly enriched for the 18
GOs (p<0.05), including as the top 3 the functions ‘regulation
of nitrogen compound metabolic process’, ‘regulation of cellu-
lar process’ and ‘regulation of biological process’ (Figure S5;
Table S3). Hence, this might reflect selection based on the local
environment rather than the introduction to Europe or the gen-
eral breeding process.

3.4 | Climatic Gradients Along the Expansion
Routes Could Explain Part of the Observed Genetic
Variance

We further investigated the link between the local environment
and genetic diversity within European maize landraces using a
redundancy analysis (Capblancq and Forester 2021). We used
the historical bioclimatic factors for this purpose, latitude and
longitude, and corrected for population structure by using neu-
tral variation. We identified three bioclimatic factors, which ex-
plained the largest variance. The first bioclimatic variable was
‘mean temperature of the driest quarter’ (adjusted R*=0.132;
p=0.002), then followed the ‘precipitation seasonality’ (adjusted
R?=0.159; p=0.028) and ‘precipitation of coldest quarter’ (ad-
justed R?=0.176). Interestingly, two of those bioclimatic vari-
ables were also significantly different between the Eastern and
Western population clusters. The ‘mean temperature of driest
quarter’ and the ‘precipitation of the coldest quarter’ were sig-
nificantly higher in the environment of the Western cluster than
the Eastern one, with Wilcoxon test p-values of 3.6e-05 and 4.8e-
05, respectively.

When we correlated each population's value for the three bio-
climatic variables with the distance to the two different hypo-
thetical introduction points of maize in Europe, we were able
to identify gradients of climatic change across the expansion
routes. Along the introduction route starting in Spain, the bio-
climatic variables ‘mean temperature of driest quarter’ and the
‘precipitation of the coldest quarter’ were significantly nega-
tively correlated (p <2.2e-16), with p values of —0.76 and —0.74,
respectively. On the contrary, the bioclimatic variable “pre-
cipitation seasonality” had a significant positive correlation
of p=0.476 (p=0.0027) with the distance from the introduc-
tion point within the Eastern Cluster in Barisis (BA; France).
However, the RDA model that had the best fit on the dataset,
based on the adjusted R? value of 0.39 (p=0.001), was the full
model, which incorporates information about the latitude, lon-
gitude and population structure besides the three bioclimatic
variables (Figure S6). Therefore, we inferred that the climatic
conditions along the expansion routes partly contributed to the
genetic diversity across the European landscape.

Molecular Ecology, 2025

7 of 14

858017 SUOWILLIOD A 118D 3|qeol[dde 8Ly Aq peusenob afe sajole YO ‘88N JO S3|NJ Joj Akeiq1T8UIIUO /8|1 UO (SUORIPUOD-PUR-SLLIBYLIOD"AB | IM ARIq U1 [UO//SdNL) SUORIPUOD PUe SWe | 38U 88S *[9202/T0/22] Uo ARiqiTauljuo AB|IM ‘U0 Nz JersieAlun Bp *(qig Aq 0222 T 98W/TTTT OT/I0p/W0d A8 |imArelq1jeuljuo//Sciy WOy pepeo|umod ‘vz ‘SZ0Z ‘X62S9ET



* @
1 2 3 5 6 7 8 9 10
10.0 e
L]
[
(] ®
o LA
7.51 ® °
% o
° P S le 8 “
2 5.0 ’ ¥ I 1
T 50-
= L [ [ ]
° °° o o !t oo °° 8
_@® i_ s 8o — o @ 8 . 8| | o %
2.51
0.0
8 . & SO OGS ° ADETPO OIS AL 0 AL S OIS ° AL WP
Position (Mbp)
1 2 3 5 6 7 8 9 10
44
’ e ! 4 3 -
@
. °® g ° n ® ' e i.
34
0ol
=2 2
1=
O-
O F F HNOPEP LHIEP SIEFHD SPEP SR VL ° SBL o SRDEPHP

Position (Mbp)

FIGURE3 | Recent selective sweeps in two European maize double haploid (DH) libraries. The absolute iHS values across the genome are plotted
for the Kemater Landmais Gelb (KL; Austria) DH (top) and Petkuser Landmais Rot (PE; Germany) DH (bottom) populations. In blue are highlight-
ed the positions that are significant for being under positive selection (empirical p value cut-off of 0.05 on the ranked iHS values). In the Kemater

Landmais Gelb population the two locations are marked that have been previously identified as under selection in Chinese (diamond) or US (penta-

gon) breeding lines.

3.5 | Change of Genetic Load Along
the Introduction Routes and Due to Breeding

Range expansion has been previously associated with the accu-
mulation of deleterious mutations and overall genetic load (de
Pedro et al. 2021; Peischl et al. 2013). We estimated the genetic
load per population, including the elite breeding pools, using
the GERP scores from Kistler et al. (2018). Estimates of genetic
load per population differed significantly (p<2.2e-16), with the
population Rheintaler Monsheim (RM; Germany) having the
highest median genetic load (sum of GERPs=29,881.23), while

the population with the least accumulated genetic load (sum of
GERPs=29,578.20) was Bugard (BU; France) (Figure S7). We
further tested for correlation between accumulated genetic load
and the distance from the two hypothetical introduction points
in Southern and Central Europe and found significant correla-
tions of p=-0.16 (p=1.18e-11) and p=-0.156 (p=3.845e-11),
respectively. The accumulated genetic load also had a significant
(p<2.2e-16) negative correlation with the bioclimatic factor ‘mean
temperature of the driest quarter’ of p=—0.214. However, there
was no positive correlation with the other two bioclimatic factors
identified as important for partitioning the dataset’s variance.
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scores of the segregating sites.

Furthermore, we tested the differences in genetic load be-
tween landrace and elite groups, as inbreeding, drift and
selection during breeding might have changed genetic load.
We grouped both the landraces and the elite lines based on
their germplasm origin of either dent or flint, as identified in
the PCA (Figure 4a; Table S1). Genetic load was significantly
higher in both elite pools than their counterpart landrace
group, with p-values of 0.0486 and 0.01346 for flint and dent
germplasm, respectively. The accumulated genetic load was
also different between the dent landraces and the flint elite

germplasm lines (p =0.0162). Those differences were not ob-
served for highly deleterious mutations. Both elite pools had a
significantly (p <2.2e-16) lower number of highly deleterious
mutations than the landraces (Figure 4b), suggesting potential
purging during breeding. In contrast, fixed load was signifi-
cantly higher (p <2.2e-16) in the elite lines than the landra-
ces (Figure 4c), while the segregating load was significantly
higher (p<2.2e-16) in the landraces (Figure 4d). Those dif-
ferences were observed irrespective of whether the lines be-
longed to the flint or dent germplasm.
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4 | Discussion

4.1 | Genetic Diversity Is Shaped by Local Factors
Rather Than the Introduction Route

Maize has been introduced to Europe within the last 500years,
and its range expanded rapidly throughout the European
continent (Janick and Caneva 2005). Evidence exists for
two introductory routes to Europe: one from the Caribbean
via Southern Europe and one to Central Europe with mate-
rial from North America (Tenaillon and Charcosset 2011;
Brandenburg et al. 2017). Along this expansion route, local
openly pollinating traditional varieties have formed and have
been kept and traded by local farmers for centuries. Indeed,
the population structure and relatedness between samples
of these traditional varieties trace the history of maize in
Europe. We used a large sample of European maize landra-
ces to explore how the introduction and expansion of maize in
Europe has shaped genetic structure and diversity. The wide
geographic sampling and representation of each landrace pop-
ulation enabled us to track the impact of colonisation of novel
environments on a more detailed scale. The analysis of ge-
netic diversity within European landrace populations showed
three major clusters across populations (Figure 1). One clus-
ter, which includes dent elite lines, shows that 4 landraces
are most likely derived from North American dent popula-
tions, while all other landraces clustered with flint elite lines,
confirming their flint ancestry and their involvement in the
creation of European maize hybrid pools (Mayer et al. 2020;
Tenaillon and Charcosset 2011; Brandenburg et al. 2017). The
four landraces have been previously noted for their difference
in genetic composition from the rest of the European landra-
ces (Mayer et al. 2017). The further separation into two groups
within the flint cluster across Europe might represent the
two introduction routes of maize into Europe (Tenaillon and
Charcosset 2011).

Range expansion can have a strong influence on the genetic
diversity of the expanding species, specifically by decreasing
genetic diversity and increasing genetic differentiation be-
tween the newly established and core populations (Excoffier
et al. 2009). Despite the pattern of introduction routes and an-
cestry within Europe, we did not observe a pattern of decreas-
ing genetic diversity along the potential introduction routes.
We used the potential introduction locations of maize from
Brandenburg et al. (2017) to investigate the impact of expan-
sion along the separate routes, but did not find a pattern that
would be expected for the colonisation by a natural species
(Zimmermann et al. 2014; Smith et al. 2020), which indicates
the maintenance of genetic diversity across the continent. On
the contrary, genetic diversity is maintained in similar levels
across the studied maize populations, suggesting a stronger
influence of local maintenance and potential adaptation. This
is reflected in the phenotypic level; some of the European
maize landraces have been documented to show differences
in early vigour, plant height and tillering (H6lker et al. 2019),
as well as flowering (Balconi et al. 2024). However, part of
this pattern can be explained by the presence of two distinct
germplasm pools. Within Europe, the observed pattern is
different from what has been observed within the Americas,
where a decrease in genetic diversity has been documented

(Huang et al. 2022). American maize landraces have followed
an expansion route from Central Mexico to North and South
America, allowing tracking of changes in genetic composi-
tion along the route (Tenaillon and Charcosset 2011; Huang
et al. 2022; Yang et al. 2023). In Europe, however, the pat-
tern is less clear and suggests long-range dispersal and a more
rapid spread through the continent (Figures 1 and 2).

In potato and European bean, admixture and different admix-
ture histories in the introduced range have been suggested as
reason for maintenance of diversity in introduced ranges but
often little population structure is observed within a smaller geo-
graphic region, such as in the Nordic countries (Ortiz et al. 2023;
Gutaker et al. 2019; Ames and Spooner 2008; Bellucci et al. 2023).
Admixture between Central and Southern European maize
populations might be prevalent (Bradbury et al. 2007; Mayer
et al. 2017; Unterseer et al. 2016), however, we find that not only
there is population structure dividing the landraces into multi-
ple geographic distinct populations, but also an evident pattern
of isolation by distance. We identify smaller local genetic clus-
ters between landraces, including one along the Rhine and into
northern Germany that consisted of four populations (Figure 2).
The Fgp values between those populations and their neighbour-
ing ones are up to 0.5. This sharp distinction likely represents
historical trade routes and political and linguistic borders in
the area during introduction of maize to Europe. Tenaillon and
Charcosset (2011) described that Caribbean maize was intro-
duced to Southern Europe by Columbus in the 15th Century and
from there it was introduced to the Vatican and Italy.

4.2 | Genomic Regions Selected During
Maize Introduction Due to Adaptation to Local
Environments

We used two very large populations of DH lines derived from
divergent landraces to infer signals of recent selection in the
landraces. The advantage of such a population is their natu-
ral phasing through the DH process, which removes problems
with computational phasing in highly heterozygous outcross-
ing maize. We were able to detect signals of positive selection
within the Central European Petkuser Ferdinard Rot (PE;
Germany) landrace and Kemater Landmais Rot (KL; Austria)
landrace. We found 53 and 3 potentially selected loci in each
population but no overlap in selection signals, confirming
the importance of local selection in the formation of these
local landraces. In addition, we found a partial overlap of
detected selection signals in one of the two populations with
selective sweeps related to breeding efforts in American and
Asian breeding maize lines (Huang et al. 2022), suggesting
convergent selection targets in different regions of the world.
Additional selection signals might be linked to adaptation to
the novel environments and subsequent breeding targets that
maize encountered after its arrival in Europe. Compared to
the Caribbean and Mexican environments, which range from
tropical highlands to wet and dry lowlands, the temperate
European environment offered novel challenges to adapt to
(Bellon et al. 2011; Brandenburg et al. 2017). Even though we
have only tested selection in two populations, the traces of se-
lection corroborate with the results of the population structure
within European maize. Local adaptation can be achieved by
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even small changes in allele frequencies within populations
(Le Corre and Kremer 2012), especially for polygenic traits
such as the ones observed here. Regions of high genetic differ-
entiation have been found to harbour genetic variation linked
to adaptation to local climate in various plant species (De La
Torre et al. 2019) and it can occur rapidly during range expan-
sion (Colautti and Barrett 2013), even if there is extensive gene
flow (Himé&ld and Savolainen 2019).

The local environment can have profound effects on genetic
diversity. Patterns of maintained genetic diversity and pop-
ulation structure in the short evolutionary times of European
maize might be related to local environmental adaptation, but
they have also been connected to human activity in other crops
(Bellucci et al. 2023). For instance, human activity has facili-
tated the geographic spread and genetic differentiation of rice
(Courtois et al. 2012). Within Southern Europe, landrace vari-
ability and genetic structure of tomato landraces, which were
introduced from South America at a similar time as maize, are
related to the fruit type (Corrado et al. 2014; Garcia-Martinez
et al. 2013), a highly coveted breeding trait.

We document three historical bioclimatic factors, ‘mean tem-
perature of the driest quarter’, ‘precipitation seasonality’ and
‘precipitation of coldest quarter’, which significantly explain
part of the genetic variance. This indicates that at least part of
the genetic variation is due to adaptation to the more diverse en-
vironments of the Iberian peninsula and Central Europe. The
idea is reinforced, both, by the significant differences of the two
European clusters and by the gradual change of the significant
bioclimatic factors along the possible introduction routes in
Europe. Historically, crops such as maize and potato were in-
troduced in Europe during the 15th to 17th centuries to solve
problems created by famines, which took place due to cold and
dry years (Ljungqvist et al. 2024). The three historical biocli-
matic factors could be related to the tendency of farmers to select
traits that would improve the survivability of maize plants under
those climatic conditions. This practice has been proposed as
a solution for crop improvement under current and future cli-
mate change scenarios in crops such as pearl millet (Rhoné
et al. 2020), and even maize (Tamang et al. 2024).

However, we cannot exclude the possibility that some traits were
selected as reaction to local micro-environments. For instance,
within the double haploid population of Kemater Landmais (KL;
Austria), genes close to the markers under selection are enriched
for the function ‘lipid metabolic process' and ‘cellular lipid met-
abolic process'. Tropical maize lines have adapted to colder tem-
peratures via introgression of alleles related to lipid metabolism
(Barnes et al. 2022). The Petkuser Ferdinard Rot (PE; Germany)
population showed enrichment for functions such as ‘obsolete
positive regulation of nitrogen compound metabolic process’.
Adaptations to low nitrogen in sub-Saharan African maize has
been documented (Worku et al. 2007).

4.3 | Local Purging of Genetic Load Due to
Inbreeding and Selection

Finally, we estimated the genetic load within the European land-
race populations. In maize, deleterious mutations accumulate

within complex phenotypes of interest, even though, overall,
they are maintained at low frequencies (Mezmouk and Ross-
Ibarra 2014). However, the accumulation of genetic load during
range expansion has been observed in the Americas (Wang
et al. 2017). Here, we observed that genetic load within the
European landrace populations is variable but does not follow
a strong pattern of accumulation in any cluster. Population sub-
division, similar to the one observed here, could maintain the
genetic load in similar levels (Glémin et al. 2003), though the
observed migration between the different landraces could have
also helped to alleviate the accumulation of load across the ex-
pansion route (Theodorou and Couvet 2006). Additionally, the
introduction of maize in Europe has been relatively recent, and
therefore the crop spread throughout the European continent
relatively fast. This fast range expansion could have limited
genetic load accumulation (Gilbert et al. 2018), leading to the
absence of a correlation between load and geographic distance
from the possible introduction points in Europe. On the other
hand, adaptation to climatic parameters and environmental
gradient can promote the accumulation of genetic load (Gilbert
et al. 2017; Fiscus et al. 2024), maintaining differences between
populations as we observe here. Indeed, we observe a significant
correlation between one of the bioclimatic factors (mean tem-
perature of the driest quarter) and the accumulation of genetic
load. This bioclimatic parameter is significantly associated with
differences between the two population clusters and has a pos-
itive association with longitude. Together, they add support to
the partial impact of the environment to accumulation of load,
but the correlation between location and environment might ob-
scure the causal reason for load accumulation.

When we compared the landraces to the elite breeding lines in
our populations, we found that the number of highly deleterious
mutations decreased in the elite lines, while the fixed load was
significantly higher (Figure 4b,c). These results suggest purging
of highly deleterious alleles but fixation of mildly deleterious
load, potentially due to inbreeding and decreased population
size during selective breeding. For example, in Arabis alpina,
selfing, in contrast to outcrossing, has led to a decrease in the
highly deleterious load (Zeitler et al. 2020). Inbreeding can ef-
fectively remove the deleterious mutations, particularly when
they are recessive, making it more effective than selection alone
(Glémin 2003), which might explain the higher load in landrace
populations. Purging of highly deleterious mutations has been
shown to decrease load in maize compared to teosinte, reducing
inbreeding depression in maize compared to teosinte (Samayoa
et al. 2021). Moreover, the need for inbred fitness in breeding
programs would further favour purging during breeding and
can lead to the removal of especially lethal mutations by inbreed-
ing (Wang et al. 1999). Yet, the high genetic diversity observed
within the landraces might enable masking of deleterious alleles
but leads to the higher segregating genetic load. Masking of fixed
mildly deleterious alleles in hybrids might contribute to hetero-
sis in European maize hybrids (Yang, Mezmouk, et al. 2017), but
further reduction of fixed genetic load might enable further se-
lective gain.

Taken together, our results illustrate the complexity of the in-
troduction of maize to Europe and the individual history of
landraces within the continent and provide an example of
local populations maintaining a broad genetic diversity. We
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have expanded the knowledge on the genetic composition of
European maize landraces by exploring how it has been shaped
by possible introduction events and adaptation to novel environ-
ments. We show how genetic load accumulation during rapid
range expansion and through the impact of breeding has shaped
modern maize.
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