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ABSTRACT

The article stresses the need to reassess plant breeding and seed systems in our current era, characterized by rapidly shifting paradigms
propelled by technological and scientific progress. It underscores the importance of incorporating cutting-edge technologies, fostering
interdisciplinary collaboration, and implementing forward-looking policies to meet evolving societal and consumer demands while aligning
with the Sustainable Development Goals (SDGs). Advancements in genetic editing, high-throughput technologies, precision breeding,
and digital agriculture are transforming plant breeding, offering unprecedented capabilities to develop desirable traits, comprehend
gene-environment interactions, and enhance crop efficiency. However, responsible innovation that considers ethical implications and
regulatory frameworks remains essential in this context. Effective collaboration and engagement of stakeholders, including breeders,
farmers, policymakers, and consumers, are vital for navigating the challenges and opportunities presented by this era of exponential
change. Inclusive and multidisciplinary dialogues can harness diverse perspectives and experiences, contributing to a sustainable and
resilient future for plant breeding and seed production. Ensuring access to diverse, high-quality seeds is crucial, especially in developing
nations. Investments in seed infrastructure, capacity building, and farmer-centric approaches empower farmers and bolster seed security.
In conclusion, the article underscores the significance of reimagining plant breeding and seed systems by embracing technology, promoting
collaboration, and aligning strategies with the SDGs. By harnessing the potential of exponential changes, the envisioned future involves
plant breeding and seed production that effectively address evolving societal and consumer needs, thereby contributing to agricultural
resilience, global food security and sustainability.

Index terms: Technological advancements; sustainable development goals; SDGs.

RESUMO

O artigo enfatiza a necessidade de reavaliar o melhoramento de plantas e os sistemas de sementes neste tempo de mudancas
de paradigmas impulsionadas por intenso avanco cientifico e tecnolégico. Destaca-se a importancia de incorporar tecnologias
de ponta, fomentar a colaboracéo interdisciplinar e implementar politicas inovadoras para atender as demandas em constante
evolugdo da sociedade, em consonancia com os Objetivos de Desenvolvimento Sustentdvel (ODS). Os avancos na edi¢do génica,
tecnologias de precisdo e agricultura digital estdo revolucionando o melhoramento de plantas, oferecendo capacidades sem
precedentes para desenvolver caracteristicas desejaveis, compreender intera¢des gene-ambiente e aumentar a eficiéncia
das lavouras. A inovagdo responsavel, que contempla implicaces éticas e estruturas regulatérias, permanece fundamental
nesse contexto. A colaboracdo eficaz entre melhoristas, agricultores, formuladores de politicas e consumidores, é vital para o
enfrentamento de desafios e para a busca de novas oportunidades. Assegurar o acesso a sementes diversas e de alta qualidade é
essencial, especialmente em nacdes em desenvolvimento. Investimentos em infraestrutura, capacitagdo e abordagens centradas
no agricultor sdo igualmente essenciais. Em sintese, o artigo destaca a importancia de reimaginar o melhoramento de plantas
e os sistemas de sementes através da inovacdo, de mais colaboracdo e alinhamento aos ODS. Ao aproveitar o potencial das
mudancas, vislumbra-se um futuro onde o melhoramento de plantas e a produ¢do de sementes abordem de forma eficaz as
necessidades da sociedade e dos consumidores - discutidas em detalhe no texto, contribuindo para a resiliéncia da agricultura,
a seguranca alimentar global e um futuro sustentdvel para todos.

Termos para indexagao: Avancos tecnolégicos; objetivos de desenvolvimento sustentavel; ODS.
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INTRODUCTION

The agricultural landscape is undergoing a rapid
and transformative evolution, fueled by exponential
advancements in technology and scientific understanding
(Schwab, 2016; Lin, 2021; Zani, 2023). In this era of
unprecedented change, it is essential to reevaluate our
approaches to plant breeding and seed production,
unlocking the full potential of these fields to meet the
challenges and opportunities that lie ahead (Van Vu et al.,
2022). Traditional methods, which have served us well
for centuries, now stand at the crossroads, beckoning us
to embark on a journey of reimagining and reinventing
our strategies (Kim; Kang; Kim, 2020).

Plant breeding, the intricate art and science of
developing improved plant varieties, has long been
the bedrock of agriculture (Duvick, 1984, 1996).
Through meticulous selection, hybridization, and genetic
improvement, plant breeders have successfully cultivated
crops with enhanced yields, improved nutritional profiles,
resistance to pests and diseases, and adaptability to diverse
environmental conditions. However, the exponential
growth of technological capabilities, alongside the pressing
need to address global food security, sustainability, and
resilience, demands that we explore new horizons in plant
breeding and seed production (Ali et al., 2020; Ahmad,
2023; Stetkiewicz et al., 2023).

This review delves into the compelling need to
rethink plant breeding and seed systems in the context
of exponential changes, with an emphasis on embracing
cutting-edge technologies, interdisciplinary collaboration,
and forward-thinking policies (Lopes, 2021a). The
transformative impact of emerging technologies on the
industry and the challenges and opportunities they present
will be explored. The aim is to inspire a paradigm shift
in the collective approach to plant breeding and seed
production, paving the way for a future where crops are
precisely tailored to meet the diverse challenges of a
rapidly changing world.

The rapid evolution of technology, encompassing
areas such as genetic editing, high-throughput
phenotyping, precision breeding, and digital agriculture,
are revolutionizing the field of plant breeding (Crisp
et al., 2022). These advancements offer unprecedented
capabilities to accelerate the development of desirable
traits, understand the complex interactions between
genes and the environment, and enhance the efficiency
and precision of crop improvement (Hickey et al., 2019;
Varshney et al., 2020; Bohra et al., 2020; Steinwand,
Ronald, 2020). Leveraging these tools effectively is crucial
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in an era characterized by dynamic climatic patterns,
evolving consumer preferences, and emerging plant
diseases and pests (Stetkiewicz et al., 2023).

However, as we embrace the potential of
these technologies, we must also address the ethical
considerations, regulatory frameworks, and potential risks
associated with their use. Responsible innovation in plant
breeding requires a thoughtful and inclusive approach that
ensures transparency, safety, and equity. Additionally, as
we navigate the complexities of exponential changes, it
is essential to foster interdisciplinary collaboration and
stakeholder engagement, including breeders, scientists,
farmers, policymakers, and consumers. By fostering an
inclusive and multidisciplinary dialogue, we can tap into
diverse perspectives, expertise, and experiences to shape
a sustainable and resilient future for plant breeding and
seed production (Lopes, 2021a).

Furthermore, the challenges facing plant breeding
and seed production are intricately intertwined with the
broader global challenges outlined in the Sustainable
Development Goals (SDGs) (Schwoob et al., 2018).
Climate change, demographic changes, resource scarcity,
biodiversity loss, and the need to achieve food security all
necessitate a paradigm shift in our approach to agriculture.
Plant breeders and seed producers play a pivotal role in
addressing these challenges, as they are responsible for
developing resilient, high-yielding, and climate-smart crop
varieties (Lopes, 2021a).

Climate change poses one of the most pressing
challenges for plant breeding and seed systems. Rising
temperatures, changing rainfall patterns, and increased
frequency of extreme weather events require the
development of crop varieties that can withstand these
adversities. Heat and drought-tolerant crops, as well as
those resistant to pests and diseases that thrive under
changing conditions, are crucial for ensuring food
production in a changing climate (Ali et al., 2020; Ahmad,
2023; Stetkiewicz et al., 2023; Intergovernmental Panel on
Climate Change - IPCC, 2019; IPCC, 2021).

Demographic changes, including population
growth, urbanization, and dietary shifts, also impact plant
breeding and seed production. As the global population
continues to grow, the demand for nutritious and diverse
food increases. Plant breeders must respond to these
changing dietary preferences by developing crops with
improved nutritional profiles, enhanced flavors, and novel
traits that cater to evolving consumer demands (FAO;
IFAD; UNICEF; WFP; WHO, 2023).

Moreover, achieving the SDGs necessitates
sustainable and responsible agricultural practices
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(Schwoob et al., 2018). Plant breeders and seed producers
have a vital role to play in developing crop varieties that
promote sustainable intensification, reduce resource
inputs, minimize environmental impacts, and enhance
biodiversity. Integration of agroecological and sustainable
intensification principles, such as intercropping, crop
rotation, combination of crop-livestock-forest and
ecological pest management, into breeding programs can
contribute to the transition towards sustainable agricultural
systems (Food and Agriculture Organization of the United
Nations - FAO, 2020).

To address these challenges and ensure the
availability of quality seeds, it is imperative to strengthen
seed systems, particularly in developing countries. Access
to diverse and high-quality seeds, along with appropriate
policies and regulations, is crucial for smallholder
farmers to adapt to changing conditions and improve their
livelihoods. Investments in seed infrastructure, capacity
building, and farmer-centered approaches are essential to
empower farmers and enhance seed security (FAO, 2021).

In summary, the era of exponential changes
demands a holistic and forward-thinking approach to plant
breeding and seed production (FAO, 2021). Embracing
technological advancements, fostering interdisciplinary
collaboration, and aligning strategies with the SDGs will
be instrumental in developing crops that are resilient,
sustainable, and tailored to the needs of a rapidly changing
world. By reimagining our approaches and leveraging the
potential of plant breeding and seed production, we can
contribute to global efforts towards achieving a sustainable
and food-secure future for all.

RESHAPING AGRICULTURE IN THE ERA OF
EXPONENTIAL CHANGE

In recent years, the world has witnessed an
exponential growth in scientific and technological
advancements, leading to profound changes in various
aspects of our lives. Klaus Schwab, founder of the World
Economic Forum, astutely noted that we find ourselves
in a time of both great promise and great peril, as these
rapid changes and disruptions reshape our economic,
social, cultural, and human environments (Schwab, 2016).
The emergence of mega-corporations wielding immense
power, radical transformations in the world of work, and
the impact of technology on human relationships are just
a few examples of the risks we face (World Economic
Forum -WEF, 2022).

Today, as we take the initial steps into the era
of exponential technologies, the warning from Schwab
becomes even more significant. Exponential progress,
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driven by groundbreaking technologies, stands in stark
contrast to our incremental nature as humans (Harrington,
2018). This future, shaped by exponential changes, differs
significantly from the gradual transformations of the
past. One notable example of exponential advancement
is Moore’s Law, which accurately predicted in 1965
that the processing power of computers would double
approximately every 18 months (Schaller, 1997). Since
then, the rapid development of digital technologies has led
to tremendous advancements in processes, competencies,
and business models, with further leaps anticipated as
artificial intelligence and quantum computing emerge
(Ayoade; Rivas; Orduz, 2022; Choi; Oh; Kim, 2020).

The digital transformation has given rise to solutions
that operate in synergy, facilitating “cross-fertilization” and
accelerating the technological leaps we have witnessed in
social media, e-commerce, the Internet of Things, artificial
intelligence, robotics, and more (Schwab, 2016). These
exponential innovations are poised to amplify their reach
and impact with the impending explosion of connectivity
(Langley et al., 2021). As of April 2023, there were 5.18
billion internet users worldwide, which amounted to 64.6
percent of the global population. Of this total, 4.8 billion, or
59.9 percent of the world’s population, were social media
users, most of them accessing the internet via mobile devices
(Statista, 2023).

This context of radical changes not only
foreshadows numerous advancements but also poses
many dangers, as emphasized by Klaus Schwab (Schwab,
2016). As technology advances at an exponential rate,
institutions, particularly public ones, struggle to adapt at
the same pace (Hanna, 2018). How can we reconcile the
capacity and urgency to respond to frontier challenges
and the simultaneous need to safeguard the most basic
rights of populations, such as housing, education,
health, and security? Traditional government structures,
characterized by limited coordination and synergy, may
struggle to comprehend this emerging reality and offer
effective solutions to the complex challenges that lic ahead
(Mazzucato, 2013).

Moreover, as science and technology continue
to rapidly evolve, disruptive innovations will emerge,
potentially widening the gaps between different societies
and regions. Information and knowledge has become more
accessible to citizens through digital media, leading to a
more enlightened, engaged, and demanding population.
New business standards will emerge, incorporating
concepts, tools, and practices of management and
governance, placing greater demands on governments
in terms of executive functions, structuring roles, and
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formulation of effective public policies (Mazzucato, 2013;
Stiglitz; Greenwold, 2014).

Merely acknowledging that an era of exponential
advances necessitates governments capable of
incorporating exponential technologies and work
models, with adjustments in skills, infrastructure, and
coordination, is insufficient (Hanna, 2018). A new, agile
workforce capable of adapting to continuous change
must be cultivated (Bongomin et al., 2020). Engaging
citizens and communities will be imperative for capturing
signals, fostering cooperation, and validating government
actions. The cost and rapid obsolescence of infrastructure
will pose significant challenges. Therefore, eliminating
redundancies, establishing data standards and platforms,
and fostering shared planning and projects will be crucial
changes (Hanna, 2018; Mazzucato, 2013).

In the face of these changes and challenges, the
implications for food systems are profound, as they
intersect with food security, nutrition, human health,
ecosystem viability, climate change, and social justice
(Caron etal., 2018). To address these food, environmental,
and social challenges in the era of rapid technological
changes and disruptions, countries must integrate data
and information from both public and private domains.
Predictive and contextual analyses should guide policy
decisions, and performance goals and metrics should be
defined. Such advances can only be achieved through
radical changes in structures, leadership, and coordination.

While agricultural research and innovation have
achieved significant success over the past century, current
and emerging problems and crises will inevitably drive
the reinvention of agricultural systems (Rockstrom et
al., 2020). This challenge will benefit from the abundant
scientific advances already available. Sustainable
pathways can be facilitated in increasingly intensified,
high-performance agriculture by incorporating knowledge
and technologies to manage operations that are more
complex (Herrero et al., 2020). This includes the rotation
of different crops, a wider range of species and varieties,
diverse methods of soil, water, and fertility management,
and sophisticated risk management, among other
challenges that foster sustainable farming.

The progressive automation of agriculture holds
immense potential to empower site-specific management
methods and practices, enhancing precision and efficiency
in the use of inputs and pest control. Agronomic research
will need to account for an increasing number of factors,
necessitating closer interaction with producers whose fields
will become practical laboratories. With advancements in
information and communication technologies, agronomists
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will have real-time access to and processing capabilities
for multiple combinations, enabling them to identify
economically, environmentally, and socially suitable
approaches within specific production realities, whether in
large, medium, or small-scale farming ventures (Jararweh
etal.,2023; Newman et al., 2023; Zhao; Liu; Huang, 2023).

Another significant challenge facing agronomy
and rural areas is the need to embrace multifunctionality,
aligning with the 2030 Agenda and the Sustainable
Development Goals (SDGs) (United Nations, 2015).
In addition to food and fiber production, agriculture
can contribute as a provider of renewable energy and
biomass feedstocks, enabling cost-effective strategies to
decarbonize industries dependent on non-renewable fossil
sources for energy, chemicals, and materials. Furthermore,
consumer demand for new flavors, aromas, and unique
culinary experiences provides significant potential for
social inclusion and wealth generation in rural areas
(Lopes, 2017; 2023).

Amidst these changes and challenges, industries
and businesses must evolve, integrating capacities and
domains of knowledge to empower agricultural systems
and rural areas in the face of various forces and factors
shaping the future of agriculture and food systems
(Schwoob et al., 2018). The seed industry, given its
enormous impact over the past century, holds particular
importance in this context. Many successes in modern
agriculture can be attributed to the numerous biological
innovations embodied in seeds. However, the seed
industry now faces a new set of standards, requirements,
and expectations to provide solutions that accelerate
the transition of agriculture and food systems toward a
sustainable future (Lopes, 2021a; FAO, 2021).

The era of exponential changes demands a
comprehensive reassessment of our approaches to plant
breeding and seed production. The rapid evolution of
technologies, coupled with the pressing global challenges
of food security, sustainability, and resilience, necessitates
embracing cutting-edge tools and methodologies. It
calls for interdisciplinary collaboration, stakeholder
engagement, and forward-thinking policies. By harnessing
the power of exponential changes, we can shape a future
where plant breeding and seed production are pivotal in
addressing the complex and interrelated challenges of our
rapidly changing world.

Unlocking the potential of nature-inspired
agriculture

The term “sustainability” is increasingly prevalent,
yet few can precisely define it. As society becomes more
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aware of the finite resources on our planet and the need to
use them wisely and sparingly, sustainability has taken on
multiple meanings and interpretations. One interpretation
that resonates strongly describes sustainability as a process
of reconciling human systems with nature, particularly
with regard to the atmosphere, water resources, biomes,
and the diverse living beings that inhabit them (Pan, 2021).

One of the key obstacles to achieving this
reconciliation is the widespread use of fossil fuels and the
resulting global greenhouse gas emissions, which have
increased by two-thirds since international negotiations
on climate change began three decades ago. According to
the Intergovernmental Panel on Climate Change (IPCC),
limiting global warming to a prudent threshold of 1.5°C
will require a 45% reduction in carbon dioxide emissions
based on 2010 levels by 2030 and 100% reduction by
2050 (IPCC, 2021; Frank et al., 2017). This presents an
enormous challenge that applies collectively to countries,
companies, and individuals, who must come together
around an agenda of decarbonization in nearly all sectors
of society, including energy, agriculture, transportation,
infrastructure, and industrial systems.

Agriculture and the food system lie at the heart
of this challenge, as they are significant users of natural
resources and remain heavily carbon-intensive sectors,
often seen as contributors to the climate crisis. While
humans have historically observed and made interventions
in natural systems to adapt plants, animals, and ecosystems
to their needs (Herrero et al., 2020), these interventions
have at times disregarded critical balances refined over
millions of years of trial and error, which have ensured
resilience and durability in nature. Disrupting these
balances solely for short-term human benefits jeopardizes
the planet’s health and, ultimately, the viability of society
itself (The World in - TWI2050, 2018; Rockstrom et al.,
2020).

This is why agriculture and food systems are under
pressure to realign with principles that have been perfected
over millions of years and are encoded within living
beings and natural systems, predating human evolution,
agriculture, industries, trade, or any modern artifact.
Hence, there is an urgent need to mimic nature’s capacity
to integrate complex systems, using resources efficiently,
incorporating waste into useful processes and products,
conserving soil and water, sequestering more carbon than
emitting, and maximizing energy efficiency, all guided by
the principles of the circular economy: reduce, reuse, and
recycle (Herrero et al., 2020; Lopes, 2022).

Such advancements would facilitate our journey
toward the long-desired reconciliation between human
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systems and nature. For agriculture, this reconciliation
depends on redefining the concept of performance,
traditionally associated with the quantity of food or
raw materials produced in a given space and translated
into economic gains. The world’s growing demand
for sustainability requires agriculture to adopt more
sophisticated measures of performance that focus
not only on physical production and profitability but
also on eco-efficiency, social benefits, and ethically
acceptable management practices, all embedded in
its operations, processes, and products (Lopes, 2022;
Philippi; Andreoli, 2021).

Since efficient management requires effective
measurement, there is a growing interest in metrics
that indicate a company’s or business’s commitment
to eco-efficiency, clean renewable processes, people
development, transparency, and other values cherished by
society. To address these challenges, it is essential to mimic
nature’s ability to integrate complex systems, efficiently
utilize resources, minimize waste, conserve soil and
water, and prioritize carbon sequestration. The agricultural
sector, as a major user of natural resources, needs to
redefine performance metrics beyond mere production and
profitability, incorporating eco-efficiency, social benefits,
and ethical management practices (Lopes, 2021a).

Furthermore, the challenge of reinventing
agricultural systems to mimic natural systems as much as
possible is central to achieving sustainability. By observing
and learning from the intricate balances and processes
perfected by nature over millions of years, we can develop
agricultural practices that are not only productive but
also regenerative and in harmony with the environment
(Lopes, 2021a).

The transition towards mimicking natural systems
requires a shift from conventional, input-intensive
agriculture to agroecological approaches that prioritize
biodiversity, soil health, water conservation, and carbon
sequestration. Agroecology seeks to create resilient and
self-sustaining farming systems that harness natural
ecological processes, such as nutrient cycling, biological
pest control, and ecosystem services, to enhance
agricultural productivity while minimizing negative
environmental impacts (Altieri et al., 2015).

Adopting agroecological principles in plant
breeding and seed production can contribute to the
development of crop varieties that are better suited for
diverse and sustainable farming systems. By considering
the interactions between crops, soil, water, and beneficial
organisms, plant breeders can prioritize traits that enhance
agroecosystem resilience, resource-use efficiency, and
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resistance to pests and diseases. This approach fosters the
development of crop varieties that can thrive in diverse
agroecological contexts, reducing the reliance on synthetic
inputs and promoting ecological balance (Khoury et al.,
2020).

In conclusion, the challenges of seeking a
sustainable future require us to reinvent agricultural
systems by mimicking natural systems as much as
possible. Plant breeding and seed systems play a crucial
role in this transition by developing crop varieties that are
resilient, adaptive, and suited to agroecological principles.
By embracing agroecology, fostering collaboration, and
leveraging digital technologies, we can pave the way for a
regenerative and sustainable agriculture that supports food
security, biodiversity conservation, and climate resilience.
The journey towards mimicking nature’s wisdom is an
essential path towards a sustainable future for agriculture
and the planet as a whole (Lopes, 2021a).

Technology redefining plant breeding and seed
systems

The reinvention of plant breeding and seed
systems is driven by the recognition that traditional
breeding approaches, combined with cutting-edge
molecular innovations, are essential for meeting the
challenges of the future (Steinwand; Ronald, 2020).
While conventional breeding has already made significant
contributions to global food production (Duvick, 1996,
1984), the integration of molecular technologies opens
up new possibilities for accelerating crop improvement
(Van Vu et al., 2022; Kin et al., 2020; Ahmad, 2023;
Lopes, 2021a).

Advancements in genotyping assays, sequencing
technologies, and bioinformatics have made it more
affordable and accessible for breeders to analyze and
utilize genetic information. Marker-assisted selection
and genomic selection are now powerful tools that enable
breeders to make more precise and efficient selections,
leading to the development of improved varieties with
desired traits. Additionally, the availability of reference
pangenomes and the use of high-throughput phenotyping
technologies further enhance the breeding process
by providing comprehensive genetic and phenotypic
information (Hickey et al., 2019; Varshney et al., 2020;
Bohra et al., 2020; Steinwand; Ronald, 2020).

Among the recent biotechnological developments,
the advent of genome editing technologies, particularly
CRISPR/Cas (Strzyz, 2020), has revolutionized the field
of plant breeding (Ahmad, 2023). Genome editing offers
the ability to precisely modify plant genomes, allowing
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breeders to create novel alleles or introduce specific
genetic variations into elite varieties. This opens up
new avenues for developing crops with enhanced traits,
such as disease resistance, abiotic stress tolerance, and
improved nutritional profiles. Moreover, genome editing
enables breeders to explore non-genic variations, including
epigenetic and cis regulatory variations, which contribute
to the diversity of plant traits and offer new possibilities
for crop improvement (Crisp et al., 2022).

The combination of traditional breeding methods
with molecular innovations has the potential to drive
agricultural diversification, specialization, and value
aggregation. Beyond increasing productivity, these
advancements can contribute to addressing challenges
related to food safety, food quality, and sustainability. For
example, the development of crop varieties with enhanced
nutritional profiles can help combat malnutrition and
improve human health. Similarly, crops with improved
disease resistance and stress tolerance can reduce the need
for chemical inputs and promote environmentally friendly
farming practices (FAO, 2021; Lopes, 2021a; Varshney et
al., 2020; Stetkiewicz et al., 2023).

Beyond the wonders of biology and modern
biotechnology, the integration of innovations in
information technology, communications, remote sensing,
advanced instrumentation, automation, and robotics
will revolutionize the agricultural landscape (Martha;
Lopes, 2023; Yousaf et al., 2023; Prabha; Pathak, 2023).
Precision agriculture, enabled by these tools and processes,
will become common practice, transforming cultivar
development and the configuration of seed industries. With
advanced sensors, monitoring of production systems will
reach unprecedented levels of precision, allowing for real-
time decision-making and optimization. Nanotechnology,
operating at the scale of the billionth of a meter, will unlock
new possibilities for developing efficient and durable
machines, equipment, and products.

Harnessing these advances in agriculture is of
strategic importance in addressing the challenges that
lie ahead. The world faces the pressing task of feeding
a growing population while ensuring diversity, adequate
nutrition, and sustainability (TWI2050, 2018; Sachs
et al., 2019). To achieve these goals, a wide range of
technological advancements is required to preserve and
protect natural resources such as soil, water, forests, and
biodiversity. Furthermore, increased research is necessary
to mitigate the impacts of extreme weather events, adapt to
intensifying biotic and abiotic stresses, and address energy
insecurity (IPCC, 2019). In this context, plant breeding
and seed systems play a crucial role, as they provide the
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genetic diversity and adaptable varieties necessary for
resilient and sustainable agricultural production systems.

However, it is not enough to rely solely on
technological advancements. It is equally important to
remain informed and responsive to current and emerging
trends, as well as the evolving demands and expectations
of modern society. Standards associated with the global
development agenda, such as the 2030 Agenda and the
Sustainable Development Goals (SDGs), emphasize the
need for agriculture and related industries to embrace
new practices and performance criteria that consider the
three dimensions of sustainability: economic, social, and
environmental (Rockstrom et al., 2009; TWI12050, 2018;
Sachs et al., 2019; Rockstrom et al., 2020). By aligning
with these goals, plant breeding and seed systems can
contribute to the achievement of sustainable development
targets, promoting food security, rural livelihoods, and
environmental stewardship.

To fully realize the potential of these innovations, it
is crucial to ensure that ethical considerations, regulatory
frameworks, and transparent communication with
consumers and stakeholders guide their deployment.
Public-private partnerships, collaboration across
disciplines, and investment in research and development
are vital for driving the adoption and responsible use of
these technologies in plant breeding and seed systems.

In reality, the reinvention of plant breeding and
seed systems is essential to address the challenges of the
future. By integrating traditional breeding approaches
with cutting-edge molecular innovations, harnessing the
power of precision agriculture and advanced technologies,
and aligning with the principles of sustainability (Martha;
Lopes, 2023), these sectors can contribute significantly
to global food security, economic prosperity, and
environmental sustainability.

As we navigate a rapidly changing world
characterized by population growth, climate change,
and other global challenges (Khanna, 2016; TWI 2050,
2018), the transformation of plant breeding and seed
systems becomes a strategic imperative. Through
collaboration, innovation, and a commitment to sustainable
development, we can shape a future where agriculture and
food production systems are resilient, productive, and in
harmony with nature.

The evolving landscape of bioeconomy markets

As we embark on the reinvention of plant breeding
and seed systems, it is crucial to recognize that markets
and profits continue to play a central role and that the
traditional economy will also tend to be reinvented.
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In the emerging bioeconomy, the traditional notion of
markets is undergoing a profound transformation, driven
by shifting consumer preferences, evolving regulatory
frameworks, and the growing demand for sustainable and
ethically produced goods (Bugge; Hansen; Klitkou, 2016;
El-Chichakli et al., 2016; USA, 2016; Deng et al., 2022).

Biodiversity and climate change are critical
components of the complex equation that has shaped our
civilization. With the advent of globalization, trade, and
advanced transportation systems, human activities have
exerted increasing pressure on the finite resources of our
planet (Steffen; Crutzen; Mcneill, 2007; Subramanian,
2019). This heightened human impact, coupled with the
effects of climate change and biodiversity loss, poses
significant threats to ecosystem resilience, agricultural
systems, public health, and global stability (TWI2050,
2018; Sachs et al., 2019).

The urgent need for sustainability has propelled
it to the top of society’s priority agenda (UNITED
NATIONS, 2015). As the world’s population continues
to grow, along with our consumption capacity, there is a
growing realization that our economic model must rely on
renewable, recyclable, and biologically based resources
(De Boer; Ittersum, 2018; Ghisellini; Cialani; Ulgiati,
2016). This realization forms the foundation for the
emerging bioeconomy, which has gained prominence on
the global stage (National Bioeconomy Blueprint, 2012;
El-Chichakli et al., 2016; Bugg; Hansen; Klitkou, 2016).

In response to these challenges, there is a rising
interest in low-carbon, resource-saving technologies
that can promote sustainable land use and agricultural
production systems (Bohringer et al., 2022; Chen et al.,
2018). The future of plant breeding and seed systems must
embrace an integrative and systemic perspective, focusing
on the nexus of various challenge areas and harnessing
genetic variability to drive sustainability in rural areas
(Sperling et al., 2020). This calls for greater attention to
research in genetic resources and crop breeding, expanding
the diversity base and developing improved seeds with
new biological functions that can help agriculture meet
the demands of a sustainable future.

In the past, markets were primarily driven by the
pursuit of economic gains and the maximization of profits.
While economic viability remains a fundamental aspect
of any business endeavor, the bioeconomy introduces
new dimensions to the concept of markets. Consumers
are increasingly demanding products that are not only
economically competitive but also environmentally
friendly, socially responsible, and aligned with their values
and aspirations.
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This changing landscape presents both challenges
and opportunities for plant breeding and seed systems.
On the one hand, there is a need to develop and deliver
innovative crop varieties that meet the evolving demands
of consumers and the bioeconomy. These varieties should
possess not only desirable agronomic traits but also
characteristics that align with sustainability principles,
such as resource efficiency, reduced environmental impact,
and resilience to climate change (D"Amato; Korhonen;
Toppinen, 2019, D"Amato; Bartkowski; Droste, 2020;
D’Amico, 2022).

On the other hand, the emergence of new markets
and value chains in the bioeconomy opens up exciting
possibilities for plant breeders and seed producers.
The demand for bio-based products, such as biofuels,
bioplastics, and bio-based chemicals, presents opportunities
for the development of specialty crops with unique traits
tailored to specific industrial applications. Moreover, the
bioeconomy promotes the integration of different sectors,
fostering collaboration and innovation across industries,
and creating novel market opportunities for plant breeding
and seed systems (Karp et al., 2021; Mehta et al., 2021;
Patermann; Aguilar, 2021; Stegmann; Londo; Junginger,
2020; Von Braun, 2020).

However, navigating the changing notion of
markets in the bioeconomy requires a proactive and
forward-thinking approach (Patermann; Aguilar, 2021).
Plant breeders and seed producers must invest in
understanding consumer preferences, market trends, and
regulatory requirements to develop and deliver products
that meet the evolving demands of the bioeconomy. This
necessitates close collaboration with stakeholders along
the value chain, including farmers, processors, retailers,
and consumers, to ensure that the developed crop varieties
align with market needs and expectations (FAO, 2021;
Lopes, 2021a).

Furthermore, ensuring market access and fair
remuneration for breeders and producers is essential for
the long-term sustainability of the plant breeding and seed
systems. Intellectual property rights, fair trade practices,
and transparent supply chains are critical components
of a functioning and equitable bioeconomy. Adequate
protection and recognition of intellectual property rights
incentivize investment in research and development,
fostering innovation and driving the creation of new crop
varieties that meet the demands of the bioeconomy (FAO,
2021; Lopes, 2021a).

As plant breeding and seed systems evolve, it
is vital to acknowledge the changing notion of markets
in the emerging bioeconomy. While economic viability
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and profitability remain important considerations, the
bioeconomy introduces new dimensions of sustainability,
social responsibility, and consumer preferences (D’ Amato;
Korhonen; Toppinen, 2019, D’ Amato; Bartkowski; Droste,
2020; D’Amico, 2022). By mobilizing genetic diversity,
embracing low-carbon technologies, and adopting an
integrative perspective, these systems can drive the
transformation towards a more sustainable and resilient
agricultural sector (Lopes, 2021a, b). It is through these
efforts that we can build a future where agriculture and the
bioeconomy coexist in harmony with nature, ensuring food
security, environmental stewardship, and a prosperous
society.

PATHWAYS TO REINVENT AND ADVANCE PLANT
BREEDING AND SEED SYSTEMS

The agricultural research community faces
numerous challenges in ensuring that genetic diversity is
available to support global food security and a sustainable
future for all. Strengthening crop-breeding capacity,
promoting sustainability, effectively linking food,
nutrition, and health, and help the world transition to a low-
carbon bioeconomy are some of the essential priorities.
By fostering collaboration, investing in research and
development, and embracing innovation and sustainability,
we can build a resilient and sustainable future. Here are
some concrete challenges that plant breeding and seed
systems will have to face, to assure that genetic diversity
plays a pivotal role in providing a secure and nutritious
global food supply while minimizing environmental
impact and promoting the well-being of present and future
generations.

Strengthening crop breeding capacity

In the face of numerous changes and disruptions in
various dimensions such as climate change, demography,
and technology, strengthening crop breeding capacity
becomes paramount (Mba; Guimaraes; Ghosh, 2012).
To effectively respond to the challenges ahead and
ensure future food and nutritional security, it is crucial to
enhance the capacity for developing new, adapted, and
productive crop varieties through genetic improvement.
This necessitates a focused approach on plant genetics
and biotechnology, as well as the implementation of
innovative strategies in crop breeding (Voss-Fels; Stahl;
Hickey, 2019).

Climate change presents a significant challenge
to agricultural systems worldwide, with shifts in
temperature, rainfall patterns, and the increased frequency
of extreme weather events. Strengthening crop-breeding
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capacity is essential to develop climate-resilient varieties
that can withstand these changing environmental
conditions. Plant breeders need to focus on identifying
and incorporating traits that confer tolerance to heat,
drought, flooding, and other climate-related stresses.
This requires an understanding of the underlying genetic
mechanisms involved in stress response and the use of
advanced technologies such as genomic selection and
marker-assisted breeding to expedite the development of
improved varieties (Mba; Guimaraes; Ghosh, 2012; Xiong;
Reynolds; Xu, 2022; Steinwand; Ronald, 2020; Bohra et
al., 2020; Varshney et al., 2020).

Demographic changes also pose challenges to crop
breeding capacity. As the global population continues to
grow, there is a need to develop crop varieties that can
meet the increasing demand for food. Moreover, changing
dietary preferences and nutritional requirements call for the
development of crops with enhanced nutritional profiles
(Calicioglu et al., 2019). Strengthening crop-breeding
capacity involves the exploration and utilization of diverse
genetic resources to identify and incorporate traits related
to improved yield, nutritional value, and other desirable
agronomic characteristics. This requires a comprehensive
understanding of the interactions between genes and
complex traits and the use of cutting-edge techniques such
as gene editing to precisely manipulate plant genomes
(Bradshaw, 2017; Stetkiewicz et al., 2023; Hickey et al.,
2019; Voss-Fels; Stahl; Hickey, 2019; Varshney et al.,
2020).

Advancements in technology offer opportunities
to enhance crop-breeding capacity. The use of high-
throughput phenotyping, remote sensing, and data
analytics can accelerate the screening and selection of
desirable traits, allowing breeders to efficiently evaluate
large populations of plants and identify promising
candidates for further breeding efforts (Kim et al., 2016;
Marsh et al., 2021; Song et al., 2021). Additionally, the
integration of artificial intelligence and machine learning
algorithms can help analyze complex datasets and uncover
novel genetic associations, facilitating the development of
superior crop varieties (Khan et al., 2022; Ersoz; Martin;
Stapleton, 2020; Rai, 2022).

To strengthen crop-breeding capacity, investment
in infrastructure, research facilities, and human resources
is essential. Collaborative networks, both national and
international, can promote knowledge-sharing, access
to genetic resources, and the exchange of expertise and
technologies. Capacity-building initiatives should be
implemented to train breeders in the latest techniques and
methodologies, ensuring that they are equipped with the
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necessary skills to navigate the complexities of modern
crop breeding. Furthermore, the establishment of robust
breeding programs and the availability of funding support
are vital for sustained progress in crop improvement (FAO,
2021; Lopes, 2021a).

Prioritize resilience to climate change

Climate change presents formidable challenges
to global food security, including extreme weather
events, shifting temperature and precipitation patterns,
and increased pest and disease pressures (IPCC, 2019,
2021; Ali, 2020; Xiong; Reynolds; Xu, 2022). To address
these challenges, plant breeding and seed systems must
prioritize resilience to climate change and play a vital
role in developing crops that can withstand these impacts
and ensure sustainable food production. This involves
developing climate-resilient varieties by selecting
traits that enable crops to tolerate heat stress, drought,
waterlogging, salinity, and other climatic factors (Khan et
al., 2022; Rai, 2022; Zhao; Liu; Huang, 2023).

Advanced breeding techniques, such as marker-
assisted selection and genomic selection, can accelerate the
development of climate-resilient varieties. Additionally,
plant breeding can help mitigate the negative impacts of
extreme weather events by developing crops with traits
like flood tolerance, improved heat stress tolerance, and
resistance to wind damage. Adapting crops to changing
temperature and precipitation patterns, optimizing
flowering time, improving water-use efficiency, and
managing pest and disease pressures are other critical
aspects (Kissoudis et al., 2016; Marsh et al., 2021; Cvejié
et al., 2022; Karthika; Govintharaj, 2022).

In addition to breeding climate-resilient varieties,
adopting agroecological practices can enhance the
resilience of agricultural systems to climate change.
Agroecology emphasizes ecological principles,
biodiversity conservation, and the integration of crops
with their surrounding ecosystems. By promoting
agroecological approaches such as agroforestry, cover
cropping, and crop rotation, plant breeding and seed
systems can support climate resilience by fostering healthy,
diverse agroecosystems that can better adapt to changing
conditions (Altieri et al., 2015; Zhu et al., 2019; FAO,
2021).

Farmers’ knowledge and experiences are
invaluable in developing climate-resilient crop varieties
(Ceccarelli; Galie; Grando, 2013). Plant breeding and
seed systems should actively engage with farmers,
involving them in participatory breeding programs,
on-farm trials, and knowledge-sharing platforms. This
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collaborative approach can help bridge the gap between
scientific research and farmers’ needs, ensuring that
climate-resilient varieties are adapted to local contexts
and farming practices. Smallholder farmers, who are
often the most vulnerable to climate change impacts, play
a critical role in global food production. Plant breeding
and seed systems should prioritize the development
and dissemination of climate-resilient crop varieties
specifically tailored to the needs and conditions of
smallholder farmers. This can help enhance their adaptive
capacity, food security, and livelihoods in the face of
climate change (Almekinders; Elings, 2001; Weltzien;
Christinck, 2017; Ceccarelli; Grando, 2022).

In addition, policy and regulatory frameworks play
a crucial role in enabling the adoption and dissemination
of climate-resilient crop varieties. Governments can
support plant breeding and seed systems by implementing
policies that incentivize the development and adoption of
climate-resilient varieties, provide funding for research
and development, streamline regulatory processes for
the release of new varieties, and promote sustainable
agricultural practices. Additionally, international
collaborations and agreements can facilitate the exchange
of germplasm and promote cooperation in addressing
climate change challenges across borders (Lowaars et al.,
2006; Sperling et al., 2020; FAO, 2021).

By prioritizing resilience to climate change in
plant breeding and seed systems, we can strengthen
the resilience of global food systems and enhance the
adaptive capacity of farmers in the face of climate-related
challenges. This requires a multi-faceted approach that
combines the development of climate-resilient crop
varieties, the adoption of agroecological practices,
investment in research and development, supportive policy
frameworks, robust seed systems, and active engagement
with farmers. Together, these efforts contribute to building
amore sustainable and resilient agricultural sector capable
of ensuring food security in a changing climate.

Promoting sustainable use of water

The sustainable use of water in agriculture is a
pressing challenge, especially as irrigated agriculture
expands and extreme weather events such as droughts
become more frequent due to climate change (Passioura,
2006; Pereira, 2017). To ensure food security and
minimize environmental impacts, optimizing water use
in agriculture is crucial. Plant breeding and seed systems
have a significant role to play in addressing this challenge
and promoting the sustainable use of water (Condon et
al., 2004).
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Investment in research and development is
essential to further advance the sustainable use of water
in agriculture. Continued exploration of genetic resources,
combined with cutting-edge technologies and innovative
breeding approaches, can unlock new opportunities to
enhance water-use efficiency in crops. Additionally,
research efforts should focus on understanding the complex
mechanisms underlying drought tolerance and water-use
efficiency, enabling breeders to develop more resilient and
productive crop varieties.

The sustainable use of water in agriculture
is a critical challenge that can be addressed through
plant breeding and seed systems. By accessing genetic
variability, utilizing biotechnological tools, and
embracing precision agriculture, breeders can develop
crop varieties that optimize water use, enhance water-use
efficiency, and contribute to the sustainable production
of food while minimizing environmental impacts.
Collaboration, research investment, and knowledge
sharing are essential to ensure progress in promoting
the sustainable use of water in agriculture (FAO, 2021;
Lopes, 2021a).

Promoting more effective protection of
agriculture

Ensuring the protection of agriculture from exotic
organisms and invasive species is a critical challenge for
global food production. As the movement of pests and
diseases becomes increasingly facilitated by globalization,
trade, and tourism, plant breeding and seed systems have
a vital role to play in promoting more effective protection
of agricultural systems (Paini et al., 2016).

Through the exploration of genetic diversity,
plant breeders can identify natural sources of resistance
to pests and diseases. This genetic variability provides
the foundation for the development of crop varieties
that are inherently more resistant, reducing the reliance
on chemical pesticides and promoting sustainable pest
management practices. By incorporating resistance traits
into commercial cultivars, breeders can help protect
agricultural systems from the detrimental impact of pests
and diseases (Krut, 2022, Niks et al., 2019).

Furthermore, advancements in biotechnology offer
additional opportunities for more effective protection
of agriculture. Genetic engineering and gene editing
techniques enable precise manipulation of specific genes
and traits related to pest and disease resistance. By
introducing or enhancing these traits, breeders can develop
crop varieties with improved defense mechanisms against
pests and diseases, thereby bolstering the overall protection
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of agricultural systems (Van Vu et al., 2022; Kin et al.,
2020; Ahmad, 2023; Lopes, 2021a).

Continuous investment in research and
development is crucial to staying ahead of emerging pest
and disease threats. By actively monitoring and studying
the evolving nature of pests and diseases, breeders
can proactively develop crop varieties with improved
resistance to emerging threats. This proactive approach
allows for a more effective and timely response to new
challenges, reducing the potential impact on agricultural
production.

Helping link food, nutrition, and health

The linkage between food, nutrition, and health
presents both challenges and opportunities for plant
breeding and seed systems (FAO, 2019b, 2020). As the
importance of disease prevention and well-being grows,
there is a need to develop crops with high nutritional
and functional density that can promote better health
outcomes. Plant breeding plays a vital role in addressing
these challenges and seizing the opportunities to improve
food, nutrition, and health (Lopes, 2021a).

One of the key challenges is to develop crops with
high nutritional value that meet the specific dietary needs
of individuals and populations. This includes breeding
for enhanced levels of vitamins, minerals, antioxidants,
and other bioactive compounds in crops. By selecting and
breeding for these traits, plant breeders can contribute to
the development of nutrient-dense crops that can help
address micronutrient deficiencies and improve overall
nutrition (Simon et al., 2011).

Another challenge is to minimize waste and
optimize the production of healthy food (Schanes;
Dobernig; Gozet, 2018). Plant breeding can play a
significant role in developing crops that are not only
nutritious but also have minimal waste during processing
and consumption. This can include breeding for traits
such as reduced post-harvest losses, improved shelf life,
and enhanced storage properties, ensuring that more of
the harvested crop reaches consumers in a usable and
nutritious form.

Demographic changes, such as an aging population,
also present opportunities for plant breeding and seed
systems. As the dietary needs of individuals change with
age, there is a need for crops that cater to these specific
requirements. Plant breeders can develop crops with
enhanced functional properties, such as increased fiber
content, improved digestibility, and reduced allergenicity,
to support the nutritional needs of different age groups
(Shvachko et al., 2021; Steele et al., 2013).
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The use of advanced breeding techniques, such
as genomics and molecular breeding, can expedite the
development of crops with improved nutritional profiles.
These techniques enable breeders to identify and select
specific genes and genomic regions associated with
desired nutritional traits. By integrating these approaches
into breeding programs, plant breeders can accelerate
the development of crops that meet the requirements of
improved food, nutrition, and health (Van Vu et al., 2022;
Kin et al., 2020; Ahmad, 2023; Guo et al., 2021; Roell;
Zurbriggen, 2020; Zhu; Gao, 2020).

Collaboration among breeders, nutritionists,
food scientists, and health professionals is crucial to
effectively link food, nutrition, and health. By working
together, these stakeholders can ensure that the crops
developed through plant breeding align with the nutritional
recommendations and health goals. This collaboration can
facilitate the exchange of knowledge, data, and resources,
enabling more targeted breeding efforts that result in crops
that contribute to improved food, nutrition, and health
outcomes.

Contribute to sophisticate post-harvest
management

Post-harvest losses and the deterioration of
harvested crops pose significant challenges to food
security and sustainability (Paraschivu et al., 2022).
Plant breeding offers valuable opportunities to address
these challenges by developing crops with improved
post-harvest characteristics, including extended shelf life,
reduced losses, and enhanced food quality and safety.

One of the key areas of focus in improving
post-harvest management is extending the shelf life of
harvested crops (Mbinda; Mukami, 2022). Breeders can
select for traits that contribute to delayed senescence,
improved storage tolerance, and reduced susceptibility
to spoilage organisms. By identifying and incorporating
these traits into crop varieties, breeders can offer farmers
and food processors crops that have an extended shelf
life, allowing for longer storage and reduced post-harvest
losses.

Another aspect to consider is reducing post-harvest
losses caused by pests, diseases, and physical damage.
Plant breeding can contribute to developing crop varieties
with enhanced resistance to pests and diseases, minimizing
the need for post-harvest treatments and reducing losses
due to infestation or decay. Additionally, breeding for
traits such as improved structural integrity and resistance
to mechanical damage can help reduce losses caused by
handling and transportation (FAO, 2019b).
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Promote intelligent and sustainable land use
strategies

Land use and land use change pose significant
challenges for sustainable agriculture (Mora et al., 2020).
Challenges that may become opportunities for plant
breeding to contribute to the sustainable intensification
of land use, enhancing use and efficiency of areas already
allocated to production, thus avoiding further pressure over
forested and fragile landscapes (Godfray, 2015; Cordeiro et
al., 2015). By addressing these challenges and leveraging
available opportunities, breeders can play a crucial role in
developing improved crops and seeds that are well suited
for sustainable land management practices.

One of the main challenges is the need to recover
and utilize degraded and abandoned agricultural land
instead of resorting to further deforestation. This
requires the development of crops that can thrive in these
degraded environments, withstand adverse conditions, and
contribute to the restoration of soil fertility and ecosystem
functions (Martha, 2021; Vilela; Callegaro; Fernandes,
2019). Plant breeding efforts can focus on identifying and
incorporating traits that enhance adaptability, resilience,
and productivity in these challenging landscapes.

Integrating production systems, such as crop-
livestock and crop-livestock-forest, offers a promising
approach for sustainable land use (Cordeiro et al., 2015;
Martha; Lopes, 2023). These integrated systems promote
efficient resource utilization, reduce greenhouse gas
emissions, and enhance biodiversity conservation. Plant
breeding can contribute by developing and disseminating
crop varieties that are well adapted to these integrated
systems, maximizing productivity while minimizing
environmental impacts. This includes breeding for traits
such as plant structure, nitrogen fixation, disease resistance,
and compatibility with diverse cropping systems.

In addition, low-carbon agriculture and resilient
farming practices are essential for sustainable land use
(Brasil, 2010, 2012). This requires the development of crop
varieties that can thrive in low-input systems, with reduced
reliance on synthetic fertilizers, pesticides, and irrigation.
Plant breeding can contribute by selecting and improving
traits related to nutrient use efficiency, water-use efficiency,
and tolerance to biotic and abiotic stresses. By developing
crops that require fewer inputs and are better adapted to
changing climatic conditions, plant breeding can enhance
the sustainability and resilience of agricultural systems.

Furthermore, genetic resources and breeding
research are crucial for identifying and utilizing the
biodiversity present in natural and agricultural ecosystems,
including farmers’ fields (Ceccarelli; Grando, 2022;
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Cecarelli et al, 2013). This includes exploring the genetic
diversity within and between crop species, as well as
wild relatives, to discover valuable traits for sustainable
land use. By integrating this genetic diversity into their
programs, breeders can develop crop varieties that exhibit
improved performance, resilience, and resource-use
efficiency in different land use systems.

Collaboration among breeders, agronomists,
ecologists, and planners is vital to address the challenges
and capitalize on the opportunities presented by land
use. By working together, these stakeholders can ensure
that plant breeding and seed systems are aligned with
sustainable land management goals. This collaboration can
facilitate the exchange of knowledge, data, and resources,
enabling more informed breeding decisions and the
development of improved crop varieties that contribute
to sustainable land use practices.

Plant breeding in the era of precision agriculture

Precision agriculture, with its integration of
advanced technologies and data-driven decision-making
(Bhakta; Phadikar; Majumder, 2019), presents both
challenges and opportunities for plant breeding and
seed systems. The ability to implement site-specific
management practices opens up new avenues for
improving agricultural productivity, resource efficiency,
and sustainability.

Precision agriculture requires crop varieties with
specific traits that align with the needs of site-specific
management practices. Breeders need to focus on
developing crops that are responsive to precise inputs, such
as fertilizers, water, and pest management. This involves
identifying and enhancing traits related to nutrient use
efficiency, water stress tolerance, disease resistance, and
response to environmental cues. By incorporating these
traits into improved seeds, breeders can provide farmers
with crops that perform optimally in precision agriculture
systems (Basu; Parida, 2023; Abichou; Solan; Andrieu,
2019; Adams; Ritchie; Rajan, 2021).

Site-specific management generates vast amounts
of data, including crop performance data, environmental
conditions, and soil characteristics. This data can be
leveraged through genomic selection and marker-assisted
breeding to accelerate the breeding process. By identifying
genetic markers associated with desired traits, breeders
can use these markers as tools for early selection and
screening of plants with the desired traits. This enables
faster and more precise breeding decisions, leading to the
development of improved varieties tailored for precision
agriculture (Chen et al., 2019; Qiao et al., 2023).
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Precision agriculture heavily relies on sensor
technologies to collect data on various environmental
parameters, such as soil moisture, nutrient levels,
and crop health. Breeders face the challenge of
integrating sensor technologies into their programs
to collect relevant data for genotype-phenotype
associations. This requires collaboration between
breeders, agronomists, and data scientists to ensure
the collection of accurate and high-quality data that
can inform breeding decisions and the development of
targeted traits (Qiao et al., 2023; Araus et al., 2022;
Dakir; Barramou; Alami, 2022).

High-throughput phenotyping, which involves
the rapid and automated measurement of plant traits
on a large scale, is a challenge that can be tackled with
the help of precision methods and tools. This allows
breeders to evaluate a diverse range of germplasm for
desired traits under varying environmental conditions. By
utilizing advanced phenotyping platforms and imaging
technologies, breeders can capture valuable data on traits
such as yield potential, stress tolerance, and nutrient
use efficiency. This data-driven approach enhances the
precision and efficiency of plant breeding, enabling the
selection of superior varieties for precision agriculture
systems (Bhakta; Phadikar; Majumder, 2019. Qiao et al.,
2019; Dakir; Barramou; Alami, 2022).

Precision agriculture allows for field-specific
management practices, enabling farmers to tailor their
approaches to individual areas within a field. This creates
an opportunity for breeders to develop customized
varieties that excel in specific microenvironments or
management zones (Abichou; Solan; Andrieu, 2019; Basu;
Parida, 2023). It is possible to anticipate that in the future
breeders will be able to use precision agriculture data and
insights to develop region-specific or even field-specific
crop varieties that maximize productivity and resource
use efficiency. Customized variety development have
enormous potential to empower farmers to optimize their
production systems, to increase overall profitability and
reach sustainable standards.

Collaboration among breeders, agronomists,
data scientists, and agricultural technology experts will
obviously be necessary in harnessing the full potential of
precision agriculture for plant breeding and production
system improvement. By working together, these
stakeholders can ensure the effective integration of sensor
technologies, data management systems, and advanced
phenotyping platforms into breeding programs. This
collaboration will facilitate the collection, analysis, and
interpretation of data, leading to more informed breeding
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decisions, helping enhance the efficiency, sustainability,
and productivity of agricultural systems.

Plant breeding in the transition to a low-carbon
bioeconomy

Agriculture will play a crucial role in the transition
to a sustainable and low-carbon economy by contributing
as a provider of renewable energy and biomass feedstocks
(Lopes, 2022; Martha; Lopes, 2023). With the aim
of decarbonizing industries that heavily rely on non-
renewable fossil sources for energy, chemicals, and
materials, agricultural research must focus on developing
crop varieties that are specifically optimized for biomass
feedstocks and bioenergy production. By harnessing the
genetic diversity within crops, researchers can enhance the
efficiency and productivity of bioenergy crops, enabling
cost-effective strategies for renewable energy production
and the development of sustainable alternatives to fossil-
based products (Lopes, 2021a, b).

This emphasis on genetic diversity for new uses
highlights the importance of plant breeding and seed
systems in enabling the bioeconomy to transition away
from fossil fuels and towards renewable and sustainable
resources (Vangheluwe et al., 2023). By expanding
the genetic diversity available in agricultural crops,
researchers can unlock the potential for novel traits and
characteristics that are essential for meeting the demands
of renewable energy production and the sustainable
production of bio-based materials (Lopes, 2022).

Incorporating genetic diversity for new uses into
plant breeding and seed systems requires a comprehensive
understanding of the specific needs and requirements
of the bioenergy and biomass industries. This includes
identifying and developing crops that have high biomass
yields, optimal energy conversion efficiency, and traits
that enhance the sustainability and viability of bioenergy
production systems. Additionally, it involves exploring
innovative biotechnological approaches, such as metabolic
engineering and synthetic biology, to enhance the
production and quality of bioenergy feedstocks (Wozniak-
Gientka; Tyczewska, 2023; Vangheluwe et al., 2023; Wei
et al., 2022).

By leveraging genetic diversity and incorporating
it into plant breeding and seed systems, agriculture can
play a pivotal role in providing sustainable alternatives
to fossil-based energy sources and materials (Lopes,
2022). This shift towards renewable resources not only
contributes to the decarbonization of industries but also
offers opportunities for rural development, job creation,
and economic growth in agricultural communities.

Ciéncia e Agrotecnologia, 47:e0001R23, 2023



14

Culinary innovation and social-economic
opportunities

Another important aspect to consider is the
potential for leveraging genetic diversity to meet consumer
demand for new flavors, aromas, and unique culinary
experiences (Durazzo, 2019). This presents a significant
opportunity for social inclusion and wealth generation in
rural areas. Consumer preferences and culinary trends are
continually evolving, with increasing interest in diverse
and exotic flavors, unique ingredients, and traditional
cuisines (Topczewska et al., 2022). This demand for
novelty and variety opens up avenues for farmers,
breeders, and the seed industry to explore and capitalize
on the rich genetic diversity of crops and underdeveloped
biodiversity sources.

By focusing on genetic resources and crop
improvement strategies that emphasize flavor profiles,
aromatic characteristics, and culinary attributes, plant
breeders can develop new varieties that cater to consumer
preferences. This involves identifying and harnessing the
genetic diversity present in crop plants to create unique and
exciting culinary experiences. Furthermore, promoting
local and traditional crops, which possess distinct flavors
and cultural significance, can contribute to preserving
biodiversity and supporting local economies. By cultivating
and commercializing these crops, farmers can tap into niche
markets, direct-to-consumer sales, and value-added product
development (Lopes, 2017; Lopes, 2023).

The exploration of genetic diversity for new uses
not only enhances the culinary experience for consumers
but also creates opportunities for income diversification,
entrepreneurship, and rural development. By embracing
the diverse flavors and culinary potential offered by
genetic diversity, agricultural communities can foster
social inclusion, preserve cultural heritage, and generate
economic prosperity. The utilization of genetic diversity
for new flavors, aromas, and unique culinary experiences
represents a promising avenue for social and economic
development in rural areas. By aligning crop improvement
strategies with evolving consumer demands, farmers,
breeders, and the seed industry can contribute to social
inclusion and wealth generation while preserving
biodiversity and cultural heritage.

Support development of new protein sources and
innovative plant-based foods

The emergence of plant-based proteins and
innovative plant-based food products is revolutionizing
the way we think about sustainable and environmentally
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friendly nutrition (Langyan et al., 2022). As the demand
for plant-based proteins continues to grow, plant breeding
and seed systems have a vital role to play in meeting these
challenges and unlocking the opportunities presented by
this shifting food landscape.

Plant breeding and seed systems could focus on
genetic improvement to develop crop varieties that are
specifically tailored for plant-based protein sources. This
involves harnessing the power of genetic diversity to
enhance traits such as protein content, nutritional quality,
taste, texture, and other characteristics relevant to plant-
based protein production (Giacalone; Clausen; Jaeger,
2022). By leveraging the potential of genetic resources,
plant breeders can create crop varieties that meet the
evolving needs and preferences of consumers, ensuring
a sustainable and diverse range of plant-based protein
options.

As the demand for plant-based proteins grows,
it is crucial to adapt agricultural systems to support
their production. Plant breeders need to develop and
disseminate crop varieties that can thrive in sustainable
farming practices, such as organic farming, regenerative
agriculture, and agroforestry. These practices promote
biodiversity, minimize chemical inputs, and enhance soil
health, thereby supporting the sustainable production of
plant-based proteins. By breeding crops specifically suited
to these sustainable systems, plant breeders can contribute
to the overall resilience and ecological sustainability
of agricultural production (Durazzo, 2019; Ceccarelli;
Grando, 2022; Weltzien; Christinck, 2017).

Plant breeding and seed systems can also offer a
unique opportunity to enhance sustainability and resource
efficiency in plant-based protein production. By developing
crop varieties that are adapted to local growing conditions,
breeders can minimize the need for synthetic fertilizers,
pesticides, and excessive water usage. Additionally, by
focusing on traits such as nitrogen fixation, efficient
nutrient utilization, and drought tolerance, plant breeders
can create crops that are more resilient to environmental
stressors, reducing the ecological footprint of plant-based
protein production (Guo; Lin, 2021; Durazzo, 2019).

The rise of plant-based proteins presents an exciting
opportunity to diversify our crop portfolio and expand
market opportunities. Plant breeders can explore and
utilize the vast genetic diversity available in plant species
to develop new crop varieties with desirable traits for plant-
based protein production. This includes lesser-known plant
species and underutilized crops that have the potential
to become valuable sources of plant-based protein. By
expanding crop diversity and commercialization, seed
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systems can contribute to a more resilient and sustainable
food system while creating new market opportunities for
farmers.

Rescuing and development of neglected and
underutilized crops

Conserving and utilizing genetic diversity,
including traditional and neglected crops, is of paramount
importance for ensuring a resilient and sustainable
food production system. Plant breeding have a crucial
role to play in enhancing the genetic diversity of crops
and improving neglected and underutilized species,
contributing to the diversification of food production and
enhancing resilience (Hunter et al., 2019).

Traditional and neglected crops possess valuable
genetic resources that have often been overlooked in
modern agriculture. Many of these have been cultivated
for generations by local communities and offer unique
traits such as disease resistance, tolerance to harsh
environmental conditions, and nutritional richness.
However, due to changing dietary patterns, market
demands, and the focus on a limited number of major
crops, many traditional and neglected species have been
marginalized or even abandoned (FAO, 2019a; Padulosi
etal., 2021).

Plant breeding can help rescue and improve
neglected and underutilized crops by focusing on their
genetic potential. By incorporating desirable traits from
traditional and neglected crops into breeding programs,
breeders can enhance the adaptability, productivity, and
nutritional value of these crops. This can lead to the
development of new varieties that are better suited to
diverse agroecological conditions, have improved pest and
disease resistance, and offer nutritional benefits.

Collaboration with local communities, farmers,
and indigenous knowledge holders is essential in
accessing and utilizing the genetic diversity of traditional
and neglected crops. Their valuable knowledge and
expertise can provide insights into the cultivation,
utilization, and potential uses of these crops, facilitating
the identification of desirable traits and the development
of improved varieties (Ceccarelli; Grando, 2022;
Weltzien; Christinck, 2017).

To support the enhancement of genetic diversity and
the rescue of neglected and underutilized crops, investment
in research, capacity building, and infrastructure is
crucial. Public and private sector collaborations, along
with supportive policies, can facilitate the integration
of traditional and neglected crops into mainstream
agriculture. Funding for research and development

15

programs aimed at improving these crops can help
unlock their potential and create market opportunities by
addressing challenges related to nutrition, climate change,
and agricultural sustainability.

CONCLUSIONS

Rethinking plant breeding and seed production in
the era of fast and profound changes is not just a necessity,
but also a responsibility. By embracing innovation,
leveraging genetic diversity, enhancing post-harvest
management, addressing biotic and abiotic stress, and
promoting sustainable practices, we can transform our
agricultural systems to be more resilient, more responsive
to society’s needs and expectations while environmentally
friendly. The reinvention of plant breeding and seed
systems is a critical step towards achieving a sustainable
future where agriculture harmoniously coexists with the
natural world and meets the needs of present and future
generations.
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