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Abstract Crop physiology is a bridge between plant
science and agronomy. Historically, crop physiology
uses advanced technologies that rely on biochemi-
cal and biophysical plant traits to promote on-farm
technological innovation that significantly contrib-
ute to increased plant production. Looking back and
forward in the decadal scale, crop physiology is a
prominent player in the reduction of plant produc-
tion gap. The current plant production gap results
from the growing world population and the stagna-
tion of plant production. To reduce this gap, the plant
production must be increased in the near future and
continue to increase with population. In our opinion,
there are two important concerns that aggravate this
scenario and impose a great challenge to crop physi-
ologists in the next few years. Firstly, a past decade
of little crop yield gain. Second, the requirement
that any increase in plant production should occur in
a sustainable way, with minimal or no increases in
land occupation, besides water and nutrients inputs.
This great challenge is thought to be solved by trans-
disciplinary efforts to quickly incorporate new scien-
tific discoveries and technological advances in practi-
cal applications in crop science. It is evident that crop
physiology is the catalyst to such interaction. In this
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venture we let our opinion by philosophically discuss-
ing some contributions of crop physiology that, we
believe, deserve to be explored as possible paths to
reduce the plant production gap in the future, espe-
cially the implementation of technology to techniques
used to overcome environmental factors in a systemic
phenotyping approach.
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1 Conceptual background

1.1 The production gap and the technological
applications in crop science

The plant production gap is the difference between
the amount of products of plant origin (food, energy
and fiber) that is demanded by the human population
and the amount of those products produced over time.
The plant production gap challenge could be stated
as: if the human population grows, the demand for
products from plants also grows, also requiring plant
production to increase. However, these growth rates
are different as the growth rate of the population is
greater than the growth rate of the plant production
(Fig. D).

The plant production gap has been a threat to the
human population from the beginning of humanity
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Fig. 1 Representative diagram of technological advances, crop science methods, cereal yield production, and population increase

running in time

and the path to overcome it has always been thought
as: plant production should grow by the opening of
new croplands and/or by implementation of more
advanced farming techniques. In past realities the
increase in cultivation area of crop plants appeared to
be the most suitable solution to close the production
gap, as the speed of technology development and its
applications in agriculture was very slow.

In the beginning of the 1800’s, Thomas Malthus
statistically proposed a theoretical model explaining
the production gap (Malthus 1826), known as Mal-
thusianism. This theory postulates that population
growth is potentially exponential, while the growth of
the plant production is linear, which eventually stand-
ardizes the point of the production gap.

Afterwards, the technological advances of the
Green Revolution in the early 50’s lead to the inau-
guration of Crop Science and to significant improve-
ments in agriculture, resulting in epic shift on the
increasing rate of plant production. This increment
rate of the 50’s was greater than population growth
rate, proving Malthusianism to be wrong for not
considering technology advances as a factor in the
equation (reviewed in Lal 2014; Long et al. 2015).
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This hystorical shift in the crop production indicates
that the consistent addition of technological advances
to crop science can potentially overcome the plant
production gap (Fig. 1).

Figure 1 provides an overall analysis of the key
technological milestones since the Green Revolu-
tion on crop science. It highlights the discrepancies
between technological progress and crop produc-
tion over time, intertwined with population growth
and the ensuing growing demand for food. Notably,
especially after the widespread adoption of the inter-
net, technological development exhibited an almost
exponential growth, ushering in an era of innovations
unparalleled in history. However, this recent techno-
logical “boom” did not yet proportionally reflect in
agricultural productivity. Thus, translating technolog-
ical advances into productivity gains is always urgent
for crop science (Araus et al. 2018).

From this philosophical perspective, technology
provides expressive growth in phases with cereal
yields and world population, and this is probably
true for other crops. Figure 1 also provides that the
rate of population growth keeps ascending while the
cereal yields stagnates, indicating the importance of
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technological breakthroughs in crop science as a path
to diminish the yield gap in the near future (Aggarwal
etal. 2019).

Forecasts of socio-economic-environmental sce-
narios for the next two decades follow the trends
shown in Fig. 1 and explicitly indicate that Malthusi-
anism is again at the door. In order to guarantee suf-
ficient food supply, the plant production gap has to be
reduced in the next few years (reviewed in Lal 2014;
Tilman et al. 2011).

Looking back to our recent past, the production
gap could be solved by mimicking the same strate-
gies of the late 1950’s. However, the current scenario
is not the same as in the 50’s, due to ongoing change
in climate conditions and cropland availability, which
influence not only plant behavior but also limit natu-
ral resource use. In this present scenario, the increase
in plant production must occur without increasing,
or rather reducing, concomitantly the use of natural
resources, agricultural inputs and the opening of new
croplands (Pennacchi et al. 2022).

The current production gap challenge is therefore
different from the past and comprises the need to
increase plant production, meeting the requirements
for social, economical and environmental sustain-
ability in adverse climatic conditions or in inapt areas
(i.e.: increased temperature, abnormal rainfall, soil
salinity and increased concentration of greenhouse
gases). In other words: crop scientists have to develop
technological applications to allow plants to produce
more, with less agricultural inputs and with great
resilience under adverse environments.

1.2 Crop physiology and the production gap

Crop science, as an embracing topic, aggregates
diverse related research areas, such as crop physiol-
ogy. This is a branch of plant science closely related
with agronomy and majorly compromised with
the explanation of the physiological basis of plant
production and crop yield. Crop physiology is an
interface between agronomy and plant physiology:
agronomy provides the questions and plant physiol-
ogy provides the tools, the methods and the scien-
tific understanding to elucidate the mechanisms that
drive plant production. Crop physiology serves as
an important bridge between scientific discoveries
and technological innovation on one side, to on-farm
technological application on the other side.

Along its history, crop physiology has developed
its own practical tools and methods, which explain
its botanical-theoretical background linked to its
practice-agronomic problems. The combination of
available analytical tools with great intellectual and
scientific efforts enables the deepening of the under-
standing of physiological mechanisms defining plant
production, opening space for new agricultural tech-
niques and directing biotechnological programs for
trait-based crop breeding.

The first noteworthy contributions of crop physiol-
ogy are from the 60’s and 70’s, when crop physiolo-
gists demanded and developed commercially avail-
able field-worthy instruments. The development and
availability of instruments and methods on crop phys-
iology in the 60’s and 70’s was only possible due to
the post-war advances in engineering, electronics and
chemistry technologies added to plant sciences. Some
examples are the advent of high-throughput sensors
for real-time monitoring plant traits and environmen-
tal conditions such as PAM chlorophyll fluorescence-
meters, portable infrared gas-analyzers (IRGA’s), a
diversity of low-cost chemical reagents, sensors and
laboratory equipment, and the incorporation of com-
putational resources to statistics and modeling.

The development of measuring devices allowed
non-destructive in sifu analysis of key physiological
traits and environmental characteristics, such as pho-
tosynthesis and transpiration responses to tempera-
ture and to the air vapor pressure deficit. The field-
worthy instruments have also broken the time and
space limitations of experimentation, expanding labo-
ratory techniques with maintained accuracy, helping
crop physiologists to unveil crop plants metabolism,
development and production, not only under con-
trolled conditions but also in face of real environmen-
tal conditions (reviewed in Beyschalg and Riel 2007).
These methodological advancements were important
to elucidate environmental controls and to quantify
the determinism of a number of biochemical and bio-
physical traits to plant production interaction with
environmental variability. In our opinion, this is the
beginning of a tentative high-throughput quantifica-
tion of the plant-environment interaction.

From the 70’s to date, crop physiology has
explored the mechanisms of plant production at
even finer levels of details. Those achievements of
the late 80’s and early 90’s can be attributed to the
“omics” era (reviewed in Van Emon 2016) which has
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the advent of transgenic plants, and the validation
of the mechanisms pointed out in the crop physiol-
ogy researches of the early 60’s. As examples, crop
physiology researches lead to breakthrough discover-
ies on how physiological processes respond to higher
atmospheric CO, concentrations, depletion in soil fer-
tility and water availability, soil salinization, air pol-
lution, heavy metals contamination, amongst others
(reviewed in Barbosa et al. 2012). In other words, the
research aims in the 90’s was still the understanding
of the plant-environment interactions, but the method
was directed by a mechanistic-reductionism princi-
ple (reviewed and philosophically contextualized in
Liittge 2023).

In the last two decades the evolution in data sci-
ence, robotics, computational resources capacity
and sensor automation led to important advances in
genomics and the arising of phenotyping platforms,
opening a new phenomics era. However, this super
capacity to generate and process environmental,
genomic and phenomic data is lacking in an effec-
tive output of information prompted to increase plant
production. In fact, we are now attempting that the
interaction among the parts is more important than
the isolated parts (reviewed in Souza et al. 2016) and
so crop scientists are developing methods and practi-
cal tools to account for the differential response of the
interactions of genotypes (G) across environments (E)
producing phenotypes (P), which is currently known
as enviromics (reviewed in Resende et al. 2021).
Regarding this urgent need to understand the geno-
type by environment interaction (G.E), our opinion is
that crop physiology has, again and undoubtedly, an
important task on transforming scientific discover-
ies to technological applications and practical inno-
vations to increase plant production outputs on crop
lands. We will further discuss, in depth, this path of
contribution of crop physiology to reduce the plant
production gap in a topic of systemic phenotyping.

From the 50’s to date it is worth mentioning
that significant biotechnological and scientific out-
puts from crop physiology resulted in a consecutive
increase in plant production, particularly because of
all the efforts to unveil plant-environment interac-
tions and its determinism to plant production. So, it
is evident that throughout the history of crop science,
crop physiology was always an significant catalyst
to the efforts to reduce the production gap by bridg-
ing science knowledge to on-farm technological
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applications. This has been possible because crop
physiologists develop and use plant science methodo-
logical tools to investigate plant-environment inter-
action in a trait-based approach and then translate
experimental data into theoretical knowledge ready to
be applied to new agricultural techniques.

1.3 Current contribution of crop physiology to close
the production gap

Crop physiology has been contributing through-
out history to increase crop yield, reducing the pro-
duction gap in many ways, and its contribution as a
catalyst to technological advances in crop science is
widely recognized. The recent advances in molecular
biology and plant genetics offer a new opportunity to
further drive these efforts.

Metabolic engineering emerges as a promising tool
in this context, allowing for increased nutrient uptake
(such as nitrogen and phosphorus), the production
of specific metabolic compounds, and enhanced tol-
erance to biotic and abiotic stresses (Dasgupta et al.
2020). Despite the challenge of modulating meta-
bolic pathways due to the complexity of the pathways
and their crosstalk, and the high demand of time and
financial resources, important achievements have
been made by crop physiologists using molecular
biology techniques (Feng et al. 2007; Brooks et al.
2023).

Considering the complexity and challenges asso-
ciated with modulating metabolic pathways from the
laboratory to the field, it is imperative that crop physi-
ologists take part in the practical interaction between
the knowledge of crop physiology and of metabolic
engineering. Any biotechnological effort aimed at
optimizing the benefits derived from the applica-
tion of metabolic engineering in agriculture depends
on the integrative capacity of the crop physiology to
regard science and on-farm practices simultaneously.

Many positive outputs from this interaction
are now evident. For example, Wei et al. (2022)
explored the use of transcription factors to regu-
late physiological traits such as photosynthesis,
nitrogen assimilation, and flowering in rice plants.
Specifically, they investigated the role of the gene
Dehydration-Responsive  Element-Binding  Pro-
tein 1C (OsDREBIC), which is induced by both
light and nitrogen scarcity. Overexpression of the
OsDREBIC (OsDREBIC-OE) resulted in increased
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photosynthetic capacity and nitrogen use effi-
ciency due to higher nitrogen absorption, as well as
enhanced efficiency in photoassimilates partitioning
to rice grains, increasing rice grain yield and the
harvest index.

Some important contributions of crop physiology
are in the path of crop breeding using biotechnologi-
cal tools to bioengineering major C3 grass crops,
such as rice and wheat, aiming to increase their car-
bon budget facing nitrogen deficiency and water scar-
city (Furbank et al. 2019; Chen et al. 2023). Efforts
in this bioengineering path were directed to the mod-
eling of the enzyme ribulose-1,5-bisphosphate car-
boxylase/oxygenase (Rubisco), which has an affinity
for atmospheric carbon dioxide (CO,) and oxygen
(O,). Its oxygenase activity is recognized to lead to
considerable losses in carbon incorporation through
photorespiration. Therefore, reducing affinity to oxy-
gen and enhancing the carboxylase activity could be
a promising strategy to improve photosynthesis effi-
ciency and, consequently, increase plant production
by incrementing the carbon gain.

However, this strategy is expensive and time con-
suming as it deals with the high complexity of the
structural, metabolic, and molecular standpoints
(Whitney et al. 2015; Conlan et al. 2019; Igbal et al.
2021). Thus, more practical, rapid, and cost-effective
efforts should be directed towards developing studies
to increase the concentration of CO, around Rubisco,
which will significantly reduce photorespiration
and potentialize positive carbon budget on C3 crops
(McGrath and Long 2014).

An alternative strategy to increase the produc-
tion of C3 crops is focused on the transformation to
a more C4-like plant. In dry environments, charac-
terized by high temperatures and intense solar radia-
tion, the C4 metabolism delivers greater efficiency in
water, nitrogen, and solar radiation utilization to car-
bon capture in relation to C3. This is due to reduced
photorespiration and improved of water-use efficiency
(Ghannoum et al. 2010; Schuler et al. 2016). Unlike
the C3 metabolism, C4 uses the enzyme phospho-
enolpyruvate carboxylase (PEPcase) as the receptor
for inorganic carbon in mesophyll cells. This enzyme
has the advantage of not exhibiting dual affinity for
CO, and O,. The C4 metabolism requires specialized
anatomy, known as Kranz anatomy, which ensures
high CO, concentrations around Rubisco, confined to
bundle sheath cells (Sage 2002; Sage et al. 2014).

The C3 to C4 transformation path has been tried
with two basic strategies. First, the strategy of the car-
boxysomes from cyanobacteria. The cyanobacteria
metabolism present a reduced photorespiration due to
a mechanism that concentrates CO, around Rubisco
using the carboxysome organelles, which are micro-
compartments containing the carbonic anhydrase and
Rubisco enzymes (Nguyen et al. 2023). The expres-
sion of carboxysomes in the parenchyma cells of
leaves of C3 crops is a promising path to be followed
for constructing a CO, concentration mechanism in
C3 plants, thus enhancing their photosynthetic effi-
ciency and, consequently, their yield. Positive results
have been observed in transformed Nicotiana taba-
cum (tobacco) plants, where carboxysomes derived
from cyanobacteria were expressed, as reported by
Long et al. (2018) and Ni et al. (2022).

The second strategy is transferring a complete
C4 cycle to a C3 plant. This path requires an abrupt
structural and biochemical change than the carboxy-
some strategy. As with Rubisco bioengineering, this
approach is time demanding and expensive since it
deals with the complexity of leaf anatomy, biochem-
istry, and genetic engineering. As an alternative, spe-
cies with an intermediate C3-C4 metabolism are of
interest, as in the C2 cycle, during the decarboxyla-
tion stage, photorespiratory glycine needs to migrate
from mesophyll cells to the sheath tissue, where there
is increased interaction between mitochondria and
chloroplasts, allowing for the re-assimilation of CO,
near Rubisco (Sage et al. 2012; Schliiter & Weber
2016; Kubis & Bar-Even 2019). That is to say that
the main goal to the improvement of C3 assimilation
is to introduce more C4-like traits than to completely
transform C3 plants into C4 plants.

Photosynthesis can be affected by high-tem-
perature conditions, causing damage to electron
transport. In this context, the inhibition of Rubisco
activity in high-temperature environments results
in decreased Rubisco activation and consequently,
reduced CO, assimilation. In a study conducted by
Feng et al. (2007), genetic engineering techniques
were employed to increase the activity of an essen-
tial enzyme in the regenerative phase of the Calvin
cycle, sedoheptulose-1,7-bisphosphatase (SBPase).
The researchers observed that the increased accumu-
lation of SBPase in chloroplasts contributed to better
heat stress tolerance in young rice seedlings. Addi-
tionally, transgenic plants demonstrates higher CO,
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assimilation efficiency under high-temperature con-
ditions compared to wild plants, indicating that the
overexpression of SBPase increases the thermotoler-
ance of Rubisco activase.

These examples clearly illustrate how the manipu-
lation of key genes associated with key physiologi-
cal traits to plant production can result in significant
improvements in crop yield and quality. Therefore,
in our opinion it is evident that the interdisciplinar-
ity between crop physiology and metabolic engineer-
ing is currently on the right path to contributing to the
reduction of the production gap. This kind of interac-
tion among sciences and disciplines has an important
potential to enlarge the understanding of the physi-
ological processes defining crop production, and also
facilitates the practical application of trait-based plant
breeding. However, it is important to highlight that
these approaches face significant challenges, includ-
ing the complexity of the metabolic pathways and the
unforeseen outcomes of genetic modifications.

A great number of paths and strategies are being
developed by plant scientists, which can be summa-
rized in traditional and molecular (genetic transfor-
mation) plant breeding and bioengineering paths. He
we will discuss examples of what has been done by
plant scientists to increase plant production by alter-
ing biochemical and biophysical traits. The techno-
logical advances of the next decades will certainly
serve as tools to reduce the time and cost needed for
genetic transformation and bioengineering. The crop
physiologists will have to use these genomic tech-
nologies, filling important gaps in the current physi-
ological understanding of plant production.

2 Is the current production deficit attributable
to deficiencies in crop physiology?

Gains in plant production from the Green Revolu-
tion appears to be slowing down or even stagnating
over time, even with the massive advances in tech-
nology of the past two decades as (also supported by
Lal 2014; Long et al. 2015; Zenda et al. 2023). That
is to say that the current available technology is not
yet resulting in an increase in plant production. This
scenario is different from what was observed in the
60’s-70’s and again in the 80’s-90’s, when the rise
in technology availability reflected directly in the
increase in cereal yield (Fig. 1).
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In our opinion, any proportional increase between
technology and plant production is related, more
directly or indirectly, to the catalyst role of crop
physiology in aggregating technological advances to
crop sciences, through breeding programs and man-
agement research, leading to an increase in plant pro-
duction. So, the question arises: Is the present plant
production gap caused by a lack of crop physiology?
We would like to present our opinion and go further
philosophically discussing this issue considering the
two possible answers to the question: no or yes.

Considering the first possible answer: no. In this
case there is no lack of crop physiology causing the
production gap. So, crop physiology is still present
and effectively catalyzing the addition of technol-
ogy to crop science, but this technological amend-
ment has had little impact on increasing plant produc-
tion. In fact, there is some evidence supporting that
the increase in technology is unproportional to the
increase in plant production due to the reach of bio-
logical limits, or saturation of morphophysiological
traits, that are particularly determinant to plant pro-
duction (as reviewed by Long et al. 2015; and Zang
et al. 2023).

Nevertheless, this must refer much more to the
limit that can be achieved by classical breeding with
specific management packages rather than to the bio-
logical limit of crops. But, if this is the case, some
traits that can be listed at the physiological limit on
these crop varieties are the optimization of light inter-
ception, water use efficiency, light use efficiency,
resistance to pests and diseases, and the enhancement
of phenotypic plasticity directed towards adaptation
to different climatic conditions. On the other hand, as
we discussed in Sect. 1.3, there are several examples
showing that photosynthesis, growth and yield can be
substantially increased through metabolic engineer-
ing. The discussion of Sect. 1.3 indicates that there
are many physiological processes that are far from the
saturation point, as evidenced by the higher growth or
yield of some transgenic plants.

In fact, the difference between the yield poten-
tial of modern genetic resources and the actual yield
achieved, at the farm level, highlights the great possi-
bility of increasing plant production through manage-
ment. Genetic advances can truly lead crop potential
production closer to its biological limits, although this
is not true for the real harvests, at the field (Foulkes
et al. 2022). In this scope, it is crucial to better
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understand the interactions of genetics x environment
x management (G.C.N), aiming to shorten the gap
between real and potential production (Cooper et al.
2021). In summary, there is an urgent need to enlarge
the understanding of the G.E interaction in delivering
the production as a phenotype. We already mentioned
this issue in Sect. 1.2 and we will discuss this topic
further in this manuscript.

Regarding the second possible answer, yes. In
this case there is a lack of crop physiology that inhib-
its the effective implementation of technology on
crop science, limiting the plant production increment.
If this is the case, there is an urgent need to get crop
science to be more prone to crop physiology in order
to catalyze the implementation of available technol-
ogy to on-farm practices, resulting in higher plant
production.

In addition to the biotechnological and bioen-
gineering technologies discussed in Sect. 1.3 , it is
evident that the integration of current telecommu-
nication, electronics and computational technology
to crop science positively resulted in agronomical
advances. We can point out some good examples such
as digital agriculture, precision agriculture and bioin-
formatics application into modern farming. However,
it is evident that the implementation of those techno-
logical applications did not result in a proportional
increase of plant production, as it did in the past. This
way, modern farming comprises the most promising
technologies for crop management improvement, but
needs further practical applications to be more asser-
tive in real-time operation, which is a reflection of the
lack of physiologically-based science and technology
applied in agriculture (Ziberman et al. 2016).

In a practical perspective, when plants are estab-
lished in the field, the genetic potential is already
set and cannot be improved or altered. Also, farmers
have very limited control over the climatic environ-
ment, mainly in rainfed, open fields. Thus, agricul-
tural management remains as the factor that farmers
can interfere to enhance the genetic capacity of plants
to achieve their potential production under a certain
climate variability.

Considering those arguments, our opinion is that
the plant production gap is caused by a technological
lack, which we believe is a consequence of a forma-
tion issue of the present generation of crop scientists,
that is particularly very poor in plant physiology. We
call this problem as "a lack of crop physiology". The

crop physiology lack might be a consequence of cur-
rent academic and scientific formation that is, in gen-
eral, poor in plant physiology and even more poor in
field practices on plant physiology. The current for-
mation of crop physiologists is multidisciplinary, but
has yet to achieve transdisciplinarity, a potential sub-
sequent phase.

While multidisciplinarity applies knowledge
from one area to another, transdisciplinarity seeks
the fusion of scientific findings and its technological
applications, fostering new viewpoints and pushing
the boundaries of scientific knowledge and technolog-
ical innovation (Barbosa et al. 2012). In our opinion,
crop physiology could be the integrative discipline to
promote transdisciplinarity in the formation processes
of any professional working with agriculture and crop
plants. The goal of transdisciplinarity is not merely to
combine techniques and methods from different areas
but to generate innovative perspectives and paradigms
with practical implications. It is evident that crop
physiologists may make the most important contribu-
tion to this challenge due their scientific background
and skills. To overcome challenges in plant produc-
tivity, it is crucial to not just merge scientific findings
and brand new technologies, but deeply integrate dis-
tinct disciplines, advocating for the holistic view that
crop physiology carries in its essence and that, in our
opinion, is lacking in the current formation of plant
biologists and agronomists.

Thus, it is imperative to improve the forma-
tion process of the next generation of crop scientists
to not only promote research and technological devel-
opment but to ensure that innovations are tangible,
enlightening, and readily integrable, aiming to align
scientific progress with sustainable plant production.
We are convinced that crop physiology has the trans-
disciplinarity requirements to align scientific progress
with sustainable plant production, emerging as a cata-
lyst for this much-needed transdisciplinarity to hap-
pen in the crop sciences formation in the near future.
In other words, in our opinion crop science needs to
be the most physiologically-based science!

Considering those arguments, we consider that
there is a great parcel of the available scientific
knowledge and technology of plant physiology to be
incorporated into crop science through crop physi-
ology. The recent discoveries in the field of plant
phenomics have a great potential to shift up plant
production in the next decades as it was observed in
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the the 60’s-70’s and again in the 80’s-90’s, but this
necessary increment in plant production will only
be achieved if the scientific and technological hub is
crop physiology. There is urgent to bring a sustainable
increment of the crop production by supporting more
efficient agricultural management and boosting plant
production without increasing the requirement of on
field resources. However, this ideal scenario will only
be achieved with a change in the formation processes
with the recognition of the importance of the crop
physiology as catalyst to the addition of science and
technology to on-farm plant production practices.

3 How can advancements in crop physiology
contribute to mitigating the near-future
production gap?

Considering the discussion to this point, we under-
stand that: i) there are currently significant advances
in genomics that can potentially contribute to the
immediate reduction of the production gap; ii) there
are available technological packages and resources
ready for applications in crop monitoring and man-
agement that potentially enhance the production in
crop lands. From these perspectives, we present the
Systemic Phenotyping as a path that, in our opinion,
should be taken as a standing point to integrate across
the advances in genomics, management and scien-
tific formation to reach significant and sustainable
increments in crop production.

3.1 The systemic phenotyping as a conceptual
standing point for a trait-based optimization of
the plant production

Crop physiologists have been enlarging the under-
standing of how biochemical and biophysical traits
at fine organizational levels are related to plant pro-
duction. These physiological traits are intrinsically
influenced by the interactions of plants with their
physical, chemical and biotic environments, culmi-
nating in the expression of the phenotype. Within
this consideration, the production of a plant could
be approached as an integrative, emergent pheno-
typic trait. In a systemic conceptualization, produc-
tion is a phenotypic trait that emerges from mor-
phophysiological traits of lower hierarchical levels,
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in time or space (Barbosa et al. 2012; Souza et al.
2016; Pennacchi et al. 2021; Cooper et al. 2021).
Within this perspective, crop physiologists that
are researching the phenomics aiming the increase
in plant production must consider that the plant pro-
duction (PP) itself is the phenotype, and any varia-
tion on the genotype (G), or/and environment (E),
has the potential to cause a variation on the pro-
duction. From this perspective, a gain in crop yield
must be based on a systemic view of the multiple-
traits varying according to the genotype, environ-
ment and genotype-environment interaction (G.E),
which can be called the enviromics (reviewed in
Resende et al. 2021). Again, it is important to high-
light that the interaction variable G.E is as much
important as the isolated variables G and E, being
a variable to the equation itself. To systematize this
approach, the starting-point is the classical pheno-
type formalism (Eq. 1), which statement is that the
phenotype (P) can be defined as a systemic result-
ant of the genotype (G), of the environment (E) and
of the genotype-environment interaction (G.E) (Xu,
2016; Pennacchi et al. 2021; Resende et al. 2021).

P=G+E+GE (1)

To include the management technology variable
to the Eq. 1, we can consider that the variable E can
be decomposed in two components: the climatic
component and the management, that is the “pro-
duction nexus” component. The climatic component
(C) corresponds to the site and seasonal characteris-
tics of rainfall, temperature, frosts, wind speed and
other conditions imposed by climate determinants
on the cropland and that is difficult or too expensive
to manage. The management or “production nexus”
component (N) is the technological input package
that is available to manage soil fertility, irrigation,
crop protection, among others. It is the summariza-
tion of the technological level applied to agricul-
tural management to improve the environment to
the genotype requirements and to deliver the genetic
potential of the crop. Within this consideration, the
Eq. 1 can be rewrite from Pennacchi et al. (2021)
and Cooper et. (2021) as Eq. 2:

PP=G+C+N+G.CN 2)

were plant production (PP) is dependent on the
plant genotype (G), the climatic conditions (C), the
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“production nexus” (N) and the interaction among
genotype, climate and management (G.C.N).

The optimization of the variable PP can be car-
ried out considering that G is defined by biophysical
and biochemical traits at smaller hierarchical levels,
which assume homeostasis values depending on vari-
ations in C and N, defining traits at higher hierarchi-
cal levels. Thus, the systemic phenotyping processes
will only be effective in increasing on-farm PP in the
near future if crop physiologists are able to attrib-
ute variations in PP to variations in biophysical and
biochemical traits in different phenological phases,
integrating the spatial and temporal dimensionali-
ties of the envieronment and management technol-
ogy through the G.C.N variable. That is to say that
the development of the methods, tools and formalism
to an effective quantitative enviromics is a priority for
crop physiologists.

The most sensible scientific strategy to increase
plant production using a trait-based approach appears
to be the modulation of plants to climatic uncer-
tainties (affecting the variable C) by plant breed-
ing (modulating the variable G aiming resilience) or
by resource amendment through crop management
(altering the variable N). In this regard, crop physiol-
ogy can contribute to elucidate some important plant
traits defining plant production (especially related to
the G.C.N variable), contributing to the selection of
genotypes in traditional breeding programs, support-
ing biotechnological efforts to plant breeding using
molecular tools and also validating the research of
new Dbioproducts, biostimulants and management
techniques (Wallace et al. 2018).

However, there is an urgent need for a further
deepening in the understanding of plant response to
the environment, especially under stress conditions,
in order to reduce the exposure of the most vulner-
able crop systems to adverse events resulting from
global climate change. Due to this urgency, paths and
strategies that increase plant production by altering
the management seem to be less expensive and more
effective in the short run, deserving attention and
foment by scientific stakeholders.

Considering Eq. 2 and what we discussed so far,
crop physiology contributes scientifically and tech-
nologically on the variables G and N and in their
interaction (G.C.N). We already discussed how crop
physiology has been contributing to engineer plant
traits and to innovate on management practices. Even

if crop physiology has little to no potential to impact
in the variable C, it has a strong potential and also has
all the scientific tools to investigate the G.C.N inter-
action and quantitatively determine its importance to
increase PP.

The proposal of using a systemic approach in phe-
notyping efforts is quite challenging, but it is of great
technological relevance and scientific contribution to
agriculture as it could be a pioneering application to
reduce the gap between the technological potential
of phenotyping and the productive potential of crops.
This is to show that any plant physiology research
based in Eq. 2 is of important scientific contribution.
Also, tools to quantitatively investigate the G.C.N
effects over PP have to be developed and exhaustively
explored by the present and next generation of crop
physiologists.

3.2 The practical application of the enviromics to a
systemic phenotyping

Plant physiologists have been studying and detailing
plant-environment interactions and the importance of
abiotic and biotic stresses on defining PP for a long
time. There are a number of such studies in a multi-
tude of time—space scales and a lot of knowledge has
been delivered about plant physiological responses
to biotic and abiotic stresses, such as: water scarcity,
nutrient deficiency, heat, increase in CO,, prolifera-
tion of pests and diseases. The output consensus of
this experimentation is that: in adverse environments
there is a disruption of plant homeostasis by impair-
ing physiological traits such as photosynthesis and
antioxidant defenses, drastically impacting plant
growth. Such decreasing pattern directly affects car-
bon budget, biomass production and allocation and,
consequently plant production (Barbosa et al. 2012;
Lal 2021; Zenda et al. 2023).

For this reason, climate changes have become of
major concern among crop scientists since they treat
food production by the increase of adverse envi-
ronmental conditions. Thus, scientists from differ-
ent fields are seeking to go even more deeper in the
understanding of the plant-environment relation, and
many researches and scientists are interested in tech-
nological applications for remote monitoring of plants
and their environment in real time and at fine scales,
aiming for management practices improvement to
reduce the negative impacts of environmental stresses
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over plant production (Lal 2021; Resende et al. 2021;
Ninomiya 2022).

Within such concern, high-throughput phenotyp-
ing tools and methods have evolved greatly in the past
years and has brought great advances in the monitor-
ing of plant traits, allowing investigation on the vari-
ations of the phenotype in higher frequency. Even
so, the outputs of the high-throughput phenotyping
efforts did not result in proportional practical increase
of plant production. So, the next frontier for improv-
ing crop management to its best, may be the practical
application of the enviromics to a systemic pheno-
typing. In other words, there is a recognition that the
genotype-environment interaction is of great impor-
tance to define and monitor the phenotype.

In the last 3 years, a number of studies are adopt-
ing enviromics as the environment-dependent part of
reaction norm models for genetic performance with
the goal of exploiting patterns of G.C.N. The objec-
tive of any of these research efforts to study and dis-
cretize the G.C.N variable must be, however, to stra-
tegically potentialize trait-based self-regulation of the
genomic in relation to the variables that may impact it
(i.e. C and N) using available technological applica-
tions to modem farming.

Currently modern farming management is based
on the interpretation of visual or sensor-acquired data,
from which farmers infer about plant physiological
status. The most common indicators for management
are: soil and plant water status, leaf color and area,
plant growth rate and phenological development. The
biggest limitation for management decisions is based
on the lack of precise and real-time information about
plant homeostatic status. In this sense, a trait-based
integrative information system could boost plant pro-
duction. Although the idea of a trait-based self-regu-
lation of plant production to the environmental con-
ditions may be seen as a very idealistic and futurist
solution, this may be a feasible and fruitful solution
to reduce the problem of the technological lack previ-
ously discussed.

A number of studies demonstrate that crop plants
respond to natural stimuli through gradients or elec-
trical potentials (as revised by Sareen and Maes
2019). Plants exhibit various movements, from climb-
ing habits to prey capture, as seen in carnivorous spe-
cies of the Dionaea genus, and reactions to touch, as
in sensitive plants of the Mimosa genus. They also
adjust the position of their leaves to optimize light

@ Springer

interception, responding to hormonal and/or environ-
mental stimuli, as described by Hamann et al. (2015)
and Sareen (2017). Because of this, the enviromics
monitoring and quantification on the field is possi-
ble due to the very nature of plants. They are already
equipped with intrinsic devices with self-adjusting
signaling networks to monitor the surrounding envi-
ronment, so we just need to capture and translate the
plant signals to get the G.C.N variability.

In response to environmental stresses, the majority
of the crop plants produce high levels of reactive oxy-
gen species (ROS), an influx of calcium ions (Ca®),
and protein phosphorylation. This systemic response
ultimately leads to yield losses if we consider that PP
is a result of the physiological homeostasis, which in
turn is dependent on the environment. This stress sce-
nario clearly indicates the crucial need to integrate the
crop physiology with monitoring innovations in order
to facilitate the understanding of plant performance in
the field. As already discussed, the use of available
technological applications on plants can potentially
enable a better knowledge about their physiological
status according to the surrounding environment.

In our opinion, the most feasible alternative is to
develop crop plants capable of, quantitatively, return-
ing a continuous, or even discrete, variable regard-
ing their interaction with the environment. This is a
visionary objective that could be pursued by a trans-
disciplinary effort led by genetic engineering and
bioelectronics technology enhancing the genotypic
resource and returning higher plant production on-
farm level. In other words, crop physiologists have to
develop enviromics to be a quantitative variable, so
that Eq. 2 should be a fine-scaled dynamic estima-
tion model of the phenotype. The inputs are real-time,
process level, high-throughput plant traits, environ-
mental variability, management practice effect and
the enviromics, outputting instant variations of the
production as an emergent phenotype. This model
will optimize management and the use of agricultural
inputs, with precision, to achieve high and sustainable
plant production.

In other words, if G expresses the productive
potential and C can be monitored, then G.E can be
optimized using N to reach the best genetic potential
to the G.C.N. This level of precision agriculture has
to be achieved in the next few years to close the pro-
duction gap. So, what are the possible alternatives to
have this most desirable model?
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The use of natural electrical and ultrasonic sig-
nals emitted by the plants may be a path to quantify
the plant physiological-environmental interaction
(Mudrilov et al. 2021; Itzhak et al. 2023). However, it
is not difficult to think about the integration of natural
and artificial systems inside a plant, bringing plant-
environment sensing and agricultural management to
a higher level of efficiency (Vurro et al. 2023).

Currently, the use of technological resources has
become a reality in diverse areas of science, rang-
ing from the development of artificial intelligence
to mechanical robotic devices controlled by organic
commands (Warwick 2003), not to mention smart-
phones with their multiple accessible functionali-
ties with a simple touch, face id or voice command.
Technologies have become more accessible and plays
a fundamental role in simplifying and enhancing our
day by day lives in the last decades and must increase
in the near future. So, why not apply these innova-
tions that are already available for improving plant
production?

The use of high-technology, such as artificial intel-
ligence, could probably create a pathway for crop
plants to be programmed to self-adjust to the envi-
ronment conditions through precision management
(Zhao et al. 2022; Sareen and Maes 2019). Alterna-
tively, the use of artificial intelligence could improve
the monitoring of plant physiological status optimiz-
ing the decision making at the farm-level. This may
be a huge step forward in crop management and plant
breeding. Anyway, this technology could optimize
plant production in relation to resource availability
increasing water and nitrogen use efficiency.

For example, connecting the plant with
nanosensors to quantitatively determine the
G.C.E together with artificial intelligence tools could
help farmers to know and better analyze the causes
and effects of environmental issues and use manage-
ment practices to protect the plants against the loss
of homeostasis under stressful conditions (Yin et al.
2021). However, this approach can be limiting, under-
scoring the increasing importance of technologies
such as chips, electrodes, and biosensors in contem-
porary agriculture. The use of these devices in plants,
as reviewed in Lo Presti et al. (2023), plays a crucial
role in providing a more precise and detailed insight
into the actual inputs to quench the input needs of
plants, transforming the way we understand and inter-
act with crop plants.

The strategy of using plant embedded sensors for
real-time and organ specific monitoring of the envi-
ronmental conditions through the use of bioelectronic
sensors (i.e. mechatronic devices that convert biotic
signals and processes into electronic signals) and
dynamic modulation of plant physiological processes
is undoubtedly of outstanding potential to reduce the
production gap (Dufil et al. 2022).

Another value would be real-time trait monitor-
ing. This would allow a detailed knowledge about
the functioning of the plant and its reaction to envi-
ronmental changes and could potentialize the use of
resources on farm management (Sareen and Maes
2019; Saharan et al. 2022; Zhang et al. 2022). Such
technology will also allow the study of plants from
inside out, based on inner electrical responses. It
could improve our understanding of the fast physi-
ological responses as the electrical pathways regulat-
ing gas exchange in multi-environmental situations
(Sareen 2017; Sareen and Maes 2019).

In a recent study, Roy and De (2022) discussed an
application for real-time information directly from
the plants through electrodes implanted in the leaves.
Zheng et al. (2015) developed a sensor coupled to
maize leaves, thereby establishing a more precise
relationship between relative water content and leaf
electrical conductivity. This result represents a sig-
nificant step toward more efficient and sustainable
agriculture, where the plants themselves can signal
the need of water in contrast with the current irriga-
tion management focused on measuring soil electri-
cal conductivity, as mentioned by Li et al. (2006) and
listed by Yin et al. (2021).

When there is a reduction in water supply in the
soil, there is an increase in the concentration of absci-
sic acid (ABA) and reactive oxygen species (ROS).
ABA triggers signaling for the stomata closure in the
leaves to preserve leaf water status (Apel and Hirt
2004; Baxter et al. 2013; Waadt et al. 2014). How-
ever, this mechanism comes at a cost, as reduced sto-
matal opening also limits CO, assimilation, resulting
in reduced plant production. Recent advances in bio-
technology have allowed the development of biosen-
sors, as reviewed by Elli et al. (2022), enabling real-
time detection of water shortage on the plant system,
providing more accurate information, and expediting
decision-making in response to abiotic stresses.

In two studies performed with tomato (Sola-
num lycopersicum) and with the use of biosensors,
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variations in solute concentration in the plant sap
were demonstrated (Coppedé et al. 2017; Janni et al.
2019). In another study, Jones et al. (2014) devel-
oped a sensor for ABA concentrations. These find-
ings indicate that sensors and biosensors are an effec-
tive, direct, rapid, and ecologically sustainable tool
for detecting water stress in plants, minimizing yield
losses. Zhao et al. (2022) have suggested incorporat-
ing a synthetic polymer into plants, capable of adjust-
ing the folding angle of leaves in response to tempera-
ture and exposure to ultraviolet light. Sareen (2017)
developed phototropic robots that, without causing
stress to the plants, were able to shape their growth
trajectories. This combination allows for direct and
real-time observation of plant responses to internal
and external stimuli, as well as the management of
plant traits.

The interaction of plant physiology with
mechatronic technology is a catalyst standing point
enabling the understanding of plant-enviroment inter-
actions, monitoring of plant internal processes and
using that information to improve precision agri-
culture technologies in a contemporary and innova-
tive way (Sareen 2017). Thus, the use of technology
once again enable crop physiologists to explore the
boundaries of developing more resilient and resource-
efficient crops, contributing to the accomplishment of
more effective agricultural solutions throught breed-
ing, bioengineering and management, especially in
the face of climate change.

As mentioned, the plant production gains achieved
by crop physiology from the Green Revolution have
already reached a plateau. However, in the face of
increasing food demand and climate change, crop
physiologists are challenged to respond innovatively
in the coming years. The ability to monitor the plant-
environment interaction in real-time in the field, with
the assistance of a computer, while another device
provides information about weather conditions, and
then integrating this data to control or even antici-
pate plant responses, is revolutionary (Hamann et al.
2015).

In the past, agricultural management decisions
were made based on the average behavior of big land
areas inside the farm. In the [resent time, this scale
is narrowing down to a trait scale and differential
applications of resources are more and more precise,
based on remote sensing. Despite the great advan-
tages, there is still room for improvements in the

@ Springer

plant-environment interaction monitoring, which will
lead to higher resource-use efficiency and increase
of plant production. If plants can communicate their
detailed physiological-traits, we could use artificial
intelligence to adjust crop management, in real-time,
on very fine scales, potentializing genetic resources
and decreasing the plant production gap.

4 Concluding remarks

The current production gap arises from Malthusian-
ism forecasts due to climate change and other envi-
ronmental and social constraints to plant production.
In addition, there is a stagnation on crop yield gains
and the need for sustainable management practices.
The task of producing more with less resources and
maintaining the same area is great! It is a great chal-
lenge for all crop scientists and agricultural stake-
holders with scientific formation and technology
background on the Green Revolution. This challenge
must be overcome by transdisciplinary efforts and it
is evident that a central piece on this venture is crop
physiology, since it is the branch of plant physiology
that integrates and aggregates, systematically, infor-
mation from molecular to canopy level, putting it in
favor of agriculture.

From this perspective, it is clear that the cur-
rent plant production gap will only be closed by an
overwhelming technological breakthrough in plant
science. In the long run, bioengineering and plant
phenomics are the paths to be followed. In the short
run, the plant-environment interactions have to be
accessed by incorporating plant physiology to man-
agement practices in modern agriculture. In this
short-term path, strategies that can combine the
implementation of bioinformatics, modern sensors,
the Internet of Things (IoT) and Artificial Intelli-
gence (Al) algorithms pave the way for a new phase
in understanding and working with the concept of
enviromics to increase plant production efficiency
in agriculture (i.e.increase production with lower
resource input). However, this technological advance
in crop physiology suggests an urgent re-evaluation of
our educational methods, encouraging the training of
professionals with a broad, systemic, and integrated
perspective of plant production.

The present generation of crop physiologists
must keep up with new technologies, while the
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future generation should learn from the outset to
connect diverse fields of knowledge and must be
transdisciplinary. For this to be achieved, it is essen-
tial to rethink how education and formation is deliv-
ered and absorbed by the ongoing crop physiolo-
gists in the universities and research centers. This
shift in crop physiology has the potential to bridge
the gap between technological advances and practi-
cal progress in agriculture, especially when looking
at the imbalance between crop yield and the rising
demand for food and other plant resources.

Furthermore, the agriculture of the future will
not just focus on producing more but on the use of
resources in the most efficient way. Given the con-
straints of our available resources, it is crucial to
use them responsibly. The practical application of
enviromics in a systematic phenotyping approach,
by providing real-time information on the crop
needs to maximize plant production, prove to be an
invaluable tool for a more rational resource use. So,
this is a priority goal for crop physiology. With the
development of proper tools and methods to meas-
ure and quantitatively formalize the plant-environ-
mental interactions as a valiable in the production
equation, we envision a more efficient agriculture,
emphasizing the sustainability triad: environmen-
tally correct, financially feasible, and socially fair.
This aims not only meet the world’s demand for
plant products but also the demand to produce in a
way that respects and safeguards our environment,
merging technological innovation with a commit-
ment to sustainability.
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