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Climate change is altering our environment, subjecting multiple
agroecosystems worldwide to an increased frequency and intensity of
abiotic stress conditions such as heat, drought, flooding, salinity, cold
and/or their potential combinations. These stresses impact plant growth,
yield and survival, causing losses of billions of dollars to agricultural
productivity, and in extreme cases they lead to famine, migration and
even wars. As the rate of change in our environment has dramatically
accelerated in recent years, more research is urgently needed to discover
and develop new ways and tools to increase the resilience of crops to
different stress conditions. In this theme issue, new studies addressing the
molecular, metabolic, and physiological responses of crops and other plants
to abiotic stress challenges are discussed, as well as the potential to exploit
these mechanisms in biotechnological applications aimed at preserving
and/or increasing crop yield under our changing climate conditions.

This article is part of the theme issue ‘Crops under stress: can we
mitigate the impacts of climate change on agriculture and launch the
‘Resilience Revolution’?”

1. Introduction

Global warming and climate change, along with the extreme weather patterns
they impose on different areas of our planet, are among the most severe
existential threats currently faced by humanity [1-4]. When compared with
pre-industrial revolution conditions, the severity and frequency of droughts,
heat waves, storms, floods, cold snaps and freezing episodes have dramat-
ically increased in recent years [1,5]. These occur in the background of
deteriorating soil conditions that include enhanced salinity, microplastics
content and pH extremes, as well as reduced microbiome diversity, which are
also considered an outcome of modern industrial and agricultural practices
[6-9]. In some instances, for example when a heat wave occurs during a
drought or following a flood, plants and crops are further subjected to a
combination of two or more different abiotic stress factors, simultaneously
or sequentially [10-12]. The combined effects of altered weather patterns
and weakening of plants are also thought to result in substantial outbreaks
of diseases and/or insect attacks [5]. Taken together, these adverse abiotic
and biotic conditions impact crops and other plants, causing a decrease in
growth, reproduction, yield and even plant survival, inflicting massive losses
to agricultural productivity, and potentially leading, under extreme circum-
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stances, to famine, migration, wars, and the overall destabilization of different societies worldwide [1,4,13,14].

A simplified model for the impacts of human activities on agriculture is shown in figure 1. The overall trend depicted in the
figure is a complex trend in which the human population increases, and with it the demand for agricultural food production
rises. However, human expansion is also accompanied by a decrease in available agricultural land and water resources, and the
introduction of multiple pollution sources into our air, soil and water, collectively causing multiple types of abiotic and biotic
stresses that reduce agricultural productivity. The two possible avenues that could resolve this conflict (between the increased
demand for food supply and the collective stresses that anthropogenic activities inflict on agriculture) are as follows: (i) reduce
the negative impacts of human activity on our planet (which to date we are largely failing to do), and (ii) increase the resilience
of crops to the different stresses that anthropogenic activities inflict on them (i.e. the ‘Resilience Revolution’), which is the
subject of this Theme Issue.

2. Worsening conditions and the absence of action: where will they lead us?

At the current rate of greenhouse gas emissions, global warming is projected to increase global average temperatures by another
1.2°C by 2050-2060 (to 2.7°C above pre-industrial temperatures). While this increase may not be alarming to many, what is
important to remember is that such an increase will be accompanied by much more extreme conditions in different parts
of our planet. For example, the number of days per year during which the temperature will exceed 35°C is expected to be
fourfold higher than pre-industrial levels in some parts of Europe. Additional expected changes in the weather pattern are
an increase in the intensity and number of storms and flooding/waterlogging events or droughts, depending on geographic
location. Tropospheric levels of ozone (O3), microplastics and other pollutants are also expected to significantly increase, with
potential negative implications for agricultural productivity and safety. A myriad of other negative factors are also expected
to increase; however, given the high sensitivity of plant reproductive processes (needed for grain production/yield in rice,
wheat, corn, soybean and many other crops) to heat stress, the simple increase in the number of consecutive days above a
temperature threshold could be the most damaging factor to agricultural production worldwide. Thus, higher day and night
temperatures occurring during fertilization, seed set and/or seed maturation/filling over the next 50-100 years could have a
devastating impact on agricultural productivity and yield [15]. The effects of high temperature on yield could also be worsened
by conditions of water deficit (at different levels of drought) or waterlogging (following floods), as these conditions prevent
or suppress the ability of plants to cool themselves via transpiration [16]. Many of the worsening environmental conditions
described above are also predicted to cause about 50% reduction in arable land area by 2050, further limiting agricultural
productivity [17]. Although it is hard to predict where we will be in 50-100 years, if we do not act now, we could face a global
decrease in food supply that will cause a food shortage crisis for our growing population (figure 1). For more detailed and
critical reviews of these subjects, the reader is referred to [18-21] in this issue.

3. How should we study abiotic stress in plants if we want to succeed?

The traditional approach of scientific studies to date is to identify a problem in the field and/or nature (e.g. heat stress) and
study it in the laboratory/growth chamber/greenhouse under controlled conditions (typically using the ‘reductionist’ approach
of controlling all other conditions except for the one under study, e.g. heat stress). Following studies in the lab and testing in the
greenhouse and/or growth chamber, the developed crops (with enhanced resilience under laboratory/growth chamber/green-
house conditions) are then tested in the field (and then back to the lab for more improvements, i.e. the ‘lab-to-field-to-lab’
method). By contrast, breeders have traditionally been conducting their work in the field, in which a myriad of conditions
and stresses occur and constantly change. The relative success of breeders in generating stress-resilient crops, compared
with scientists in the laboratory, is rather obvious, suggesting that future scientific initiatives should focus on studying crops
within their natural environment (i.e. the field). Thus, instead of the ‘lab-to-field-to-lab’ method, we should rather use a
‘field-to-lab-to-field” approach (i.e. studying/sampling in the field, analysing in the laboratory and then directly testing in
the field) that will consider the multiple abiotic and biotic conditions that occur in the field [11,22]. Alternatively, controlled
environmental chambers, rooms or large indoor structures capable of mimicking the current and future outdoor conditions of
the field (‘field simulators’) could be used. High-tech phenotyping abilities applied to indoor controlled, or field, conditions
could also allow scientists to create dynamic models of growth responses to different stress/multi-stress conditions that will
predict how different genotypes will perform in the field under different conditions and soil types, and these models will also
help us to design stress-resilient crops with stable yield. The impact of agricultural management practices, e.g. cover crops, crop
rotations, the use of organic fertilizers/weed control/insecticides and bio- and chemo-stimulants, should also be integrated into
the studies/analyses described above to reflect the ‘real” conditions in the field (e.g. [2,3,5,23-25]).

Using the ‘field-to-lab-to-field” (a more ‘holistic’ approach), coupled with advanced technologies, could therefore allow us
to truly understand the response of crops to different stress conditions that occur in the field [11,22]. The advent of machine
learning- and artificial intelligence-driven computational tools [26] would be key in untangling the different responses of crops
identified under real or simulated field conditions—for example by using multiple omics platforms coupled with phenotyping
and physiological analysis—and allow us to pinpoint the critical molecular/biochemical/physiological ‘weak links” in each
crop that need to be strengthened by means of breeding and/or CRISPR (Clustered Regularly Interspaced Short Palindromic
Repeats)-driven genetic modifications.
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Figure 1. The impacts of anthropogenic activities on agriculture and their negative effects on yield and food supply. The increase in human population coupled with
the increased levels of pollution and greenhouse gasses that humans produce (a major driver of global warming and climate change that cause an increase in droughts,
heat waves, flooding, etc.) and the decrease in prime agricultural land and freshwater resources are negatively impacting agricultural production to the point that it
may not be able to support the existing and/or projected human population in the coming years. If not stopped, this process will destabilize our society and cause
hunger, poverty, migration and even wars. Two main processes need to be altered if we want to prevent food shortages: (1) we need to reduce the footprint of
anthropogenic activities on the planet to slow down global warming, climate change and the stresses they impose on agriculture; and (2) the resilience of crops to
abiotic and biotic stresses should be augmented by means of breeding, genetic engineering, improved practices and other novel approaches.

4. What should we focus on to enhance resilience?

Many molecular targets or ‘weak links’ that need to be strengthened in crops (to increase resilience) are currently being
investigated in many different laboratories worldwide. These include strengthening crop resilience to heat stress, drought,
salinity, cold stress, freezing, insects and different pathogens. Some excellent examples of these studies are discussed elsewhere
in this Theme Issue (e.g. [21,24,27-37]). Many of the current studies of crop resilience to stress are however focused on specific
time points or developmental stages/tissues (e.g. seedlings or vegetative tissues of mature crops) and do not address the
impacts of stress on crop reproductive processes. While vegetative growth supports reproduction and produces biomass, plant
reproduction is critical for seed production, which is the major component in the yield of our main grain crops, including
rice, wheat, corn and soybean [15]. Importantly, recent molecular studies, as well as past breeding efforts, have revealed that
the molecular mechanisms that contribute to the resilience of vegetative tissues to stress may not be similar to those that
contribute to the resilience of reproductive tissues [16]. A key example for such “differential” resilience between vegetative and
reproductive tissues is heat stress in plants. In most plants, temperatures that will arrest plant reproduction have a minimal
impact on vegetative growth—or they even enhance it. It is also now well established that photosynthesis, transpiration and
water loss are not limited to leaves and that considerable non-foliar photosynthesis takes place [38]. Non-foliar photosynthesis,
transpiration and water loss could also be differentially influenced by changing environmental conditions [39]. More efforts
are therefore needed to determine the impact of different stresses on crops at different developmental stages, as well as on
different vegetative and reproductive tissues of crops, and special attention should be given to strengthening the resilience of
reproductive processes to different types of stress, as well as to combinations of stresses[40].

Another overall change that may be needed in scientists' approach to hardening crops to climate change is that we should
stop thinking that we know what will work based on all past research and knowledge (that was mainly obtained using the
‘reductionist’ approach, as described above). We should simply focus on what really works in the field, based on breeders’
success, the success of different types of invasive species and weeds, and the tolerance of wild crop cultivars to different
stresses. If we let nature guide us in identifying what works, we may have better success in developing crops with heightened
resilience to climate change (e.g. [11,21,22,35,37]). Nature is a master of finding solutions through evolution, and evolution can
happen quickly and provide insights into how plants adapt to climate change.

Improving or manipulating the plant and soil microbiomes is an emerging concept that can also help in mitigating the
impacts of climate change on crops (e.g. [23,41]). This is an especially critical issue as multiple global change factors acting
together have been shown to reduce the diversity and function of the soil microbiome, with potential negative impacts on crops
[9].

While improving the resilience of crops to climate change, we should also consider lowering agriculture’s current footprint
on greenhouse gas accumulation in our atmosphere. Thus, efforts should be made to generate crops that produce less green-
house gasses (for example less NO) and at the same time sequester more CO; into the soil [2,3]. These features should be bred
into our elite cultivars together with heightened resilience to stress, to improve the overall capacity of crops to fight global
warming and climate change. In addition, the use of regenerative agriculture practices should be adopted by more farmers and
growers.
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5. Do we have enough time?

This could unfortunately be a life-or-death question for many of us, especially for the poor who live in areas where crop
productivity is already challenged and/or where changes to environmental conditions have already caused extreme events
that reduced yield. Is there sufficient time to develop crops that can withstand the new and much harsher conditions that are
anticipated in the not-so-distant future? Time is required not only to understand the processes and underlying mechanisms
that we can manipulate to produce more resilient crops and generate them (efforts that would need significantly more funding
and resources), but also to allow for the regulation processes required before introducing genetically modified crops into our
agricultural systems. Shortening the regulatory processes (that are currently severely limiting the pace at which genetically
modified resilient crops can be introduced into our agricultural systems) would require global support and collaboration
from and between governments and big biotech and seed companies. In addition, the richer ‘Global North” would need to
consider the problems, challenges and needs of the poorer ‘Global South’, even if they are not necessarily profitable (a critical
question given the different types of impacts that climate change may have on different geographical locations). Currently —and
considering the rapid pace at which anthropogenic activities are already limiting agricultural productivity —there appears to
be insufficient investment from governments and the private sector in hardening agriculture to withstand climate change, as
well as an insufficient amount of collaboration across countries and continents. A drastic improvement in funding, coupled with
enhanced international collaborations (that include academia, governments and industry), the opening of dedicated research
centres/institutes and reduced regulation on the introduction of genetically modified crops into our fields are desperately
needed if we want to succeed in this grand challenge [2,3]. Climate change is perhaps the defining crisis of our time, and we
need drastic and timely measures to address and solve it.

6. Integrating breeding with genetic engineering, with. . .?

If we want to solve the grand challenge of producing enough food for a growing population under the strain of global
warming and climate change (with less arable land and freshwater resources; figure 1), we need to keep our minds open to
integrating many different disciplines and research areas into agriculture. For example, material sciences and chemistry/physics
could offer solutions in the form of smart nanoparticles, polymers and other materials that will alleviate heat stress or high
radiation, store water and nutrients, detoxify fields and/or fight pathogen/insect outbreaks. Engineering, drones/satellites,
hyperspectral imaging and robotics could offer the prospect of smart farming/agriculture and weed control. High-tech state-of-
the-art growth facilities capable of replicating the real field conditions anywhere in the world today, as well as the predicted
future environment of our fields, are required if we are to truly understand the underlying mechanisms of resilience to multiple
stressors required to produce tomorrow’s crops today. Artificial intelligence and machine learning [26] could also facilitate the
development of such new and novel tools, as well as help in identifying critical phenotype-genotype associations important for
hardening crops in the field. Improving and developing new methods for sustainable agriculture (using the above-described
multidisciplinary approaches) and being able to recycle and re-use resources (for example using biostimulants to increase the
nutrient and water use efficiency of crops and recycle waste organic products, as well as different regenerative agriculture
practices to decrease waste and greenhouse gas production) are also important aspects that need to be considered. Keeping
an open mind and enhancing cross-disciplinary collaboration are therefore likely to considerably improve our chances at
mitigating the impacts of climate change on agriculture (e.g. [20,23,25,27,29,34-37,40,42,43]).

7. Stress combination as a special challenge

One of the negative ‘side effects” of the ‘reductionist’ approach that was traditionally used to study plant stress resilience at the
molecular level in the past is the lack of knowledge/understanding of what truly happens under field conditions [11,22]. In the
field, crops are routinely subjected to a combination of multiple stressors. For example, elevated temperatures in the middle of
the day could happen in combination with conditions of low or moderate levels of water deficit, nutrient imbalance, and other
factors such as high ozone levels and/or pathogen/insect attack. As was demonstrated over 20 years ago with drought and heat
[44], the response of plants to a combination of two different abiotic stresses cannot be predicted from simply summing up
the effects of each of these individual stresses on plants [11,22,40,42,45]. The state of ‘stress combination’ should therefore be
considered as a new type of stress that requires a new type of acclimation response (as reviewed in this issue by [40], describing
the process of ‘differential transpiration” under conditions of drought and heat stress combination in crops, as well as by [33]
and [36] addressing autophagy and molecular integration of acclimation pathways during stress combination, respectively).
As climate change and global warming are expected to increase the frequency and intensity of stress combination events (e.g.
droughts or waterlogging stresses combined with heat waves, or droughts occurring in areas with high salinity under high
or low temperatures), stress combination needs to be studied in different crops around the world and resilience to stress
combination should be an important target for enhancing plant resilience to climate change.

8. Summary

The worsening of environmental conditions on our planet, coupled with the increased demand for food (driven by our
population increase) and dwindling of resources, puts a severe strain on our agricultural systems (figure 1). As the pace of
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climate change and global warming appears to have accelerated in the past 10-15 years and attempts to slow these processes
are stalling or largely unsuccessful, urgency is needed in trying to enhance the resilience of our major crops to the unique
and emerging stressful conditions they will face in the not-so-distant future. As the “green revolution’ allowed us to improve
yield and prevent hunger, we now need the ‘Resilience Revolution” to allow our crops to withstand the environmental changes
that are to come. Although the task is daunting, some success stories exist (e.g. the enhancement of flooding tolerance in rice
through a combination of molecular genetics and breeding; [46]). However, time is short, and we must act now!

We hope that this Theme Issue will increase the awareness of the general scientific community, decision makers worldwide
and the public to the threats that global warming and climate change pose to agriculture and the supply of food needed to
support our growing population.
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