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SUMMARY

Climate change threatens global food and nutritional security through negative effects on crop growth and
agricultural productivity. Many countries have adopted ambitious climate change mitigation and adaptation
targets that will exacerbate the problem, as they require significant changes in current agri-food systems. In
this review, we provide a roadmap for improved crop production that encompasses the effective transfer of
current knowledge into plant breeding and crop management strategies that will underpin sustainable agri-
culture intensification and climate resilience. We identify the main problem areas and highlight outstanding
questions and potential solutions that can be applied to mitigate the impacts of climate change on crop
growth and productivity. Although translation of scientific advances into crop production lags far behind cur-
rent scientific knowledge and technology, we consider that a holistic approach, combining disciplines in

collaborative efforts, can drive better connections between research, policy, and the needs of society.

Introduction

There is an urgent need to increase the climate change resilience
of crops, while simultaneously enhancing crop yields in a sus-
tainable manner to ensure future food security. Climate
change-associated environmental stresses, such as extreme
temperatures and erratic rainfall, will compromise the ability of
agriculture to meet the food demands of an increasing global
population. Rapid advances in knowledge and applied crop
design may provide solutions, based on state-of-the-art ap-
proaches, from genomics and gene editing to the manipulation
of the soil microbiome and crop management practices. Given
the magnitude of the climate change challenge, there is a need
to assess current knowledge and consider how collaborative
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efforts that catalyze and foster improved interactions between
disciplines may be required to meet agri-food system targets.
Climate change is predicted to increase the frequency, inten-
sity, spatial dimensions, and duration of extreme weather
events'+?, posing a significant threat to the production of all ma-
jor crops. For example, increased incidences of heatwaves,
droughts and floods adversely affect the yields of cereal crops
such as wheat and maize (Figure 1A-C), which can decrease
as much as 40% under drought conditions®“. The magnitude
of yield losses depends on the crop, the duration and intensity
of the stress and the crop developmental stage®. Reproduction
and grain development/filling are particularly susceptible to
heatwaves and drought, which decrease yields in most crops®.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Simulations of global wheat production predict a 6% decline
for each degree Celsius rise in global temperatures’. Cereal pro-
duction in Europe was reduced in 2018 compared with the pre-
vious five-year average due to heat and drought®. Current for-
ward projections predict a temperature increase of 0.2°C per

Current Biology

¢? CellPress

OPEN ACCESS

Figure 1. Artistic depiction of the problems
and mitigation strategies surrounding the
impact of heatwaves and drought on food
security.

(A) This painting by Besiana Sinanaj, titled
‘Climate. Cultivation. Collaboration.’ depicts four
scientists and an indigenous leader connecting
and sharing ideas in front of a scene of farmers
cultivating several crops of global importance
(rice, maize, tomatoes, wheat, and beans). The
diverse set of onlookers are portrayed as opti-
mistic and represent interdisciplinary collabora-
tions to tackle the effects of drought and heat
stress on agriculture. Their areas of expertise,
which are reviewed in this paper, are reflected in
the objects they are holding and the designs of
their clothing. The scene features: (B) cracked
ground and wilted plants under a scorching sun;
(C) a farmer harvesting wheat; (D) stomata on the
lab coat of a scientist researching plant root and
shoot architecture and physiology; (E) legumes as
an important element of crop management prac-
tices, including (F) intercropping; (G) interaction
plots on the lab coat of a scientist researching soil
and rhizosphere microbiome ecology and func-
tion; (H) grains and pulses representing crop di-
versity stored in seed banks; (l) a farmer harvesting
gene-edited tomato varieties; and (J) the CRISPR-
Cas9 diagram on the lab coat of a scientist using
gene-editing technologies to develop high
yielding and resilient cultivars.

decade, thus yield decline will likely
continue. Furthermore, 42% of durum
wheat, 56% of barley, 41% of alfalfa
and 35% of grass are currently planted
in areas prone to drought (USDA Drought
Monitor), exacerbating the effects of tem-
perature changes.

Despite the constraints imposed by
climate change, global agricultural pro-
duction must increase by 28% over the
next decade to ensure food security®.
Approximately 828 million people glob-
ally were affected by hunger in 2021°.
Food insecurity is predicted to worsen
as the global population increases, and
extreme weather events become more
prevalent®. To achieve food security for
the predicted global population of 10
billion people in 2050, the area of arable
land must increase (from 1.4 to 1.5 billion
hectares) while water for agriculture will
decrease in availability®. Paradigm-shift-
ing advances in crop breeding are
required to ensure knowledge gains
regarding climate resilience are effec-
tively translated into crop improvement.
Moreover, to capitalize on modern ge-

netic advances, these must be achieved safely, while minimizing
their environmental impact and within economic constraints,
with social acceptance and harmonised governance'. Within
this context, we identify the main problem areas (Figure 2), high-
lighting outstanding questions regarding the impacts of climate
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Examples of crop responses to abiotic stress:
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*Accelerated and shortened grain filling period

Root and shoot architecture

*Change in water use efficiency via alterations in

stomata size, density and/or dynamics

*Adjustments in root length, branching and

growth angle

Interaction with soil microbiome

*Changes in root association with mutualistic
symbionts (such as arbuscular mycorrhizal fungi)

*Modified microbial activity and diversity (e.g., in
Actinobacteria and Proteobacteria communities)

Figure 2. Summary of plant physiological responses to abiotic stress.
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A diagrammatic representation of the effects of heat and drought on crop development. Examples (cited in the main text) highlight crop signalling, floral transition,
fertility and grain filling, changes in root and shoot architecture and interactions with the soil microbiome as major effects. ROS, reactive oxygen species; ABA,

abscisic acid. (Image created with BioRender.com.)

change on crop growth and productivity (Box 1) and identifying
potential solutions (Figure 3 and Table 1). We argue that estab-
lishing collaborative research networks, together with the appli-
cation of integrated high-throughput phenotyping, genotyping,
crop management and modeling approaches, as well as stake-
holder engagement, are realistic solutions to the problem of
climate resilience, particularly after they are tested, validated
and scaled to delivery.

Molecular mechanisms regulating plant resilience to
climate change

The perception and response to stress engage a range of signal-
ling molecules, including reactive oxygen species (ROS), nitric
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oxide and calcium (Ca?*), which are interconnected to control
plant growth, development and defence responses (Fig-
ure 2)""7"3, Exposure to stress induces rapid local increases in
cytosolic Ca?* levels that are sensed and relayed inside the
cell, activating the respiratory burst oxidase homolog D
(RBOHD) proteins, and generating an apoplastic ROS burst.
ROS and Ca2* waves provide a continuous chain of cell-to-cell
signalling events that extends from the initial tissue that senses
the stress (the local tissue) to the entire plant (systemic tissues)
through a positive feedback loop mechanism. The systemically
propagating Ca®* and ROS waves allow rapid signalling in a
stimulus-dependent manner to orchestrate local responses
and systemic acquired acclimation (mechanism induced in


http://BioRender.com

Current Biology ¢? CellP’ress

Box 1. Summary of outstanding questions/areas of research.

e What are the molecular mechanisms underpinning crop response to climate change?
Research is required to identify the mechanisms integrating crop responses to multiple stresses and to dissect how specificity
is entrained in stress signalling. It is also important to determine which signals remain local and which are systemically trans-
mitted and to identify the pathways regulating (at the gene, protein and structural levels) the transport and spread of stress sig-
nals. Moreover, the mechanisms to translate fundamental knowledge at the molecular level into strategies to modify crop re-
silience remain unclear.

o What phenotypes/ideotypes improve crop resilience to multiple abiotic stresses?
Research linking phenotypic/developmental traits with the variability in the stress response of different genotypes and crop
species is required. Overcoming the technical challenge of assessing root traits in the field will allow breeding for optimal
resource acquisition and plasticity to respond to adverse climate conditions. The importance of shoot architecture and sto-
mata/leaf patterning has been well reported, but using this knowledge in breeding without yield reduction is still challenging.

e Can we improve crop climate resilience by modifying management practices and the microbiome?
Research on the effects of land and crop management practices on stress-intensity, crop development, crop yield and
geographical/rhizospheric microbial distribution needs to be prioritized. It is important to uncover the effects of abiotic stress
on the plant microbiome, and the role of plant root exudates and metabolites in shaping the microbiome under stress condi-
tions, both of which directly affect plant health. Research is ongoing to optimize the use of microbial inoculants or consortia to
enhance plant stress tolerance.

o How can we exploit advances in genetics, genomics, modelling, and high-throughput technologies in breeding climate
resilient crops? What are the limiting factors?
There is limited knowledge translation from model crops to both staple and underutilised crop cultures. Indigenous knowledge
of underutilised crops and semi-domesticated species is being lost or is unused in crop improvement. The use of genetic re-
sources maintained in landrace collections, genomic technologies and big data is not efficiently exploited in tailoring crops to
specific environments. It is also crucial to determine how improvements observed in the lab are maintained in the field and in the
presence of multiple abiotic stresses.
Field research is also limited by the restrictions imposed on genetic modification. More research is required to identify the risks,
concerns, and costs (in terms of yield, disease susceptibility, economic and social costs) of breeding crops that are more resil-
ient to climate change. Support is lacking to develop cross-disciplinary approaches that engage policy makers, the arts, the

public and other members of society.

tissues that are not yet subjected to the stress) to a range of
abiotic stresses including heat and drought'’. The systemic
cell-to-cell transmission of Ca®* and ROS signals is also linked
to electrical waves that involve rapid depolarization of the
plasma membrane, the functions of glutamate receptor-like pro-
teins, and plasmodesmata (channels enabling intercellular mo-
lecular transport)''?. Recent research indicates that, in
response to stress, the release and diffusion of amino acids in
the apoplast activates the calcium-permeable channel
GLUTAMATE RECEPTOR-LIKE 3.3, leading to the transmission
of Ca®* waves and other downstream signalling events'*.

The Ca?*/ROS signalling system is intrinsic to all abiotic stress
responses, and thus specificity needs to be entrained in the
signal to tailor these pathways'®'®. One way to add specificity
is through controlling the relative rate of apoplastic and cytosolic
H,0, accumulation’®. Mechanisms that integrate signals from
different cellular compartments or intercellular molecular move-
ment via the apoplast or the plasmodesmata can also define the
specific nature of signal transmission'®. An improved under-
standing of these processes will be essential, not least because
the ROS, electrical and intracellular Ca®* waves also transmit
signals from plant to plant’’.

The stress-induced changes in ROS, Ca®* and electrical signals
activate a complex network of downstream molecular factors such
as kinases, phosphatases, chaperones, hormones, lipid mole-
cules and transcription factors that work synergistically to
modify plant responses and promote survival under the stress
(Figure 2)'>"%1819_ Proteins such as class A1 heat shock factors

(HSFA1) and type | MADS-box transcription factors are examples
of transcriptional activators in the heat shock response. They, with
other transcription factors, control acclimation and adaptationin a
temperature-dependent manner”®?'. Floral transition and early
reproductive development factors, such as FLOWERING
LOCUS T (FT) homologues® and the circadian clock gene
Ppd-17*?*, are highly sensitive to changes in climate. These mo-
lecular factors are therefore potential targets for manipulation
that must be characterised if crop yield and quality are to be main-
tained under abiotic stress conditions (Box 1 and Table 1).

Phytohormone signalling integrates with ROS- and Ca®*-
induced mechanisms to control responses to stress'?'%18:25
(Figure 2). For example, accumulation of the phytohormone ab-
scisic acid (ABA), which triggers stomatal closure to prevent
excessive water loss, was described in response to drought®2”.
ABA activates SNF1-related protein kinase 2 (SnRK2) initiating
appropriate molecular responses to drought®®. Interestingly,
the guard cells of ferns do not respond to ABA, displaying an
evolutionarily distinct passive mechanism for stomatal closure
under drought conditions®®-*°.

Changes inresponse to abiotic stress in crops are also observed
at plasmodesmata, and specifically in callose, a B-1,3 glucan that
regulates plasmodesmata aperture and symplasmic (cytoplasm-
to-cytoplasm) molecular transport'®*'. Exposure to toxic levels
of aluminium induces callose accumulation and plasmodesmata
closure, impairing wheat root growth®’. CALLOSE SYNTHASE 8
(CalS8), an enzyme that synthesises plasmodesmata-associated
callose in response to ROS application®?, is activated in response
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Figure 3. Understanding and harnessing gene bank diversity for developing stress-tolerant varieties.

The figure represents the integration of -omics approaches with germplasm characterization, precision phenotyping, trait and gene discovery and breeding as a
holistic solution to enhance climate resilience in crops. Examples using this integrated approach to breed stress-tolerant chickpea varieties are mentioned in the
main text. The middle of the picture summarizes alterations in plant physiology, morphology, metabolic and reproductive development reported to occur in

response to stress. SOD, superoxide dismutase; CAT, catalases; APX, ascorbate peroxidase; GR, glutathione reductase.

to heat stress, causing a reduction in symplasmic connectivity that
impacts root meristem development in Arabidopsis thaliana®*. The
mechanism underpinning callose accumulation and plasmodes-
mata closure depends on cytoplasmic Ca®* levels®® and the
expression of the plasmodesmata-localized protein, NOVEL
CYS-RICH RECEPTOR KINASE (NCRK), which interacts with

R1250 Current Biology 33, R1246-R1261, December 4, 2023

both CALMODULIN-like protein 41 (CML41, a calcium receptor)
and GLUCAN SYNTHASE-LIKE 4 (GSL4, a callose synthase) in
response to ROS°. While multiple reports state that ROS waves
induce callose deposition, in light stress, RBOHD-generated
ROS increase symplasmic connectivity and the propagation/
spread of the waves''. Osmotic stress also triggers callose
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Table 1. Proposed future solutions to improve climate change resilience in crops: summary of various novel and ongoing approaches
that could be transformative in answering outstanding questions presented in Box 1.

Area of research Novel and ongoing approaches/solutions

Manipulation of
candidate genes

Improve phenotyping in the field to identify genes responsible for desirable traits and their environmental interactions.
Improve understanding of signalling and molecular pathways.

Establish efficiency in homology-directed repair (HDR) using CRISPR approaches to enable precise gene

replacement.

Use of crop modelling approaches and synthetic biology to design strategies for engineering multiple desirable traits.

Crop management
practices

Improved/widespread supplementation of crop microbiota to improve tolerance to specific stresses.
Intercropping with desert plants to promote novel plant growth-promoting rhizobacteria (PGPR).

Reduced reliance on monocultures and associated effect on microbial biodiversity decrease.
Better understanding of practices to conserve soil moisture, temperature, organic matter, and beneficial microbiota.

Use of on-farm
‘insurance crops’ and
preservation of genetic
diversity
Social sciences and
interdisciplinary
networks

collaborative interdisciplinary teams.

Transition to underutilised wild and semi-domesticated crops. Progress on research of antinutrient factors.
Further accessibility of genome sequencing/phenotyping data to fill the knowledge gaps in germplasm collection.
Haplotype-based breeding to deploy resilient varieties/hybrids based on gene-based association analysis.

Social license and harmonised governance on GMO at a global scale.
Better integration/use of new technologies to assist faster decision making and policy development.
Development of pathways for translation of fundamental knowledge into plant breeding and biotechnology by

Open access to scientific information for representatives of the political world, society and stakeholders leveraging
novel approaches including the arts to facilitate engagement.

deposition (likely via Qian Shou kinase (QSK1) signalling), affecting
symplasmic connectivity and root development®”*®, Transient
water stress studies, conducted by exposure of small root sections
to air, increased the expression of the plasmodesmata-located
protein PDLP3 and callose deposition, which suppresses lateral
root development®®. Mathematical models indicate that plasmo-
desmata transport is important to control the flow of water across
root tissues in maize and other crops.

An emerging field of research identifies temperature-depen-
dent alternative splicing (TD-AS) as a mechanism regulating
plant stress response’’. TD-AS, predominantly occurring
through the introduction of premature termination codons via a
retained intron, regulates gene expression in Arabidopsis*' and
winter sugarcane”’. For example, the pre-mRNA of flowering
repressor MAF2 (MADS AFFECTING FLOWERING 2) was effi-
ciently spliced at cold temperatures, but intron retention was
observed when temperatures increased’®. Effectively spliced
MAF2 interacts with MAF3 (MADS AFFECTING FLOWERING
3), SVP (SHORT VEGETATIVE PHASE), and FLC (FLOWERING
LOCUS C), which represses the expression of FT and SOC1
(SUPPRESSOR OF OVEREXPRESSION OF CONSTANT 1) con-
trolling flowering. When temperature increases, MAF2 intron-re-
tained isoforms (unable to establish these interactions) are pro-
duced, promoting transition to flowering and reproductive
growth®®, Parker et al. identified a gene encoding the Arabidop-
sis m6A methyltransferase METTL16 orthologue, FIONA1 (FIO1),
associated with natural variations in flowering time across
Arabidopsis ecotypes and regulating MAF2 splicing in a temper-
ature-dependent manner***>. TD-AS may also occur through
temperature-labile structural changes in introns themselves,
rather than through modification of the splicing machinery“®. Sin-
gle nucleotide polymorphisms (SNPs) in intron 2 of the heat
shock factor, HsfA2, are associated with variation in thermotoler-
ance across species of tomato, and result in structural differ-
ences at the 3’ splice site’®*’. Investigating the existence of
similar mechanisms in other key crop species could provide an

elegant target for influencing the splicing patterns of tempera-
ture-response genes for agronomic benefit (Box 1 and Table 1).

To summarize, there is sparse evidence of well-defined molec-
ular mechanisms involved in crop responses to climate change.
New research fields are emerging linking developmental compo-
nents and stress responses, but so far this knowledge is limited to
afew model plants. Targeting molecular components to improve
crop yield and climate resilience requires further efforts in dis-
secting the specificity, regulation and environmental interactions
of these pathways in different crop species (Box 1).

Targeting plant development for climate resilience

Plant development is particularly sensitive to climate change-
associated stresses, such as heat and drought (Figure 2)'°.
Stresses experienced at the early stages of reproductive devel-
opment restrict yields, impairing canopy and seed develop-
ment' %8, Heat and drought disrupt the floral transition and fer-
tilisation, resulting in lower numbers of fertile florets and
grains®®°°, Stresses experienced after fertilisation primarily
restrict yield by reducing grain size®’. Inrice, elevated night tem-
peratures (temperatures higher than the optimum threshold dur-
ing the night time) accelerate and shorten the grain filling period
by impairing nutrient remobilization, translocation and process-
ing®>°%. The links between plant developmental status and
stress response, if better understood, could be exploited as stra-
tegies to improve climate resilience (Box 1).

Stress-induced impairment of male gametophyte (pollen) devel-
opment within the anthers results in microspore abortion or sterile
pollen (Figure 2)°*~°°. Thisis largely due to disrupted meiosis of pol-
len mother cells and the premature degradation of the
tapetum®*°°. Defects in opening the anther walls for pollen release
(aprocess known as indehiscence®’), in pollen grain viability and in
pollen tube elongation contribute to reduced fertility in stress con-
ditions®®°, Heat sensitivity during meiosis is prevalent in wheat
and canola (oilseed rape), restricting plant development and yield
under stress®>®". The critical temperature threshold at anthesis is
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25°C in spring wheat, and for every 1°C increase above this
threshold, grain yields decrease by 10%, reaching a zero yield at
35°C®. Regulators of temperature-dependent responses in an-
thers and during meiosis remain under investigation®.

Although candidate genes for heat and drought responses
have been characterized, little is known about stress perception
at the whole-plant level (Figure 3). Regulation of root system ar-
chitecture allows deeper root penetration®>®*, and is intrinsic to
water and nutrient capture, but the processes underlying these
responses are poorly understood and remain underexploited in
agriculture®°>%¢, Tailoring root system architecture to improve
drought avoidance could be achieved, for example, by manipu-
lation of DEEPER ROOTING 1 (DRO1), a quantitative trait locus in
rice that controls the root growth angle®’®®, Maize roots with
modified DRO1 have steeper root growth angles, and reduced
axial roots and lateral branching, potentially optimizing water up-
take®®. The technical challenge of assessing root traits below-
ground remains a bottleneck to plant breeders and questions
remain on how root architecture affects molecular responses
to combined abiotic stresses®®’° (Box 1).

Shoot architectural changes inresponse to environmental stress
have been characterized (Figure 2)"". In particular, the regulation of
leaf stomatal closure is critical to optimize leaf water use efficiency,
which often (but not always’?) correlates with plant response to
temperature and water availability (Figure 1D). The highly efficient
shape of stomata in grasses, which rapidly change in conductance
in response to light’®, is well-adapted to changes in climate. Regu-
lation of stomatal size and density (SD) is also crucial to the devel-
opment of crops more resilient to the effects of climate
change’*"®. Manipulation of key developmental regulators such
as maize ZmNACA49’’, barley HVEPF1 (Hordeum vulgare
epidermal patterning factor 1) and wheat TaEPF1 can modify
SD, improving gas exchange and increasing water use effi-
ciency’*"®. Additionally, smaller stomata (such as those in barley)
are thought to facilitate a rapid conductance response’®. In
contrast, traits related to stomatal size are a good option to
improve rice water use efficiency as speciation in this crop has fav-
oured increases in stomatal density’®. Manipulation of leaf
epidermal patterning can also improve resilience in crops grown
on marginal land with limited water resources’®. For example, mu-
tation in barley HYCBP20 (cap-binding 20) gene modifies stomata
patterning and increases epicuticular wax, which help to maintain
leaf water content under drought®>®”,

To summarize, abiotic stresses experienced during plant tran-
sition to reproductive development severely affect crop growth,
resource allocation and yield. Our understanding of root pheno-
types for optimal resource acquisition under various drought/
heat conditions is limited (Box 1). Manipulating stomatal density
has shown promising results in improving water use efficiency
without yield reduction. Research on other aspects of phenology
by vyield interaction are discussed in recent manuscripts,
showing their potential as targets for improvement®*:5°,

Building system resilience through crop management
and the microbiome

Effective crop management practices, such as conservation
tillage in combination with residue retention/incorporation®*,
can help counteract the adverse effects of a changing climate
(Table 1), Irrigation scheduling based on soil moisture
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monitoring and weather conditions, the use of drip irrigation
and other water-saving strategies, suitable planting methods
(e.g., bed sowing®”) and the choice of planting date based on
agroclimatic indicators (such as total precipitation, number of
dry days and average mean temperature) can improve water
use efficiency and minimise the adverse effects of climate
change®®®°. The use of integrated systems such as crop-
livestock (agropastoral), livestock—forest (silvopastoral) and
crop-livestock—forest (agrosilvopastoral) have advantages,
such as increasing the accumulation and stock of carbon in
the soil, increasing fertility, and preserving soil moisture, which
influences crop tolerance to drought and high temperatures®®°".
However, these strategies are not available or applicable to all
cultivated crops and their use can reduce productivity.

Farmers often prefer using crop rotation, cover crops and in-
tercropping as stress management strategies. Cover crops
and their residues protect the soil from erosion and can
open root channels through compacted soil, allowing the cash
crop to access water in deeper soil layers®. Some cover
crops (such as clover and hairy vetch) help regulate soil
temperature and moisture®®, reducing the stress severity.
Similarly, cover crops or a living canopy cover as mulching
provide shade and reduce water evapotranspiration from
soil and aerial plant portions, protecting main crop seedling
establishment?°,

Rotation in cropping patterns is a season-long but effective
strategy to improve crop resilience to stress. Three years of
wheat and legume rotation significantly reduced drought stress
effects with a positive impact on crop yield®®. Crop rotation en-
hances organic matter through temporal litter decomposition
of a diversity of crops, with positive impacts on soil hydrolo-
gy’"®°. Rotation with crops with different water requirements
is a promising strategy that mitigates adverse effects in
drought-prone areas. For example, cultivating crops with a low
water requirement during seasons of high-water availability
could conserve soil water for the next season’s crop”®°.

Crop diversification and intercropping impact soil’s physical
properties and water storage, and can protect crop plants
from heat stress'”'?". The benefits of plant species diversity
are due to complementarity in resource use, to niche overlap,
and/or to alterations in soil structure and chemistry'°%. However,
the effects of plant interspecific interaction could be negative,
depending on the species involved, the resources available,
and environmental conditions'%%'%*, Crop diversification also re-
sults in phenotypic plasticity, enabling plants to capture more
available resources — for example, through increases in root
biomass for foraging nutrients’%>"°°,

The selection of the best suitable crop combinations in inter-
cropping is crucial in drought-prone areas. For example, the
classic cereal-legume intercropping system'®’ (Figure 1E,F) ben-
efits the crops through improving soil fertility, increasing soil car-
bon and water infiltration, and a significant gain in soil moisture
during drought periods, especially in sandy soils'®""°. Mixing
plants with deep and shallow roots (such as bean-maize,
sorghum-red clover, and maize—grass pea) makes better use of
the available soil moisture by enabling exploration of deep soil
and subsoil'"". Such root combinations allow bio-drilling (where
long tap-roots remain in the soil, providing channels for water
drainage) which enhances soil structuring, increases soil organic
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matter and promotes soil aggregation, thereby improving the stor-
age and availability of soil water in the root zone®® 12,

Diversified cropping systems also increase soil microbial
biomass and activity (and the microbial population — micro-
biome — in the vicinity of the plant root system), leading to better
soil structure, organic matter, and improved water retention
(Figure 2 and Table 1)""*7""°, The shade provided by the canopy
of diverse plantations nurtures belowground microbial activity by
reducing temperature extremes, preventing the penetration of
ultraviolet radiation and lowering coalescences due to less soil
drying®®. High root densities, root-specific interactions with the
soil microbiome and the occurrence of species-specific microbi-
al communities in diverse plantations increase exudation and
enhance soil microbial activity' """,

The microbiome exerts control over host plant metabolism
and gene expression, to enhance nutrient provision and
modify defences against biotic and abiotic stresses''®'?",
Climatic conditions modify the diversity of plant microbial
communities, the effects depending on plant species and devel-
opmental stage (Figures 1G and 2)'?>'?%, For example, the abun-
dance of Actinobacteria increased two-fold and Proteobacteria
decreased over 2.5-fold in soils cultivated with rice
under drought conditions, and these changes persisted after
alleviation of the stress'?*. In sorghum, drought increased the
abundance of Actinobacteria in relation to irrigated samples'*®
but only when the stress was experienced pre-flowering was
there a decrease in pathogenic genera (Fusarium, Gibberella
and Sarocladium)'?®. The abundance of specific rhizospheric
taxa relates to plant health under abiotic stress conditions. For
instance, drought-stressed sorghum plants in soils with Arthro-
bacter bacteria suffered more than those in which bacteria of
the genus Variovorax were abundant'?’. A different effect was
observed in wheat plants, in which Arthrobacter alleviated
drought-stress effects under greenhouse conditions'?®. Simi-
larly, the presence of endospheric Streptomyces was correlated
with drought tolerance in several plant species'*°.

Under drought, roots grown in natural- and agro-ecosystems
preferentially recruit beneficial root microbiota'*®~'*", including ar-
buscular mycorrhizal fungi (AMF). Symbiotic fungi provide plants
with macro- and micronutrients, such as phosphorus, nitrogen
and selenium'*%"*3 and contribute to the stabilisation of soil ag-
gregation by exuding soil-binding compounds through mycelial
activities'**. The direct transfer of water from soil to plants through
AMF mycelial networks has been demonstrated in wild oat using
isotopically labelled water'*°. Therefore, commercial AMF inocu-
lants, added as a supplement to agricultural lands, have consider-
able potential in the alleviation of drought and nutrient deficiency
in plants (Table 1)'*®. However, while AMF richness increases in
barley roots under drought, AMF performance (colonization and
the abundance of arbuscules and vesicles) decreases, indicating
antagonistic interactions'®”. Little is known about how AMF sym-
bioses is altered under other abiotic conditions or what the
compatibility of different AMF strains is with crop species in
different environments, as well as their interactions within plant
and native microbial communities'*°.

The plant microbiome response to heat stress'®®'%° differs
slightly from the effects produced by drought'“%'*'. However,
many plant growth-promoting microbes, including commercially
available strains, increase both drought and heat tolerance in a
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diverse range of plant taxa'**'*%. The application of microbial
consortia can be more efficient than single-strain inocula in
enhancing stress tolerance'**. Desert plants may provide a valu-
able source of novel plant growth-promoting rhizobacteria,
which are adapted to improve soil fertility in degraded regions
in addition to improving plant growth and stress tolerance (Ta-
ble 1)'*°. For example, the presence of the endophytic bacterial
strain Enterobacter sp. SA187, isolated from the desert legume
Indigofera argentea'“®, improved salt tolerance of model and
crop plants under greenhouse conditions'*’.

Overall, crop management practices and the application of mi-
crobiome-inspired methods are promising innovations to combat
and prevent crops from stresses derived from climate change
(Table 1)'“, More research is required to understand how specific
microbial communities impact plant stress responses and how
they interact in different climatic conditions (Box 1).

Exploiting genetics and genomics in breeding crop
resilience

The climate resilience of agricultural crops could be improved by
conventional breeding'®'“°, but this is a relatively slow process.
The integration of high-throughput technologies (such as speed
breeding) and modelling approaches could accelerate and in-
crease the precision of trait selection in plant breeding programs'*°
(Figure 3). The declining cost of next-generation sequencing plat-
forms has increased access to whole-genome sequence informa-
tion in multiple crops, including landraces, underutilised crops and
crop wild relatives, facilitating the acquisition of molecular data on
large germplasm collections'**'>". Adoption of high-throughput
precision phenotyping, speed breeding, genomic selection and
gene editing, and application of digital technologies to generate
high-quality data have been successful in breeding novel heat-
and drought-tolerant crops'®?~'>°, Enormous efforts have been in-
vested to preserve the existing genetic diversity worldwide,
including the unexplored diversity of traditional landraces and
crop wild relatives (Figure 1H), for the identification of traits affected
by artificial selection during domestication'*®~"°¢,

Underutilised crops, which are not grown and traded globally,
such as sorghums'®® and millets'®, are often adapted to arid
and semi-arid regions that limit the productivity for other crops, of-
fering alternative solutions for food production during climate
change'®'~'%*. While underutilised crops often fulfil a valuable
niche on-farm as ‘insurance crops’, they receive little attention in
research, and the molecular mechanisms that confer stress toler-
ance in these crops remain poorly understood'®®. Trait-linked
marker genes involved in drought adaptation were identified in sor-
ghum'%%” but similar research is lacking for other underutilised
crops. Many such crops contain antinutrient factors, which
currently limits their more widespread adoption'**'%°, However,
grain legumes, such as lablab'®®, groundnut, chickpea, pigeon
pea'®’ and cowpea'’”, are well adapted to tropical and subtropical
environments with the added benefit of being able to grow on
nutrient-poor soil due to their nitrogen-fixing capability’ "',

More than 1,750 genebanks conserve about 7.4 million sam-
ples of diverse crops, including not only cultivars and landraces
of major crops, but also underutilised crops and wild rela-
tives'®”177178 However, only a small proportion of the germ-
plasm kept in these banks has been used in plant breeding pro-
grams, and even a smaller fraction has been used to develop
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stress-resilient crops'”®. Most accessions are poorly character-
ised, with frequent duplications within and between collections,
and often incomplete passports lacking essential information
such as phenotypic, physiological and agronomic data, or links
to other databases compiling this information'®’. Therefore, it
is challenging for breeders to mine genebank diversity'°®, partic-
ularly in the case of complex polygenic traits, such as abiotic
stress tolerance, which are controlled by multiple non-allelic
genes and show complex non-Mendelian inheritance (Table 1).
Genomics, automated high-throughput phenotyping platforms,
and remote monitoring of physiological traits in the field could
speed up the identification of novel genetic resources and the
molecular characterization of genebanks, allowing the mobiliza-
tion and exploitation of genetic diversity in the identification of
climate tolerance traits'>"'®° (Figure 3).

The power of breeding assisted by high-throughput technolo-
gies has led to few successes in identifying drought and heat
tolerance traits in chickpea, groundnut and pigeon pea'“®'*°,
A quantitative trait loci (QTL) hotspot was identified after high
precision phenotyping in an intraspecific recombinant inbred
line population (ICC 4958 x ICC 1882), explaining up to 58%
of the phenotypic variation for a variety of drought-related
traits'®'. Fine mapping identified 12 genes'®*'®° within the
QTL region, including the transcription factor CaTIFY4b, confer-
ring drought tolerance when expressed in Medicago trunca-
tula'®*. Marker-assisted backcrossing enabled the transfer of
the QTL hotspot region from ICC 4958 into diverse genetic back-
grounds, resulting in the development and release of improved
chickpea varieties in India and Ethiopia'®*. The introgression
lines obtained by fast-track transfer of the QTL hotspot into JG
11 (a leading chickpea variety in India) showed greater rooting
depth, better root length density and greater root dry weight as
compared with both recurrent and donor parents'®®. Transfer
of the same genomic region into three elite chickpea cultivars,
Pusa 372, Pusa 362 and DCP 92-3, using a similar approach'®*
resulted in the development and release of multiple drought-
tolerant lines, such as Pusa Chickpea 10216, Pusa Chickpea
4005 (BG 4005), Pusa Chickpea Shyam and IPC L4-14
(IPCMAS-1). Other collaborative efforts led to the identification
of drought-tolerant varieties, such as Geletu and Girar released
in Ethiopia, with 15% and 22% yield superiority over popular
chickpea varieties'®®. Similarly, advanced lines developed by
the introgression of the QTL hotspot into popular varieties
showed promising results in multi-location trials in Kenya, and
are selected for possible release in Tanzania'*®.

In another example, candidate gene-based association anal-
ysis using whole-genome sequencing of 292 diverse genotypes
identified genes influencing seven drought-responsive compo-
nent traits in pigeon pea'®®. The most promising and superior
haplotypes displayed favourable phenotypes for five compo-
nent drought traits, such as plant weight, fresh weight, turgid
weight, dry weight, and relative water content. In the case
of groundnut, a bi-parental mapping study identified sixteen
major main-effect QTLs for drought tolerance traits (10.0-
3.9% phenotypic variation explained, PVE)'®’. Genome-wide
association analysis revealed two important SNP clusters on
chromosomes Ah10 and Ah18, where 11 significant associa-
tions, explaining 0.07% to 0.26% of the phenotypic variance,
were found (M.K. Pandey, unpublished). More recently, another
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QTL mapping study reported three promising clusters on chro-
mosomes Ah03, Ah12, and Ah20, harbouring more than half of
the major QTLs for various agronomic, phenological and phys-
iological traits, explaining phenotypic variance under heat
stress'®,

Optimal contributions selection (OCS)'®° has been applied to
crop breeding to optimise future genetic gain based on pedi-
gree and/or genomic relationship information'®°~'9%. A model
of crop breeding with OCS resulted in improvements in heat
stress tolerance, together with other commercial traits, while
minimising the rate of population inbreeding’®’. Its usefulness
was verified recently in the field, where high rates of genetic
gain for multiple traits were achieved in a canola breeding pro-
gram in Australia and Canada'®®. Future pathways towards
adaptation of crops to climate change include a look-ahead
algorithm for genomic selection, which provides another
pathway towards rapid and sustainable genetic gain in multiple
traits'®, or prediction-based crop redesign through the integra-
tion and interpretation of big data (-omics and genotype-by-
environment data) with artificial intelligence (machine and
deep learning)'®*.

In summary, leveraging genetic diversity and genomic tech-
nologies can greatly improve the ability to develop climate resil-
ient crops (Table 1). Whatever method is used to optimise future
crop breeding, it is essential to incorporate multiple stresses and
developmental traits into the selection index to protect future po-
tential genetic gains in yield, quality and disease resistance dur-
ing climate change (Box 1).

Conclusions

In this review, we have highlighted the challenges of enhancing
crop resilience to climate change (Box 1 and Table 1). A holistic
approach encompasses whole plant physiology, signalling,
metabolic and molecular mechanisms, optimizing cropping sys-
tems and potential genetic solutions to breed tolerant crops'°. It
is implicit in our approach that genetic or other interventions to
enhance crop tolerance must encompass considerations of sus-
tainable intensification and the needs of society. Social licence
and harmonised governance are essential to reap the benefits
of these technologies at a global scale'®'%.

Evidence summarised in this review shows how the soil micro-
biome and crop management practices can help to improve crop
productivity in challenging environmental conditions'*®. It is
possible to select varieties with deep root systems, efficient
water use, optimised stomatal density, early maturity, and
greater stress tolerance to reduce the risk of crop failure in chal-
lenging growing conditions’*“°. Similarly, genotypes with good
stand establishment can improve performance in areas prone
to drought and heat through reduced evaporation and soil
heating'®" 2%,

Plant breeding programs can deliver improved crop varieties
and minimise the risks posed by unpredictable extreme weather
events (Table 1). The integration of genomics and phenomics
combined with efficient database management and modelling
could be used to unlock the genetic potential of gene bank
germplasms'®”'®° and accelerate breeding of novel climate-
resilient crops (Figure 3). Adoption of new technologies is
essential to generate high-quality data for faster decision-mak-
ing and policy development (Table 1). Although gene editing
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approaches are increasingly used®®' (Figure 11,J), the current
low efficiency in homology-directed repair in plants using
CRISPR approaches and the challenges in regulation, customer
perception and acceptance restrict applications in plant
improvement programs=°2.

The participation of collaborative interdisciplinary teams (as
part of initiatives such as PlantACT!, www.plant-act.org/) is
essential to achieve the translation of basic knowledge into plant
breeding and biotechnological approaches®’®. In cooperation
with society and political decision-makers, research knowledge
can be used to leverage commitment at the level of individuals,
institutions, and research funding agencies. Open access to
scientific information for representatives of the political world,
society and stakeholders is of utmost importance and public
engagement approaches including the arts can facilitate
communication between these parties (Figure 1).

The present review was developed between individuals from
different disciplines, institutions and countries united under the
umbrella of the World University Network (WUN) Research
Development Fund (RDF) program ‘Addressing the impact of
heatwaves and drought on food security’. The team of re-
searchers encompassed expertise in crop physiology, pathol-
ogy, breeding, molecular biology, agronomy, atmospheric
chemistry and pollution, crop-climate modelling, and food
safety, who are not all included in this review. This review repre-
sents a call for the research community to work collaboratively in
developing stress-resilient crops and sustainable systems for
their production, delivery, and safe consumption. Although
many questions remain unaddressed (Box 1), significant prog-
ress is being made in key areas (Table 1), revealing potential so-
lutions that can only be implemented with the concerted effort of
the research community in liaison with policy and regulatory en-
tities in the upcoming years.

ACKNOWLEDGMENTS

The authors thank the support received from the World University Network
(WUN) RDF including matching funds from partner universities. Y.B.-A. thanks
UKRI for a Future Leader Fellowship (MR/T04263X/1). S.Z. thanks UKRI-
GCRF-AFRICAP (BB/P027784/1) for a PhD fellowship. P.G.-F. acknowledges
the Grant PCI2022-132990 co-funded by PRIMA and the AEI. A.C.M. acknowl-
edges the funds from the Regional Government of Andalucia through the
EMERGIA Grant EMC21_00147. M.K.R. acknowledges the support of the Eu-
ropean Commission under Marie Sktodowska-Curie grant agreement number
101034371. P.G.-F. and Z.S.-S. acknowledge the funds received from the
Regional Government of Castilla y Ledn, Escalera de Excelencia CLU-2018-
04, co-funded by the P.O. FEDER of Castilla y Leén 2014-2020. Z.S.-S.
received a grant from the Regional Government of Castilla y Le6n and a grant
co-financed by the European NextGenerationEU, Spanish “Plan de Recuper-
acion, Transformacion y Resiliencia,” Spanish Ministry of Universities, and the
University of Salamanca (“Ayudas para la recualificacion del sistema universi-
tario espafol 2021-2022”). A.K. and M.A.C. were funded by the University of
Southampton. A.D.-G. was funded by the National Science Centre, Poland
project [2020/38/E/NZ9/00346] SONATA BIS10 ‘(QUEST) Quest for climate-
smart barley - the multi-layered genomic study of CBC function in ABA signal-
ling’; J.A.D. is funded by an Institute for Sustainable Food fellowship, Univer-
sity of Sheffield; C.H.F. thanks UKRI (BBSRC/GCRF) for financial support (BB/
T008865/1). M.K.P. and V.S. thank the Indian Council of Agricultural Research
(ICAR)-National Agricultural Science Fund (NASF) and Department of Biotech-
nology (DBT), Government of India for financial support. L.A.F. and E.A.F.
thank Bayer S.A. and Brazilian National Council for Scientific and Technolog-
ical Development (CNPq) for financial support [Grant number 316873-2021-7].
W.A.C. acknowledges research project support at the University of Western
Australia from Norddeutsche Pflanzenzucht Hans-Georg Lembke KG (NPZ),
Germany.

¢? CellPress

OPEN ACCESS

DECLARATION OF INTERESTS

The authors declare no competing interests.

REFERENCES

1. Diffenbaugh, N.S., Singh, D., Mankin, J.S., Horton, D.E., Swain, D.L.,
Touma, D., Charland, A., Liu, Y., Haugen, M., and Tsiang, M. (2017).
Quantifying the influence of global warming on unprecedented extreme
climate events. Proc. Natl. Acad. Sci. USA 174, 4881-4886.

2. Rogelj, J., Meinshausen, M., and Knutti, R. (2012). Global warming under
old and new scenarios using IPCC climate sensitivity range estimates.
Nat. Clim. Change 2, 248-253.

3. Brés, T.A,, Seixas, J., Carvalhais, N., and Jagermeyr, J. (2021). Severity
of drought and heatwave crop losses tripled over the last five decades in
Europe. Environ. Res. Lett. 76, 65012.

4. Daryanto, S., Wang, L., and Jacinthe, P.-A. (2016). Global synthesis of
drought effects on maize and wheat production. PLoS One 177,
e0156362.

5. Khatun, M., Sarkar, S., Era, F.M., Islam, A.M., Anwar, M.P., Fahad, S.,
Datta, R., and Islam, A.A. (2021). Drought stress in grain legumes: Ef-
fects, tolerance mechanisms and management. Agronomy 177, 2374.

6. Deryng, D., Conway, D., Ramankutty, N., Price, J., and Warren, R. (2014).
Global crop yield response to extreme heat stress under multiple climate
change futures. Environ. Res. Lett. 9, 34011.

7. Asseng, S., Ewert, F., Martre, P., Rétter, R.P., Lobell, D.B., Cammarano, D.,
Kimball, B.A., Ottman, M.J., Wall, G., and White, J.W. (2015). Rising temper-
atures reduce global wheat production. Nat. Clim. Change 5, 143-147.

8. FAO, IFAD, UNICEF, WFP, and WHO (2022). The state of food security
and nutrition in the world 2022 (Rome: FAO). https://data.unicef.org/
resources/sofi-2022/.

9. Gupta, A., Rico-Medina, A., and Cano-Delgado, A.l. (2020). The physi-
ology of plant responses to drought. Science 368, 266-269. https://doi.
org/10.1126/science.aaz7614.

10. Anders, S., Cowling, W., Pareek, A., Gupta, K.J., Singla-Pareek, S.L., and
Foyer, C.H. (2021). Gaining acceptance of novel plant breeding technol-
ogies. Trends Plant Sci. 26, 575-587.

11. Fichman, Y., and Mittler, R. (2021). Integration of electric, calcium, reac-
tive oxygen species and hydraulic signals during rapid systemic signaling
in plants. Plant J. 707, 7-20.

12. Mittler, R., Zandalinas, S.l., Fichman, Y., and Van Breusegem, F. (2022).
Reactive oxygen species signalling in plant stress responses. Nat. Rev.
Mol. Cell Biol. 23, 663-679.

18. Zhang, H., Zhu, J., Gong, Z., and Zhu, J.-K. (2022). Abiotic stress re-
sponses in plants. Nat. Rev. Genet. 23, 104-119.

14. Bellandi, A., Papp, D., Breakspear, A., Joyce, J., Johnston, M.G., de
Keijzer, J., Raven, E.C., Ohtsu, M., Vincent, T.R., and Miller, A.J.
(2022). Diffusion and bulk flow of amino acids mediate calcium waves
in plants. Sci. Adv. 8, eabo6693.

15. Smirnoff, N., and Arnaud, D. (2019). Hydrogen peroxide metabolism and
functions in plants. New Phytol. 227, 1197-1214. https://doi.org/10.
1111/nph.15488.

16. German, L., Yeshvekar, R., and Benitez-Alfonso, Y. (2023). Callose meta-
bolism and the regulation of cell walls and plasmodesmata during plant
mutualistic and pathogenic interactions. Plant Cell Environ. 46, 391-404.

17. Szechynska-Hebda, M., Lewandowska, M., Witon, D., Fichman, Y., Mit-
tler, R., and Karpinski, S.M. (2022). Aboveground plant-to-plant electrical
signaling mediates network acquired acclimation. Plant Cell 34,
3047-3065.

18. Zheng, Y., Wang, X., Cui, X., Wang, K., Wang, Y., and He, Y. (2022). Phy-
tohormones regulate the abiotic stress: An overview of physiological,
biochemical, and molecular responses in horticultural crops. Front. Plant
Sci. 13, 1095363. https://doi.org/10.3389/fpls.2022.1095363.

Current Biology 33, R1246-R1261, December 4, 2023 R1255



http://www.plant-act.org/
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref1
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref1
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref1
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref1
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref2
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref2
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref2
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref3
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref3
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref3
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref3
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref4
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref4
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref4
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref5
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref5
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref5
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref6
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref6
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref6
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref7
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref7
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref7
https://data.unicef.org/resources/sofi-2022/
https://data.unicef.org/resources/sofi-2022/
https://doi.org/10.1126/science.aaz7614
https://doi.org/10.1126/science.aaz7614
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref10
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref10
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref10
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref11
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref11
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref11
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref12
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref12
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref12
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref13
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref13
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref14
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref14
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref14
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref14
https://doi.org/10.1111/nph.15488
https://doi.org/10.1111/nph.15488
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref16
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref16
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref16
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref17
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref17
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref17
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref17
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref17
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref17
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref17
https://doi.org/10.3389/fpls.2022.1095363

¢? CellPress

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

OPEN ACCESS

Wu, C., Cui, K., Wang, W., Li, Q., Fahad, S., Hu, Q., Huang, J., Nie, L., and
Peng, S. (2016). Heat-induced phytohormone changes are associated
with disrupted early reproductive development and reduced vyield in
rice. Sci. Rep. 6, 34978.

Paul, P., Dhatt, B.K., Miller, M., Folsom, J.J., Wang, Z., Krassovskaya, |.,
Liu, K., Sandhu, J., Yu, H., and Zhang, C. (2020). MADS78 and MADS79
are essential regulators of early seed development in rice. Plant Physiol.
182, 933-948.

Chen, C., Begey, K., Liu, K., Folsom, J.J., Wang, Z., Zhang, C., and Walia,
H. (2016). Heat stress yields a unique MADS box transcription factor in
determining seed size and thermal sensitivity. Plant Physiol. 777,
606-622.

Turck, F., Fornara, F., and Coupland, G. (2008). Regulation and identity of
florigen: FLOWERING LOCUS T moves center stage. Annu. Rev. Plant
Biol. 59, 573-594.

Ejaz, M., and von Korff, M. (2017). The genetic control of reproductive
development under high ambient temperature. Plant Physiol. 773,
294-306.

Gol, L., Haraldsson, E.B., and von Korff, M. (2021). Ppd-H1 integrates
drought stress signals to control spike development and flowering time
in barley. J. Exp. Bot. 72, 122-136.

Mittler, R., and Blumwald, E. (2015). The roles of ROS and ABA in sys-
temic acquired acclimation. Plant Cell 27, 64-70. https://doi.org/10.
1105/tpc.114.133090.

Bauer, H., Ache, P., Lautner, S., Fromm, J., Hartung, W., Al-Rasheid,
K.A., Sonnewald, S., Sonnewald, U., Kneitz, S., and Lachmann, N.
(2013). The stomatal response to reduced relative humidity requires
guard cell-autonomous ABA synthesis. Curr. Biol. 23, 53-57.

McAdam, S.A., and Brodribb, T.J. (2015). The evolution of mechanisms
driving the stomatal response to vapor pressure deficit. Plant Physiol.
167, 833-843.

Hasan, M.M., Liu, X.-D., Waseem, M., Guang-Qian, Y., Alabdallah, N.M.,
Jahan, M.S., and Fang, X.-W. (2022). ABA activated SnRK2 kinases: An
emerging role in plant growth and physiology. Plant Signal. Behav. 17,
2071024.

McAdam, S.A., and Brodribb, T.J. (2012). Fern and lycophyte guard cells
do not respond to endogenous abscisic acid. Plant Cell 24, 1510-1521.

McAdam, S.A., and Brodribb, T.J. (2016). Linking turgor with ABA biosyn-
thesis: implications for stomatal responses to vapor pressure deficit
across land plants. Plant Physiol. 7177, 2008-2016.

Vu, M.H., Iswanto, A.B.B., Lee, J., and Kim, J.Y. (2020). The role of plas-
modesmata-associated receptor in plant development and environ-
mental response. Plants 9, 216. https://doi.org/10.3390/plants9020216.

Sivaguru, M., Fujiwara, T., Samaj, J., Baluska, F., Yang, Z., Osawa, H.,
Maeda, T., Mori, T., Volkmann, D., and Matsumoto, H. (2000).
Aluminum-induced 1->3-beta-D-glucan inhibits cell-to-cell trafficking
of molecules through plasmodesmata. A new mechanism of aluminum
toxicity in plants. Plant Physiol. 724, 991-1006. https://doi.org/10.
1104/pp.124.3.991.

Cui, W., and Lee, J. (2016). Arabidopsis callose synthases CalS1/8 regu-
late plasmodesmal permeability during stress. Nat. Plants 2, 16034.

Liu, J., Liu, Y., Wang, S., Cui, Y., and Yan, D. (2022). Heat stress reduces
root meristem size via induction of plasmodesmal callose accumulation
inhibiting phloem unloading in Arabidopsis. Int. J. Mol. Sci. 23, 2063.

Holdaway-Clarke, T.L., Walker, N.A., Hepler, P.K., and Overall, R.L.
(2000). Physiological elevations in cytoplasmic free calcium by cold or
ion injection result in transient closure of higher plant plasmodesmata.
Planta 270, 329-335.

Vu, M.H., Hyun, T.K,, Bahk, S., Jo, Y., Kumar, R., Thiruppathi, D., Is-
wanto, A.B.B., Chung, W.S., Shelake, R.M., and Kim, J.-Y. (2022).
ROS-mediated plasmodesmal regulation requires a network of an Arabi-
dopsis receptor-like kinase, calmodulin-like proteins, and callose syn-
thases. Front. Plant Sci. 13, 1107224.

R1256 Current Biology 33, R1246-R1261, December 4, 2023

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Current Biology

Kirk, P., Amsbury, S., German, L., Gaudioso-Pedraza, R., and Benitez-
Alfonso, Y. (2022). A comparative meta-proteomic pipeline for the iden-
tification of plasmodesmata proteins and regulatory conditions in diverse
plant species. BMC Biol. 20, 128.

Grison, M.S., Kirk, P., Brault, M.L., Wu, X.N., Schulze, W.X., Benitez-Al-
fonso, Y., Immel, F., and Bayer, E.M. (2019). Plasma membrane-associ-
ated receptor-like kinases relocalize to plasmodesmata in response to
osmotic stress. Plant Physiol. 7187, 142-160.

Mehra, P., Pandey, B.K., Melebari, D., Banda, J., Leftley, N., Couvreur,
V., Rowe, J., Anfang, M., De Gernier, H., and Morris, E. (2022). Hydraulic
flux—responsive hormone redistribution determines root branching. Sci-
ence 378, 762-768.

Couvreur, V., Faget, M., Lobet, G., Javaux, M., Chaumont, F., and Draye,
X. (2018). Going with the flow: Multiscale insights into the composite na-
ture of water transport in roots. Plant Physiol. 178, 1689-1703. https://
doi.org/10.1104/pp.18.01006.

Neumann, A., Meinke, S., Goldammer, G., Strauch, M., Schubert, D.,
Timmermann, B., Heyd, F., and Preussner, M. (2020). Alternative splicing
coupled mRNA decay shapes the temperature-dependent transcrip-
tome. EMBO Rep. 21, e51369. https://doi.org/10.15252/embr.
202051369.

Dantas, L.L.B., Almeida-Jesus, F.M., de Lima, N.O., Alves-Lima, C.,
Nishiyama-, M.Y., Jr., Carneiro, M.S., Souza, G.M., and Hotta, C.T.
(2020). Rhythms of transcription in field-grown sugarcane are highly or-
gan specific. Sci. Rep. 10, 6565. https://doi.org/10.1038/s41598-020-
63440-7.

Airoldi, C.A., McKay, M., and Davies, B. (2015). MAF2 is regulated by
temperature-dependent splicing and represses flowering at low temper-
atures in parallel with FLM. PLoS One 10, e0126516. https://doi.org/10.
1371/journal.pone.0126516.

Kim, J., Kim, Y., Yeom, M., Kim, J.H., and Nam, H.G. (2008). FIONA1 is
essential for regulating period length in the Arabidopsis circadian clock.
Plant Cell 20, 307-319. https://doi.org/10.1105/tpc.107.055715.

Parker, M.T., Soanes, B.K., Kusakina, J., Larrieu, A., Knop, K., Joy, N.,
Breidenbach, F., Sherwood, A.V., Barton, G.J., Fica, S.M., et al. (2022).
m(6)A modification of U6 snRNA modulates usage of two major classes
of pre-mRNA 5’ splice site. eLife 77, e78808. https://doi.org/10.7554/el-
ife.78808.

Hu, Y., Mesihovic, A., Jimenez-Gomez, J.M., Roth, S., Gebhardt, P., Bu-
blak, D., Bovy, A., Scharf, K.D., Schleiff, E., and Fragkostefanakis, S.
(2020). Natural variation in HsfA2 pre-mRNA splicing is associated with
changes in thermotolerance during tomato domestication. New Phytol.
225, 1297-1310. https://doi.org/10.1111/nph.16221.

Broft, P., Rosenkranz, R., Schleiff, E., Hengesbach, M., and Schwalbe, H.
(2022). Structural analysis of temperature-dependent alternative splicing
of HsfA2 pre-mRNA from tomato plants. RNA Biol. 19, 266-278. https://
doi.org/10.1080/15476286.2021.2024034.

Jagadish, S.K., Way, D.A., and Sharkey, T.D. (2021). Plant heat stress:
Concepts directing future research. Plant Cell Environ. 44, 1992-2005.

Dolferus, R., Ji, X., and Richards, R.A. (2011). Abiotic stress and control
of grain number in cereals. Plant Sci. 787, 331-341.

Prathap, V., Ali, K., Singh, A., Vishwakarma, C., Krishnan, V., Chinnus-
amy, V., and Tyagi, A. (2019). Starch accumulation in rice grains sub-
jected to drought during grain filling stage. Plant Physiol. Biochem.
142, 440-451.

Gooding, M., Ellis, R., Shewry, P., and Schofield, J. (2003). Effects of
restricted water availability and increased temperature on the grain filling,
drying and quality of winter wheat. J. Cereal Sci. 37, 295-309.

Phan, T., Ishibashi, Y., Miyazaki, M., Tran, H., Okamura, K., Tanaka, S.,
Nakamura, J., Yuasa, T., and lwaya-Inoue, M. (2013). High tempera-
ture-induced repression of the rice sucrose transporter (Os SUT 1) and
starch synthesis-related genes in sink and source organs at milky
ripening stage causes chalky grains. J. Agron. Crop Sci. 799, 178-188.


http://refhub.elsevier.com/S0960-9822(23)01429-X/sref19
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref19
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref19
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref19
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref20
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref20
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref20
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref20
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref21
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref21
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref21
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref21
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref22
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref22
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref22
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref23
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref23
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref23
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref24
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref24
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref24
https://doi.org/10.1105/tpc.114.133090
https://doi.org/10.1105/tpc.114.133090
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref26
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref26
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref26
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref26
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref27
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref27
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref27
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref28
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref28
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref28
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref28
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref29
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref29
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref30
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref30
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref30
https://doi.org/10.3390/plants9020216
https://doi.org/10.1104/pp.124.3.991
https://doi.org/10.1104/pp.124.3.991
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref33
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref33
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref34
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref34
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref34
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref35
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref35
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref35
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref35
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref36
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref36
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref36
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref36
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref36
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref37
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref37
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref37
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref37
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref38
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref38
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref38
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref38
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref39
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref39
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref39
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref39
https://doi.org/10.1104/pp.18.01006
https://doi.org/10.1104/pp.18.01006
https://doi.org/10.15252/embr.202051369
https://doi.org/10.15252/embr.202051369
https://doi.org/10.1038/s41598-020-63440-7
https://doi.org/10.1038/s41598-020-63440-7
https://doi.org/10.1371/journal.pone.0126516
https://doi.org/10.1371/journal.pone.0126516
https://doi.org/10.1105/tpc.107.055715
https://doi.org/10.7554/eLife.78808
https://doi.org/10.7554/eLife.78808
https://doi.org/10.1111/nph.16221
https://doi.org/10.1080/15476286.2021.2024034
https://doi.org/10.1080/15476286.2021.2024034
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref48
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref48
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref49
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref49
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref50
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref50
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref50
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref50
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref51
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref51
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref51
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref52
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref52
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref52
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref52
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref52

Current Biology

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Xu, J., Henry, A., and Sreenivasulu, N. (2020). Rice yield formation under
high day and night temperatures-A prerequisite to ensure future food se-
curity. Plant Cell Environ. 43, 1595-1608. https://doi.org/10.1111/pce.
13748.

Oshino, T., Abiko, M., Saito, R., Ichiishi, E., Endo, M., Kawagishi-Kobaya-
shi, M., and Higashitani, A. (2007). Premature progression of anther early
developmental programs accompanied by comprehensive alterations in
transcription during high-temperature injury in barley plants. Mol. Genet.
Genom. 278, 31-42.

Draeger, T., and Moore, G. (2017). Short periods of high temperature dur-
ing meiosis prevent normal meiotic progression and reduce grain number
in hexaploid wheat (Triticum aestivum L.). Theor. Appl. Genet. 130,
1785-1800.

Zhang, Z., Hu, M., Xu, W., Wang, Y., Huang, K., Zhang, C., and Wen, J.
(2021). Understanding the molecular mechanism of anther development
under abiotic stresses. Plant Mol. Biol. 105, 1-10. https://doi.org/10.
1007/s11103-020-01074-z.

Wilson, Z.A., Song, J., Taylor, B., and Yang, C. (2011). The final split: the
regulation of anther dehiscence. J. Exp. Bot. 62, 1633-1649.

Salleh, M.S., Nordin, M.S., Puteh, A., Shahari, R., Zainuddin, Z., Ab-
Ghaffar, M.B., and Shamsudin, N.A.A. (2022). Drought-induced changes
in the flowering capacity, anthesis quality and seed set in rice (Oryza sat-
iva L.). Trop. Life Sci. Res. 33, 239.

Lohani, N., Singh, M.B., and Bhalla, P.L. (2020). High temperature sus-
ceptibility of sexual reproduction in crop plants. J. Exp. Bot. 77, 555-568.

Choudhary, M., Yan, G., Siddique, K.H., and Cowling, W.A. (2022). Heat
stress during meiosis has lasting impacts on plant growth and reproduc-
tion in wheat (Triticum aestivum L.). Agronomy 12, 987.

Chen, S., Stefanova, K., Siddique, K.H.M., and Cowling, W.A. (2021).
Transient daily heat stress during the early reproductive phase disrupts
pod and seed development in Brassica napus L. Food Energy Secur.
10, €262. https://doi.org/10.1002/fes3.262.

Lewandowska, D., Orr, J., Schreiber, M., Colas, |., Ramsay, L., Zhang, R.,
and Waugh, R. (2022). The proteome of developing barley anthers during
meiotic prophase I. J. Exp. Bot. 73, 1464-1482.

Comas, L., Becker, S., Cruz, V.M.V., Byrne, P.F., and Dierig, D.A. (2013).
Root traits contributing to plant productivity under drought. Front. Plant
Sci. 4, 442,

Amelework, B., Shimelis, H., Tongoona, P., and Laing, M. (2015). Physi-
ological mechanisms of drought tolerance in sorghum, genetic basis and
breeding methods: a review. Afr. J. Agric. Res. 70, 3029-3040.

Lynch, J.P. (2019). Root phenotypes for improved nutrient capture: an
underexploited opportunity for global agriculture. New Phytol. 223,
548-564. https://doi.org/10.1111/nph.15738.

Magbool, S., Hassan, M.A., Xia, X., York, L.M., Rasheed, A., and He, Z.
(2022). Root system architecture in cereals: progress, challenges and
perspective. Plant J. 170, 23-42.

Uga, Y., Sugimoto, K., Ogawa, S., Rane, J., Ishitani, M., Hara, N., Kitomi,
Y., Inukai, Y., Ono, K., and Kanno, N. (2013). Control of root system archi-
tecture by DEEPER ROOTING 1 increases rice yield under drought con-
ditions. Nat. Genet. 45, 1097-1102.

Roychoudhry, S., and Kepinski, S. (2015). Shoot and root branch growth
angle control — the wonderfulness of lateralness. Curr. Opin. Plant Biol.
23,124-131.

Feng, X., Jia, L., Cai, Y., Guan, H., Zheng, D., Zhang, W., Xiong, H., Zhou,
H., Wen, Y., Hu, Y., et al. (2022). ABA-inducible DEEPER ROOTING 1 im-
proves adaptation of maize to water deficiency. Plant Biotechnol. J. 20,
2077-2088. https://doi.org/10.1111/pbi.13889.

Lynch, J.P. (2022). Harnessing root architecture to address global chal-
lenges. Plant J. 7109, 415-431. https://doi.org/10.1111/tpj.15560.

Scheepens, J., Deng, Y., and Bossdorf, O. (2018). Phenotypic plasticity
in response to temperature fluctuations is genetically variable, and re-
lates to climatic variability of origin, in Arabidopsis thaliana. AoB Plants
10, ply043.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

¢? CellPress

OPEN ACCESS

Yang, Y., Guan, H., Batelaan, O., McVicar, T.R., Long, D., Piao, S., Liang,
W., Liu, B., Jin, Z., and Simmons, C.T. (2016). Contrasting responses of
water use efficiency to drought across global terrestrial ecosystems. Sci.
Rep. 6, 23284. https://doi.org/10.1038/srep23284.

McAusland, L., Vialet-Chabrand, S., Davey, P., Baker, N.R., Brendel, O.,
and Lawson, T. (2016). Effects of kinetics of light-induced stomatal re-
sponses on photosynthesis and water-use efficiency. New Phytol. 2717,
1209-1220.

Hughes, J., Hepworth, C., Dutton, C., Dunn, J.A., Hunt, L., Stephens, J.,
Waugh, R., Cameron, D.D., and Gray, J.E. (2017). Reducing stomatal
density in barley improves drought tolerance without impacting on yield.
Plant Physiol. 174, 776-787. https://doi.org/10.1104/pp.16.01844.

Caine, R.S., Yin, X., Sloan, J., Harrison, E.L., Mohammed, U., Fulton, T.,
Biswal, A.K., Dionora, J., Chater, C.C., and Coe, R.A. (2019). Rice with
reduced stomatal density conserves water and has improved drought
tolerance under future climate conditions. New Phytol. 227, 371-384.

Dunn, J., Hunt, L., Afsharinafar, M., Meselmani, M.A., Mitchell, A., Ho-
wells, R., Wallington, E., Fleming, A.J., and Gray, J.E. (2019). Reduced
stomatal density in bread wheat leads to increased water-use efficiency.
J. Exp. Bot. 70, 4737-4748.

Xiang, Y., Sun, X., Bian, X., Wei, T., Han, T., Yan, J., and Zhang, A. (2021).
The transcription factor ZmNAC49 reduces stomatal density and im-
proves drought tolerance in maize. J. Exp. Bot. 72, 1399-1410.

Shen, L., Sun, P., Bonnell, V.C., Edwards, K.J., Hetherington, A.M.,
McAinsh, M.R., and Roberts, M.R. (2015). Measuring stress signaling re-
sponses of stomata in isolated epidermis of graminaceous species.
Front. Plant Sci. 6, 533. https://doi.org/10.3389/fpls.2015.00533.

Chatterjee, J., Thakur, V., Nepomuceno, R., Coe, R.A., Dionora, J., El-
mido-Mabilangan, A., Llave, A.D., Reyes, A.M.D., Monroy, A.N., Cani-
cosa, |, et al. (2020). Natural diversity in stomatal features of cultivated
and wild Oryza species. Rice 13, 58.

Daszkowska-Golec, A., Karcz, J., Plociniczak, T., Sitko, K., and Szarejko,
I. (2020). Cuticular waxes — A shield of barley mutant in CBP20 (Cap-
Binding Protein 20) gene when struggling with drought stress. Plant
Sci. 300, 110593.

Daszkowska-Golec, A., Skubacz, A., Marzec, M., Slota, M., Kurowska,
M., Gajecka, M., Gajewska, P., Ptociniczak, T., Sitko, K., and Pacak, A.
(2017). Mutation in HY*CBP20 (Cap Binding Protein 20) adapts barley to
drought stress at phenotypic and transcriptomic levels. Front. Plant
Sci. 8, 942.

Fatima, Z., Ahmed, M., Hussain, M., Abbas, G., Ul-Allah, S., Ahmad, S.,
Ahmed, N., Ali, M.A., Sarwar, G., Haque, E.U., et al. (2020). The finger-
prints of climate warming on cereal crops phenology and adaptation op-
tions. Sci. Rep. 70, 18013. https://doi.org/10.1038/s41598-020-74740-3.

Ji, Z.,Pan, Y., Zhu, X., Wang, J., and Li, Q. (2021). Prediction of crop yield
using phenological information extracted from remote sensing vegeta-
tion index. Sensors 21, 1406. https://doi.org/10.3390/s21041406.

Das, A., Layek, J., Ramkrushna, G., Rangappa, K., Lal, R., Ghosh, P.K.,
Choudhury, B.U., Mandal, S., Ngangom, B., and Dey, U. (2019). Effects
of tillage and rice residue management practices on lentil root architec-
ture, productivity and soil properties in India’s Lower Himalayas. Soil
Tillage Res. 7194, 104313.

Lamaoui, M., Jemo, M., Datla, R., and Bekkaoui, F. (2018). Heat and
drought stresses in crops and approaches for their mitigation. Front.
Chem. 6, 26.

Komarek, A.M., Thierfelder, C., and Steward, P.R. (2021). Conservation
agriculture improves adaptive capacity of cropping systems to climate
stress in Malawi. Agric. Syst. 790, 103117.

Mondal, S., Dutta, S., Crespo-Herrera, L., Huerta-Espino, J., Braun, H.J.,
and Singh, R.P. (2020). Fifty years of semi-dwarf spring wheat breeding
at CIMMYT: Grain yield progress in optimum, drought and heat stress en-
vironments. Field Crops Res. 250, 107757.

Appiah, M., Bracho-Muijica, G., Ferreira, N.C., Schulman, A.H., and
Rétter, R.P. (2023). Projected impacts of sowing date and cultivar choice
on the timing of heat and drought stress in spring barley grown along a
European transect. Field Crops Res. 297, 108768.

Current Biology 33, R1246-R1261, December 4, 2023 R1257



https://doi.org/10.1111/pce.13748
https://doi.org/10.1111/pce.13748
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref54
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref54
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref54
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref54
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref54
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref55
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref55
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref55
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref55
https://doi.org/10.1007/s11103-020-01074-z
https://doi.org/10.1007/s11103-020-01074-z
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref57
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref57
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref58
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref58
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref58
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref58
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref59
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref59
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref60
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref60
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref60
https://doi.org/10.1002/fes3.262
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref62
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref62
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref62
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref63
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref63
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref63
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref64
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref64
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref64
https://doi.org/10.1111/nph.15738
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref66
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref66
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref66
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref67
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref67
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref67
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref67
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref68
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref68
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref68
https://doi.org/10.1111/pbi.13889
https://doi.org/10.1111/tpj.15560
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref71
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref71
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref71
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref71
https://doi.org/10.1038/srep23284
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref73
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref73
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref73
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref73
https://doi.org/10.1104/pp.16.01844
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref75
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref75
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref75
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref75
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref76
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref76
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref76
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref76
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref77
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref77
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref77
https://doi.org/10.3389/fpls.2015.00533
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref79
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref79
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref79
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref79
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref80
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref80
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref80
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref80
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref81
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref81
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref81
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref81
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref81
https://doi.org/10.1038/s41598-020-74740-3
https://doi.org/10.3390/s21041406
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref84
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref84
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref84
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref84
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref84
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref85
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref85
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref85
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref86
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref86
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref86
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref87
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref87
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref87
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref87
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref88
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref88
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref88
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref88

¢? CellPress

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

OPEN ACCESS

Bodner, G., Nakhforoosh, A., and Kaul, H.-P. (2015). Management of
crop water under drought: a review. Agron. Sustain. Dev. 35, 401-442.

Borges, W.L.B., Calonego, J.C., and Rosolem, C.A. (2019). Impact of
crop-livestock-forest integration on soil quality. Agrofor. Syst. 93,
2111-2119. https://doi.org/10.1007/s10457-018-0329-0.

Valani, G.P., Martini, A.F., da Silva, L.F.S., Bovi, R.C., and Cooper, M.
(2021). Soil quality assessments in integrated crop-livestock—forest sys-
tems: A review. Soil Use Manag. 37, 22-36. https://doi.org/10.1111/sum.
12667.

Chen, G., and Weil, R.R. (2011). Root growth and yield of maize as
affected by soil compaction and cover crops. Soil Tillage Res.
117,17-27.

Yang, X., Reynolds, W.D., Drury, C.F., and Reeb, M. (2021). Cover crop
effects on soil temperature in a clay loam soil in southwestern Ontario.
Can. J. Soil Sci. 101, 761-770.

Hunter, M.C., Kemanian, A.R., and Mortensen, D.A. (2021). Cover crop
effects on maize drought stress and yield. Agriculture Ecosyst. Environ.
311, 107294.

Kaye, J.P., and Quemada, M. (2017). Using cover crops to mitigate and
adapt to climate change. A review. Agron. Sustain. Dev. 37, 4.

Degani, E., Leigh, S.G., Barber, H.M., Jones, H.E., Lukac, M., Sutton, P.,
and Potts, S.G. (2019). Crop rotations in a climate change scenario:
short-term effects of crop diversity on resilience and ecosystem service
provision under drought. Agriculture Ecosyst. Environ. 285, 106625.

Ball, B., Bingham, I., Rees, R., Watson, C., and Litterick, A. (2005). The
role of crop rotations in determining soil structure and crop growth con-
ditions. Can. J. Soil Sci. 85, 557-577.

Olibone, D., Encide-Olibone, A., and Rosolem, C.A. (2010). Least limiting
water range and crop yields as affected by crop rotations and tillage. Soil
Use Manag. 26, 485-493.

Renwick, L.L., Deen, W., Silva, L., Gilbert, M.E., Maxwell, T., Bowles,
T.M., and Gaudin, A.C. (2021). Long-term crop rotation diversification en-
hances maize drought resistance through soil organic matter. Environ.
Res. Lett. 16, 84067.

Huang, J.-k., Jiang, J., Wang, J.-x., and Hou, L.-I. (2014). Crop diversifi-
cation in coping with extreme weather events in China. J. Integr. Agric.
13, 677-686.

Birthal, P.S., and Hazrana, J. (2019). Crop diversification and resilience of
agriculture to climatic shocks: Evidence from India. Agric. Syst. 173,
345-354.

Xi, N., Chen, D., Bahn, M., Wu, H., Chu, C., Cadotte, M.W., and Bloor,
J.M. (2022). Drought soil legacy alters drivers of plant diversity-produc-
tivity relationships in oldfield systems. Sci. Adv. 8, eabn3368.

Aschehoug, E.T., Brooker, R., Atwater, D.Z., Maron, J.L., and Callaway,
R.M. (2016). The mechanisms and consequences of interspecific
competition among plants. Annu. Rev. Evol. Syst. 47, 263-281.

Barmukh, R., Roorkiwal, M., Garg, V., Khan, A\W., German, L., Jagana-
than, D., Chitikineni, A., Kholova, J., Kudapa, H., Sivasakthi, K., et al.
(2022). Genetic variation in CaTIFY4b contributes to drought adaptation
in chickpea. Plant Biotechnol. J. 20, 1701-1715. https://doi.org/10.1111/
pbi.13840.

Loreau, M., and Hector, A. (2001). Partitioning selection and complemen-
tarity in biodiversity experiments. Nature 412, 72-76.

Wang, S., and Callaway, R.M. (2021). Plasticity in response to plant-plant
interactions and water availability. Ecology 702, e03361.

Rusinamhodzi, L., Corbeels, M., Nyamangara, J., and Giller, K.E. (2012).
Maize—grain legume intercropping is an attractive option for ecological
intensification that reduces climatic risk for smallholder farmers in central
Mozambique. Field Crops Res. 136, 12-22.

Makumba, W., Akinnifesi, F.K., Janssen, B., and Oenema, O. (2007).
Long-term impact of a gliricidia-maize intercropping system on carbon
sequestration in southern Malawi. Agriculture Ecosyst. Environ. 778,
237-243.

R1258 Current Biology 33, R1246-R1261, December 4, 2023

109.

110.

111,

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Current Biology

Chirwa, P.W., Ong, C.K., Maghembe, J., and Black, C.R. (2007). Soil wa-
ter dynamics in cropping systems containing Gliricidia sepium, pigeon-
pea and maize in southern Malawi. Agrofor. Syst. 69, 29-43.

Renwick, L.L., Kimaro, A.A., Hafner, J.M., Rosenstock, T.S., and Gaudin,
A.C. (2020). Maize-pigeonpea intercropping outperforms monocultures
under drought. Front. Sustain. Food Syst. 4, 562663.

Miyazawa, K., Murakami, T., Takeda, M., and Murayama, T. (2010). Inter-
cropping green manure crops — effects on rooting patterns. Plant Soil
331, 231-239.

Marques, E., Kur, A., Bueno, E., and von Wettberg, E. (2020). Defining
and improving the rotational and intercropping value of a crop using a
plant-soil feedbacks approach. Crop Sci. 60, 2195-2203.

Cong, W.-F., Hoffland, E., Li, L., Janssen, B.H., and van der Werf, W.
(2015). Intercropping affects the rate of decomposition of soil organic
matter and root litter. Plant Soil 397, 399-411.

Nyawade, S.O., Karanja, N.N., Gachene, C.K., Gitari, H.l., Schulte-Gel-
dermann, E., and Parker, M.L. (2019). Intercropping optimizes soil tem-
perature and increases crop water productivity and radiation use effi-
ciency of rainfed potato. Am. J. Potato Res. 96, 457-471.

Rivest, D., Cogliastro, A., Bradley, R.L., and Olivier, A. (2010). Intercrop-
ping hybrid poplar with soybean increases soil microbial biomass, min-
eral N supply and tree growth. Agrofor. Syst. 80, 33—-40.

Curtright, A.J., and Tiemann, L.K. (2021). Intercropping increases soil
extracellular enzyme activity: a meta-analysis. Agriculture Ecosyst. Envi-
ron. 319, 107489.

Li, B., Li, Y.-Y., Wu, H.-M., Zhang, F.-F., Li, C.-J., Li, X.-X., Lambers, H.,
and Li, L. (2016). Root exudates drive interspecific facilitation by
enhancing nodulation and N2 fixation. Proc. Natl. Acad. Sci. USA 113,
6496-6501.

Garcia-Fraile, P., Menéndez, E., Celador-Lera, L., Diez-Méndez, A.,
Jiménez-Gomez, A., Marcos-Garcia, M., Cruz-Gonzalez, X.A., Marti-
nez-Hidalgo, P., Mateos, P.F., and Rivas, R. (2017). Bacterial probiotics:
A truly green revolution. Probiotics Plant Health 70, 131-162.

Jiménez-Gomez, A., Saati-Santamaria, Z., Kostovcik, M., Rivas, R., Ve-
lazquez, E., Mateos, P.F., Menéndez, E., and Garcia-Fraile, P. (2020). Se-
lection of the root endophyte Pseudomonas brassicacearum CDVBN10
as plant growth promoter for Brassica napus L. crops. Agronomy
10, 1788.

Lazcano, C., Boyd, E., Holmes, G., Hewavitharana, S., Pasulka, A., and
Ivors, K. (2021). The rhizosphere microbiome plays a role in the resis-
tance to soil-borne pathogens and nutrient uptake of strawberry cultivars
under field conditions. Sci. Rep. 77, 3188.

Poveda, J., Rodriguez, V.M., Diaz-Urbano, M., Sklenér, F., Saati-Santa-
maria, Z., Menéndez, E., and Velasco, P. (2022). Endophytic fungi from
kale (Brassica oleracea var. acephala) modify roots-glucosinolate profile
and promote plant growth in cultivated Brassica species. First descrip-
tion of Pyrenophora gallaeciana. Front. Microbiol. 13, 981507. https://
doi.org/10.3389/fmicb.2022.981507.

Dastogeer, K.M., Tumpa, F.H., Sultana, A., Akter, M.A., and Chakraborty,
A. (2020). Plant microbiome—-an account of the factors that shape com-
munity composition and diversity. Curr. Plant Biol. 23, 100161.

Fitzpatrick, C.R., Copeland, J., Wang, P.W., Guttman, D.S., Kotanen,
P.M., and Johnson, M.T. (2018). Assembly and ecological function of
the root microbiome across angiosperm plant species. Proc. Natl.
Acad. Sci. USA 115, E1157-E1165.

Santos-Medellin, C., Liechty, Z., Edwards, J., Nguyen, B., Huang, B.,
Weimer, B.C., and Sundaresan, V. (2021). Prolonged drought imparts
lasting compositional changes to the rice root microbiome. Nat. Plants
7,1065-1077.

Xu, L., Naylor, D., Dong, Z., Simmons, T., Pierroz, G., Hixson, K.K., Kim,
Y.-M., Zink, E.M., Engbrecht, K.M., and Wang, Y. (2018). Drought delays
development of the sorghum root microbiome and enriches for mono-
derm bacteria. Proc. Natl. Acad. Sci. USA 115, E4284-E4293.


http://refhub.elsevier.com/S0960-9822(23)01429-X/sref89
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref89
https://doi.org/10.1007/s10457-018-0329-0
https://doi.org/10.1111/sum.12667
https://doi.org/10.1111/sum.12667
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref92
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref92
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref92
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref93
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref93
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref93
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref94
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref94
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref94
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref95
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref95
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref96
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref96
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref96
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref96
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref97
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref97
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref97
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref98
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref98
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref98
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref99
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref99
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref99
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref99
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref100
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref100
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref100
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref101
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref101
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref101
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref102
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref102
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref102
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref103
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref103
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref103
https://doi.org/10.1111/pbi.13840
https://doi.org/10.1111/pbi.13840
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref105
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref105
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref106
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref106
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref107
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref107
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref107
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref107
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref108
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref108
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref108
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref108
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref109
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref109
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref109
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref110
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref110
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref110
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref111
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref111
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref111
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref112
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref112
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref112
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref113
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref113
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref113
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref114
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref114
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref114
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref114
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref115
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref115
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref115
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref116
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref116
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref116
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref117
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref117
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref117
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref117
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref118
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref118
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref118
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref118
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref118
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref118
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref118
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref119
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref119
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref119
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref119
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref119
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref119
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref119
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref120
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref120
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref120
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref120
https://doi.org/10.3389/fmicb.2022.981507
https://doi.org/10.3389/fmicb.2022.981507
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref122
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref122
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref122
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref123
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref123
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref123
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref123
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref124
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref124
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref124
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref124
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref125
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref125
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref125
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref125

Current Biology

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Gao, C., Montoya, L., Xu, L., Madera, M., Hollingsworth, J., Purdom, E.,
Singan, V., Vogel, J., Hutmacher, R.B., and Dahlberg, J.A. (2020). Fungal
community assembly in drought-stressed sorghum shows stochasticity,
selection, and universal ecological dynamics. Nat. Commun. 77, 34.

Qi, M., Berry, J.C., Veley, K.W., O’Connor, L., Finkel, O.M., Salas-Gonza-
lez, I., Kuhs, M., Jupe, J., Holcomb, E., and Glavina del Rio, T. (2022).
Identification of beneficial and detrimental bacteria impacting sorghum
responses to drought using multi-scale and multi-system microbiome
comparisons. ISME J. 16, 1957-1969.

Hone, H., Mann, R., Yang, G., Kaur, J., Tannenbaum, |., Li, T., Spangen-
berg, G., and Sawbridge, T. (2021). Profiling, isolation and characterisa-
tion of beneficial microbes from the seed microbiomes of drought
tolerant wheat. Sci. Rep. 77, 11916.

Williams, A., and de Vries, F.T. (2020). Plant root exudation under
drought: implications for ecosystem functioning. New Phytol. 225,
1899-1905.

Song, Y., and Haney, C.H. (2021). Drought dampens microbiome devel-
opment. Nat. Plants 7, 994-995.

Zhao, X., Yuan, X., Xing, Y., Dao, J., Zhao, D., Li, Y., Li, W., and Wang, Z.
(2023). A meta-analysis on morphological, physiological and biochemical
responses of plants with PGPR inoculation under drought stress. Plant
Cell Environ. 46, 199-214.

Smith, S.E., and Smith, F.A. (2011). Roles of arbuscular mycorrhizas in
plant nutrition and growth: new paradigms from cellular to ecosystem
scales. Annu. Rev. Plant Biol. 62, 227-250.

Luo, W., Li, J., Ma, X., Niu, H., Hou, S., and Wu, F. (2019). Effect of arbus-
cular mycorrhizal fungi on uptake of selenate, selenite, and selenome-
thionine by roots of winter wheat. Plant Soil 438, 71-83.

Bi, Y., Qiu, L., Zhakypbek, Y., Jiang, B., Cai, Y., and Sun, H. (2018). Com-
bination of plastic film mulching and AMF inoculation promotes maize
growth, yield and water use efficiency in the semiarid region of Northwest
China. Agric. Water Manag. 2071, 278-286.

Kakouridis, A., Hagen, J.A., Kan, M.P., Mambelli, S., Feldman, L.J., Her-
man, D.J., Weber, P.K., Pett-Ridge, J., and Firestone, M.K. (2022).
Routes to roots: direct evidence of water transport by arbuscular mycor-
rhizal fungi to host plants. New Phytol. 236, 210-221.

Salomon, M., Demarmels, R., Watts-Williams, S., McLaughlin, M., Kafle,
A., Ketelsen, C., Soupir, A., Blicking, H., Cavagnaro, T., and van der Heij-
den, M.G. (2022). Global evaluation of commercial arbuscular mycor-
rhizal inoculants under greenhouse and field conditions. Appl. Soil
Ecol. 169, 104225.

Sendek, A., Karakog, C., Wagg, C., Dominguez-Begines, J., do Couto,
G.M., van der Heijden, M.G., Naz, A.A., Lochner, A., Chatzinotas, A.,
and Klotz, S. (2019). Drought modulates interactions between arbuscular
mycorrhizal fungal diversity and barley genotype diversity. Sci. Rep.
9, 9650.

van der Voort, M., Kempenaar, M., van Driel, M., Raaijmakers, J.M., and
Mendes, R. (2016). Impact of soil heat on reassembly of bacterial com-
munities in the rhizosphere microbiome and plant disease suppression.
Ecol. Lett. 79, 375-382.

Ossowicki, A., Raaijmakers, J.M., and Garbeva, P. (2021). Disentangling
soil microbiome functions by perturbation. Environ. Microbiol. Rep. 13,
582-590.

Wipf, H.M.-L., Bui, T.-N., and Coleman-Derr, D. (2021). Distinguishing
between the impacts of heat and drought stress on the root microbiome
of Sorghum bicolor. Phytobiomes J. 5, 166-176.

Tiziani, R., Miras-Moreno, B., Malacrino, A., Vescio, R., Lucini, L.,
Mimmo, T., Cesco, S., and Sorgona, A. (2022). Drought, heat, and their
combination impact the root exudation patterns and rhizosphere micro-
biome in maize roots. Environ. Exp. Bot. 203, 105071.

Khoshru, B., Moharramnejad, S., Gharajeh, N.H., Asgari Lajayer, B., and
Ghorbanpour, M. (2020). Plant microbiome and its important in stressful
agriculture. In Plant Microbiome Paradigm, A. Varma, S. Tripathi, and R.
Prasad, eds. (Cham: Springer), pp. 13-48. https://doi.org/10.1007/978-
3-030-50395-6_2.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

¢? CellPress

OPEN ACCESS

Dubey, A., Kumar, A., Malla, M.A., Chowdhary, K., Singh, G., Gudasala-
mani Ravikanth, H., Sharma, S., Saati-Santamaria, Z., Menéndez, E., and
Dames, J.F. (2021). Approaches for the amelioration of adverse effects of
drought stress on crop plants. Front Biosci. 26, 928-947.

Bradacova, K., Florea, A.S., Bar-Tal, A., Minz, D., Yermiyahu, U., Sha-
wahna, R., Kraut-Cohen, J., Zolti, A., Erel, R., Dietel, K., et al. (2019). Mi-
crobial consortia versus single-strain inoculants: An advantage in PGPM-
assisted tomato production? Agronomy 9, 105.

Alsharif, W., Saad, M.M., and Hirt, H. (2020). Desert microbes for boost-
ing sustainable agriculture in extreme environments. Front. Microbiol.
11, 1666.

Andrés-Barrao, C., Lafi, F.F., Alam, |., De Zélicourt, A., Eida, A.A., Bo-
khari, A., Alzubaidy, H., Bajic, V.B., Hirt, H., and Saad, M.M. (2017). Com-
plete genome sequence analysis of Enterobacter sp. SA187, a plant
multi-stress tolerance promoting endophytic bacterium. Front. Microbiol.
8, 2028.

Eida, A.A., Ziegler, M., Lafi, F.F., Michell, C.T., Voolstra, C.R., Hirt, H., and
Saad, M.M. (2018). Desert plant bacteria reveal host influence and bene-
ficial plant growth properties. PLoS One 13, e0208223.

Trivedi, P., Batista, B.D., Bazany, K.E., and Singh, B.K. (2022). Plant-mi-
crobiome interactions under a changing world: Responses, conse-
quences and perspectives. New Phytol. 234, 1951-1959.

Varshney, R.K., Barmukh, R., Roorkiwal, M., Qi, Y., Kholova, J., Tuber-
osa, R., Reynolds, M.P., Tardieu, F., and Siddique, K.H.M. (2021).
Breeding custom-designed crops for improved drought adaptation.
Adv. Genet. 2, €202100017. https://doi.org/10.1002/ggn2.202100017.

Varshney, R.K., Bohra, A., Yu, J., Graner, A., Zhang, Q., and Sorrells,
M.E. (2021). Designing future crops: genomics-assisted breeding comes
of age. Trends Plant Sci. 26, 631-649.

Chapman, M.A., He, Y., and Zhou, M. (2022). Beyond a reference
genome: pangenomes and population genomics of underutilized and
orphan crops for future food and nutrition security. New Phytol. 234,
1583-1597.

Ghosh, S., Mahadevaiah, S.S., Gowda, S.A., Gangurde, S.S., Jadhav,
M.P., Hake, A.A., Latha, P., Anitha, T., Chimmad, V., and Mirajkar, K.K.
(2022). Genetic mapping of drought tolerance traits phenotyped under
varying drought stress environments in peanut (Arachis hypogaea L.). Eu-
phytica 218, 168.

Jha, U.C., Nayyar, H., Palakurthi, R., Jha, R., Valluri, V., Bajaj, P., Chi-
tikineni, A., Singh, N.P., Varshney, R.K., and Thudi, M. (2021).
Major QTLs and potential candidate genes for heat stress tolerance
identified in chickpea (Cicer arietinum L.). Front. Plant Sci. 72,
655103.

Li, Y., Ruperao, P., Batley, J., Edwards, D., Khan, T., Colmer, T.D., Pang,
J., Siddique, K.H., and Sutton, T. (2018). Investigating drought tolerance
in chickpea using genome-wide association mapping and genomic se-
lection based on whole-genome resequencing data. Front. Plant Sci.
9, 190.

Shaibu, A.S., Sneller, C., Motagi, B.N., Chepkoech, J., Chepngetich, M.,
Miko, Z.L., Isa, A.M., Ajeigbe, H.A., and Mohammed, S.G. (2020).
Genome-wide detection of SNP markers associated with four physiolog-
ical traits in groundnut (Arachis hypogaea L.) mini core collection.
Agronomy 10, 192.

McCouch, S., Navabi, Z.K., Abberton, M., Anglin, N.L., Barbieri, R.L.,
Baum, M., Bett, K., Booker, H., Brown, G.L., and Bryan, G.J. (2020).
Mobilizing crop biodiversity. Mol. Plant 13, 1341-1344.

Mascher, M., Schreiber, M., Scholz, U., Graner, A., Reif, J.C., and
Stein, N. (2019). Genebank genomics bridges the gap between the
conservation of crop diversity and plant breeding. Nat. Genet. 57,
1076-1081.

Kapazoglou, A., Gerakari, M., Lazaridi, E., Kleftogianni, K., Sarri, E., Tani,
E., and Bebeli, P.J. (2023). Crop wild relatives: A valuable source of toler-
ance to various abiotic stresses. Plants 712, 328. https://doi.org/10.3390/
plants12020328.

Current Biology 33, R1246-R1261, December 4, 2023 R1259



http://refhub.elsevier.com/S0960-9822(23)01429-X/sref126
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref126
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref126
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref126
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref127
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref127
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref127
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref127
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref127
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref128
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref128
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref128
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref128
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref129
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref129
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref129
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref130
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref130
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref131
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref131
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref131
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref131
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref132
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref132
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref132
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref133
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref133
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref133
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref134
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref134
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref134
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref134
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref135
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref135
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref135
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref135
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref136
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref136
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref136
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref136
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref136
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref137
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref137
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref137
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref137
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref137
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref138
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref138
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref138
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref138
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref139
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref139
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref139
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref140
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref140
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref140
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref141
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref141
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref141
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref141
https://doi.org/10.1007/978-3-030-50395-6_2
https://doi.org/10.1007/978-3-030-50395-6_2
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref143
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref143
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref143
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref143
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref143
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref144
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref144
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref144
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref144
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref144
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref145
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref145
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref145
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref146
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref146
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref146
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref146
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref146
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref146
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref146
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref147
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref147
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref147
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref148
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref148
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref148
https://doi.org/10.1002/ggn2.202100017
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref150
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref150
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref150
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref151
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref151
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref151
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref151
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref152
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref152
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref152
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref152
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref152
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref153
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref153
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref153
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref153
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref153
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref154
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref154
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref154
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref154
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref154
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref155
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref155
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref155
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref155
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref155
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref156
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref156
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref156
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref157
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref157
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref157
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref157
https://doi.org/10.3390/plants12020328
https://doi.org/10.3390/plants12020328

¢? CellPress

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

OPEN ACCESS

Hadebe, S., Modi, A., and Mabhaudhi, T. (2017). Drought tolerance and
water use of cereal crops: A focus on sorghum as a food security crop in
sub-Saharan Africa. J. Agron. Crop Sci. 203, 177-191.

Revoredo-Giha, C., Toma, L., Akaichi, F., and Dawson, |. (2022).
Exploring the effects of increasing underutilized crops on consumers’ di-
ets: the case of millet in Uganda. Agric. Food Econ. 10, 1.

Prasad, M. (2020). Omics of neglected and underutilized crop species:
one small step for NUCS, one giant leap for addressing global hunger.
Nucleus 63, 213-215.

Rosero, A., Berdugo-Cely, J.A., Samajova, O., Samaj, J., and Cerkal, R.
(2020). A dual strategy of breeding for drought tolerance and introducing
drought-tolerant, underutilized crops into production systems to
enhance their resilience to water deficiency. Plants 9, 1263.

Chivenge, P., Mabhaudhi, T., Modi, A.T., and Mafongoya, P. (2015). The
potential role of neglected and underutilised crop species as future crops
under water scarce conditions in Sub-Saharan Africa. Int. J. Environ. Res.
Publ. Health 72, 5685-5711.

Muthamilarasan, M., Singh, N.K., and Prasad, M. (2019). Multi-omics
approaches for strategic improvement of stress tolerance in under-
utilized crop species: a climate change perspective. Adv. Genet.
103, 1-38.

Chapman, M. (2022). Underutilised Crop Genomes (Cham: Springer
Nature).

Buchanan, C.D., Lim, S., Salzman, R.A., Kagiampakis, I., Morishige, D.T.,
Weers, B.D., Klein, R.R., Pratt, L.H., Cordonnier-Pratt, M.M., Klein, P.E.,
and Mullet, J.E. (2005). Sorghum bicolor’s transcriptome response to
dehydration, high salinity and ABA. Plant Mol. Biol. 58, 699-720.
https://doi.org/10.1007/s11103-005-7876-2.

Fontanet-Manzaneque, J.B., Blasco-Escamez, D., Martignago, D., Rico-
Medina, A., and Cano-Delgado, A.l. (2022). A method for rapid and reli-
able molecular detection of drought-response genes in Sorghum bicolor
(L.) Moench roots. Methods Mol. Biol. 2539, 223-233. https://doi.org/10.
1007/978-1-0716-2537-8_18.

Minde, J.J., Venkataramana, P.B., and Matemu, A.O. (2021). Dolichos
Lablab-an underutilized crop with future potentials for food and nutrition
security: a review. Crit. Rev. Food Sci. Nutr. 67, 2249-2261.

Sinha, P., Singh, V.K., Saxena, R.K., Khan, A.W., Abbai, R., Chitikineni,
A., Desai, A., Molla, J., Upadhyaya, H.D., and Kumar, A. (2020). Superior
haplotypes for haplotype-based breeding for drought tolerance in pi-
geonpea (Cajanus cajan L.). Plant Biotechnol. J. 18, 2482-2490.

Narayana, M., and Angamuthu, M. (2021). Cowpea. In The Beans and the
Peas, A. Pratap, and S. Gupta, eds. (Duxford: Elsevier), pp. 241-272.

Guretzki, S., and Papenbrock, J. (2014). Characterization of Lablab pur-
pureus regarding drought tolerance, trypsin inhibitor activity and cyano-
genic potential for selection in breeding programmes. J. Agron. Crop Sci.
200, 24-35.

Goufo, P., Moutinho-Pereira, J.M., Jorge, T.F., Correia, C.M., Oliveira,
M.R., Rosa, E.A., Anténio, C., and Trindade, H. (2017). Cowpea (Vigna
unguiculata L. Walp.) metabolomics: osmoprotection as a physiological
strategy for drought stress resistance and improved yield. Front. Plant
Sci. 8, 586.

Arya, R., Pandey, C., Dheeman, S., Aeron, A., Dubey, R.C., Maheshwari,
D.K., Chen, L., Ahmad, P., and Bajpai, V.K. (2020). Fertilizer adaptive
bacteria Acidovorax valerianellae and Sinorhizobium fredii in integrated
nutrient management of pigeon pea (Cajanus cajan L.). South Afr. J.
Bot. 134, 84-90.

Araujo, J., Diaz-Alcantara, C.-A., Velazquez, E., Urbano, B., and Gonza-
lez-Andrés, F. (2015). Bradyrhizobium yuanmingense related strains form
nitrogen-fixing symbiosis with Cajanus cajan L. in Dominican Republic
and are efficient biofertilizers to replace N fertilization. Sci. Hortic. 7192,
421-428.

Popova, E. (2018). Special issue on agricultural genebanks. Biopreserv.
Biobank 16, 325-326. https://doi.org/10.1089/bio.2018.29044.ejp.

Ebert, AW., and Engels, J.M.M. (2020). Plant biodiversity and genetic re-
sources matter! Plants 9, 1706. https://doi.org/10.3390/plants9121706.

R1260 Current Biology 33, R1246-R1261, December 4, 2023

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Current Biology

Kilian, B., Dempewolf, H., Guarino, L., Werner, P., Coyne, C., and War-
burton, M.L. (2021). Adapting agriculture to climate change: A walk on
the wild side. Crop Sci. 67, 32-36. https://doi.org/10.1002/csc2.20418.

Ye, C.Y., and Fan, L. (2021). Orphan crops and their wild relatives in the
genomic era. Mol. Plant 74, 27-39. https://doi.org/10.1016/j.molp.2020.
12.013.

Cortés, A.J., and Lopez-Hernandez, F. (2021). Harnessing crop wild di-
versity for climate change adaptation. Genes 12, 783.

Nguyen, G.N., and Norton, S.L. (2020). Genebank phenomics: A strategic
approach to enhance value and utilization of crop germplasm. Plants
9, 817.

Varshney, R.K., Thudi, M., Nayak, S.N., Gaur, P.M., Kashiwagi, J., Krish-
namurthy, L., Jaganathan, D., Koppolu, J., Bohra, A., and Tripathi, S.
(2014). Genetic dissection of drought tolerance in chickpea (Cicer arieti-
num L.). Theor. Appl. Genet. 127, 445-462.

Kale, S.M., Jaganathan, D., Ruperao, P., Chen, C., Punna, R., Kudapa,
H., Thudi, M., Roorkiwal, M., Katta, M.A., and Doddamani, D. (2015). Pri-
oritization of candidate genes in “QTL-hotspot” region for drought toler-
ance in chickpea (Cicer arietinum L.). Sci. Rep. 5, 15296.

Singh, V.K., Khan, A.W., Jaganathan, D., Thudi, M., Roorkiwal, M., Ta-
kagi, H., Garg, V., Kumar, V., Chitikineni, A., and Gaur, P.M. (2016).
QTL-seq for rapid identification of candidate genes for 100-seed weight
and root/total plant dry weight ratio under rainfed conditions in chickpea.
Plant Biotechnol. J. 714, 2110-2119.

Bharadwaj, C., Tripathi, S., Soren, K.R., Thudi, M., Singh, R.K., Sheoran,
S., Roorkiwal, M., Patil, B.S., Chitikineni, A., and Palakurthi, R. (2021).
Introgression of “QTL-hotspot” region enhances drought tolerance
and grain yield in three elite chickpea cultivars. Plant Genome 74, €20076.

Varshney, R.K., Gaur, P.M., Chamarthi, S.K., Krishnamurthy, L., Tripathi,
S., Kashiwagi, J., Samineni, S., Singh, V.K., Thudi, M., and Jaganathan,
D. (2013). Fast-track introgression of “QTL-hotspot” for root traits and
other drought tolerance traits in JG 11, an elite and leading variety of
chickpea. Plant Genome 6, plantgenome2013.07.0022. https://doi.org/
10.3835/plantgenome2013.07.0022.

Roorkiwal, M., Pandey, S., Thavarajah, D., Hemalatha, R., and Varshney,
R.K. (2021). Molecular mechanisms and biochemical pathways for mi-
cronutrient acquisition and storage in legumes to support biofortification
for nutritional security. Front. Plant Sci. 12, 682842. https://doi.org/10.
3389/fpls.2021.682842.

Pandey, M.K., Gangurde, S.S., Sharma, V., Pattanashetti, S.K., Naidu,
G.K,, Faye, |., Hamidou, F., Desmae, H., Kane, N.A., and Yuan, M. (2020).
Improved genetic map identified major QTLs for drought tolerance-and
iron deficiency tolerance-related traits in groundnut. Genes 12, 37.

Sharma, V., Gangurde, S.S., Nayak, S.N., Gowda, A.S., Sukanth, B.S.,
Mahadevaiah, S.S., Manohar, S.S., Choudhary, R.S., Anitha, T., Mala-
valli, S.S., et al. (2023). Genetic mapping identified three hotspot genomic
regions and candidate genes controlling heat tolerance-related traits in
groundnut. Front. Plant Sci. 14, 1182867. https://doi.org/10.3389/fpls.
2023.1182867.

Cowling, W.A., Li, L., Siddique, K.H., Banks, R.G., and Kinghorn, B.P.
(2019). Modeling crop breeding for global food security during climate
change. Food Energy Secur. 8, e00157.

Cowling, W., Li, L., Siddique, K.H., Henryon, M., Berg, P., Banks, R., and
Kinghorn, B. (2017). Evolving gene banks: improving diverse populations
of crop and exotic germplasm with optimal contribution selection. J. Exp.
Bot. 68, 1927-1939.

Gorjanc, G., Gaynor, R.C., and Hickey, J.M. (2018). Optimal cross se-
lection for long-term genetic gain in two-part programs with rapid
recurrent genomic selection. Theor. Appl. Genet. 7137, 1953-1966.

Woolliams, J., Berg, P., Dagnachew, B., and Meuwissen, T. (2015). Ge-
netic contributions and their optimization. J. Anim. Breed. Genet.
132, 89-99.


http://refhub.elsevier.com/S0960-9822(23)01429-X/sref159
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref159
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref159
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref160
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref160
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref160
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref161
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref161
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref161
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref162
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref162
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref162
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref162
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref162
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref162
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref163
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref163
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref163
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref163
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref164
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref164
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref164
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref164
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref165
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref165
https://doi.org/10.1007/s11103-005-7876-2
https://doi.org/10.1007/978-1-0716-2537-8_18
https://doi.org/10.1007/978-1-0716-2537-8_18
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref168
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref168
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref168
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref169
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref169
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref169
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref169
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref170
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref170
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref171
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref171
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref171
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref171
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref172
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref172
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref172
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref172
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref172
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref173
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref173
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref173
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref173
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref173
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref174
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref174
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref174
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref174
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref174
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref174
https://doi.org/10.1089/bio.2018.29044.ejp
https://doi.org/10.3390/plants9121706
https://doi.org/10.1002/csc2.20418
https://doi.org/10.1016/j.molp.2020.12.013
https://doi.org/10.1016/j.molp.2020.12.013
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref179
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref179
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref179
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref180
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref180
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref180
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref181
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref181
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref181
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref181
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref182
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref182
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref182
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref182
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref182
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref182
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref183
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref183
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref183
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref183
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref183
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref184
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref184
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref184
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref184
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref184
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref184
https://doi.org/10.3835/plantgenome2013.07.0022
https://doi.org/10.3835/plantgenome2013.07.0022
https://doi.org/10.3389/fpls.2021.682842
https://doi.org/10.3389/fpls.2021.682842
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref187
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref187
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref187
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref187
https://doi.org/10.3389/fpls.2023.1182867
https://doi.org/10.3389/fpls.2023.1182867
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref189
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref189
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref189
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref190
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref190
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref190
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref190
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref191
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref191
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref191
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref192
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref192
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref192

Current Biology

193.

194.

195.

196.

197.

198.

Cowling, W.A., Castro-Urrea, F.A., Stefanova, K.T., Li, L., Banks, R.G.,
Saradadevi, R., Sass, O., Kinghorn, B.P., and Siddique, K.H. (2023).
Optimal contribution selection improves the rate of genetic gain in grain
yield and yield stability in spring canola in Australia and Canada. Plants
12, 3883.

Xu, Y., Zhang, X., Li, H., Zheng, H., Zhang, J., Olsen, M.S., Varshney,
R.K., Prasanna, B.M., and Qian, Q. (2022). Smart breeding driven by
big data, artificial intelligence and integrated genomic-enviromic predic-
tion. Mol. Plant 75, 1664-1695.

Varshney, R.K., Bohra, A., Roorkiwal, M., Barmukh, R., Cowling, W., Chi-
tikineni, A., Lam, H.M., Hickey, L.T., Croser, J., Edwards, D., et al. (2021).
Rapid delivery systems for future food security. Nat. Biotechnol. 39,
1179-1181. https://doi.org/10.1038/s41587-021-01079-z.

Pingali, P.L. (2012). Green revolution: impacts, limits, and the path ahead.
Proc. Natl. Acad. Sci. USA 109, 12302-12308.

Sekhon, H., Singh, G., Sharma, P., and Bains, T. (2010). Water use effi-
ciency under stress environments. In Climate Change and Management
of Cool Season Grain Legume Crops, S.S. Yadav, D.L. McNeil, R.
Redden, and S.A. Patil, eds. (Dordrecht: Springer), pp. 207-227.
https://doi.org/10.1007/978-90-481-3709-1.

Akter, N., and Rafiqul Islam, M. (2017). Heat stress effects and manage-
ment in wheat. A review. Agron. Sustain. Dev. 37, 37. https://doi.org/10.
1007/513593-017-0443-9.

199.

200.

201.

202.

203.

¢? CellPress

OPEN ACCESS

Farooq, M., Ullah, A., Lee, D.J., Alghamdi, S.S., and Siddique, K.H.M.
(2018). Desi chickpea genotypes tolerate drought stress better than ka-
buli types by modulating germination metabolism, trehalose accumula-
tion, and carbon assimilation. Plant Physiol. Biochem. 7126, 47-54.
https://doi.org/10.1016/j.plaphy.2018.02.020.

Mathew, I., Shimelis, H., Mutema, M., Clulow, A., Zengeni, R., Mbava,
N., and Chaplot, V. (2019). Selection of wheat genotypes for biomass
allocation to improve drought tolerance and carbon sequestration into
soils. J. Agron. Crop Sci. 205, 385-400. https://doi.org/10.1111/jac.
12332.

Yadav, R.K,, Tripathi, M.K., Tiwari, S., Tripathi, N., Asati, R., Chauhan, S.,
Tiwari, P.N., and Payasi, D.K. (2023). Genome editing and improvement
of abiotic stress tolerance in crop plants. Life 13, 1456. https://doi.org/
10.3390/1ife13071456.

Molla, K.A., Shih, J., Wheatley, M.S., and Yang, Y. (2022). Predictable
NHEJ insertion and assessment of HDR editing strategies in plants. Front
Genome Ed. 4, 825236. https://doi.org/10.3389/fgeed.2022.825236.

Hirt, H., Al-Babili, S., Almeida-Trapp, M., Antoine, M., Aranda, M., Bar-
tels, D., Bennett, M., Blilou, |., Boer, D., Boulouis, A., et al. (2023).
PlantACT!-how to tackle the climate crisis. Trends Plant Sci. 28,
537-543.

Current Biology 33, R1246-R1261, December 4, 2023 R1261



http://refhub.elsevier.com/S0960-9822(23)01429-X/sref193
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref193
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref193
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref193
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref193
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref194
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref194
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref194
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref194
https://doi.org/10.1038/s41587-021-01079-z
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref196
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref196
https://doi.org/10.1007/978-90-481-3709-1
https://doi.org/10.1007/s13593-017-0443-9
https://doi.org/10.1007/s13593-017-0443-9
https://doi.org/10.1016/j.plaphy.2018.02.020
https://doi.org/10.1111/jac.12332
https://doi.org/10.1111/jac.12332
https://doi.org/10.3390/life13071456
https://doi.org/10.3390/life13071456
https://doi.org/10.3389/fgeed.2022.825236
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref203
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref203
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref203
http://refhub.elsevier.com/S0960-9822(23)01429-X/sref203

	Enhancing climate change resilience in agricultural crops
	Introduction
	Molecular mechanisms regulating plant resilience to climate change
	Targeting plant development for climate resilience
	Building system resilience through crop management and the microbiome
	Exploiting genetics and genomics in breeding crop resilience
	Conclusions
	Acknowledgments
	Declaration of interests
	References


