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The dual challenges of global population explosion and environmental dete-
rioration represent major hurdles for 21* Century agriculture culminating in an
unprecedented demand for food security. In this Review, we revisit historical
concepts of plasticity and canalization before integrating them with con-
temporary studies of genotype-environment interactions (GxE) that are cur-
rently being carried out at the genome-wide level. In doing so we address both
fundamental questions regarding GXE and potential strategies to best secure

yields in both current and future climate scenarios.

The vast majority of crops and vegetables that we currently eat were
domesticated from their wild ancestors in the past 10,000 years'.
Indeed, it has been widely reported that domestication was controlled
by several key genes. For example, only five-six genes induced the
dramatic changes occurring on the long domestication of cultivated
corn with a similarly low number of genes being suggested for many
other grain crops, as well as for other crops such as beans and
tomatoes’. During the process of domestication, our ancestors simply
chose what they needed for living. Such simple choices essentially led
to the pyramiding of valuable mutations and recombinants, which
rendered cultivated crops easier to breed, culture and store seeds
from. That said the goals on domestication of different crops also
varied greatly. In rice and wheat, the seed number was greatly
enhanced during domestication while the weight of a single kernel was
not dramatically changed®*. By contrast in corn, the weight of the
single kernel increased more than 10-fold during domestication’.
Additionally, in tomatoes and eggplants, the number of fruits per plant
was not increased greatly, but the size and weight of the individual fruit
were altered (sometimes dramatically so), over the processes of
domestication and improvement®’. These represent only a few
examples among the several hundred plants commonly cultivated
today. Seventy percent of the calories consumed by humans come
from only 15 crops', of which five (rice, wheat, corn, sugarcane, and
barley) contribute more than half®. Indeed, while diversification at the
level of our food crops is clearly warranted, we still need to secure their
yields.

In contrast to their ancestors, the growth environments and
conditions of currently grown plants are highly divergent’. Most crops

are grown in temperate zones—flowering in spring and being harvested
in autumn. However, some crops are sown in the fall, go through
vernalization in winter and mature in the following spring or summer.
With the development of molecular genetics and more recently
genomics, we begin to learn much more about the mechanisms
underlying the domestication process'’™. This has started to bring
great insight into the adaptation of plant genotypes and phenotypes
over evolutionary time"”". Adaptation in crops involves a dynamic
interplay between genetic variations and environmental pressures.
This process is driven by specific genotypes that confer a selective
advantage to plants in their respective environments. Adaptation can
begin with plastic phenotypic changes in response to environmental
shifts, followed by genetic changes. During the initial phase, the
environment may induce phenotypic alterations, while in a subsequent
phase, phenotypes are modified by mutations that accumulate
through adaptive evolution. Therefore, during the process of
domestication, particular genotypes were selected for their notable
plasticity'®". This included enhanced agronomic characteristics, such
as increased fruit and seed size, as well as the ability to adapt to diverse
environments, thereby broadening their area of cultivation'™*71920-23,

Reflecting on this, a range of studies have delved into how crops
respond to environmental shifts, especially those concerning tem-
perature, water content, soil conditions, and atmospheric
variations®* %%, For instance, research by Piperno et al. shed light on
how teosinte and Zea mays ssp. parviglumis adapted to the climatic
conditions of the Late Pleistocene and early Holocene periods,
respectively. Their findings revealed significant morphological chan-
ges, including alterations in plant architecture and seed dormancy?. In
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a similar vein, Matesanz and Milla examined how wild ancestors and
their domesticated counterparts, across various crops like cabbage,
pea, and durum wheat, reacted under different nutrient and water
conditions. Their research highlighted that both plasticity effects and
trait averages can vary markedly between domesticated crops and
their wild precursors, contingent on the specific trait being analyzed®.
The distribution of major crop areas (Fig. 1A), and regions vulnerable
to extreme weather (Fig. 1B) underscores the critical need for such
studies, in terms of climate change. Understanding potential plastic
responses at multiple levels, from metabolic pathways to morphology
and covering key agronomic traits such as yield, is hence crucial for
ensuring long-term food security.

Given that the demand for food production on a per land area
basis is higher than ever due to the booming human population,
environmental degradation and ever-increasing competition for
land**°, we believe it is an opportune moment to place GxE in focus
with regard to securing yield stability. In the context of plant breeding
two divergent strategies are followed either (i), plasticity is minimized
to develop a cultivar with satisfactory performance (phenotypically
robust or canalized) across a range of environments® or alternatively
(ii), performance is maximized by enriching environment-specific
beneficial alleles that are neutral or even unfavorable in other condi-
tions (phenotypically plastic)***’. The second of these is akin to how
natural selection has acted on wild populations®.

Considerable insights into the genomic events underlying natural
selection, domestication and improvement-driven selection have
recently been uncovered in most of our major crops®. Moreover,
insights into plasticity and canalization in plants have recently under-
gone a renaissance with (i), the application of -omics level profiling
methods®™’; (ii), the development of ever-more sophisticated field
phenotyping® and (iii), the collation of various environmental data
from enviro-typing technologies®, meaning that we have recently
begun to acquire data with which we will be able to address a range of
important questions. These questions include: (i), How do crops
respond to changes in the environment? Which climatic factors will
crops respond to and produce phenotypic changes, and what are the
genetic mechanisms underlying such changes? (ii), How can we iden-
tify the most suitable crops and genotypes for different environmental
conditions, and what is the best basis for such predictions? and (iii),
How should we carry out crop genetic improvement in order to future-
proof our food resources? Addressing such questions will clarify the
fundamental nature of phenotypic variance, the roles of phenotypic
plasticity and canalization in plant evolution and adaptation, and the
potential strategies they offer for developing climate-resilience and
sustainable crops to secure our food supply in the face of environ-
mental challenges. In the current article, we will begin by providing
original definitions and some historical background for both terms. We
will then discuss recent scientific discoveries related to the afore-
mentioned questions, taking into account advancements in molecular
biology, multi-omics technologies, field phenotyping and enviro-
typing technologies, and data analytics. Finally, we will assess the
merits of embracing plant plasticity or robustness as a means of
ensuring food security, or if we would be better off adopting a bet-
hedging strategy incorporating both strategies under different
circumstances.

The concepts of plasticity and canalization

Phenotypic plasticity is defined as the ability of a genotype to produce
more than one phenotype when exposed to different environments
(Figure 2A, Box 1). It is multidimensional, encompassing physiological,
morphological, developmental, and biochemical aspects**™*2 It is also
multifactorial, with the plasticity of the investigated trait depending on
genetics and the environmental factors. This complexity is further
illustrated by the relationships with other traits. For example, it has
been demonstrated that under acute abiotic pressures, the flexibility

of one characteristic might even be diminished due to tight inter-
connectedness with other traits">**. From a developmental perspec-
tive, Smith-Gill categorized plasticity as comprising two different
subclasses: developmental conversion and phenotypic modulation®.
The former subclass is genetically controlled and plays a role in
adaptation to particular environmental condition. It follows that if a
character is variable, selection must be maintaining that variability.
The latter subclass is not necessarily genetic based and adaptive, but
may exist because of a failure of the organism to completely buffer
development against environmental perturbation. The plasticity
associated with developmental conversion has attracted greater
attention than the other subclass because of its genetically controlled,
adaptive, and selectively maintained properties. Indeed, the promi-
nent role of plasticity as an adaptational factor to environmental
conditions in many organisms* has been topic of several
articles*’*® (Box 2).

Although there are many cases, in which plasticity is stated to be
beneficial - either as a fitness advantage on the individual or an eco-
logical success on the population level - it is also important to consider
cases in which this is not the case. Here the concept of canalization is
important. Canalization was initially defined by Waddington as the
ability to produce a consistent phenotype in spite of variable genetic
and/or environmental features***°. As would be expected in light of the
era he worked in, this theory was based on developmental phenotypes
which were visible to the naked eye. He later broadened his definition
to focus on phenotypes that, if not strictly invariable are “to some
extent resistant to modification™"*?, as well as developing the idea of
canalizing selection thereby implying a genetic control of canalization.
Similarly to plasticity, canalization was re-defined in the 1990°s, with
the essence of all definitions, being similar to that of Wilkins et al., i.e.,
that canalization is the genetic capacity to buffer phenotypes against
mutational or environmental perturbation®.

The situation is further complicated by the fact that both canali-
zation and plasticity are often hereditable and can therefore evolve
(Fig. 2). Within the last couple of decades, molecular developmental
genetics has provided new perspectives concerning the mechanisms
underlying canalization. Indeed, Rutherford and Linquist identified an
increase in morphological variation in Hsp90 mutants in Drosophila*,
with similar results being found in plants with Arabidopsis deficient in
Hsp90 being similarly morphologically compromised®. Moreover, as
detailed below, quantitative trait loci mapping revealed that chaper-
ones of this family also resulted in the canalization of tomato
metabolism®.

Studies of plasticity in plants

A myriad of studies on plant plasticity involving both the model plant
Arabidopsis and various crop species have been carried out and
extensively reviewed** S, While these studies examine different traits
in different species, they primarily focus on analyzing the genetic
variations of phenotypic plasticity and uncovering the underlying
causes of these variations® .. Since genotype-environment interac-
tions (GxE) are fundamental to phenotypic plasticity, and population-
level variation in plasticity generates GXE in statistical analyses,
methods for analyzing GxE often integrated with conceptual knowl-
edges and molecular experiments to gain a better understanding of
the sources and regulatory processes underlying complex trait
variation®®, One strategy in crop breeding is to maximize perfor-
mance in individual environments by enriching environment-specific
beneficial alleles that are conditional neutral or even unfavorable in
other environments**>%%%’, As Jin et al. previously commented®, this
mirrors the action of natural selection on wild populations wherein
local adaptation results in optimized phenotypes in native environ-
ments that are often maladapted in other environments****’°, This
strategy has high potential in the light of current climate change sce-
narios, given that genetic control systems can vary between optimal
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Fig. 1| Global agricultural cereal productivity and global surface temperature
anomalies since 1990. Both maps provide insights into agricultural productivity
and climatic variations, both important for global food security and environmental
dynamics. (A) Global distribution of cereal yield per country per year [t/ha] since
1990 [Food and Agriculture Organization of the United Nations (2023) - with major
processing by Our World in Data. “Cereal yields - FAO”. Food and Agriculture
Organization of the United Nations, “Production: Crops and livestock products”.
Retrieved May 1, 2024 from https://ourworldindata.org/grapher/cereal-yield]. This
visualization highlights key agricultural regions and shows geographical patterns in
crop yield intensity, illustrating contributions to the global food supply. Dark green
represents the highest cereal yield productivity, while sandy tones indicate the
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lowest. (B) Average surface temperature anomalies by country since 1990
[Copernicus Climate Change Service (2019) - with major processing by Our World
in Data. “Global yearly surface temperature anomalies”. Copernicus Climate
Change Service, “ERAS monthly averaged data on single levels from 1940 to present
2", Retrieved May 1, 2024 from https://ourworldindata.org/grapher/global-yearly-
surface-temperature-anomalies]. Temperature anomalies were calculated relative
to the 1960-1990 baseline by the authors of Our World in Data. The anomalies were
furthermore averaged for each country from 1990 to 2023. Darker red regions
indicate higher-than-normal temperatures, while blue regions indicate cooler-than-
normal temperatures. White areas show no deviation from the baseline. The maps
were generated using the R packages rnaturalearthdata (v1.0.0) and sf (v1.0.16).
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Fig. 2 | Responsiveness and robustness of phenotypes to environmental and
genetic perturbations. (A) Phenotypic plasticity: the ability of an organism to
adjust its phenotype in response to changes in its environment. (B) Environmental
canalization: the ability of an organism to buffer phenotypes against environmental
perturbations. Phenotypic plasticity (A) and environmental canalization (B) are two
aspects of the same phenomenon. (C) Genetic canalization: the ability of an
organism to buffer phenotypes against mutational perturbations. (D) Genetic
decanalization: the ability of an organism to adjust its phenotype by potentiating
mutational effects. Note: The environmental and mutational perturbations are
organized in a sequence to demonstrate an enhanced phenotype.

BOX 1

and stressed environments. In such cases, highly plastic genotypes are
particularly valuable due to their capacity to achieve optimal pheno-
types in specific environments. For this reason, a considerable effort
has been made in studying the genetic architecture of plasticity and
dissecting the underlying quantitative trait loci’”’*. Here we chose
several papers as case studies to illustrate the insight achieved to date:
approximately half of these in Arabidopsis, while rest describe work in
our major cereal crops.

There are many studies on phenotypic plasticity in Arabidopsis,
however, we feel that five papers present a good coverage of the state-
of-the art in the field. These papers shed light on regulatory genes and
pathways that contribute to genetic variation in phenotypic plasticity
in response to temperature or nitrogen. We start by reviewing the
recent paper by Weiszmann et al., in which plasticity at the metabo-
lomic level was investigated in diverse Arabidopsis accessions grown at
different temperatures™. Their findings, which demonstrate that the
plasticity of metabolism is both heritable and predictable, significantly
advance our understanding of how plants reprogram their metabolic
pathways to respond to temperature change. Furthermore, the mole-
cular mechanism underlying plant responses to temperature can be
understood through the case of the plasticity gene PHYTOCHROME
INTERACTING FACTOR 4 (PIF4), which acts as a transcriptional reg-
ulator to the plasticity of shoot thermogenesis in Arabidopsis’. This
finding highlights the role of PIF4 as a central regulator of temperature
signaling, suggesting that molecular networks associated with this
gene can be leveraged in breeding thermotolerant crop varieties. The
other three Arabidopsis papers we chose to highlight deal with various
aspects of plasticity in response to nitrogen supply’”’~°. One study
clarifies the gene-environment interaction as the basis of phenotypic
plasticity by elucidating how a REGULATOR OF CHROMATIN CON-
DENSATION 1 (RCC1) family protein interacts with nitrogen availability.
Another study reveals that plasticity in shoot branching is more
complex, as its genetic architecture varies between populations
selected under high or low nitrate conditions, suggesting that the

Plasticity at the level of the individual and population

Plasticity is defined, at its simplest, as the ability of a genotype to produce more than one phenotype when exposed to different environments.
Here we consider both the plasticity of the individual and plasticity at the population level.

Typically, an individual organism'’s plasticity is considered beneficial for fitness, allowing it to adapt to a wider range of environments by
developing varied phenotypes®'**. Plasticity is pervasive: Forsman even argued that all organisms exhibit some degree of plasticity—if one key
feature is not plastic, another will exhibit a broader reaction norm'. The concept of ‘reaction norm’, first defined by Woltereck® refers to how the
phenotypic expression of a single genotype varies across environmental conditions. Furthermore, plasticity is multifactorial and multi-
dimensional; while some phenotypic traits may be influenced by specific environmental factors, others may not. Similarly, different environ-
mental factors may affect the plasticity of different traits****. The general importance of environmental influences for genotype-phenotype

relationships has already been pointed out by Johannsen'®.

Plasticity at the population level can be divided into two types: discrete and continuous phenotypic control. The latter is based on quantitative
qualities influenced by both plasticity and genetics. In contrast, discrete phenotypic control may be based either on polymorphisms, which
originate from genetic variation, or on polyphenisms, which rely on the phenotypic regulation of variability. Polyphenism, in other words, is the
phenotypic plasticity of one individual across different environments (Fig. 2)'*’-*°. Plasticity at the population level primarily occurs in flexible
traits, leading to small-scale adapted phenotypes'*"1“%'“! However, there are cases where plasticity leads to large-scale changes in the

population, for example, in adapting to climate changes by altering biochemical parameters

112142 or in biotic competition by changing root system

morphology'*. Similar to the individual level, plasticity at the population level is mostly described as advantageous. This is particularly true in
terms of a clade’s survival for several reasons: 1) It allows the population to produce well-adapted phenotypes without undergoing genetic
adaptation processes, thereby lowering the risk of extinction; 2) It can decrease susceptibility to abiotic and biotic changes due to its ability to
occupy a wide range of niches; 3) It can increase the potential for invasiveness®®'**. Since the scope of phenotypic plasticity of different
genotypes can be under selection pressure, the corresponding germplasm pool may change in the long term. Environmental factors that
promote plasticity may also restrict its evolution by limiting genetic diversity, impacting the development of phenotypes and their adaptive

flexibility'*.
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BOX 2

Glossary

Bet-hedging: Hedging a bet is a way to limit risk in sports betting. The most common way to hedge a bet is to place a smaller bet against the
opposing team to that which you originally backed. This is essentially a risk-minimization strategy offsetting a part of the projected win on winning

to ensure some guaranteed return.

Canalization: Canalization is the ability to produce a consistent phenotype in spite of variable genetic and/or environmental features.
Domestication: Domestication is the process of hereditary reorganization of wild animals and plants into domestic and cultivated forms

according to the interests of people.

De novo domestication: De novo domestication is the incorporation of domesticated genes into the non-domesticated species to develop

new Ccrops.

Machine learning: Machine learning (ML) is a branch of artificial intelligence (Al) and computer science that focuses on the using data and
algorithms to enable Al to imitate the way that humans learn, gradually improving its accuracy.
Phenotypic plasticity: At its simplest phenotypic plasticity is the ability of a genotype to produce more than one phenotype when exposed to

different environments.

Synthetic biology: Synthetic biology (SynBio) is a multidisciplinary field of science that focuses on living systems and organisms, and it
applies engineering principles to develop new biological parts, devices, and systems or to redesign existing systems found in nature.

regulatory network governing branching is subject to multi-level
control””’®, Coming full circle, the final paper concerning Arabidopsis
is developing condition- and accession-specific metabolic models to
dissect and predict plasticity. The model-based analysis provides a
stepping stone in understanding the molecular mechanisms and
improving the predictability of plasticity for important traits”.
Turning to crop species, there is a huge amount of work on phe-
notypic plasticity thus we took the decision to limit ourselves to the
major cereal crops and the key traits, flowering time and plant height,
where phenotypic plasticity has been most intensively studied. Flow-
ering time, a trait that is responsive to environmental factors and of
notable adaptive value, has demonstrated significant genetic variation
in both trait mean and plasticity across four studies on maize®s’>#%51,
These studies provide population-level support for the structure gene
theory® by revealing distinct genetic architectures for trait mean and
plasticity. This theory is further supported by the example of specific
genes regulating other genes to exert plastic functions, as demon-
strated by ZmTPS14.1 whose effect is likely mediated by compensatory
effects of ZmSPL6 from a downstream pathway®®. By contrast, the
other two studies that investigate flowering time plasticity in rice and
sorghum support the allelic sensitivity theory®, as they identified the
same sets of genes underlying both trait mean and plasticity®*®.
Moreover, these studies illustrate how a common set of genes shape
the observed GxE through incremental changes in the effects of genes
or gene-by-gene interactions across environmental gradients. While a
consensus on genetic architecture has yet to be reached, the envir-
onmental factors that influences flowering time plasticity remain
relatively consistent across studies and species. Association analyses
between environmental factors and flowering time plasticity indicate
that sorghum, rice, and maize plants all detect and assess temperature
and/or photoperiod during overlapping time windows (18-43 days
after planting for sorghum?®!, 9-50 days after planting for rice®, and
22-37 days after planting for maize®) to anticipate future growth
conditions and make the necessary developmental transitions. These
studies on genetic architecture and environmental factors enrich our
understanding of flowering time plasticity at the gene, genome,
environment, and their interaction levels. Besides flowering time, plant
height is another environmentally responsive trait. Its easily tracked
trajectory provides an advantage for studying phenotypic plasticity
from a developmental perspective. A study by Mu et al. on plant height
plasticity in Sorghum examines the plasticity’s expression over time
from an ontogenic trajectory, including variation in the rates and the
timing of the phenotypic response®. They propose a conceptual
model to show the joint determination of phenotype by genotype,

environment, and development through three-dimensional reaction
norms, incorporating growth trajectories at multiple genetic levels
with varied environmental inputs. This model contributes significantly
to the integration of diverse perspectives and fosters a considerably
deep understanding of phenotypic plasticity.

The above studies suggest that breeders can tailor regulatory and/
or target genes to produce desired effects for particular environments,
thus tackling the current grand challenge posed by climate
change®®77>8%84 Moreover, incorporating environmental and genetic
determinants into statistical models facilitates predicting phenotypic
performance and identifying superior genotypes under various
environmental conditions®” %%, Pioneer studies have laid out conceptual
frameworks for genotypic and enviro-typic breeding® and developed
advanced models to predict trait performance with greater accuracy
by including interactions between genetic markers and environmental
variables®*°*!, Such research on plant phenotypic plasticity highlights
the critical role of genetic and environmental interactions in enhancing
crop performance and resilience, which will be especially crucial in
addressing climate change challenges. This knowledge is foundational
for crafting targeted breeding strategies to promote sustainable agri-
culture and ensure food security. However, we are still in need of more
research with diverse populations and experiments exploring multi-
factorial environmental changes and the genetic potential for adap-
tation to these changes.

Studies of canalization in plants
Considerable studies of canalization in plants have also been carried
out, though these are considerably less numerous than those of plas-
ticity. It is important to note that this term is used for two widely
different topics, i.e., the manner we have described above as well asina
highly specific and different manner to describe the behavior of the
phytohormone auxin®’. We will only discuss those based on the con-
cept of canalization proposed by Waddington in 1942*° who suggested
that there must be some capacity of the genotype to buffer the phe-
notype against minor variations in genotype and environment®,
There are accumulating examples of canalization of quantitatively
characterized traits of single-celled organisms and land plants®*’. In
Arabidopsis, the chaperone HSP90 has been shown to be a capacitor of
phenotypic variation®®, providing an example of developmental cana-
lization. Genes such as HSP90 are often considered as so-called gene
network hubs, wherein the exponential distribution of connectivity is
associated with robustness™*°. Put in simpler terms it is the power law
distribution of network nodes that demonstrate robustness in per-
turbation i.e. few highly connected nodes, hubs, buffer the system
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from attack. As such these hubs are often considered as somewhat of
an Achilles heel in the network. We describe below a couple of studies
on these hubs; however, this is certainly an area that warrants con-
siderable further research. For example, the £LF3 gene was shown to
have an effect on the canalization of both the circadian clock and
glucosinolate levels'®. Similarly, in tomato, researchers have used the
variance of metabolites across environments to identify canalized
metabolic QTL (cmQTL)*. Interestingly, these cmQTLs only partially
overlapped with the QTL for the levels of the metabolites, suggesting
different loci were related to variance and level, respectively. Further
validation of candidate genes supports the idea that genes that affect
cross-environment canalization do not necessarily also affect the inter-
individual variance. The observation that loci responsible for variation
in a trait are, at least in part, distinct and also fewer in number than loci
responsible for the level of the trait is supported by a number of other
studies'*"', Both the distinctiveness and the reduced number of loci
could point to there being a few regulatory genes that simultaneously
control several traits®. Depending on the trait, we can consider many
different combinations of effects of loci on either the trait level or trait
variance or both.

In this regard, datasets from large mapping studies that have
previously been used simply to study the level of a given trait could be
re-used to study the inter-individual or cross-environment variation.
While this has been done in some cases®'°%1%+1% legacy data resources
remain underutilized. Together with new data generated through the
high-throughput platforms of the multiomics era, it can however be
used to study canalization and variation more comprehensively'”’. In
addition, the development and rapid uptake of the CRISPR/Cas gene
editing techniques in candidate gene validation', has facilitated the
rapid assessment of candidate canalization genes. Such studies con-
firmed the candidacy of PANTHOTHENATE KINASE 4, LOSS OF GDU2
and TRANSPOSON PROTEINI in canalization of tomato fruit
metabolism'”’. Another example in tomato, and one that is even more
relevant in terms of this review, focused on yield and is described
across two papers. In the first a meta-analysis of 12 years of field harvest
data of the 76 line S. pennellii introgression lines was conducted'”. Five
QTL affecting yield stability without affecting mean yield were identi-
fied. To address another aspect of the stability question the authors
tested 48 morphological mutants and found one canalization mutant,
canal-1, with a consistent effect in reducing the stability of a myriad of
traits, including a snowy cotelydon phenotype. Further study revealed
that green mutant leaves compensate for this impaired protein func-
tion by upregulation of transcription of photosystem assembly and
photosystem component genes, thereby allowing adequate photo-
system establishment, which is reflected in their wild-type-like pro-
teome. White canal-1 leaves, however, likely fail to reach a certain
threshold enabling this overcompensation, and plastids get trapped in
an undeveloped state, while additionally suffering from high light
stress'’. Collectively these studies demonstrate the identification of a
wild species allele as a source to improve tomato yield stability. The
above example, came from a much wider common garden experiment
carried out at the same field site in which an unexpected bimodal
distribution of stable and plastic traits were observed across 32 vari-
eties of seven species grown under well-irrigated and dry field
conditions®. In this larger study the authors compared 18 homologous
phenotypes, including yield and seed production across the different
crop species, which included varieties of tomato, eggplant, pepper,
melon, watermelon, sunflower and maize. In doing so they were able to
propose that canalization profiles of traits in a variety of taxa were
ancestrally selected to maximize adaptation and reproductive success.

A similarly broad scope was used in a large synthesis of plasticity
(and canalization), in plants which catalogued 31 reciprocal transplant
studies into one of the following five categories: (i) canalized response
mean phenotypes invariant; (ii) canalized response no plasticity mean
phenotypes different; (iii) perfect adaptive plasticity; (iv) adaptive

plasticity; (v) non—adaptive plasticity™. The analysis included a total of

362 records with 52% of these being non-plastic and over 30% of the
plastic traits being adaptive suggesting that canalized responses are
more common than adaptive plasticity as an evolutionary response to
environmental instability. In a further study, a nested association
soybean population, encompassing 5600 RILs was investigated. The
authors found seven genomic regions, which display GxE interaction in
terms of yield. Xavier et al. furthermore described multiple GxE effects
in this population'2 The model the authors used included the parental
source, the regression coefficients of the marker effect and the allelic
effect, all based on environment-centered principal components™"*,
Some of the genes, which surrounded the significant peaks have pre-
viously been described to be involved in stress tolerance and thus
linked to yield stability>"°,

The above examples suggest that canalization plays a crucial role
in enabling organisms to maintain consistent phenotypes despite
genetic and/or environmental variations. For this reason, although
admittedly far less common than for plasticity, some studies have
focused on identifying canalized metabolic quantitative trait loci
(cmQTLs) and their associated phenotypes. These studies have shown
that canalization is as vital as plasticity, in that in controlling stable
pathways, such as the circadian clock or glucosinolate levels, they
ensure the consistency of phenotypic traits under diverse environ-
mental conditions, even for complex compound traits such as yield.
Understanding canalization thus also has considerable implications for
enhancing crop resilience and yield stability.

How can we best ensure food security?

Having provided a historical overview of the study of plasticity and
canalization, we will next return to the title of the article and discuss
whether embracing plasticity or robustness represents the better
strategy for food security (hereafter we use plasticity and robustness
as two sides of one genotype that can be selectively bred, avoiding
confusion with evolutionary and developmental implications). This
question is particularly pertinent nowadays in the face of the rapidly
expanding population alongside current and future climate change
scenarios. Therefore, in the following section we will discuss the ben-
efits and drawbacks of both strategies before discussing whether it
would be prudent to solely adopt either approach or rather hedge our
bets and adopt both.

The case for embracing plasticity

Modern agriculture is founded on the phenotypic plasticity inherent in
plants. As we stated in the introduction seventy percent of the calories
consumed by humans are provided by only 15 crops'. These crops have
achieved global dominance despite largely being grown in environ-
ments, which are wildly divergent from those found in their center(s)
of origin. This is perhaps most dramatically seen in the adaptation of
crops from tropical to temperate climes, such as the considerable
phenotypic differences between tropical and temperate maize**"" ",
between upland and lowland rice and the massive adaptations found in
potato and beans following the Colombian exchange®. These adapta-
tions include photoperiod insensitivity, cold tolerance, stress resis-
tance, short maturity duration, stay green, and enhanced yield
potential?’"'?*, Successes of exploitation of historical plasticity in plant
adaptations and the dramatic increases in yield have been observed for
the majority of these species over the last century. It is highly possible
that historical plasticity has been fixed; nevertheless, integrating past
observations with theories into applied research can offer a solid basis
for understanding why embracing plasticity can be a sensible strategy
in the face of the uncertainties of climate change.

As one of the most successful plant breeding endeavors, maize
breeding has shown the tendency of embracing phenotypic plasticity,
likely resulted from the disproportionate yield gain in low- and high-
yielding environments (Fig. 3). In a long-term commercial breeding
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trials and selective breeding processes that prioritize yield optimization alongside
phenotypic plasticity within a modern breeding program. The average of plasticity
is 1, with values above 1 indicating high plasticity and values below 1 indicating high
robustness.

program studied by Duvick et al., newer hybrids showed significantly
higher yield plasticity compared to older hybrids'®. This was evident in
the greater yield differences observed between extreme conditions,
the 1993 floods and the 2001 drought, and an ideal growing season in
1992. Analysis of yield data from trials conducted in 13 environments
between 1996 and 2000 revealed that newer hybrids had a plasticity of
1.17 t/ha per unit change in environmental mean, compared to 1.02 t/ha
in older hybrids and only 0.65 t/ha in open-pollinated cultivars. Such
variation in phenotypic plasticity among era hybrids in this breeding
program possibly bears a relation to the allocation of yield testing.
Extensive testing in optimal environments, as opposed to limited
environments, can lead to hybrids that are better adapted to optimal
conditions and exhibit higher phenotypic plasticity. However, this
uneven selection of testing environments may lead to greater yield
variability when these plasticity varieties encounter unfavorable con-
ditions. Therefore, embracing phenotypic plasticity necessitates a
careful evaluation of production environments, making it advisable to
apply this strategy in geographic locations characterized by high-
yielding conditions and low environmental variability.

Embracing plasticity is essentially akin to the purchase of high-risk
shares such as those in the high-tech or computer industries - whilst
they will likely bring a high reward, they are more volatile than so-
called blue-chip shares and as such these investments come with a
higher risk of losses. Whilst all the above arguments provide a strong
rationale for breeding for plasticity, the fact remains that breeding for
robustness is a surer route to yield security in the long term. A
potential risk of breeding for plasticity is essentially caused by the
uncertainties and unpredictable nature engendered by our current
climate change scenario. As such, going all in for plasticity does not
seem to represent a good strategy.

The case for embracing robustness

As we detail above there are several strong arguments for embracing
(and even attempting to augment) plasticity as a strategy to increase
yield in the face of the challenges imposed by climate change. The
argument for embracing robustness is far simpler - if you can fully

buffer yield against environmental variation, then you can virtually
guarantee food security’?'?. This can be seen in Figure 3, which
illustrates the relatively consistent yield performance of the low-
plasticity cultivar compared to the high-plasticity cultivar across
various environments. One advantage of cultivating low-plasticity
cultivars is the ability to achieve significantly higher yield in adverse
environmental conditions on condition that its genotypic value
reaches the same level with the high-plasticity cultivar. Embracing
robustness is a low-risk strategy somewhat analogous to the pur-
chase of blue-chip stocks—as such the overall yield will not reach the
highest possibilities which would be obtainable if one were to breed
for plasticity (or purchase more volatile shares), however, the yield
return is stable and therefore, by contrast to plastic populations, it
will not fall much under adverse environmental conditions. Of
course, one caveat of this logic is that we will not be able to fully
buffer against environmental variation and that canalization may
render populations more susceptible to the predicted increased
incidence of extreme environmental events?*™, It is worth bearing
in mind that the future climate predicted for a large proportion of
arable land is similar to that currently experienced in other areas of
the globe and this knowledge could be leveraged when designing
strategies to “future-proof” crop yields that are based on breeding
for robustness.

There are two strong counter-arguments that can be put for-
ward against embracing robustness. One is the fact that whilst it will
likely ensure yield stability it may well do so in a manner that restricts
maximal yields under optimal conditions. As such it may not be the
best strategy across the globe likely being an inappropriate strategy
in areas where agriculture yields are generally very good. Another
potential disadvantage of such a strategy is that it will likely com-
promise the adaptability of the crop in the future. Whilst the con-
servation of cultivars in global Genebanks means that such changes
are unlikely to be irreversible—the recourse of rebreeding adapt-
ability would mean a shift away from a pure breeding for robustness
strategy. Thus, going all in for robustness also does not seem to
represent a good strategy.
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The case for bet-hedging

Having essentially already concluded that solely embracing plasticity
or robustness would not represent sensible breeding strategies we
are left with a mix-and-match strategy. To stretch the economics
analogy further this would be somewhat akin to “hedging our bets”.
While this is in commonly parlance in English perhaps, we should
outline it briefly. The idea is that you back both sides betting for one
team and subsequently offsetting the risk in the initial bet by betting
a smaller wager on the opponent of the team. Similarly, in econom-
ics, hedging is not the pursuit of risk-free trading but rather an
attempt to reduce known risks during trading. An interesting study
by Frank has analyzed phenotypic plasticity from perspectives of
returns on investment, presenting that plants produce a stochastic
response (i.e. bet-hedging) to new environment to increase the
aggregate success of a genotype®™. We thus propose that the best
strategy for global agriculture in the face of climate change is to
hedge our bets and to simultaneously embrace both plasticity and
robustness (albeit in different populations) rather than betting
everything on a single strategy. The advantages of such a solution are
manifold but essentially come from the blending of the advantages
and dilution of the disadvantages mentioned in the preceding para-
graphs. In brief, in securing (an albeit lower) yield strategies incor-
porating the canalization approach would effectively act as a safety-
first approach with a guarantee of a certain production irrespective
of environmental changes whilst breeding for plasticity in a sub-set
of the plants whilst being riskier also offers greater return under
high-yielding environments. In doing so we should also consider the
environmental range and homogeneity within it to adjust the strat-
egy and achieve the maximum gain">'*,

Conclusions and perspectives

Embracing phenotypic plasticity presents the opportunity to max-
imize the genetic potential of new cultivars and achieve multiplied
increase in yield. This strategy benefits areas with well-understood,
predictable, and controllable growing environments that are equipped
with advanced enviro-typing technology and precision agriculture. On
the other hand, embracing phenotypic robustness can lead to the
development of stable cultivars that possess genes capable of buffer-
ing environment variations, but this may come at the cost of com-
promised yield production. This strategy benefits the vulnerable areas
that frequently experience rising temperatures and extreme weather
events, as well as in environments that are characterized by variability
and unpredictability. Adoption of both strategies to an appropriate
extent is likely to represent the optimal solution for any given crop
type. It is important to stress that this opinion is partially based on
assumptions we are making on extrapolations from the relatively
small-scale experiments, which have been published to date. It will,
however, be important over the next decade to empirically assess
whether these hold-true in larger-scale experiments.

In addition, to bet-hedging in terms of whether to embrace plas-
ticity or robustness within populations we additionally strongly believe
in a broadening of the species basis on which we rely on for calories
and nutrition. These arguments have been made elsewhere 1, so we will
not reiterate them here but increased planting of the many under-
utilized domesticates as well as de novo domestication of crop wild
relatives with increased resilience to stress both represent powerful
routes to achieve this goal.

Food security is one of the greatest challenges of our time and its
importance is bound to increase over the coming decades. Drought,
heat, salinity and biotic stresses, which are anticipated to increase in
current climate change scenarios, have the potential to jeopardize
crop yield stability. Whilst plasticity has been defined by multiple sci-
entists for over a century; emphasis on its multidimensionality has only
recently been considered with the majority of studies to date focused
on single or at most a handful of traits and environmental factors.

Multi-environment trials (MET) are, however, commonly used in plant
breeding to estimate the mean of cultivars to predict their future
performance. In the context of embracing plasticity or robustness in
plant breeding, we should focus not only on the mean performance
but also on the parameters of plasticity or canalization to evaluate the
potential cultivar candidates. Embracing plasticity involves selecting
candidates with high yield and high plasticity, whereas embracing
robustness is to select candidates with relatively high yield and low
plasticity (Figure 3). Additionally, conducting extensive assessments of
breeding materials and environments are always valuable, including
genetic canalization and environment canalization, environmental and
mutational perturbation.

Recent progress in machine learning was already able to achieve
relatively precise prediction values by considering the multi-
dimensional characteristic or interconnecting transdisciplinary
fields, such as quantitative genetics, genomics, evolution, breeding,
and agronomy. To acquire training data for such simulations, one
approach would be to conduct trials in ex situ conditions, that will be
similar to future conditions in major cultivation regions. Further-
more, already existing databases with large-scale multi-omics data
could be used for this purpose. We would additionally recommend to
research wild relatives and landraces alongside to modern varieties
due to their larger gene pool diversity. Such genotypes may
encompass promising phenotypic characteristics, that were lost
during the pyramiding of agronomically worthwhile traits during
domestication. Regardless of the relative advances made in breeding
for plasticity or canalization we would suggest to follow the bet-
hedging strategy. Taking such an approach would both ensure
robustness of yield, but also provide flexibility to face unexpected
environmental fluctuations, which will occur due to climate change.
It is, however, likely that the best ratio of plasticity to canalization is
something that will need to be empirically determined depending on
the crop in question.
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