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Abiotic stress causes major crop losses and is considered a greater challenge than
biotic stress. Comparisons of the number of published articles and patents regarding
these different types of stresses, and the number of commercially released crops
designed to tolerate different types of stresses, revealed a huge gap in the bench-
to-field transfer rate of abiotic stress-tolerant crops, as compared to crops designed
to tolerate biotic stress. These differences underscore the complexity of abiotic
stress-response mechanisms. Here, we suggest that breeding programs favoring yield-
related quantitative physiological traits (QPTs; e.g., photosynthesis rate or stomatal
conductance) have canalized those QPTs at their highest levels. This has affected the
sensitivity of those QPTs to changing environmental conditions and those traits have
become less plastic. We also suggest that breeding pressure has had an asymmetric
impact on different QPTs, depending on their sensitivity to environmental conditions
and their interactions with other QPTs. We demonstrate this asymmetric impact on the
regulation of whole-plant water balance, showing how plastic membrane water content,
stomatal conductance and leaf hydraulic conductance interact to canalize whole-organ
water content. We suggest that a QPT’s plasticity is itself an important trait and that
understanding this plasticity may help us to develop yield-optimized crops.

Keywords: canalization, coefficient of variation (CV), G × E interaction, phenotypic plasticity, QPT hierarchy,
water relations

INTRODUCTION

Unpredictable biotic and climatic (abiotic) factors have significant effects on crop production. It
has been widely suggested that increasing crop yield is the most sustainable way toward the goal of
global food security by 2050. To meet the demands of our increasing global population, crop yields
need to double by 2050 [as reviewed by Ray et al., 2013]. Based on 1998–2008 yield trends of the
top four global crops (i.e., maize, rice, wheat, and soybean), which constitute about two–thirds of
current harvested global crop calories, it is estimated that the current rate of increase in crop yields
is far slower than the ∼2.4% per year required to double the global crop yields by 2050 (Ray et al.,
2013). Lobell et al. (2011) estimated the global impact of temperature and precipitation trends from
1980 to 2008 on average yield of the top four global crops and found that yields declined for each
of those crops over that period, with the largest decline (5.5%) seen in wheat production. Due to
the negative effects of abiotic environmental stresses such as drought, temperature extremes, poor
soil quality and flooding, commercially grown crops achieve an average of only about 50% of their
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potential yield under field conditions (Hatfield and Walthall,
2015; Foyer et al., 2016). In contrast, biotic stresses such as
insect pests contribute to a yield gap of approximately 10%
(Kerchev et al., 2012), which rises to 50–80% in the absence of
control measures (Bruce, 2010; Foyer et al., 2016), suggesting that
abiotic stress can more sharply limit potential yield than biotic
stress. Biotic-stress problems, which have much greater damage
potential, are considered relatively straightforward to solve using
resistant plants, as well as variety of other methods, including
pesticides (Foyer et al., 2016).

THE GAP BETWEEN BASIC RESEARCH
AND ABIOTIC STRESS-TOLERANT
CROPS

In order to quantify and compare the complexity of abiotic and
biotic stress responses, we categorized different types of stress
in an in silico study and analyzed the gap between the number
of research articles published and the actual release of stress-
tolerant crops in the market, for each type of stress. We followed
(Graff et al., 2013) with some modifications and used Web of
Science Collection and Patent Search from Thomson Innovation1

(Supplementary Figures S1, S2) for the period 1986–2015. Under
the category of “plant sciences” (consisting of 36 different
areas), we found 34,757 published articles using the search term
“plant stress,” of which 2918 articles (8%) were published in
the area of agronomy, which represents crop ecosystems, and
1324 articles (4%) were published in the area of ecology and
forestry, which represent natural ecosystems (Figure 1A). The
number of articles published in the “plant stress” research area
accounted for only ∼17% of overall “plant” biology research
(Supplementary Figure S3A). During the same time period, 7659
DWPI (Derwent World Patents Index) families were filed in the
area of “plant stress” research and we found that an increasing
number of research papers were published and patents were
filed over this period (Figure 1B). To distinguish between the
total numbers of articles concerning biotic vs. abiotic stress, we
chose query terms that we thought to be unique to each type of
stress (Supplementary Figure S1). Our search revealed that within
the general area of plant sciences, the number of publications
on abiotic stress (23,883 articles) was more than five times the
number of publications on biotic stress (4582 articles; Figure 1C).
This ratio remained the same when we repeated the search among
agronomy papers, but was 20 times greater in the field of ecology
and 60 times greater in the field of forestry (Supplementary
Figures S3B–E).

However, similar numbers of patents were found relating
to abiotic (7050 DWPI families) and biotic stress (5496 DWPI
families; Figure 1D). Moreover, the translation of these patents
into products as reflected in marketed commercial seeds was
very much tilted towards resistance/tolerance for biotic stress.
We selected the top seven companies who filed patents related to
“plant stress” research (i.e., Monsanto, DuPont, Syngenta, Bayer
CropScience, Limagrain, Dow AgroSciences and BASF Plant

1http://info.thomsoninnovation.com

Science) and thoroughly searched their websites (Supplementary
Figure S4). Note that the published research papers and patents
were collected from both public and private sectors while the
commercially released varieties were taken into account only
from the private sectors. Released (marketed) rice cultivars has
not been particularly considered in a major way in this study
simply because there is hardly any hybrid variety of rice marketed
by the major seed companies. Yet, the fact remains that rice
varieties have been generated and disseminated for many traits
through research and development in the public systems (e.g.,
IRRI2), to the extent that it had major impact on the economies
of developing countries such as Vietnam, Thailand and India. We
found that cultivars exhibiting resistance/tolerance to different
types of biotic stress accounted for ∼93% of the overall seed
market (Figure 1E).

In our meta-analysis, the low bench-to-field transfer rate
(ratio of patents to marketed commercial seeds) of abiotic stress-
resistant crops as compared to crops designed to tolerate biotic
stress emphasizes the complexity of abiotic stress responses.
According to Moshelion and Altman (2015), one of the major
bottlenecks in the development of plants that are resistant
to or tolerant of abiotic stress is the lack of phenotyping
tools to enable the translation of the massive quantity of
research data into practical innovation in the field. The huge
gap between basic research in plant responses to abiotic
stress and the practical development of abiotic stress-tolerant
crops (Graff et al., 2013) points to the complexity of the
latter.

THE COMPLEXITY OF QUANTITATIVE
PHYSIOLOGICAL TRAITS PLASTICITY

Plants encounter dynamic environmental conditions throughout
their life cycles, which results in the expression of more than
one phenotype, a phenomenon known as phenotypic plasticity
(PP; i.e., the production of more than one phenotype from the
same genotype in different environments; (Kooke et al., 2015;
Davière and Achard, 2016; Ibañez et al., 2017). Phenotype is
determined by genotype (G) and environmental factors (E) and
PP is considered to be an evolutionary adaptation mechanism
to changing and uncertain environmental conditions. The
G × E interaction can be described by the linear model:
P = G + E + G × E (Mackay, 2001; Bernardo, 2008; Wray and
Visscher, 2008). Under changing environmental conditions, we
would expect to see many examples of trait plasticity both within
and between genotypes (see Figure 2 for a schematic explanation
of our hypothesis). Understanding PP is important for predicting
changes in species distribution, community composition and
crop productivity under changing environmental conditions
(reviewed by Gratani, 2014). The stability of an environment
(Figure 2A) may select for various combinations of phenotypic
traits and with different levels of plasticity (Shemesh et al.,
2010). The variety of traits represented by a single genotype (i.e.,
physiological, morphological, biochemical) represents a degree

2https://sites.google.com/a/irri.org/released-rice-varieties/released-varieties/2014
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FIGURE 1 | Translation of knowledge into practice: the papers-to-products ratio. (A) The relative proportion of articles published over three decades (1986 through
2015) in different areas of “plant stress” (biotic and abiotic) research (i.e., agronomy, ecology, forestry, and other). (B) Annual rate of articles published and patents
filed in the fields of plant abiotic and biotic stress research. (C) Annual publication rate of articles concerning research into biotic and abiotic stress. (D) Annual filing
rate of patents concerning research into biotic and abiotic stress. (E) The relative proportion of commercial seeds marketed as tolerant of biotic and abiotic stresses
(as of January 2017).

FIGURE 2 | Hypothetical response patterns of multiple quantitative traits to different environmental conditions, within and between genotypes. (A) A normal
frequency distribution of environmental conditions (E1, E2, . . ... En) in the habitat of a specific genotype. (B) The normal frequency distribution of two different
quantitative traits, T1 and T2, of one genotype under the same environmental conditions presented in (A). T1 is a more canalized trait and T2 is more plastic. These
traits could also be presented in terms of (C) the traits’ norm of reaction (NR) with respect to the distribution of environmental conditions (i.e., T × E interactions).
Each of these NRs and the plasticity of other traits of this genotype (or organism) could also be represented in a frequency distribution that could be represented as
(D) standardized comparison as the coefficient of variation (CV), relatively scaled (T1, T2, T3 and T4). The lower the CV value, the more stable the trait.
(E) Comparison of a specific trait across two genotypes (G1T1 and G2T1) when only two sets of environmental conditions are considered: stress conditions (E1) and
optimal conditions (E2). (F) Standardized comparison of the relative plasticity of several traits within and between genotypes.

of phenotypic flexibility in which some traits are less stable
(more plastic; e.g., number of flowers) under all physiological
and environmental conditions, while other traits are more stable
(canalized; e.g., flower structure and shape; Figure 2B).

Typically, the unique response pattern of a trait across two
genotypes and within a given range of environmental conditions

is referred to as that trait’s norm of reaction (NR; (El-Soda
et al., 2014). The use of NR values allows the simple and rapid
comparison of PP across a range of genotypes and environments.
The degree of PP can be a crucial determinant of plant responses
over both the short and long term (Nicotra et al., 2010). When
climate conditions are changing rapidly, PP confers an adaptive
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advantage to the plant, allowing optimal resource acquisition or
maximizing fitness in other ways (Pham and McConnaughay,
2014). We suggest that different (multiple) traits’ PP of the
same organism could be compared based on their qualitative NR
(Figure 2C). However, the PP trade-off costs are not clear.

The cost of plasticity is expressed as the reduction in the fitness
of a genotype due to its phenotypic plasticity, as compared to
fixed patterns of development that maintain homeostasis under
stable conditions (Van Tienderen, 1991; DeWitt et al., 1998;
Van Kleunen and Fischer, 2005, 2007). For example, if two
genotypes, one with a plastic trait (e.g., height) and another
with a canalized version of that same trait happen to grow in
the same favorable environment, then the plastic genotype will
be less fit than the canalized genotype due to the maintenance
costs of the machinery required for plasticity (cost of plasticity;
Van Kleunen and Fischer, 2005, 2007). Nevertheless, the trade-
offs between plastic responses to different environmental stimuli
and between plastic responses of different traits that share
the same sensory and response pathways require particular
attention and understanding those traits may also require a better
understanding of the costs of plasticity (Van Kleunen and Fischer,
2005, 2007).

Yield-related physiological traits (e.g., stomatal conductance,
photosynthesis, etc.) are generally quantitative traits (i.e.,
they depend on the cumulative actions of many genes
and the environment). The relationship between yield-related
quantitative physiological traits (QPTs) and the environment,
namely QPT plasticity, is highly complex. We suggest that a
better understanding of QPT plasticity may contribute to the
development of crops with better stress-response optimization
processes. Moreover, the variable sensitivity of different QPTs
to the same environment results in a different response pattern
for each QPT (i.e., QPT response sensitivity). Selection of the
quantitative estimator of plasticity has an important impact
on both the way plasticity is assessed and the ecological and
evolutionary implications that can be mined (Valladares et al.,
2006). Experimental as well as statistical methods can be used to
study phenotypic variability (Geiler-Samerotte et al., 2013).

QUANTIFYING AND COMPARING
PHENOTYPIC PLASTICITY

Over the years, various statistical methods have been suggested
for quantifying PP, including coefficient of variation (CV), the
slope of norm of reaction, the Relative Distances Plasticity Index
(RDPI), log transformation of the variance and the Box-Cox
power transformation [reviewed by Valladares et al. (2006) and
Pertoldi et al. (2014)]. Among those methods, CV has been widely
used to measure PP, pending the trait’s normal distribution.
Since CV is a standardized measure of frequency distribution
and is unit-less, it enables the standardized comparison of the
relative plasticity of several traits within a genotype (Wolfe
and Mazer, 2005) Figures 2C,D. The utility of CV has a few
limitations. First, it cannot be used to compare PP between
different species (Valladares et al., 2006), but it can be used to
compare different cultivars of the same species. Second, the CV

of a composite measure is always less than the weighted average
of the CVs of its parts (Bader and Hall, 1960; Pertoldi et al.,
2014). Nevertheless, taking into consideration its limitations, CV
is still considered to be one of the easiest standardized statistical
tools for exploring phenotypic variability, in general, including
developmental instability within a species. In fact, CV has been
used as to compare the PP of a range of traits related to growth
and morphology traits in Arabidopsis, barley, corn, tomato, oak
and poplar under favorable and stress conditions (Volis et al.,
1998; Valladares et al., 2002; Pliura et al., 2007; Dong et al., 2008;
Gaudin et al., 2011; Kooke et al., 2015). We suggest that, since
lower CV values are indicative of greater canalization (Toubiana
et al., 2012) and higher CV values indicate greater plasticity
(Fridman, 2015), CV can be calculated as a trait value and can
serve as a tool for the standardized comparison of traits’ NR
values simultaneously under varying environmental conditions
(e.g., Figure 2D). Accordingly, we suggest that the typical NR
for comparison of a specific trait across two (or more) genotypes
(within the same species) will be clearly marked (e.g., G1T1 and
G2T1; Figure 2E), in order to separate it from the standardized
comparison of the relative plasticity of several traits within
genotypes (Figure 2F).

PHYSIOLOGICAL TRAIT PLASTICITY
HIERARCHY

Physiological trait plasticity is important for plant adaptation
to adverse environments where morphological and anatomical
plasticity play less dominant roles (Zunzunegui et al., 2009;
Gratani, 2014). Like other quantitative traits, QPTs show
different degrees of sensitivity to the same environmental signals.
For example, earlier studies have shown that, under stressful
conditions, leaf hydraulic conductance (Kleaf) decreases more
quickly than the stomatal conductance (gs) of the same leaf
(Sack and Scoffoni, 2012), suggesting that Kleaf in more sensitive
to reductions in leaf water potential (ψ) than gs is. Additional
evidence for QPT sensitivity differences was provided by Martre
et al. (2002), who showed that exposing a whole plant to drought
stress resulted in differential QPT responses. In that work, whole-
plant hydraulic conductance was found to be twice as sensitive as
the transpiration rate to declining soil water content (reaching
50% of its maximum value 2 days before the transpiration of
the same plants reached 50% of their maximum value) and these
two QPTs were more sensitive to drought than ψ and osmotic
or turgor pressure, which remained unaffected by drought stress
for several more days (Martre et al., 2002). Also, the circadian
plasticity of root hydraulic conductance was found to contribute
to the acclimation to water stress by increasing the root water
uptake, thereby favoring growth and photosynthesis (Caldeira
et al., 2014). Furthermore, Topp (2016) commented that the most
yield stable genotypes have the most plastic root traits (growth
and architecture) among environments.

A meta-analysis comparing various plant water-relation QPTs
within and across species across biomes revealed that relative
water content (RWC) exhibits a very narrow range of variation,
as compared to other QPTs (Bartlett et al., 2012). Moreover, Sade
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et al. (2012) showed that RWC is a more stable trait than leaf
water potential, in the context of characterizing isohydric plant
behavior. This canalization of the RWC trait (i.e., maintaining of
critical water level of the plant) may be related to its importance
for evolutionary fitness (i.e., seed development under uncertain
environmental conditions) and productivity (i.e., maximizing
crop yield).

One possible explanation for this QPT hierarchy may be
related to the regulation of leaf steady-state water status. For
example, Simonin et al. (2014) suggested that the positive
dependence of dynamic leaf hydraulic conductance on
transpiration tends to minimize or reduce water potential
gradients along the soil–plant–atmosphere continuum, thereby
stabilizing leaf water content (LWC; Simonin et al., 2014). This is
due to the fact that stomatal conductance depends on leaf water
potential, soil water potential, the movement of water through
the soil and plant, and xylem hydraulic resistance (Comstock
and Mencuccini, 1998; Tuzet et al., 2003; Klein, 2014; Dry and
Loveys, 2015; Feng et al., 2017). These results suggest that some
key QPTs of a genotype exhibit different sensitivity thresholds
under the same environmental conditions.

Earlier studies have shown hierarchy in the elasticities of the
productive traits of seed number and size and proposed that
the elasticities of related traits may be negatively related to one
another within a hierarchy (Bradshaw, 1965; Sadras, 2007; Sadras
et al., 2009). Accordingly, we suggest that some interactions
between plant-water-regulation QPTs indicate the existence of
a hierarchical regulatory mechanism that is transduced down
from RWC to the molecular level of aquaporin activity. That
is, the stable RWC of the plant is a result of regulation of gs
(leaf water outflow) and Kleaf (leaf water inflow). Nonetheless,
gs and Kleaf are controlled by the activity of the specialized
cells (guard cells and bundle sheath cells, respectively) and their
membrane osmotic water permeability (Pf), in particular (Shatil-
Cohen et al., 2011). Pf is known to be regulated by aquaporin
activity (reviewed by Yaaran and Moshelion, 2016). Aquaporins
are activated by several transcriptional and post-translational
mechanisms namely, phosphorylation (Johansson et al., 1998;
Guenther et al., 2003), heteromerization (Fetter et al., 2004),
pH (Tournaire-Roux et al., 2003), Ca2+ (Gerbeau et al., 2002),
pressure (Zhu et al., 2002, 2004) and solute gradients (Ye et al.,
2004). Regulation of aquaporin trafficking (through insertion
into/or removal from the membrane) may also represent a
way to modulate membrane water permeability, as has been
demonstrated in mammals (reviewed by Brown et al., 1998;
Brown, 2003). This concept is supported in plants by the non-
uniform subcellular localization of aquaporins, for example,
among membrane domains (reviewed by Maurel et al., 2009),
or in response to abiotic stress, which caused trafficking of TIP
from the tonoplast to the cytosol (e.g., Vera-Estrella et al., 2004).
We suggest that this complex aquaporin function contributes
to high plasticity of the cellular osmotic water permeability (Pf)
regulation (Kaldenhoff et al., 1998; Shatil-Cohen et al., 2011,
2014), which further modulates ψ and Kleaf (Martre et al., 2002;
Prado and Maurel, 2013).

We tried to simplify the complex interactions and varying
sensitivity of these QPTs in a schematic diagram (Figure 3). The

Roly-Poly model (Figure 3A) represents the degree of response
of different QPTs of a genotype exposed to environmental
stresses. When a genome is under stress (represented as the
punched Roly-Poly), not all of the genes are affected similarly
(top to bottom along the vertical axis). Some exhibit greater
differences in their expression patterns (i.e., exhibit more plastic
behavior), while others remain stable (analogous to the base
of the Roly-Poly). Accordingly, the variable plasticity of the
expression patterns of different genes is translated into variable
expression, activity and interaction of the respective proteins
which in turn determines the cellular, organelle and whole plant
NRs of different QPTs. QPTs can be ranked based on their
level of plasticity and grouped from lower (e.g., molecules, cells,
tissues, etc.) to higher levels, namely organs and organisms.
Arrangement of the QPTs from lower to higher levels of
organization (half pyramid scheme) suggests that more stable
QPTs are found at the organism level, more plastic QPTs are
seen at the tissue and cellular levels and that the most plastic
QPTs are found at the molecular level (pyramid base, middle
and top respectively; Figure 3B). Therefore, going back to our
previous example, we suggest that the highly responsive nature
of cellular osmotic permeability (via aquaporin expression and
activity) helps to maintain more stable Kleaf and gs, which
together maintain a stable leaf water status (RWC and ψleaf,
Figure 3C). Our QPT regulation hierarchy model suggests a
supportive complimentary functional approach to the theory
presented by Sadras and Richards (2014), which states that a
trait scales up from lower (e.g., molecule, cell, tissue, etc.) to
higher levels (e.g., individual, population, community, etc.) of
organization, if it remains agronomically relevant at higher levels
and is eventually expressed at the population level, at which yield
is defined. In addition, characterization of dynamic environments
and understanding their stress gradients is also important in the
understanding of plastic response.

PUTATIVE IMPLICATIONS FOR
BREEDING

Crop breeding programs have traditionally aimed to increase
productivity, which has had the side effect of increasing absolute
values of key yield-related QPTs that are important for the
regulation of plant water balance [e.g., stomatal conductance
(Richards et al., 2010), leaf hydraulic conductance (Sack and
Holbrook, 2006) and photosynthesis (Takai et al., 2013)].
Selective breeding is often conducted under a single set of
environmental conditions (Nicotra et al., 2010), therefore, the
breeding pressure has had an asymmetric impact on different
QPTs, depending on their sensitivity to environmental conditions
and their interactions with other QPTs. These dynamic QPTs
play key roles in the plant water-balance regulation (analogy
to an engine with many degrees of freedom; Figure 4A) that
underlies plant–environment interactions. The increased water
use of crop plants (due to increasing absolute values of gs
and Kleaf QPTs – breeding by-products) is accompanied by
reduced plasticity of those traits (Nicotra et al., 2010). The
canalization of these traits at their higher levels may be one
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FIGURE 3 | Our model of the hierarchical plasticity of QPTs and the risk-intensifying canalization that has resulted from breeding pressure. (A) The Roly-Poly model
represents the response magnitudes of the different QPTs (plasticity, represented by the swing amplitude) of a genotype (the Roly-Poly) exposed to environmental
stress (punching hand). The cellular level, which is the most sensitive to changes in the environment, is characterized by a large variety of regulatory mechanisms,
which lead to high levels of plasticity. On the other hand, the organism-level QPTs are the most canalized, which results in minimal changes in their values (i.e., low
plasticity). (B) This molecular-to-organ hierarchical regulation relationship enables the high plasticity of reactions involving molecular/cellular traits and helps to
maintain the stability of higher-order traits. For example, for the regulation of plant water relations: (C) the hierarchy of water-balance-related QPTs in which the
stability of RWC, a core QPT that is essential for plant survival and productivity, is achieved by balancing tissue-related QPTs (Kleaf and gs), which, in turn, are
maintained by the balance between cellular-level QPTs, namely aquaporin (AQP) regulation and the Pf properties of guard cells and bundle-sheath cells.

FIGURE 4 | Impact of breeding on physiological plasticity. The hand holding
the boat throttle represents ambient stress. (A) In the case of a wild variety,
the throttle is capable of moving freely both ways, representing flexibility (the
plasticity of the QPTs). In contrast, in the case of a cultivated variety, (B) the
wedge in the throttle represents breeding pressure and allows the throttle to
move only at the risky end (canalization of QPTs), forcing the plant to “perform
or die.”

of the key factors in increasing the susceptibility of crops to
environmental stresses (analogy to an engine stuck in high gear;
Figure 4B).Therefore, we suggest that while breeding programs
have led to significant improvements in yield under optimal
and targeted stress conditions, they have also led to increased
susceptibility to various drought and suboptimal environmental
conditions, as a result of reduced plasticity, that is, there has
been a trade-off between productivity and survivability. This
situation may also be responsible for the fact that it so hard to
re-breed highly productive cultivars to be tolerant of abiotic stress
(Figure 1). An ideal pattern of plant behavior (ideotype) depends
on agronomic needs and the level of environment-related risk,
is dynamic and will result in maximum crop yield in a given
environmental scenario (Negin and Moshelion, 2017).

CONCLUSION

We suggest that the high degree of plasticity of QPTs in wild-type
plants might be part of their strategy for survival in an unstable
environment. Traditional breeding has increased the absolute
values of these traits and made them more canalized, thereby
making the plants less responsive to changing environmental
conditions. This trade-off between plasticity and productivity
limits our ability to improve crop tolerance of certain types
of abiotic stress. We suggest that, the breeding programs may
consider increasing the plasticity level of yield-related QPTs as
a mean to improve crop stress performance. Nevertheless, a
better understanding of the mechanism controlling QPT stability
would enable us to develop cultivars that exhibit improved
yield-optimizing behavior. However, that behavior is likely
to be beneficial only under certain conditions and different
plant behaviors should be selected for cultivation in different
environments.
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