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Warming and drought are reducing global crop production with a potential to substantially worsen global
malnutrition. As with the green revolution in the last century, plant genetics may offer concrete opportunities to
increase yield and crop adaptability. However, the rate at which the threat is happening requires powering new
strategies in order to meet the global food demand.

abiotic stress tolerance genebanks germplasm collections ex situ conservation
genetic adaptation genome-wide selection scans (GWSS)
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| 1. Introduction—The Imminence of the Threat

How plants and crops will respond to a warmer and drier climate is currently one of the most discussed multi-
disciplinary questions in the fields of environmental science, ecology, and evolution. It is estimated that climate
change effects may limit global crop production by at least 10% in 2050 2l especially in vulnerable regions
around the globe where heat, drought, and malnutrition are already substantial. Given that current agricultural
resources might not be sufficient to meet future food demand B!, crop wild relatives and landraces historically
adapted to dry and semi-arid environments are key sources of yet unexplored diversity with respect to major food
crops 4. Exotics may donate necessary genetic variation to make heat and drought-tolerant cultivars, or may even
stand as novel crops by themselves B8l (e.g., Lupinus mutabilis 18).

However, efforts to capture and pyramid target tolerant variants from the wild still face major challenges. First,
identifying useful variation in wild accessions through field trials (Eigure 1a) has been inefficient because of the
disparity in growth rates and phenologies . This limitation is reinforced by a complex inheritance of the abiotic
stress tolerant phenotypes involving many genes of low effects and several environmental interactions 29, Second,
the domestication syndrome typically neglected heat and drought tolerance in the majority of crop species 11122l
because these adaptations in wild populations (Figure 1b) tend to perpetuate vegetative phases, delay
reproductive stages, and therefore compromise overall yield 3. Due to this, transferring variation from wild exotic
donors into elite lines may induce undesired linked trait variation such as flowering delay and reduced crop yields
(e.g., in Phaseolus species 14]).
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Figure 1. A roadmap of trans-disciplinary approaches aiming at harnessing genebank utilization for climate change
research in the face of heat, and water scarcity. Compiling (a) previous characterizations and (b) geo-referencing-
derived climate data/indices of available genetic resources in genebanks is a starting point to (c) assess the extent
of abiotic stress tolerance among existing accessions, and the need of (d) new habitat-based population-guided
collections targeting isolated pockets of cryptic diversity in dry and semi-arid regions. Planning question-oriented
collecting trips of crop wild relatives and hidden landraces across contrasting environments/agro-ecologies is
needed now more than ever, despite a century of gathering and preserving diversity in plants throughout
genebanks. Coupling ex situ agro-ecological screenings together with (e) ongoing in situ genebanks
characterizations for morphological and genetic variation is essential to define (¢) putative tolerant reference
collections, while understanding the (f) heritability (h?) of adaptive traits and their genetic architecture (i.e.,
underlying genes) via genome-wide selection scans (GWSS), genome-environment associations (GEA), and
genome-wide association studies (GWAS). Since identifying these novel sources of heat and drought tolerance
demands merging heterogeneous datasets, (g) machine learning (ML, in red letters) promises speeding up
genebank characterization. The distinction that clustering and ML strategies can provide between abiotic stress
tolerant and susceptible accessions is essential to (h) transfer useful genetic variation from wild crop donors and

early landraces into elite cultivated lines, either by designing (i) genomic-assisted breeding programs such as
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genomic prediction (GP) and inter-specific marker- and genomic-assisted backcrossing (MAB and GABC)
schemes, or by envisioning (j) multi-trait gene editing strategies (e.g., CRISPR-Cas9). Once (k) abiotic stress
tolerant varieties are validated across different environments, () legal inscription, seed multiplication, seed delivery
system to farmers’ associations, and (m) follow-up given the regional needs, market demands, and adoption
potential, are necessary downstream validation steps. These heterogeneous datasets are also likely to be inputted
into ML, and in turn feedback new needs beyond heat and drought tolerance such as other types of resistances
and nutritional quality. For ML to succeed speeding up the breeding of heat and drought-tolerant crops, there must
be long-term funding to generate and maintain an assortment of datasets at each step, which in turn need to be
publicly available through open access repositories from various geographic locations. Red boxes highlight
different reservoirs of wild and cultivated diversity within the Cartesian space, gray boxes are mixed datasets built

around these collections, and connectors are methodological approaches.

With the advent of the genomic era, heat and drought tolerance molecular pathways have been extensively studied
(15]16]117]  and numerous candidate genes and genetic marker associations have already been identified and
validated (e.g., ABA-dependent or independent pathways, and ASR, DREB, and ERECTA-encoding genes 181129
20121}y - Coupling these comprehensive datasets with novel analytical tools harbors the potential to identify and
unlock useful genetic variation among crop wild relatives and landraces to challenge with abiotic stresses. In the
following sections, we outline the main avenues to establish novel sources of abiotic stress tolerance variation from
wild crop relatives and semi-domesticated landraces (Figure 1c), and discuss modern genomic-assisted strategies
to utilize these variants to obtain heat and drought-tolerant elite crop lines. We finish by emphasizing the need to
enable the construction and long-term maintenance of big heterogeneous dataset repositories capable of powering

these innovative predictive strategies.

2. Valuing the Wild—Strategies to Identify Naturally Available
Exotic Variants

Domestication has been the most ambitious evolutionary experiment humanity has ever embarked on (1122 Being
the longest running selection trial 23, it has served as a playground for geneticists and biologists to explore the
patterns and processes during crop evolution [24l251126] For instance, it has allowed humans to test hypothesis
such as whether dual domestication syndromes have recruited the same genetic variants in parallel 22, or whether
genomic divergence is more prone to harbor signatures of selection due to reduced recombination and increased
drift (281 In this way, domestication has invited researchers to study the repeatability of evolution 22 and the
relative role of isolation, migration, and hybridization B9, long standing questions in evolutionary biology [21132I33]
Similarly, studying crop evolution has proven enlightening, and addressing their wild relatives’ natural adaptation to
distinct habitats (Eigure 1b) informs on how plant phenotypes may react to a changing climate 34!, After all, natural

selection has already tested more options than humans ever will 52,

2.1. On the Necessity of Broadening the Germplasm

https://encyclopedia.pub/entry/14905 3/9



Valuing the Wild | Encyclopedia.pub

Natural selection rarely misses key adaptive improvements. For instance, it has already improved the efficiency of
photosynthesis and water use 32!, which are major developments to enhance the yield potential that has increased
little in recent decades. Therefore, inferring in situ genetic adaptation to heat and drought stresses, usually from ex
situ geo-referenced widespread collections of crop wild relatives, has become a prerequisite to capture these
naturally available exotic variants. Unfortunately, after a century of collecting and preserving diversity in plants
throughout germplasm banks, living seed collections that serve as repositories of genetic and ecological variation
(361 ex situ collections do not necessarily fully span the ecological niche of agricultural crop relatives 7381 as to
establish new sources of genes for improving complex adaptive traits. Nowadays, wild relatives are still discovered
89 and further expeditions (Eigure 1d) are needed (e.g., in the ecological hyper-variable and species-rich
neotropics) “94L Because isolated pockets of cryptic diversity still persist, novel habitat-based population-guided

collections for genebanks are paramount, now more than ever.

2.2. Going Global by Adapting Local

Germplasm collections should be used not only to introduce exotic variation but also to avoid genetic erosion and
increase long-term adaptability to climate change by making crops more resistant to abiotic stresses such as heat
and drought. Local adaptation to abiotic factors can be studied using historical climate at the habitats where geo-
referenced germplasm accessions were originally collected (Figure 1b). If an ecological balance 2 between
genotypes and environments can be assumed 2344 (Humboldt's ‘harmony in nature’), geo-referencing and
repositories of in situ climate variables can then be used to compute adaptive capacity. The former condition
typically applies for landraces and crop wild relatives because they have occupied local niches long enough as to
be shaped by natural selection forces 22l This approach has typically relied on clustering algorithms to predict not
only drought tolerance, water use efficiency #8471 and thermal tolerance 8, but also resistance to pathogens 49,

and aluminum toxicity 2% in a wide range of landraces and wild species.

Genomic analytical tools (Figure 1e) commonly coupled with environmental variables in order to reconstruct the
genetic architecture (Eigure 1f) of adaptive trait variation to abiotic stresses are genome-wide selection scans
(GWSS) Bl and genome—environment associations (GEA) 22, Both approaches aim to capture the signatures of
selection to different environments by retrieving those genomic regions that segregate and are fixed among
contrasting habitats (e.g., arid vs. wet regions) B3I34]. The strategies differ in that the former uses outlier tests given
a background (‘baseline’) distribution, usually within a Bayesian framework 22, while the latter relies on mixed
linear models (MLMs) that explicitly incorporate covariates as random effects [26l. Because these analyses may be
misleading B4E8 if confusing factors 359 are not appropriately accounted for, MLMs are nowadays the preferred
method to describe the genetic basis of local adaptation in germplasm collections B9, Other major improvements
are the use of indices, rather than raw environmental variables, that summarize precise physiological processes
(e.g., thermal thresholds and potential evapotranspiration models to infer heat/drought stress) LA[18I191120] and the

collection of spatial high-resolution climate data to make accurate predictions at the regional 6 and micro-habitat
(62163] |evels.
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