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ABSTRACT

Global climate change will impact the geographic distribution of plant populations. The rapid changes will require range shifts
and the adaptation of plants. The recent global spread of crops across different continents shows how plants successfully coped
with drastically different environments. One such spread was the introduction of the nutritious pseudocereal amaranth to India.
Three different species of grain amaranth have been domesticated in different regions of the Americas. The crops have later been
introduced to India, likely within the last five centuries, where it is now grown across the subcontinent. We used whole genome
sequencing data of over 300 accessions to study the introduction of grain amaranth to India to understand the factors, allowing
the successful establishment of crops to novel environments. Despite a population bottleneck during the introduction, Indian
amaranths have comparable genetic diversity to those in the Americas. Although gene-flow between the three grain amaranth
species was common in the Americas, the three species did not show signs of gene-flow in India. Correspondingly, genetic dif-
ferentiation between species was higher within India than in the native range, indicating strong isolation between otherwise
interbreeding populations. We further identified genomic regions under selection in India that potentially enabled the adaptation
to the new environment. Our results suggest that introduced crop populations can act as reservoirs of genetic diversity, providing
additional adaptive potential and resilience to future environmental change.

1 | Introduction Schluter 2001). Range expansion can lead to changes in popu-

lation diversity and often requires rapid adaptation (Excoffier

Rapidly changing environments pose major challenges for plant
populations and crop production (Sloat et al. 2020). The adap-
tive potential of an organism is largely determined by its genetic
composition, i.e., standing genetic variation, new mutations and
gene-flow (Excoffier et al. 2009; Exposito-Alonso et al. 2018;
Waldvogel et al. 2020). Disentangling the relative contribution
of each factor may help to better understand the mechanisms of
rapid adaptation.

The introduction of a species to a new region is a particularly
strong change experienced by that species which often requires
adaptation and even leading to speciation (Irimia et al. 2021;

et al. 2009). Understanding the genetic consequences of range
expansion is important to mitigate the impact of progressing
rapid climate change, where most species, including crops, are
expected to be forced to migrate (either naturally or artificially)
to new, potentially suitable areas (Waldvogel et al. 2020; Sloat
et al. 2020). The recent spread of crops around the globe cre-
ated locally adapted populations that have diverged from their
relatives in the native range (Takou et al. 2025; Brandenburg
et al. 2017; Bellucci et al. 2023; Gutaker et al. 2020). The move-
ment of crops allows to study rapid range expansion and ad-
aptation (Gutaker and Purugganan 2023). Understanding the
successful migration and local adaptation of crops in the past
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might reveal templates to enable species conservation and crop
improvement.

Before their spread around the globe, crop species have been
affected by various evolutionary forces during their domes-
tication (Purugganan 2019). Domestication has often been
associated with increased genetic drift because of domestica-
tion bottlenecks (Wang et al. 2017; Stetter et al. 2020; Hyten
et al. 2006; Caicedo et al. 2007). Selection for domestication
traits also contributed to decreased genetic diversity in crops,
compared to their wild relatives. Hence, crop populations po-
tentially have less standing genetic variation left for future
selection to act upon during range expansion (Beissinger
et al. 2018; Stetter 2020). The spread of crops to new loca-
tions thus enables the study of adaptation in populations that
experienced recent directional selection and demographic
changes. Although crop research has mostly focused on do-
mestication history and adaptation and improvement within
cultivation regions, fewer studies have explicitly looked at the
introduction of crops as evolutionary process impacting ge-
netic diversity, selective pressures, and adaptation similar to
range expansion in natural populations (Bellucci et al. 2023;
Brandenburg et al. 2017; Bancic et al. 2024; Takou et al. 2025).
Little is known about functional diversity that enabled crops
to establish and adapt to new environmental conditions in
introduced locations. Reconstructing the patterns of their
spread and the adaptive divergence could help to predict fu-
ture capabilities of crops and natural populations.

Grain amaranth is a nutritious pseudo-cereal that has been do-
mesticated in the Americas and is now grown across the world,
particularly in Africa and Asia. The crop could gain importance
in the future because of its gluten-free nature, its high protein
content, balanced micronutrient and rich antioxidant content
(Joshi et al. 2018). Grain amaranth has been domesticated three
times in different regions; twice in Mesoamerica (Amaranthus
hypochondriacus L. and Amaranthus cruentus L.) and once in
South America (Amaranthus caudatus L.) from one ancestral
species (Amaranthus hybridus L.) (Stetter et al. 2020). Despite
various hypothesized scenarios for grain amaranth domestica-
tion, A. hybirdus has been widely accepted as ancestor for all
three domestications. The wild relative A. quitensis is native to
South America and was potentially involved in the domestication
process of A. caudatus (Stetter et al. 2020; Kietlinski et al. 2014).
All grain amaranth species are diploid, annual and mostly self-
ing, however, an outcrossing rate of up to 30% has been observed
(Jain et al. 1982; Hauptli and Jain 1985; Nyambo et al. 2024).
Post-domestication gene flow even between Central and South
American species has shaped the genetic diversity in the crops,
but genetic incompatibilities between A. cruentus and the other
two crop species likely developed after their domestication
(Gongalves-Dias et al. 2023). Although of great importance for
the Aztecs and Incas, grain amaranth cultivation has declined
significantly since the arrival of the Spanish in the 15th century
(Brenner et al. 2000). The largest global exporter of amaranth
today is India (Santra et al. 2024; Brenner et al. 2000). Despite
the proposed recent arrival in India within the last 500years,
grain amaranth has become an integral part of cultural tradi-
tions and is widely grown across the country's wide climatic
conditions (Singh 2017; Brenner et al. 2000). The exact time of
introduction of grain amaranth to India is uncertain, with some

researchers suggesting an early arrival, but little conclusive ev-
idence to support this (Fairbanks 2021). An arrival of domes-
ticated amaranth in India some 500years ago via exchange
routes through Europe, following the Columbian Exchange is
more likely (Fairbanks 2021). The reported ability of amaranth
to adapt to environmental stresses, including high temperature,
drought and poor soil conditions (de la Rosa et al. 2009) suggest
that the crop might be able to withstand progressing climate
change. However, climatic suitability studies have shown an off-
set between the current cultivated and future suitable growing
areas (Escobedo-Lopez et al. 2014). The multiple domestication
in different regions of the Americas and the joint introduction
into India provides the opportunity to understand the relative
contribution of starting populations to the introduced crop and
their involvement in a successful establishment.

In this study, we use whole genome sequencing of over 300
amaranth accessions, collected in the native range of grain
amaranth and from India to identify genetic changes allowing
successful establishment of crops to a novel environment. We
study the potential scenarios of amaranth introduction. On the
one hand, spatially isolated species are introduced into the new
environment that might intermix, resulting in an admixed pop-
ulation carrying genomics signatures of gene-flow. On the other
hand, the grain amaranth species do not hybridize and remain
genetically distinct, increasing genetic differentiation through
drift and local adaptation (Figure 1). We find that the genetic
diversity of introduced populations was comparable to those in
the native range, despite an introduction bottleneck. Through
demographic modeling, we attribute this to a strong population
decline in the native range and rapid expansion in introduced
populations after their split. Despite the gained geographic over-
lap of the grain amaranth species in the new environment, we
find very high genetic isolation between them and no signals of
introgression. We identified several loci selected in India that
are potentially involved in the local adaptation of these popula-
tions after their arrival to India. Overall, our results suggest that
the introduction to India rescued genetic diversity that was lost
in the native range that could provide adaptive potential and re-
silience to future environmental change even in the native range
of the crop.

2 | Results

2.1 | Population Structure Is Maintained
in the Introduced Range Recapitulating
Domestication History of Amaranth

We sequenced 190 new amaranth accessions to an average cover-
age of 4.3x (min. 0.4x-max. 11.1x) and analysed whole genome
sequences of more than 300 accessions, representing the three
domesticated grain amaranth species and their wild relatives.
Our sample includes diverse accessions of grain amaranth from
the Americas (“native range”) as well as the recently colonized
India (“introduced range”), allowing us to study the genetic sig-
natures of recent plant expansion (Figure 2A and Table S1). All
samples had high mapping quality with over 98.43% of reads
mapped to the A. hypochondriacus reference genome (Winkler
et al. 2024). We identified a total of 13.63 million bialleleic SN Ps
after filtering for quality.
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FIGURE 1 | Schematic scenarios for crop introduction. Grain amaranth was domesticated in two regions (Amaranthus hypochondriacus in
Central America and Amaranthus caudatus in South America) from the common wild ancestor (Amaranthus hybridus). Previous work has shown
introgression between the two species in the native range (Gongalves-Dias et al. 2023) (depicted by red dotted arrow). The introduction to the new
range (India) might have proceeded (A) through hybridization and admixture between the two crop species leading to a strongly admixed popula-
tion on the basis of previously observed high introgression and cross species compatibility (Goncalves-Dias et al. 2023); (B) the two species remained
isolated and evolved separately showing high genetic differentiation with little or no gene flow, shown by red dotted line with a question mark.

Amaranthus cruentus is not depicted, because of the limited samples avaiable from India.

The repeated domestication of amaranth in different regions of
the Americas led to geographic barriers between the crop species
(Stetter et al. 2020), yet the three species showed signatures of
gene-flow in their native range (Goncalves-Dias et al. 2023). As
all three species have been introduced into the same geographic
areas of India, strong intermixing between species might be ex-
pected (Figure 1A). The principal component analysis (PCA)
revealed three major clusters representing the three domesti-
cated grain amaranth species as present in the native range. The
Indian grain amaranth accessions clustered with the accessions
of the respective species from the native range (Figure 2B). The
ADMIXTURE analysis further confirmed the clustering pattern
and absence of global patterns of admixture among the different
species within India (Figure S1). Despite the introduction of all
three species into overlapping geographic regions of India, grain
amaranths have maintained their global species identity.

Although the genetic distinction between groups was high, a
number of accessions (74) taxonomically classified as A. cau-
datus and “hybrid”, strongly clustered with the A. hypochon-
driacus (renamed according to new cluster in Table S1). These
accessions could not be distinguished from A. hypochondriacus
even comparing higher PCs, as well as through a PCA of only
these accessions with A. hypochondriacus (Figure 2B (inset),
Figure S2). Despite their high genetic similarity we called these
populations “Hypochondriacus-mix” and “Hybrid”, respec-
tively, and retained them as separate populations in consecutive
analyses because of the discordance between morphology-based
taxonomic classification and genetic identity. This discordance

was surprising, given the strong species differentiation, but pro-
vided an unbiased sample for gene-flow analysis, as the groups
are morphologically indistinguishable.

The strong species identity in India was confirmed by the mean
fixation index (F;) between the two grain species (A. caudatus
and A. hypochondriacus) which was 0.25, 25% higher than in
the native range (F,=0.20, Figure 2C). The mean differentia-
tion between populations of the same species in the two regions
was low (0.08 for A. caudatus and 0.07 for A. hypochondriacus).
The greater differentiation between wild and introduced crop
species than the differentiation between the wild and native
crop populations provides additional evidence of introduction
of grain amaranth in India from the native range after domes-
tication. Further, mean FST between “Hypochondriacus-mix”
and A. hypochondriacus from India was very low (F,.=0.006),
whereas it was higher between “Hypochondriacus-mix” and A.
caudatus from India (F,=0.27), providing additional evidence
for unambiguous genetic similarity of “Hypochondriacus-mix”
with A. hypochondriacus (Figure S3A). Similar observations
were made, using genome-wide estimates of average nucleotide
difference (ny) between the populations (Figure S3A).

Across the Americas gene-flow between amaranth species was
prevalent and shaped modern grain amaranth populations
(Gongalves-Dias et al. 2023). Despite the high differentiation
and the lack of population homogenization in India, local gene-
flow might have occurred between populations (Figure 1B).
Hence, we tested for genome-wide and regional signals of
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FIGURE 2 | Population structure and gene flow in grain Amaranth. (A) Map of collection locations of accessions used in the study. Inset shows

a zoom-in of the introduced range (India). The size of the dots represents the sample number per location. Samples represented in the red box in

the Indian ocean had no associated geographic coordinates. (B) PCA of all individuals. Inset shows PCA with only Amaranthus hypochondriacus,

hypochondriacus-mix and hybrid. (C) Heatmap representing F, statistic between each pair of populations. The diagonal shows 1D-folded site fre-

quency spectrum (SFS) of each population with the numbers above representing population-specific private alleles. (D) Gene-flow (ABBA-BABA) be-

tween grain amaranth populations. Pre-introduction represents gene-flow that occurred before the introduction to India, whereas post-introduction

represents potential gene-flow after the introduction to India. The D-statistic indicates the strength of gene-flow. Positive D-statistic is gene-flow

between P2 and P3 (representing gene-flow in the native region), whereas negative is between P1 and P2 (gene-flow in India).

gene-flow between populations in India. Contrary to the strong
gene-flow in the Americas, we observed no genome-wide sig-
nals of gene-flow within the Indian grain amaranth species,
despite their geographical proximity in India (Figure 2D). We
further estimated local ancestry for each individual from India,
using the native species group as ancestors employing Efficient
Local Ancestry Inference (ELAI) (Zhou et al. 2016). Our results

were in close agreement with the previous results of no admix-
ture among the groups, where >99% of the genome was from the
respective species (Figure S4).

We also could not identify any prevalent admixed loci in
the Hypochondriacus-mix and Hybrids, both of which were
purely assigned to A. hypochondriacus genome unambiguously
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(Figure S4). Given the obvious difficulty to taxonomically dis-
tinguish A. caudatus and A. hypochondriacus but the lack of
genetic differentiation, the species determining characteristics
might be controlled by a limited number of loci. Hence, we used
the previously classified taxonomic species as phenotype for a
genome-wide association study (GWAS) and identified 22 sig-
nificant associations (Figure S5). Within 10kb upstream and
downstream of the significant SNPs, 14 genes were annotated
(Table S2). These could control different developmental features
in plants and might be involved in flower morphology, which is
used to delimitate species identity.

2.2 | Maintained Genetic Diversity
and Demographic Changes Shaped Indian
Amaranth Population

The introduction of populations to new locations often leads to
a reduction in genetic diversity. Such a reduction might have
severe consequences for crops, as they experienced a recent
reduction in diversity during their domestication. The strong
reduction of diversity during a new colonization might be mit-
igated by gene-flow, which is very limited in Indian grain am-
aranth. To understand the consequences of the introduction
for genetic diversity, we calculated the number of private al-
leles per population and compared them between populations
(Figure 2C). As expected, the highest number of private alleles
was observed in the wild ancestor A. hybridus. However, the
number of private alleles of both grain amaranth species A. hy-
pochondriacus and A. caudatus were similar in India and the
native range (Figure 3A,B). The wild A. hybridus also had the
highest nucleotide diversity (w=28.5E-3), followed by the three
domesticated species (Figure 3C and Table S3). However, we did
not observe further reduction of the genetic diversity in the crop
species from India, compared to those from the native range
(Figure 3C and Tables S3 and S4). Further, the Tajima's D value
were negative for all the domesticated grain amaranth species
(Figure 3D and Tables S3 and S4). The lower negative Tajima's
D value for the introduced Indian range could be a potential in-
dication of recent population expansion, frequently seen in re-
cently expanded plant populations (Velasco et al. 2016; Wang
et al. 2016). The site-frequency spectra also indicated an excess
of rare alleles in the introduced populations, together suggest-
ing recent population growth after introduction (Figure 2C and
Figure S3).

2.3 | Divergent Demographic History of Grain
Amaranth in India

We aimed to reconstruct the history of introduction and model
the population dynamics during the colonisation of India. We
used popsizeABC to first predict the dynamics of effective pop-
ulation size for these population. All the populations indicated
an early bottleneck before and during domestication, consistent
with previous work (Stetter et al. 2020) (Figure 3E and Figure S6).
We further employed simulations using Fastsimcoal2 (Excoffier
et al. 2021) to model the introduction history with 24 alternative
models with varying population sizes and different extent of mi-
grations (Figure S7). We identified two different models that fit
best for the two grain amaranth species (Figure 3F, Table S5).

For A. hypochondriacus, a bottleneck in the native region after
the split of the Indian population and population expansion in
India along with the continuous gene-flow from the native range
might have led to the observed data. Migration rates were asym-
metric, with higher migration from the native range to India
than the opposite. Similarly, the best fitting model for A. cau-
datus showed a bottleneck in the native population with expan-
sion in the Indian population and migration from an unknown
population without any further contact with the native region
after split. The estimated split time between the two populations
was recent, aligning with a recent introduction of grain ama-
ranth in India, even though the absolute number reaches back
to over 1000years. However, estimating exact split times within
a few hundred year range in such a complex model is difficult.
The result shows that the introduction likely occurred recently.
Together, these results show a recent introduction of grain am-
aranth to India that enabled the maintenance of high diversity
in India, but also indicates the reduction of diversity in the na-
tive range.

2.4 | Region Specific Selective Sweeps Differ
Between Species

To identify genomic regions under selection during the intro-
duction of the crop, we performed a cross-population composite-
likelihood ratio (XP-CLR) analysis between the native and
introduced populations of both grain amaranth species (Chen
et al. 2010). This enables the separation of selection before the
introduction from potential local adaptation signals prior to the
split of the populations. Considering the top 1% genome-wide XP-
CLR statistics as significance cut-off we identified 149 regions in
A. caudatus and 146 regions in A. hypochondriacus under selec-
tion (Figure 4A). Only eight sweep regions were common be-
tween A. caudatus and A. hypochondriacus (p=1.494852e-05).
The Hybrid and Hypochondriacus-mix populations, showed
strong overlaps with A. hypochondriacus enforcing the shared
history of these populations (Figure 4B and Figure S8).

To find potential functions of selected regions, we performed a
Gene Ontology enrichment analysis. The sweep regions in A.
caudatus, overlapped with the 77 genes, enriched for three bi-
ological processes; cellular macro-molecule metabolic process,
metabolic process and nucleic acid phosphodiester bond hydro-
lysis (Table S6). In A. hypochondriacus, 58 genes were annotated
within sweep regions. These were enriched for the three GO
terms; cellular macromolecule metabolic process, protein phos-
phorylation and peptide transport. Only three genes were found
to overlap between the two species that were identified to be
Omega-hydroxypalmitate O-feruloyl Transferase (AHp006427),
NB-LRR family (AHp006793) and Regulator of nonsense tran-
scripts 1 homolog (AHp011497). While 16 and 26 of the XP-CLR
candidate regions in A. caudatus and A. hypochondriacus, re-
spectively, were also identified as selective sweeps in Indian
amaranth using RAISD, none overlapped with those in native
region for A. caudatus and only three overlapped for A. hypo-
chondriacus (Figure S9). The selection analysis indicates that
local adaptation in the different grain amaranth species pro-
ceeded through different genetic changes with only few major
adaptive genes and potentially through soft selective sweeps and
polygenic changes (Pritchard and Di Rienzo 2010).
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FIGURE 4 | Putative selective sweeps, climatic associations and genomic offset. (A) Genome-wide distribution of XP-CLR statistic for the two

species using their native counterpart as reference population. Red line represents top 1 percentile and blue line represents 0.1 percentile. (B) Shared

putative selective sweep regions identified as top 1 percentile genome-wide XP-CLR outlier. (C) PCA conducted using 19 bioclimatic variables ex-
tracted from WorldClim database. (D) RDA plot representing association of candidate adaptive loci with the two significantly associated bioclimat-
ic variables for the two species (Bio2=Mean diurnal temperature range, Bio7 = Temperature annual range, Bio3 =Isothermality and Bio9 =Mean
temperature of the driest quarter). Outliers were identified as loci with FDR <0.05. (E) Relative offset (genetic offset — geographic offset) calculated,
using candidate adaptive loci. For genetic offset, two future climatic scenarios (2040 and 2100) were considered. Geographic offset was calculated
as difference in adaptive index for samples from India placed in the native climatic conditions. Red dotted lines show where genetic offset is equal

to geographic offset. Deviation towards positive and negative values represent lower and higher geographic offset than predicted genetic offset, re-

spectively. The asterisks above the box-plot represent significance level for one-sample t-test (*p <0.05, ***p <0.001). (F) Map showing the levels of

Population Adaptive Index (PAI) and adaptive standing genetic variation (SGV) in the sampled populations of the two species.
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2.5 | Local Climate Partly Governs the Observed
Genetic Variations

Local climatic conditions might be a driver for observed ge-
netic variability, leading to a correlation between climate and
diversity. A PCA on 19 bioclimatic variables showed that the na-
tive region and India differ in their overall climatic conditions
(Figure 4C). We further conducted redundancy analysis (RDA)
to identify the climatic and spatial factors that structure the dis-
tribution of genetic variation (Figure S10A) and partition the
variance explainable by the associated climatic variable. Using
a forward selection model, we identified two climatic variables,
mean diurnal range and temperature annual range (bio2 and
bio7) explaining 13.6% of the total explainable genetic variation
in A. hypochondriacus, while isothermality and mean tempera-
ture for driest quarter (bio3 and bio9) were explaining 10.8% of
explainable variation in A. caudatus (Tables S7 and S8). Both
species showed an association with temperature-related biocli-
matic variables, which were generally higher in the native range
than in India (Figure S10B). Using a multivariate constrained
ordination technique with population structure correction
of the RDA, we identified 178 and 729 loci significantly asso-
ciated (FDR <0.05) with environmental variables in A. hypo-
chondriacus and A. caudatus, respectively. We found 154 and
679 genes in A. hypochondriacus and A. caudatus, respectively
within 20kb around associated loci, of which only two genes
overlapped between the two sets (Table S9). However, five genes
in climate-associated regions overlapped with candidate selec-
tive sweeps. This indicates that while local climate might have
driven selection in introduced grain amaranth, other potential
factors such as drift and human-mediated selection may also
have influenced genome-wide diversity patterns.

2.6 | Populations From Introduced Ranges Can
Act as Potential Restorers of Native Population
Diversity

We estimated that the current landscape adaptation explained
approximately 43% of adaptive genetic variation in the two
species (Figure 4D). To predict the potential of these genetic
resources for future climatic adaptation, we estimated the ge-
nomic offset for two scenarios of early (2040) and late future
(2100) climatic conditions (Figure S11). The observed genomic
offset for native and the introduced range was not significantly
different for A. caudatus for year 2040 (p=0.59), but was mar-
ginally higher in the native range for the year 2100 (mean ge-
nomic offset, India=0.218, Native =2.175, p=0.057). However,
for A. hypochondriacus, the offset was significantly higher in
India than in the native range for both future scenarios of 2040
(p=1.9E-05, native =0.45, India=0.7) and 2100 (p =0.0004, na-
tive =1.06, India =1.26). We further estimated the relative offset
as difference between predicted genetic and geographic offset,
where the values larger than zero represent a reduction in ge-
netic offset in the native range when introducing populations
from India. The relative offset was less than zero for A. hypo-
chondriacus in both the future scenarios, but was significantly
higher than zero for A. caudatus in the future scenario of 2100
(Figure 4E). Further, the populations in the introduced range
showed higher standing genetic variation and a lower popula-
tion adaptive index for the majority of populations (Figure 4F).

These results together provide evidence that genetic variation
from the introduced range could potentially provide adaptive
advantages under future climates even in the native range.

3 | Discussion

We studied the introduction of grain amaranth to India as
model for crop expansion in the last centuries. Our results un-
derline the complexity of such spreads and the high potential
of introduced crop populations as pre-adapted resources for
future crop improvement. Our population structure analysis
using whole genome data revealed that grain amaranth popu-
lations, closely resemble the three crop species in the Americas
(Figure 2), reinforcing the American origin of domesticated
grain amaranths in India. Historical records on grain amaranth
in India were unclear and prone to misinterpretation, as noted
by Fairbanks (2021). Although European colonial expansion
undoubtedly facilitated crop exchanges, the precise timing of
amaranth's arrival in India remains uncertain. One proposed
introduction route involves Portuguese traders, but this hy-
pothesis was later dismissed (Fairbanks 2021). However, our
analysis identified accessions from Southern India that closely
resemble Argentinean samples of A. caudatus (Figure 2B).
Nonetheless, this does not exclude alternative and additional
routes. Our demographic modeling indicates a rather recent in-
troduction, but in estimated years-before-present earlier than
the Columbian exchange. This might be due to an overestima-
tion of divergence times (Figure 3F), a known limitation of such
methods for recent events. Deviations from true values poten-
tially arise from uncertain mutation rates, a violation of Wright-
Fisher assumptions (eg. in selfing populations) and biases due
to unaccounted demographic events in simplified model param-
eters (Nadachowska-Brzyska et al. 2022; Sellinger et al. 2020;
Momigliano et al. 2021). Given the historical uncertainties and
the absence of direct records detailing the introduction of grain
amaranth to India, the exact dates should be interpreted with
caution, but clearly hint at a post-domestication introduction of
amaranth to India. Refining the exact timeline remains a chal-
lenge, requiring further interdisciplinary investigation, with ad-
ditional archaeological work.

The repeated domestication and strong signals of gene-flow
between grain amaranths even over long distances in the
Americas (Stetter et al. 2020; Goncalves-Dias et al. 2023), pro-
vided high potential for a complete admixture between grain
amaranth species in India where they are grown in overlap-
ping geographic regions (Figure 1A). Yet, the analysis of popu-
lation structure showed that the three grain amaranth species
maintain high species identity, demonstrated by the grouping
in the PCA, the high FST between populations in India and the
lack of overlapping signals of positive selection (Figures 1B,
2 and 4). A potential hypothesis for the maintained differen-
tiation might be the intentional separation by humans even
after introduction; however, the taxonomically “misiden-
tified” individuals of “Hypochondriacus-mix” shows that
human separation is complicated (Costea et al. 2006). These
samples were taxonomically classified as A. caudatus, but ge-
netically unambiguously clustered with A. hypochondriacus,
without signals of gene-flow between them (Figure 2). The
samples represent an ideal control, as intentional separation
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from A. hypochondraicus, but not from A. caudatus would
have altered their genetic composition. Nonetheless, they were
clearly clustering with A. hypochondriacus and there was no
evidence of introgression from A. caudatus (Figure 2 and
Figure S4). Another reason for the high differentiation might
have been a lack of cross breeding, but outcrossing rates are
up to 20% (Stetter et al. 2016) and the high flower number and
small seeds make selection against hybrids inefficient, which
led to strong outcrossing between crops and even with wild
relatives, been frequent in the Americas during the domestica-
tion of amaranth (Stetter et al. 2020). Previous work indicated
that reproductive barriers likely evolved after domestication
in the Americas through genetic incompatibilities between A.
cruentus and A. caudatus (Gongalves-Dias et al. 2023). Such
barriers might have further evolved in India or “on the way to
India,” preventing extended gene-flow between species. Given
the incomplete speciation between A. hypochondriacus and A.
caudatus in allopatry in the Americas, with ample gene-flow
and fit offspring (compatible) (Gongcalves-Dias et al. 2023),
the strong separation between the two species in sympatry
in India might represent a case of secondary reinforcement
(Dobzhansky 1982; Hopkins 2013). Secondary reinforcement
describes the increased isolation between previously diverged
compatible allopatric populations after secondary contact.
Reproductive isolation may have begun evolving in geo-
graphic isolation (allopatry) and intensified upon secondary
contact (Hopkins 2013). In amaranth, isolation between the
two species might have progressed during the expansion of
the crop outside of the Americas and intensified in sympatry
in India, where the two species seem to not hybridize anymore
(Figure 2). Although strong prezygotic isolation has not yet
been experimentally demonstrated, the presence of elevated
differentiation (Fy,) and reduced gene-flow in India (sym-
patry) is consistent with an early stage of reinforcement, where
selection may be acting to limit hybridization (Hopkins 2013).
Further evidence on hybrid fitness in the two ranges would
be required to understand the driver of reproductive isolation,
which has rarely been identified in crops (Hopkins 2013). The
strong reproductive isolation in India further indicates the
ongoing speciation among the three grain amaranths, despite
their high morphological similarity (Sauer 1967). The evo-
lution of reproductive barriers in the relatively short time of
domestication might be more frequent across crops species
(Tenaillon et al. 2023).

The mixing of crop species in the new range would have led to an
homogenization of allele frequencies across populations in India
and an apparent increase in genetic diversity. The absence of ad-
mixture in India and the introduction-related bottlenecks could
have decreased genetic diversity. Despite the strong population
structure and demographic history, amaranth showed equally
high genetic diversity in India as in the Americas (Figure 3).
This is likely due to a continuous introduction of additional ger-
mplasm from the native range and other derived regions and a
loss of genetic diversity in the native range (Brenner et al. 2000)
(Figure 3). Similar observations have been made in common
bean, where germplasms introduced into Europe harbored
higher diversity than populations from the primary domestica-
tion center in the Andes (Bellucci et al. 2023). For amaranth,
such a decline might have partially resulted from the prohibition
of amaranth cultivation, by the Spanish (Sauer 1967; Brenner

et al. 2000), by a massive decline in native American population
(O'Fallon and Fehren-Schmitz 2011) and the success of other
crops in the Americas in the last centuries (Hancock 2022). Such
strong changes in population sizes in the primary centers of a
crop's diversity show the importance of introduced ranges for
the conservation of genetic diversity as native ranges might lose
further diversity because of rapidly changing environments. Our
results show that potentially adaptive diversity differs between
populations as the two different amaranth species that were in-
troduced to India show distinct signals of selection despite their
introduction to the same range (Figure 4B). Hence, they might
provide different pre-adaptations for future climatic conditions
and be a well suited resource for plant breeding. In addition to
crop wild relatives that are mostly found in the native center of
domestication, introduced crop populations are well adapted
to diverse environments (Hao et al. 2020; Yang et al. 2023).
Together they harbor additional variation that has potential
to be utilized for crop improvements with a wide range of pre-
adapted alleles for novel selection pressures (Muleta et al. 2022;
Bhullar et al. 2010; Haupt and Schmid 2020).

Evolutionary convergence by human selection provide a chan-
nel of constraints that shape adaptation of crops for human
use (Purugganan 2019). The presence of three independent
domestications in grain amaranth showed parallel evolution of
domestication-related traits with independent signals of selec-
tion (Stetter et al. 2020). The introduction of grain amaranth to
a similar environment in India also led to mostly independent
signals of selection, but few of the genomic regions under se-
lection were common to both species. This overlap was larger
than expected by chance, suggesting that few major genes might
show a similar response to local selection pressure in the in-
troduced range. Similar results have been found in other crops
(Zhao et al. 2023; Bellucci et al. 2023; Takou et al. 2025). The
overlapping genes in response to the introduction to India are
involved in regulating biotic and abiotic stress in A. thaliana
(Gou et al. 2009; Shi et al. 2012), suggesting the requirement of
mitigating stressful environments after the introduction. Yet,
such major genes remain the exception, reinforcing the grow-
ing evidence that local adaptation is highly polygenic (Buckler
et al. 2009; Tyrmi et al. 2020; Haupt and Schmid 2022). We
also identified several loci associated with climatic variables
(Figure 4D), suggesting potential polygenic and convergent
environmental adaptation, also found in other species (Zhao
et al. 2023; Lugman et al. 2023; Haupt and Schmid 2022). In
the presence of standing genetic variation, polygenic adaptation
can proceed rapidly, as only small allele frequency changes are
required to achieve large trait changes (Jain and Stephan 2017;
Stetter et al. 2018). Given the polygenic nature of climate adap-
tation, maintenance of high variability of the adaptive loci is im-
portant to maintain and increase future population adaptability,
supporting assisted migration (Broadhurst et al. 2008; Hung
et al. 2023). Locally adapted populations from around the globe
might provide such standing genetic variation that can enable
the maintenance of high crop performance.

Together, our results show the complexity of rapid plant ex-
pansion to distant environments. The successful introduction
of domesticated plants beyond their native range is mediated
by several genetic factors and can proceed without gene-flow.
Selection and population histories might even lead to speciation
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and genetic incompatibilities. Overall, introduced populations
can harbor high genetic diversity and alleles that have been
lost in native populations. These alleles might be able to miti-
gate the negative effects of changing environments on crop pro-
duction and can serve as a reservoir of preadaptation for crop
improvement.

4 | Materials and Methods
4.1 | Plant Material and Sequencing

We accessed all available seeds of grain amaranth species
tagged with country of origin as “India” from USDA-ARS gen-
ebank. These 190 accession included all three grain amaranth
species, A. caudatus L. (106), A. cruentus L. (5) and A. hypo-
chondriacus L. (53) and a few accessions marked as “hybrids”
(26) because of taxonomic veracity (Table S1). We grew plants
in the greenhouse and extracted DNA from young leaf tissue
using NucleoSpin Plant II kit (Macherey-Nagel) according to
manufacturer's instructions. We used modified Nextera-shallow
sequencing protocol described in Rowan et al. (2019) to make
the libraries. Briefly, we mixed 2uL of DNA (conc. 0.5ng/uL)
with 2.1uL of sterile water, 0.818 uL. tagmentation buffer and
0.0818 uL. tagmentation enzyme from Illumina Tagment DNA
Enzyme and buffer kit (cat. no. 20034197). We incubated the
samples at 55°C for 10min and then allowed to cool at room
temperature. Then we added 5uL of custom index and barcod-
ing primers and used KAPPA2G Robust PCR kit with GC buffer
(cat. no. KK5004) for PCR amplification. We amplified the sam-
ples using PCR amplification cycle as: 72°C for 3 min, 95°C for
1 min, 14 cycles of 95°C for 10s, 65°C for 20s, and final exten-
sion at 72°C for 3min and then checked the library success and
size distribution on 2% agarose gel. We further pooled 5uL from
each of the successful libraries followed by dual size selection
(300-500bp) using Promega Pronex-Size Selective Purification
System (cat. no. NG2001) following manufacturer's instructions.
The pooled libraries were sequenced on Illumina NexSeq with
2% 150 bp by Novogene, United Kingdom. In addition to Indian
grain amaranth accessions, we also downloaded raw fastq files
for 120 accessions (34 of A. caudatus L., 25 of A. cruentus L., 24
of A. hypochondriacus L., 9 of A. hybridus and 25 of A. quiten-
sis) from the native range from European Nucleotide Archive
(project number: PRTEB30531) (Stetter et al. 2020). However,
for the final in-depth analysis, we used only 88 unambiguously
taxonomically and genetically classified accessions from the na-
tive range in addition to the new Indian accessions (Gongalves-
Dias and Stetter 2021). A. tuberculatus was used as outgroup
(ERR3220318) (Kreiner et al. 2019).

4.2 | Mapping and Variant Calling

We mapped both sequenced and downloaded reads to the A.
hypochondriacus reference genome v2.2 (Winkler et al. 2024)
using BWA-mem2 (v2.2.1) (Vasimuddin et al. 2019). We further
down-sampled a few of the downloaded samples with very high
sequencing depth (PI451826 (15.8%X to 5.2X), PI490720 (15.5x
to 4.5x), PI642741 (58X to 5.6x), and PI490664 (13.8X to 3.8x))
to match those sequenced in the study, as unequal sequenc-
ing depth between samples might bias the estimates. We used

Samtools (v1.13) (Li et al. 2009) to sort bam files and Picard tools
(https://github.com/broadinstitute/picard) to mark the dupli-
cates. We used ANGSD (v.0921) (Korneliussen et al. 2014) to call
variants using flags -gl 2 -dovcf 1 and applying quality filters as
-remove-bads 1, -minMapQ 30, -only_proper_pairs, -trim 0, and
SNP_pval le-6. After assessing the quality, we removed individ-
uals with more than 80% sites as missing (13 individuals) and
re-called the variants from a total of 268 individuals (Table S1).
For further filtering we used VCFTOOLS (v.0.1.17) (Danecek
et al. 2011) using -max-missing 0.8, -minDP 3 and -maf 0.002,
resulting into 13 million SNPs. We used PLINK (v2.0) (Purcell
et al. 2007) for LD pruning which resulted into approx. 4 million
LD-pruned biallelic SNPs.

4.3 | Population Genetic Analysis

We used ANGSD (v.0921) to calculate population genetic sum-
mary statistics, i.e., site frequency spectrum (SFS), observed
heterozygosity, nucleotide diversity (), Wu and Waterson's 8
and Tajima's D. We also estimated 95% confidence interval of
the nucleotide diversity of each population by calculating stats
50 times using ANGSD by randomly sub-sampling 10 individ-
uals from each population. LD-filtered data were used to con-
duct PCA and population structure analysis using PLINK and
ADMIXTURE (v1.3.0) (Alexander et al. 2009), respectively. We
reassigned the accessions into their new genetic cluster on the
basis of the results of PCA (Table S1). We used ANGSD to es-
timate the pairwise differentiation (Fy,) between each genetic
clusters from native and introduced range. Pixy (v2.0) (Korunes
and Samuk 2021) was used to estimate the average nucleotide
difference (ny) between populations. To calculate number of
private alleles per population (cluster) we used SnpSIFT (v5.1)
private (Ruden et al. 2012) and used PopLDdecay (v3.42) (Zhang
et al. 2019) to estimate linkage disequilibrium.

4.4 | Signals of Gene-Flow and Local Ancestry

We inferred genome-wide gene-flow between populations using
D-statistic (ABBA-BABA) implemented in ANGSD (v.0921)
using abbababa2. Closest available wild relatives outside the
grain amaranth complex, A. tuberculatus was considered as out-
group, following previous studies (Stetter et al. 2018; Gongalves-
Dias et al. 2023). Further, we also predicted ancestry for every
nucleotide position in each individual from introduced popula-
tions using local ancestry inference method ELAI (v1.01) (Zhou
et al. 2016). For this we first identified un-admixed individuals
from the native range using ADMIXTURE at predefined K=2
and K=3, corresponding to three grain amaranth species.
Individual with ancestry probabilities in their own cluster of
>0.99 were constituted as the source population species group.
We ran ELAI using three upper-level and fifteen lower-level
clusters with 30 EM steps. The time of mixing was set to 100 gen-
erations with filter parameters: “~exclude-nopos —exclude-miss1
-exclude-maf 0.01”. We analysed each chromosome separately
with 10 replicated runs. Dosage of ancestry for each site was cal-
culated as the mean of all the replicated runs. For identifying the
loci associated with the taxonomic classification of the species
we used CMLM model in GAPIT (v3) (Zhang et al. 2010). We
used first three PCs and kinship matrix as control for population
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https://github.com/broadinstitute/picard

structure. We included accessions from A. caudatus and A. hy-
pochondriacus from the native and introduced range using the
previously classified taxonomic species as phenotype.

4.5 | Demographic Analysis

We inferred historical effective population size of each popula-
tion using PopSizeABC (Boitard et al. 2016), which uses a local
linkage pattern and alleles frequency to predict demography
for recent times. To get detailed estimate of the most suitable
scenario for the demographic history of introduction and es-
tablishment of grain amaranth into India, we used simulations
in Fastsimcoal (v2.7.0.9) (Excoffier et al. 2021). We used a py-
thon program easySFS (v0.1)(https://github.com/isaacovercast/
easySFS) to estimate the joint SFS using non-coding SNPs. First,
we used the preview mode (-preview) to identify the true sample
size and then projecting (-proj) the best sample size to generate
the joint SFS. We tested six different base models namely, (i)
simple two-population split, (ii) two-population split with ex-
pansion in Indian population, (iii) two population split with bot-
tleneck in the native population, (iv) two population-split with
bottleneck in native and expansion in Indian population, (v) two
population split with decline in native population, and (vi) two
population split with decline in native population and expansion
in Indian population (Figure S7A). To these six base models we
then added different migration scenarios; continuous migration,
one time migration, two-time migration and migration from
an unknown un-sampled population (Figure S7B). This un-
known population was included in the model to comment on
any unknown introgression from potential local pre-adapted
wild population providing beneficial variation aiding in estab-
lishment of these populations in the introduced range. We ran
100 independent runs with 200,000 coalescent simulations and
40 cycles of likelihood maximization algorithm to estimate best
parameters for each scenario. We used the reported mutation
rate for Arabidopsis thaliana (7E-09) to estimate demography
and generation time of 1 generation per year for the annual crop.
We identified best model as the one having the lowest Akaike's
information criterion (AIC). To estimate 95% confidence inter-
val of the parameters for the best fitted model we used 50 non-
parametric bootstrapping datasets. Each of the 50 bootstrapped
datasets was run 100 times to estimate the best run. We used
these 100 best runs to estimate the confidence interval using
boot package in R (Canty and Ripley 2017).

4.6 | Selective Sweep in Introduced Populations

We identified putative selective sweeps specifically in the in-
troduced population after introduction to India using XP-CLR
(v1.1.2) (Chen et al. 2010). We compared each population in
India to its native population pair individually, which allowed
us to identify putative candidate selective sweeps that are spe-
cifically under selection in the introduced range nullifying the
effect of any selection already happened in the native range.
We estimated the XP-CLR statistic for each chromosome in a
window-size of 10kb, limiting to the maximum number of SNPs
as 500 and 1d of 0.8. We considered top 1% of the genome-wide
XP-CLR statistic for each population pair as significant. In ad-
dition, we also identified population-specific selective sweep

for native and Indian populations using default parameters in
RAiSD (Alachiotis and Pavlidis 2018).

4.7 | Climatic Differentiation, RDA
and Genomic Offset

We used landscape genomics to identify the influence of local
climatic conditions on the observed genetic variation. The asso-
ciation of the climate with the genetic variation could provide a
clue for local adaptation in the populations, provided the climate
is significantly variable. Therefore, we first used PCA to visual-
ize the overall climatic differentiation between the two regions
(native and introduced). For these analyses, we only used the
accessions for which the geographical coordinates or location
data were available. We downloaded 19 bioclimatic variables for
the “near current” data from WorldClim database (https://www.
worldclim.org/data/index.html) at highest available resolution
of 30s which corresponds to 1km?. Raster R package (Hijmans
et al. 2016) was used to extract climatic data for each site using
geographic coordinates.

We used RDA to explore if and how spatial and environmental
factors structure the amount and distribution of genetic vari-
ation among these populations (Forester et al. 2018). RDA is
a multivariate constrained ordination method capable of an-
alysing genotype-environment associations performing bet-
ter than univariate approaches and random forest making it
well suited to identify the loci under weak polygenic selection
(Forester et al. 2018). We performed RDA individually for the
two species (A. caudatus and A. hypochondriacus), following
the guidelines described in Capblancq and Forester (2021).
To exclude false association, we used LD pruned biallelic
SNPs having minor allele frequency >5%. As some samples
share same location and coordinates, we grouped them into
sub-populations and calculated allele frequency for each sub-
population and each genomic location. Since RDA does not
allow any missing data we filtered out sites with more than
10% of missing data and imputed the rest with the median
across the complete sampling. We used standardized current
climatic data for 19 bioclimatic variables as predictor variable
and first three principal components of PCA conducted using
intergenic biallelic SNPs as proxy to correct for the population
structure. We used forward selection model (ordiR2step) with
1000 permutations in Vegan R package (Oksanen et al. 2022)
to identify environmental variables explaining the significant
amount of explainable genetic variance. Correspondingly, sev-
eral partial redundancy analyses were then conducted to par-
tition explainable genetic variance into geographical (latitude,
longitude and elevation), neutral genetic variation and envi-
ronment components. We also identified loci underpinning the
local environmental adaptation using environmental variables
showing significant explainable variance conditioned on pop-
ulation structure.

To maintain stringency and reduce false positives, we ran a
similar genome-environmental scan without using population
structure and overlapped them with the previously identified
loci and considered only the overlapping loci for further pre-
diction of adaptive landscape and genomic offset (Figure S12).
We predicted genomic offset for future climate as euclidean
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distance between the present and future optimal adaptive
genetic composition, considering the adaptive landscape for
the present genotype with environment association. It gives
an estimate of the amount of genetic change required to tract
the future climatic conditions. We used two time frames in
future climatic scenario for 2021-2040 and 2080-2100 for
the prediction criterion of maximum carbon emission ssp585
under MRI-ESM2-0 general circulation model (https://www.
worldclim.org/data/cmip6/cmip6_clim30s.html). To further
predict the genetic performance of the populations in the
home-vs-away concept, we also calculated spatial (geograph-
ical) genomic offset between the climate of source population
and climate of the projected area for both present and future
climates. Finally, we estimated the levels of standing genetic
variation (SGV) in the populations and Population Adaptive
Index (PAI), as described in Capblancq et al. (2020). Briefly,
SVG was calculated as mean of allele frequency within popu-
lation for the outlier adaptive loci and PAI was estimated as ab-
solute allele frequency difference between population-specific
and mean allele frequencies through all the populations. We
used these parameters as estimate of adaptive capacity of
populations, where SGV represents availability of adaptive
alleles and PAI represents the extremeness of genetic adap-
tation. Lower PAI and higher SGV represents higher adaptive
capacity of the population (Capblancq et al. 2020).
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