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Abstract: During crop domestication and breeding, wild plant species have been shaped into modern
high-yield crops and adapted to the main agro-ecological regions. However, climate change will
impact crop productivity in these regions, and agriculture needs to adapt to support future food pro-
duction. On a global scale, crop wild relatives grow in more diverse environments than crop species,
and so may host genes that could support the adaptation of crops to new and variable environments.
Through identification of individuals with increased climate resilience we may gain a greater under-
standing of the genomic basis for this resilience and transfer this to crops. Pangenome analysis can
help to identify the genes underlying stress responses in individuals harbouring untapped genomic
diversity in crop wild relatives. The information gained from the analysis of these pangenomes can
then be applied towards breeding climate resilience into existing crops or to re-domesticating crops,
combining environmental adaptation traits with crop productivity.

Keywords: climate-resilient crops; pangenomes; genomic diversity

1. Introduction

The planet will warm by more than 1.5 ◦C by 2030 [1], which will result in a higher
frequency and severity of unpredictable weather conditions [2]. These changes will lead to
increased biotic and abiotic stress in crops and an overall reduction in crop yield.

Climate change will affect the weather patterns and CO2 concentrations of distinct
regions in contrasting ways, such as losses and gains of yield [3,4]. While warmer climates
can prolong growing windows and open up previously unsuitable growing areas in mid-
to-high latitudes for maize and wheat [5], rice yields are modelled to drop in tropical
and low-latitude regions [5,6]. Between 1981 and 2009, global warming reduced wheat
production by 5.2% in India [7], while wheat yield in Europe dropped by 2.5% between 1989
and 2009 [8]. Conversely, the yield of fruiting vegetables increased in the Czech Republic
from 1961 to 2014 [9].

To meet the increased world food demand of 56% by 2050 [10], it is necessary to
develop more resilient varieties of staple, emerging, and orphan crops. Traditionally, the
primary focus of breeding is improving yield and yield-influencing traits such as flowering
time, alkaloid content and pod indehiscence [11]. Climate change has led to an increased
interest in associated traits including drought, heat, and biotic stress tolerance [2,12,13].

Plant genomes are dynamic, which results in a reservoir of genetic diversity that
gives plants the ability to adapt to changing environments [14–17]. However, crop genome
diversity was reduced throughout domestication and breeding, where specific traits were
selected such as fruit size, simultaneous seed ripening, seed compaction, seed retention,
increased seed size and rapid germination [18].

The genes and genomic diversity necessary to develop future crop varieties will go
beyond the knowledge gained from single reference genomes [19]. In contrast to single
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genome references, a pangenome can capture the genomic diversity of a group of individu-
als. It characterises genes as core, present in all accessions, or variable, absent in at least one
accession. Pangenomes have been constructed for many crops, including soybean [20,21],
tomato [22], cotton [23], rice [24], chickpea [25], sorghum [26], sunflower [27], maize (Huf-
ford et al., 2021) and canola [28–30], and provide an important resource for the breeding of
climate-resilient crops.

This review will discuss the opportunities and challenges presented by the impact of
domestication and breeding on crop genomes and highlight how pangenomes can support
the production of new crop varieties, adapted to current and future climate change.

2. Main
2.1. Pangenomes Highlight Individuals with Unused Genomic Diversity

The generation of climate-resilient crop varieties is partially dependent on existing
traits in the genomes of available germplasm. It is likely that available traits in existing
cultivars are not sufficient to overcome the challenges of the future, and breeders will be
required to harness the genetic diversity found in crop wild relatives (CWR).

The process of selecting plants showing agronomically favourable domestication traits,
while at the same time narrowing their genetic background, is termed a domestication
bottleneck [31] (Figure 1).
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Figure 1. Effects of domestication and breeding bottlenecks on genomic diversity and dispensable
genetic content.

A domestication bottleneck has been described in maize, where a small founder popu-
lation resulted in low genomic diversity after domestication [32]. However, domestication
does not necessarily lead to a reduction in genomic diversity, as demonstrated by the
domestication of Chinese soybean, which yielded approximately 45,000 landraces [33]. The
significant soybean landrace variation could have served as broad genetic diversity to be
used in the breeding of elite cultivars, yet the American soybean breeding programs only
used 80 founding landraces for breeding programs [34]. More than 90% of the soybean
genetic diversity found in the US is represented by the Williams and Lee cultivars [35].
This genetic bottleneck was extended in Brazilian soybean breeding programs which used
a selection of American soybean lines as their founders, leading to a secondary founder
effect [36]. Today, a single variety contributes up to 55.3% of the Brazilian soybean produc-
tion [36], which introduces vulnerability to pathogens and a lack of resilience to changing
climatic conditions.

Through domestication and breeding, wheat was selected for non-brittle rachis, naked
grains [12], non-shattering grains [37] and for the Q allele mutation. The Q allele mutation
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affects a gene with pleiotropic effects on glume shape, glume tenacity and spike shape [38].
The Q mutation is present in all current naked hexaploid wheat varieties and is derived
from a single ancestor [39]. Thus, hexaploid wheat has undergone many rounds of selec-
tion, introducing significant genetic bottlenecks and the associated loss of the diversity.
Further founder effects and genetic bottlenecks can be observed in narrowleaf lupin [40],
Nordic oat [41], barley [42], cassava [43], rice [44], maize [45]. Genetic bottlenecks are an
unfortunate result of the domestication of most crops, and can reduce the reservoir of
genetic variation that could be used to breed new varieties adapted to the changing climate.

Plants have been growing in diverse climatic conditions long before humanity started
domesticating crops, moulding them towards current high yield elite varieties. Millions of
years of evolution produced plants growing in cold, saline, dry, hot, or frequently changing
environments [46–48] highlighting the potential of plants to adapt to changing climate.
Diverse CWR stand in contrast to modern crops, that lost genes for resistance to biotic and
abiotic stresses throughout domestication and breeding improvements (Figure 1). Lost
genes are identified through pangenome studies that include wild accessions, and could
potentially be reintroduced. For example, resistance to sclerotinia stem rot and soybean
rust are characteristics of the perennial soybean Glycine lattifolia, and this trait is absent in
the domesticated Glycine max [49,50]. However, these traits and their underlying genes can
be reintroduced from wild relatives through breeding or genome editing.

Increased drought and heat stress are aspects of global warming that can reduce the
productivity of crops. Global warming is predicted to reduce wheat yield by 6% and maize
yield by 7.4% per degree Celsius increase in global mean temperature [51]. However, some
crop varieties have been demonstrated to cope better with climate-related abiotic stress,
which has been highlighted with the identification of 4 heat-resistant tomato varieties [52]
and 23 potential heat-tolerant rice varieties [53], highlighting the potential to breed in
adverse environments.

2.2. Pangenomes Enable the Recovery of Genes Lost during Domestication and Breeding Improvements

Crop wild relatives can, due to their diverse gene pool, grow in environments that
would cause significant stress for modern crop varieties. Pangenomes capture all genes
within a population and can identify structural variations (SV), for example where a gene
is present or absent in an individual, as well as gene copy number variation (CNV). By
comparing the gene content of different domestication and breeding states in pangenome
studies, it is possible to understand the impact of human selection on crop genomes.

The presence or absence of dispensable genes represents a measure of genomic diver-
sity. Many dispensable genes demonstrate reduced frequency in populations following
domestication [54,55], and sometimes genes are lost completely during domestication and
breeding. The domestication process reduced the content of dispensable genes from 10.17%
to 9.06% in soybean (Table 1) and from 20.98% to 18.6% in tomato (Table 1). Breeding
improvements reduced the content of dispensable genes further to 8.69% in soybean, to
16.11% in tomato and reduced the dispensable gene content in cotton from 24.14% to 23.48%
(Table 1).

Although dispensable genes are not essential for plant survival, they can contribute to
plant fitness in specific environments. Dispensable genes are often enriched for functions
involved in responses to biotic and abiotic stress, such as the defence response and the
response to salt in soybean [54], the defence response, plant organ senescence and other
defence-related processes in tomato [22], the response to environmental stress and defence
response in bread wheat [56], defence to biotic stress and abiotic stress tolerance in rice [57]
and disease resistance, defence response and water homeostasis in brassicas [28].

A breeding- and domestication-related reduction in the frequency of some genes and
reduced dispensable gene content has been observed in some pangenome studies. The
pangenome studies for soybean [54], cotton [23] and tomato [22] demonstrated that domes-
tication and breeding can reduce the number of genes in modern elite crops compared to
landraces or wild relatives. Gene content can be negatively correlated with yield, as shown
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for the NLR resistance gene family [58], and the selection for increased yield in modern
elite crops may be leading to a reduced gene content. The loss of these genes may limit the
ability of these crops to adapt to climate change scenarios, requiring the reintroduction of
genes from wild relatives.

Table 1. Content of dispensable genes derived from selected pangenomes for soybean, cotton and
tomato evaluated across different breeding states.

Crop Breeding State Dispensable Genes Reference

Soybean
Wild (G. soja) 10.17%

[54]Landrace (G. max) 9.06%
Modern cultivar (G. max) 8.69%

Cotton
Landrace (G. hirsutum) 24.14%

[55]Modern cultivar (G. hirsutum) 23.48%

Tomato
Wild (S. pimpinellifolium) 20.98%

[22]Landrace (S. lycopersicum var. cerasiforme) 18.60%
Modern cultivar (S. lycopersicum var.

lycopersicum-Heirloom) 16.11%

Presence–absence analysis in pangenomes can be used to identify genes that have
been lost in modern crop varieties but are present in wild accessions or landraces. One
example of stress tolerance is submergence tolerance in rice. Submergence tolerance was
only present in a small number of landraces until a genetic study identified a major QTL on
chromosome 9 that contributed significant submergence tolerance [59]. The QTL included
three ethylene response transcription factors, including the SUB1A gene, which showed the
allelic variation, SUB1A-1, that conferred submergence tolerance [60,61]. SUB1A-1 emerged
in domesticated landraces through introgression from wild lines [62] and highlights the
value of transferring genetic diversity from crop wild relatives into crops.

2.3. Accelerated Breeding and Targeted Genome Editing Can Alleviate the Impact of Reduced
Genomic Diversity and Loss of Genes in Modern Cultivars

Genes identified in pangenomes that are absent from modern varieties help identify
candidate genes that have potential for reintroduction into crops. While the identification
of traits and underlying genes is accelerated through pangenome analysis and variation
mapping, the conventional breeding of new crop varieties requires selection of complemen-
tary parental lines with desired traits, followed by crossing and the selection of progenies
to develop a new cultivar [63]. The release of a new crop variety can take 10 years or
more [64,65]. However, new approaches are being developed to accelerate the production
of advanced varieties. The CRISPR/Cas system is a gene-editing technology that uses
site-specific nucleases to bind and cleave nucleic acid sequences [66–68]. CRISPR/Cas9 has
been adopted in crop species for yield improvement, improving biotic and abiotic stress
resilience or adaptation to extreme environments [69,70]. The advance of this gene editing
system and the diverse CRISPR variations, such as the Cas9 [71], Cas12a [72], fCas9 [73],
RCas9 [74] and dCas systems [75,76], could help overcome some of the limitations caused
by the diversity bottleneck and produce new gene variants and new traits that are not
available in wild or domesticated germplasm [77].

CWR often have desirable traits that are not present in cultivated species, having
been lost due to extensive domestication [78]. In addition to novel traits, CWR traits
can be integrated back into modern elite crops using the CRISPR/Cas system. Among
nearly 60,000 known species of CWRs, it is estimated that 10,000 can potentially contribute
to breeding programs and therefore improve food security [79]. The extension of crop
pangenomes from a species to wider phylogenetic groups can help identify additional
genomic variation with potential for crop improvement [78]. For example, genetic variation
differences between wild and cultivated soybean accessions were linked to agronomic
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traits such as oil content and biotic stress resistance [80]. Similarly, genetic diversity within
10 wild and 40 cultivated rice varieties were linked to domestication, flowering and disease
resistance [81]. CWRs can be domesticated through CRISPR modification while retaining
valuable wild-derived traits [82]. For example, Zsögön et al. (2018) genetically engineered
6 loci in the tomato wild relative Solanum pimpinellifolium known to be associated with
yield. The newly domesticated variety had increased fruit size and number while retaining
favourable, wild-derived high-nutritional content. In another study, Yu et al. [83] edited
the loci controlling agronomically important traits using CRISPR/Cas9 in the allotetraploid
rice wild relative Oryza alta. The altered variety had improved characteristics including
reduced seed shattering, reduced awn length, reduced plant height, increased grain size,
increased stem thickness and shortened heading date, while retaining the advantages of
polyploidy such as genome buffering, vigour and environmental resilience. While CRISPR
is a highly effective tool, the challenge of identifying target genes remains. This can be
supported using pangenomes [84]. Pangenomes can be used as a reference for specific,
multiplexed editing of SVs using CRISPR-Cas [84], allowing genes and traits of interest to
be reintroduced without introducing deleterious traits [85].

Hybridisation and polyploidisation are major evolutionary forces that drive the evolu-
tion of novel phenotypes. For example, the allotetraploid species Brassica napus (oilseed
rape; AACC) was formed from the natural interspecific hybridisation of Brassica rapa (AA)
and B. oleracea (CC) ~7000 years ago [21]. However, just like most domesticated crops,
intensive selection has resulted in a decrease in the genetic diversity of B. napus, making it
vulnerable to biotic and abiotic stress. Efforts to recover lost genetic diversity have been
carried out by resynthesising B. napus using the knowledge of the genetic relationship
between the Brassica species (U 1935). Synthetic B. napus lines harbour more disease resis-
tance genes [86], and are suggested to have wider ecological adaptation compared to their
non-synthetic counterparts [87]. Furthermore, the development of allohexaploid Brassica
species containing all the known Brassica subgenomes (A, B and C genomes: U 1935) have
been reported from intermating diploid and tetraploid species [88]. These species are now
referred to as “super-brassicas” which exhibit superior agronomic characteristics including
climate-resilience traits [88]. Previously, breeders have been successful in breeding Triticale
by crossing wheat and rye [89]. Synthetic polyploid cultivars have also been produced for
other crops including watermelon, sugarbeet, grape, apple and banana [90].

The production of these new species is often challenging due to several factors. One
major barrier for the successful establishment of new hybrid and polyploid species is
meiotic instability [91]. In wheat, the major gene Ph1 (pairing homoeologous) ensures a
diploid-like chromosome pairing in offspring, stabilising their genomes [92]. However,
meiotic stability is not well-characterised in other species; for example, in Brassica species
where this trait is thought to be quantitatively controlled [93]. Thus, there is a requirement
to describe the genetic factors controlling this trait for the production of new hybrid and
polylploid crops. Pangenomes that comprehensively catalogue these genetic factors, along
with target domestication genes, will be important for advancing this route to expand the
gene pool for climate resilience in crops. Moreover, the production of these new species
can largely benefit from pangenomes as they can inform selection of parental cultivars
carrying the widest gene repertoire to maintain maximum genetic diversity in subsequent
generations.

3. Conclusions and Outlook

Changing climate, the increasing global population and adverse political events are
rapidly decreasing global food security. Climate change can both benefit and harm crop
production. The application of the next generation of crop breeding offers the potential to
both alleviate the risk of crop failure as well as harvest the benefits in regions where the
climate becomes more favourable for crop growth. This review highlights the reduction in
genomic diversity and gene content as side effects of domestication and breeding of modern
crop varieties, and that this limits their potential for adaptation to changing environments.
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Harnessing the genomic diversity present in crop wild relatives can play a key role in
unlocking the growth potential of modern crops under increasing surface temperatures
and increased frequency of severe weather events.
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