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1 EXECUTIVE SUMMARY

CropBooster-P, its implications and the ‘Green deal’

The CropBooster-P project is the response to the H2020 call “Future proofing our plants” and
aims to draft a roadmap to develop the future crops for European agriculture. CropBooster-P
explores options to future-proof our crops by conventional breeding and/or by more advanced
methods, focusing on increasing crop yield with a concomitant increase in quality and
sustainability. Quality relates to nutritional quality (e.g. proteins, fatty acids, vitamins, etc.)
and/or industrial quality (e.g. fibres, extractability, conversion of biomass, digestibility, etc.)
whereas Sustainability relates to abiotic stress tolerance (e.g. heat, freezing, minerals, water
management including drought, salinity, etc.) and resource use efficiency (e.g. water use,
nitrogen use, etc.). Overall, a more sustainable agriculture implies the production of more
efficient crops to reduce water and fertilizers use and increase soil fertility through higher organic
matter storage. Reduced fertilizer applications will significantly contribute to the ‘zero-pollution
point of the Green Deal’ as recently proposed by the Commission. Also reductions in CO2
emission due to a decreased use of fertilizers and decreased NH4 emission due to an improved
nitrogen use efficiency will result in the overall reduction of greenhouse gas emissions. As such,
the CropBooster-P project fully aligns with the goals, ambitions and objectives of the ‘Green
Deal’ policy by supporting the transition towards more sustainable and socially just ways of
producing, consuming and trading, while preserving and restoring our ecosystems. In addition,
future-proofed crops will be essential in a sustainable primary production system, "from farm to
fork", which is inclusive, safe and healthy to ensure food and nutritional security for all. These
crops will also allow to unlock the full potential of both land-based and aquatic production
systems to deliver sustainably, high quality biomass for both food, feed and non-food, bio-based
purposes. Since CropBooster-P aims to increase the yield of improved products, it may in the
longer-term also contribute to increase the incomes of farmers. In addition, consumers will gain
a better perception of farming practices and agriculture at large. In the future, however, also
improving and optimizing agricultural practices like, for instance, soil and water management,
pest and disease control, and application of fertilizers will be essential to establish the envisaged
future primary production system. Whilst fully acknowledging that achieving the desired
productivity will need to include all aspects of the agricultural system, including e.g. also
agronomy, phytopathology and plant micro-organisms interactions, the focus of CropBooster-P
focuses only on the genetic basis for crop improvement delivered through conventional breeding
and/or integrated with biotechnological methods. CropBooster-P focusses on traits related to
increasing yield potential, yield stability under highly fluctuating environment, resource use
efficiency and nutritional quality, and sustainability. Due to resources available to the project
other important traits such as biotic interactions and organoleptic quality (consumer adoption)
are out-of-scope of the CropBooster-P project. Such areas as these, will in the future be
investigated in parallel projects. A tight coordination between these projects and CropBooster-P
may be further developed in any future phase of the CropBooster-P project.

Conclusions and outcomes of CropBooster-P Work Package 1 (WP1)

To assess societal developments and potential impact of climate changes by 2050, a Scenario
building analysis was carried out within the CropBooster-P project taking into account a
multitude of current trends and eight key uncertainties. In this Scenario building analysis, four
contrasting and extreme scenarios were developed which are individually implausible, but not
impossible, and depict future socio-economic developments: ‘Plantovation’, ‘Your Food. Your
Health. Your Choice’, ‘Foodmergency’ and ‘REJECTech’. The real future will probably not be one
of these four extreme scenarios, but a yet unknown mixture of these four. Accordingly, they




THIS PROJECT IS FUNDED BY THE

EUROPEAN UNION HORIZON 2020 RESEARCH
AND INNOVATION PROGRAMME UNDER
GRANT AGREEMENT 817690

delineate together the future space of all possible scenarios and were used to assess the options
to improve crop species. To identify future key options to improve crop productivity and quality,
experts created and assembled a database including over 800 scientific and technical
manuscripts highlighting the potential to improve a variety of traits in a wide variety of plant
species using different state-of-the-art technologies. In this way, the database does not only
capture information related to the plant traits, but also the technologies, genes and methods for
crop improvement. Based on the database and the broad expertise represented in the
CropBooster-P project, 20 key options were selected and used as examples of how crop yield
could be improved while maintaining or improving nutritional quality in a sustainable manner.
These key options include, among others, increasing photosynthesis, organ growth, nitrogen use
efficiency, seed filling, protein and amino acid composition, micronutrient quality and improving
the digestibility and conversion of plant biomass. Based on the database, we also identified some
key options for future research that are common to yield, nutritional quality and sustainability,
such as the further development of modelling approaches and improving methods for breeding
and genome editing, and the largely underexplored potential of aquatic and certain underutilized
species. All the key options described as enablers to improve yield, nutritional quality and/or
sustainability refer to “transferable traits” e.g. traits that can be transferred between plant(s)
(species) using biotechnological methods, encompassing modern plant breeding approaches like
marker assisted selection/breeding (MAS/MAB) or genome assisted breeding, advanced breeding
technologies and novel DNA mutagenesis technologies like CRISPR/Cas, gene transfer
technologies (GMO), and synthetic biology approaches, allowing the transfer of complete novel
metabolic and/or genetic pathways. Summarizing, all genetic- and biology-driven knowledge-
based technologies allowing crop productivity improvement.

Which of the identified options to improve our crops that is actually used will, however, largely
depend on the extent to which society will accept and allow their use. Therefore, a first analysis
was done involving Stakeholder consultations to interrogate the implications of the different
scenarios on Europe’s options to future-proof its crop plants. This preliminary analysis showed
that the four developed scenarios mainly differ in the extent to which application of
biotechnological methods is accepted by society, and to the extent societal need/urgency
requires the execution of each of these scenarios. Besides, the possible future scenarios also
have major implications for agriculture, consumers and Europe. The ‘REJECTech’ scenario is the
most extreme scenario around the topic of society rejecting the use of technology in agriculture
and would have major implications on our options to produce food. In a ‘REJECTech’ scenario,
we would mainly be dependent on empirical mutagenesis approaches, including marker assisted
selection/breeding and TILLING populations. These are, however, time-consuming and limited
and almost certainly will not meet our crop productivity demands in time. In addition, if gene
transfer technologies (GMO) and synthetic approaches would not be accepted by the public at
large, as technologies that could be used to improve crop productivity would be markedly
reduced. Accordingly, under a ‘REJECTech’ scenario, but also in a ‘*Foodmergency’ scenario, food
choices are proposed to be limited and likely to be highly dependent on import. The
‘Foodmergency’ and ‘Your Food. Your Health. Your Choice’ scenarios differ from each other as
under the ‘Foodmergency’ scenario the production of calories is likely to occur at the expense of
the environment, whereas in a ‘Your Food. Your Health. Your Choice’ scenario, which is the most
consumer-driven scenario, environmental concern-based choices might be dominant. Both a
‘“Your Food. Your Health. Your Choice’ and a ‘Plantovation’ scenario are likely to co-occur with
the emergence of a flourishing Bio-economy, with major applications of large scale ICT and Al
technology in agriculture.

Finally, as part of the first year of CropBooster-P, the potential of existing off-the-shelf modelling
approaches was demonstrated using a case study. Using mechanistic and thoroughly understood
models of photosynthesis, parameters were adjusted that correspond to small simple
adjustments expected to be readily achievable using current approaches. The potential effects
of these modest changes were determined for both C3 and C4 crops simulated at 66 sites across
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Europe. The largest effects were achieved by increasing all parameters in concert: biomass
increases of more than 30% were predicted under recent historical climate conditions. Even with
modest improvements of single photosynthetic traits, simulated average wheat yield increases
across Europe under future climate scenarios were up to 35%. These results demonstrate the
potential of improving photosynthesis to increase plant biomass. However, it is important to
recognise that the most promising candidate approaches for improving photosynthesis (e.g.,
carbon concentrating mechanisms, photorespiratory bypass, or faster dynamic adjustment to
changing light conditions) are expected to be still more powerful than the single-factor changes
in Rubisco performance and electron transport that we were able to simulate. In future,
development and distribution of more sophisticated models that incorporate a wider range of
mechanisms and processes, that incorporate recent innovations, in particular dynamic changes
in light availability and radiation distribution within crop canopies, could enable better predictions
about how the most powerful approaches for increasing photosynthesis will function at crop
scales.

Future CropBooster-P perspectives

During the first year of the CropBooster-P project we developed possible future scenarios,
defined key options to improve crop yield, nutritional quality and sustainability and demonstrated
by modelling approaches that tweaking individual traits will improve crop biomass, using
photosynthesis as a case study. Taking together, we therefore have set the option space for
considering (a) which crops and plant species should be in focus, (b) what technical possibilities
will be available to adapt future plants & which ones should be considered, and (c) what crop
traits need to be engineered into plants to meet the needs of future society. These first analyses
will be followed by additional, more in depth analyses over the next 2 years to further develop,
present and discuss these findings in a series of Stakeholder consultations involving consumers,
farmers, industry, policy-makers and academia. The outcomes will be analysed for their ability
to support the desired outcomes of the ‘Green Deal’ and Farm-to-Fork strategies prior to being
translated into recommendations. The final conclusions will be presented in the form of a
Roadmap stipulating the best options forward that Europe has to sustainably future-proof its
crops, while securing the broadest societal support possible for the transition towards the desired
future agricultural production systems.
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2 INTRODUCTION

Food security, growing crop yields and population growth are the greatest challenges facing
humankind. We will need to prepare for feeding 9.7 billion people in a sustainable way by 2050,
whilst transitioning from a fossil economy towards a bio-economy in order to mitigate the effects
of global climate change. This will require a doubling of global crop productivity to produce
enough plant biomass to both achieve food and nutrition security, as well as to meet the
demands of a future bioeconomy. Projections from the current rates of crop yield increases
suggest we will fall 40 — 70% short of this future demand. To make the challenge still more
demanding the increase in crop production must be achieved while maintaining nutritional
quality and will require crops that combine sustainability, efficient use of scarce resources (e.g.
water and minerals) and cultivation schemes and practices that preserve Earth’s biodiversity.
The crops must also have good yield stability with a high resilience to adverse climate and volatile
weather conditions and the environmental impact of agriculture will have to be minimized to,
among others, increase carbon smartness (‘Green Deal’).

Europe has diverse climates and multiple regions that are vulnerable to climate change. Rising
environmental constraints progressively limit agricultural productivity especially in the
Mediterranean region. Conventional terrestrial agriculture will need plants that are adapted to
the changing climate, and we must add the potential productivity of the marine system as a
source for food and non-food biomass. To mitigate the effects of climate change, we will also
need to use soil and wood carbon pools to sequester atmospheric carbon dioxide, something to
which agriculture could make an important contribution. The future requirements for our crops
are diverse and demanding, yet the outcomes will be valuable in terms of food and nutritional
security, transitioning to a non-fossil carbon economy, sustainability and managing climate
change. These value contributions will give a new purpose to the rural economy of Europe. So
Europe is seeking a long-term strategy for future proofing its crops to realise these goals.

To meet these aspirational demands, our current crop plants will need to be re-designed and
thus mapping out how they can be “future proofed” is urgently needed. Progress could be mired
by the complexity of a multitude of possible crops and genetic changes, combined with multiple
environmental change, policy and societal challenges. CropBooster-P is a breeding program that
aims at addressing this by identifying opportunities to adapt and boost productivity in a
backgound of environmental and societal changes. Our objective is to undertake a
comprehensive evaluation of the most promising practical approaches to be enacted from 2021
onwards to achieve a sustainable food supply into the future. The technical goal of CropBooster-
P is to produce a plan for the future proofing of Europe’s crops, sustainably increasing their yield
and adapting them for the future climates of Europe. This plan will include a set of technical
options for doing this and a management plan for the implementation of these options, with the
aim of providing innovative breeding starting points needed for the production of new crop
cultivars. This will be done with the cooperation and engagement of the plant breeding sector.

Whilst fully acknowledging that achieving the desired productivity will need to include all aspects
of the agricultural system (e.g. agronomy) the focus of CropBooster-P is solely on the genetic
basis for crop improvement delivered through conventional breeding integrated with
biotechnological methods. CropBooster-P includes traits related to increasing yield potential,
yield stability under abiotic stress, resource use efficiency and nutritional quality, and
sustainability. To create a critical scale effort with increased chances of success, CropBooster-P
is excluding improvement of equally important traits such as biotic interactions and organoleptic
quality.




THIS PROJECT IS FUNDED BY THE

EUROPEAN UNION HORIZON 2020 RESEARCH
AND INNOVATION PROGRAMME UNDER
GRANT AGREEMENT 817690

The CropBooster-P programme is achieving its goals via a set of work packages that collectively
identify the most important terrestrial, aquatic and/or underutilized crops for Europe’s future.
By identifying the best options for improving the yield of these crops while enhancing nutritional
quality, testing these options against environmental, economic and other technical criteria to
refine the best technical choices, and subjecting these options to public scrutiny. This is being
achieved via a process of analysis, consultation and reviews to ensure there is as broader input
from experts, stakeholders and public as possible. To support this process, we have carried out
a scenario planning exercise in which we have developed four contrasting learning scenarios
considering a multitude of trends and eight key uncertainties. These learning scenarios depict
complementary future socio-economic developments and the insight into desirable and
undesirable implications will assist the development of recommendations within CropBooster-P
towards a desirable outcome in line with the ‘Green Deal’ target.

CropBooster-P will thus devise a strategy for future proofing of Europe’s plants and deliver an
inclusive research programme to implement the better options in view of four contrasting future
scenarios This will be a key resource for the forerunner of a programme to put this strategy into
effect. This future programme will be a European contribution to future global food and nutrition
security. It will embody the ambitions of the FOOD2030 Policy Agenda and many of the United
Nations sustainable development goals. A sustainable increase in crop yields with guaranteed
nutritional value will, we believe, be an agreeable value proposition to the public. The economic
benefits of such a boost to yields at lower input cost and better land use efficiency would see
the rural economy serving as engine of an expanding environmentally friendly, non-fossil
manufacturing and energy economy. It would produce food, feed and feedstock in a sustainable,
resource-use (e.g. water and nutrient use) efficient way; food-first, cascading and circular.

This report is the initial step in the CropBooster-P actions which covers the development of
learning scenarios of future worlds and the assessment of the state of the art of in terms of
increasing plant yield, nutritional quality, and sustainability. The report is a review of the
literature and the technologies available to experts and key stakeholders. Also included is a
modelling section demonstrating the potential impact of a key trait. The report includes 20 key
options for traits that have already been successfully selected/manipulated and could contribute
to ‘future proofing our crops’. The utility of each example has been evaluated against 4 future
scenarios. WP1 will serve as a foundation for the following WPs. Accordingly, it should be both
a scientifically sound overview of the state-of-the-art (serving WP4), as well as an input
document to engage into a discussion with particular stakeholders (WP2) and the general public
(WP3).
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DEFINITION BOX

To sustainably meet our future food requirements, we need to produce more food on the same
or even reduced (i.e. as a result of urban development or sea level elevation etc.) land area with
increased resource-use efficiency and do so prepared for climate change. This food must also be
produced while ensuring environmental protection. The need to increase crop yield does not
arise only from food and feed demands. The future will see an expansion for competing uses for
agricultural products, for example, as feedstocks for the Bioeconomy or the production of
biofuels. These competing uses for agricultural productivity are themselves driven by a desire to
limit climate change and transition to a more sustainable base for industry and energy supplies.

CropBooster-P prepares a Roadmap to develop the required superior crops for the future using
a plant-centered breeding approach. Accordingly, improving crop management or agricultural
practices are considered out-of-scope. The CropBooster-P project focusses on three main areas:
breeding for increasing yield, breeding for increasing nutritional quality and breeding for
increasing sustainability. In the project, the following definitions are used:

Yield refers in first instance to the total amount of crop biomass produced per area per year.
Increasing yield thus encompasses all breeding options to develop plants, both terrestrial and
aquatic, that produce more biomass per unit of area (bigger plants) and/or that produce more
biomass per unit of time (faster growth). This definition of yield is valid especially for plants that
are used for non-food applications and that in general are harvested as total plant biomass. For
food purposes an additional constraint for yield applies, as the overall yield increase of a plant
mainly should be due to the increase of edible (harvestable) plant parts. So methods to increase,
for instance sugar, protein and metabolite concentrations in specific plant parts and/or organs
also are regarded as options to increase plant yield.

For food crops, quality concerns the nutritional quality of the edible parts of the plant.
Increasing quality thus entails all breeding options that results in an increase in, for instances,
protein content, mineral content, fatty acid content, etc. In our definition, organoleptic (taste,
smell, mouth-feeling) properties are out-of-scope as these quality aspects are not considered as
crucial to safeguard future food security and as the project does not deal with improving nutrient
supply, yet they are recognized as key to enable diet shift. For non-food purposes, quality
concerns those plant characteristics that determine the specific application for which the crop is
used, for instance fibre digestibility for cattle or fibre quality for industry, oil content or THC
concentration.

Sustainability relates to two aspects that both are associated with harnessing our crops to the
imminent effects of climate change: abiotic stress resistance, resilience and/or acclimation and
resource use efficiency In one aspect thus, increasing sustainability encompasses all breeding
options to increase the resistance of our crops against abiotic stresses like heat, water
management (such as drought, salinity, flooding, etc.), freezing, etc. Due to capacity reasons,
biotic stress resistance is out-of-scope of the CropBooster-P project. In the second aspect,
increasing sustainability relates to breeding for better resource uptake and use efficiency of our
crops, like increasing water, phosphorus, nitrogen, minerals, etc. In the context of the
CropBooster-P project, Sustainability refers therefore only to environmental sustainability,
whereas societal and economic sustainability are not taking into account, at least not in the
scope of WP1.

Biotechnological methods encompass modern plant breeding approaches like marker assisted
selection/breeding (MAS/MAB) or genome assisted breeding, advanced breeding technologies
and novel DNA mutagenesis technologies like CRISPR/Cas, gene transfer technologies (GMO
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and synthetic biology approaches, a variant of gene transfer allowing the transfer of complete
novel metabolic and/or genetic pathways. More broadly, biotechnological methods therefore

refer to all biology-driven and knowledge-based technologies.

11
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3 WHAT IS THE OPTION SPACE TO IMPROVE CROP
PRODUCTIVITY? - Scenario Analysis

The purpose of the scenario analysis was to provide novel perspectives for the work of other
work packages and to serve as a means of communication to facilitate a common understanding
of possible future challenges both within the CropBooster-P workstreams and also with external
stakeholders.

3.1 Scenario Analysis - Approach

Scenario analysis unfolded in two phases: (1) preparation and (2) scenario building and impact
assessment. The first step that laid the groundwork for scenario building included developing a
common understanding of the relevant areas of interest and deciding on the scope of scenarios
(e.g., time frame and crop types). In the second step of preparation we performed trend
research to improve our understanding of direction in which future worlds could develop.
Therefore, we carefully selected the most relevant ones and explored a potential impact of 45
different technological, economic and societal trends. We then identified key uncertainties that
would play out differently for each scenario to make sure that diverse future worlds are
represented. Eventually, we arrived at four learning scenarios that were introduced to external
stakeholders to jointly develop them further and identify potential impacts. By creating
“prototypes” for various scenario aspects (e.g., the typical dinner of a French middle-class
family, the required training of a farmer in 2050.) we filled scenarios with life and made them
more tangible. To support co-creation with external actors we discussed the potential impact of
the scenarios for CropBooster-P in dedicated subgroups with a focus on one of three topics:
sustainability, yield, or nutritional quality. An extended version of the different steps of the
Scenario building, can be found in Annex 1.

3.2 Outcome of Scenario Analysis

The outcome of the scenario analysis exercise are four learning scenarios for agriculture in the
EU in 2050:
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3.2.1 ‘PLANTOVATION’: A SUCCESS STORY OF INNOVATION IN AGRICULTURE

Innovation solutions are intensively used, providing steady and high-quality food in a
sustainable way as well as large volumes of feedstock for a thriving bioeconomy.

From today to 2050 — how the scenario may become reality:

« A technology revolution is already under way today:
— Artificial intelligence beats the best Go players and creates artworks people can't
distinguish from those made by humans
- New gene editing technologies make things possible that seemed like science
fiction just a while ago
+ At the same time, we need to fix our CO2 problem — and biomass provides a feasible,
relatively cheap solution
+ In the coming years, more and more entrepreneurs will be applying revolutionary
technologies of the next generation to grow crops for food and non-food applications
+ The reservations against certain plant technologies visible today quickly fade as startups
celebrate breakthroughs and spectacular results — pleasing both consumers and
investors
+ The increasing flow of venture capital into this domain eventually leads to big,
multinational “agritech” companies
+ As a result, the next generation of multi-billionaires will not be in software — they will be
in “agritech”

3.2.2 ‘YOUR Foob. YOUR HEALTH. YOUR CHOICE': HOW CONSUMERS BECAME KING

Health and sustainability concerns drive agriculture & food businesses towards being
diverse and transparent, meeting the needs and preferences of individuals.

From today to 2050 — how the scenario may become reality:

+ Already today, one can buy a Coke with one’s name printed on it or mass customize
muesli to satisfy individual preferences

+ Data as a resource and the ongoing digitalization will continue to enable new business
models and societal opportunities

+ By gathering and analyzing data, health will move from curing to preventing disease.
Personalised medicine will take off in the coming years increasing focus and efficacy —
which is urgently needed to contain civilization conditions like diabetes that are otherwise
spreading quickly

+ At the same time, the actual impact of diet on our health will become more and more
transparent, leading to a convergence of medicine and nutrition

+ Visionary entrepreneurs will be quick to seize the emerging opportunities and give
consumers what they want: their food, their health, their choice

3.2.3 ‘FOODMERGENCY’: A CAUTIONARY TALE ABOUT FOOD SECURITY

The EU is struggling to fulfill basic food demand due to severe environmental degradation.
In response to this, the EU has seen the introduction of a large-scale and technology-
driven agricultural system to mitigate the most direct consequences.
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From today to 2050 — how the scenario may become reality:

« The warnings from scientists against climate change and its potential impact on
agriculture are loud and clear

« Unfortunately, the pessimistic views turn out to be correct: the EU — like many other
countries around the world — faces a series of severe environmental crises. As a result,
the EU experiences dramatic food security challenges

+ Globally, the situation is even grimmer in some cases. The global economy suffers and
international food trade collapses due to global shortages

« As food security can no longer be taken for granted, the EU and national governments
take radical steps to increase the production of food crops: this includes regulation that
favors vyield-oriented biotech and drastic market interventions to increase European
production capacities for food

« Over the course of just a few years before 2050, a government-directed, large-scale
agricultural system is created

» Society backs these policies because they seem to be without alternative. However, the
widespread use of advanced biotech, instances of public mismanagement and personal
restrictions maybe seen critically

3.2.4 ‘REJECTECH': WHEN SCIENCE LOST THE PEOPLE

Consumers have little trust in politicians, scientists and big industry. Society is highly
polarised and rejects new food-related technologies - despite dissatisfaction with the
current state of affairs like limited food choice and high prices.

From today to 2050 — how the scenario may become reality:

+ Skepticism, fake news, and heated discussions in the (social) media have become a global
phenomenon. This development also affects agricultural topics as the use of glyphosate
illustrates. Europe becomes particularly precautionary

+ As the possibilities from technologies like gene editing, A.I. and robotics increase, so does
the probability of failed experiments

+ A steady stream of food scandals and examples of scientific misconduct also do its share
to further erode European society’s trust in science, industry as well as in the institutions
that are supposed to supervise them

* Over the years, sustainability becomes synonymous with the absence of advanced
biotech. Eventually, the EU enacts strict regulation to please skeptical voters and large
agri companies lose their license to operate

+ The rejection of technology has its price, however: growing challenges from climate
change and low productivity in agriculture result in supply problems and increasing prices.
As agriculture develops significantly slower in the EU than abroad, trade imbalances arise
and force EU agriculture to find alternative value adding activities

Note: Storylines are not predictions but rather possible yet uncertain paths of
development.

See also:
Annex 1: CropBooster-P Scenario Analysis documentation (A PDF version illustrating the
Scenario Building workshops).

The scenario analysis set the option space for considering (a) which crops and plant species
should be in focus, (b) what technical possibilities will be available to adapt future plants & which

14



THIS PROJECT IS FUNDED BY THE

EUROPEAN UNION HORIZON 2020 RESEARCH
AND INNOVATION PROGRAMME UNDER
GRANT AGREEMENT 817690

ones should be considered, and (c) what the crop traits are that need to be engineered into
plants to meet the needs of future society.

3.3 Scenario implications for increasing crop productivity and
quality

3.3.1 Focus oN YIELD

In the different scenarios yield is to be addressed in multiple crops, including scenario specific
crops for different use purposes and under different regulatory conditions. Consequently,
preparatory work for yield improvement should offer a broad range of biological starting points
and be achievable through different technical approaches.

Major yield improvements for a flourishing B2B environment will drive
SCE"iARIO 1: | welfare and wellbeing of society and Europe; multi-purpose crops for bulk

/ 0 production and specialties will dominate a circular bioeconomy; yield
/f Ar” [' improvement should seamlessly work in conjunction with acquisition of new
PLAN AT . L

product functionalities. IP and value share are core success factors.
Heterogeneous food preferences will be requiring smaller scale production
chains. The yield of an increasing range of crop varieties cultivated with
SCENARIO 2: | agricultural practices agreeable to the end consumer will be critical to keep
costs of EU food production within a realistic range. The ecological impact
may be positive and part of the value equation. Key is that consumer choice
translates into proper pricing and value share across the EU ag chain.
The prime scope is to accomplish a sufficient level of global food production,
which may include diet shifts. To achieve yield under volatile and new
weather conditions, it will be necessary to upgrade all biological processes
SCFNA}RIQ 3 linked to energy management and abiotic stress handling. R&D costs will
ME LMY be high, as will be the cost of cultivation that will require optimised

agricultural practices for planting, rotation, nutrient input, etc. Few crops
will qualify for this. This immediately poses sustainability issues.
SCENARIO 4: | The inability to tackle crop yield within Europe with the same approaches
RHE”FCJ’I as outside Europe implies that options for damage control need to be

' considered at policy level. In the background, yield improvement needs to
be achieved through exploring novel knowledge-based breeding workflows
that do not rely on GMO or gene editing, yet deliver a competitive annual
yield gain.

3.3.2 Focus ON NUTRITIONAL QUALITY

Nutritional quality plays different roles across the scenarios and offers both commodity and
specialty crop differentiation opportunities.

To meet the (global middle-class) consumer demand for sustainable and

SCENARIO 1: | supplement-free products, advanced breeding approaches for high quality

/,/ n food and feed are economically justifiable. Both commodity and specialty
Nﬂ—w,[?ﬂm crops will undergo rounds of improvements balancing with improvements

made for co-product and biorefinery strategies.

Customer demand drives the development in food and feed. To meet

SCENARIO 2: | expectations on nutritional quality, taste and other sensory qualities, the
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core causative biological processes in crops and livestock need to be
understood and converted to advanced breeding approaches. As consumer
demand also includes a heterogeneous choice, a multitude of commodity
and specialty crops need to be upgraded.
The challenge to deliver food in sufficient quantity leads to nutritional
SCENARIO 3: | guality not being a primary target. A lobby for diet shift may affect the ratio
W T feed: food production thus reducing the pressure on land use. To incentivize
' consumers shift diet, timely availability of food with improved nutritional
quality, taste and other sensory features could be key. This requires know-
how similar as in scenario 2, yet with a key requirement that such
improvement doesn’t bring along any penalty in yield and abiotic stress
handling.
SCENARIO 4: | In the absence of competitive yield and volume-based off-farm prices,
RE‘[E”FCJ'I farmers may seek differentiation in quality including nutritional quality,
- taste and other sensory features of interest to the consumer. The know-
how requirement will be similar to that in scenario 2, but as in scenario 3
improvements may not jeopardize yield. Moreover, it must be possible to
develop the improvements through workflows not using GMO or gene
editing methods.

3.3.3 FOCUS ON SUSTAINABILITY

Sustainability in agriculture is core across all scenarios. However, whereas sustainability opens
up many opportunities in scenarios 1 and 2, it is rather a necessity due to environmental crises
in scenario 3 in particular. Moreover, the meaning of the concept of sustainability and
corresponding agricultural practices will differ significantly between scenarios. Sustainability
requirements for crops include optimised production of biomass and harvestable product,
suitability for co-product strategies, minimal requirements for land use, disease and pest
treatment, nutrient input as well as tolerance to weather fluctuations, soil-friendly cropping
needs and good rotation compatibility.

This scenario envisages the largest growth of productivity. Embracement
SCENARIO 1: | of the bio-economy is foreseen. From a know-how perspective, this
/Vf' " scenario puts the highest urgency on incorporating and testing different
'1’[/1"']“‘4% sustainability features. From a know-how development perspective, it
implies that the biology underpinning these different features should be
tackled in parallel. This may require international cooperation.
Customer demand for healthy and sustainable food produced in a
SCENARIO 2: | transparent manner will open markets where the sector needs to prove its
capability of meeting the specific emphasis points of customers related to
sustainability. This may imply “chemical free” production procedures, no
tilling, limited nutrient (N) supply. Know-how development should therefore
focus on addressing these topics first, and have it seamlessly incorporated
with the elevated requirements for nutritional quality and yield in the
different crops.
Society and governments across the globe are expected to agree to any
SCENARIO 3: | proposal from the Ag value chain that would help stabilize or revert the
M KGO situation. As in scenario 1, a broad repertoire of sustainability options needs
' to be investigated in parallel, but with some key differences. It is likely to
that disease and pest management as well as nutrient supply are tackled
by integrated crop-chemical approaches. Furthermore, improvement on
those sustainability traits should not create any yield penalty.

16



THIS PROJECT IS FUNDED BY THE

EUROPEAN UNION HORIZON 2020 RESEARCH
AND INNOVATION PROGRAMME UNDER
GRANT AGREEMENT 817690

SCENARIO 4: | In the absence of competitive yield and volume-based off-farm prices,
RE‘[E”FCJ'I farmers may seek differentiation towards end customers by being a leader

- in sustainable agricultural practices. This would require know-how to create
“sustainability traits” that do not rely on GMO and gene editing technology.

By design, the four scenarios are plausible but unlikely. Hence, reality in the year 2050 will
probably include aspects from each of the learning scenarios as well as some unforeseen
outcomes. The set of scenarios covers a broad range of outcomes related to major uncertainties
about EU agriculture. As the scenario planning was performed as a starting point, it is
recommended to proceed with further impact analysis to reach an even broader understanding
of the diversity of possible future(s). This will provide new perspectives that make CropBooster-
P’s project results more robust and facilitate a more proactive stance towards future threats and
opportunities.

Within Work Package 1 of CropBooster-P, the four scenarios frame the option space regarding
three key topics: (1) yield, (2) nutritional quality, and (3) sustainability. In the context of the
overall project, this initial Scenario Analysis provides the reference point for a multidimensional
assessment including the economic, social and environmental impact (Work Package 2), societal
needs and expectations (Work Package 3), international cooperation (Work Package 4), and
finally strategy development (Work Package 5).

Scenario project provides the starting point for further exploration and for taking specific
measures towards more desirable future outcomes. In order to maximize the value generated
by the Scenario Analysis, we recommend the following steps:

1. Detail the scenarios: additional value can be captured from the scenarios by further
developing some particular interesting aspects. This may include additional research on
important trends and uncertainties.

2. Prepare for the future: Develop a CropBooster-P roadm stap balancing opportunity, need
and risk by appreciating the spread and commonalities of desired outcomes under
different scenarios.

3. Identify early warning signals: Before any of the scenarios fully materializes, there will
be weak signals that can be picked up if one looks for them. By identifying these signals
now and incorporating them into the roadmap, CropBooster-P can minimize risks,
increase chances of success and deliver on time.

4. Create the future: Don't just wait and see how the future unfolds: take specific measures
today to prevent undesirable outcomes or scenarios from happening, communicate and
discuss them with relevant stakeholders.
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4 HOW TO IMPROVE CROP PRODUCTIVITY? - KEY
OPTIONS

4.1 Data Collection - Approach

In order to compile a toolbox of transferable strategies, methods and technologies for a
sustainable improvement of crop plants, it is necessary to assess available state-of-the-art data,
techniques and published information in terms of increasing plant yield, nutritional quality and
sustainability. To achieve this goal, a survey- based data collection strategy was initiated. The
focus of the data collection had the following pre-defined considerations:

v The four WP1.1 output scenarios were used as guides or frameworks within which
to design relevant questions to include in the survey.

v' The survey entrants focused on capturing current information (latest advances in a
field, high impact publications, keystone publications).

v' Studies highlighting transferable and heritable traits and technologies as well as
technologies with economic potential were prioritised.

v A special focus was made to capture existing knowledge on studies made in
underutilised terrestrial and aquatic crops.

The existing literature of relevance to the project is vast, repetitive across species and traits.
Therefore, there was a need to prioritise targeted data capture that spanned the relevant genes,
traits and technologies of interest with respect to crop improvement and have a prospective
view. To achieve this goal, a panel of 68 experts belonging to 20 participant institutions was
selected by the WP leaders and WP1 core team based on their scientific expertise and high
visibility in their respective fields ensuring a broad representation of species, research fields,
approaches and technologies. Each expert was asked to identify the 10-15 most relevant papers
including few outstanding reviews in their field of expertise. These restrictions were imposed to
limit biases and collect the most relevant data.

Data collection proceeded in the form of several surveys that fed into one core database. This
presented the advantage of capturing data in real time, across countries and fields of expertise
in a sequential, logical, easy-to-follow manner. The resultant database could then be queried for
specific information based on area of interest. The database was built in two phases (1) defining
priority crops and (2) design of a survey asking the questions of interest.

4.1.1 SPECIES SELECTION

In order to ascertain coverage of all categories of crops in the database, priority/ specimen crops
to be focused on during the project were defined, with a few selected species representing each
crop category. This selection was done by the WP1 core team and qualified by the WP1.2-1,4
partners, keeping in mind those species which are either model species or relevant crops for
europe, well studied, application oriented and relevant to the scope of the CropBooster-P project.

The outcome of the crop species selection process was the selection of 52 species sorted under
2 categories: 21 in the need to have and 31 in the potentially beneficial to have (Figure 1).
The need to have were covered extensively in the database, while those listed in the nice to
have had a more general coverage.
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Algae Fucus, Laminaria, Porphyra, Ulva
Forage grasses Ryegrass, Alfafa, Clover, Sugarcane, Miscanthus
Grain staples Wheat, Barley, Rice, Maize, Sorghum, Rye, Oats, Durum wheat, Millet
N2 fixers Field bean, Soybean, Lupin, Pea, Clover
Oilseed Sunflower, Soybean, Rapeseed, olive, maize
Vegetables Tomato, leafy vegetables (spinach), Lettuce, Brassicas,

Pea, Carrots, Parsnip, Grapes

Fibres and lignocellulose Hemp, Poplar, Willow, Miscanthus, Switchgrass,
Douglas Sitka, Eucalyptus, Spruce

Root staples Potato, Sugarbeet, Onion

Model Plants Arabidopsis, Tobacco, Rice, Spinach, Maize

Others (fruit) Grape, Pome, Citrus, Olive, Strawberry, Raspberry

‘ Need to have/nice to have

Figure 1 List of species selected. Selected species were sorted in need to have
(underlined and bold) and nice to have (black) categories. Species are uniformly
distributed in ten classes (bold blue).

The priority crops defined served as guidelines for the database collection. However, the data
collection was not limited to these crops and provision was made to add crop species the survey
taker felt was missing in this representation.

4.1.2 SURVEY DESIGN
The survey (Annex 2) was spit into three sections:

v' Section 1 contains data that is common to all three subtasks including: publication
title, authors names, separation of reviews from research publications, year of
publication, abstract or summary of article, bibliographic references, gene or trait
involved, biological pathway, methods or technologies used to identify and
characterise genes and traits, crop category, species, geographical region,
orthologues, transferability potential, relevance to subtask and whether the gene/
trait under consideration affected other subtasks. The general survey also included
an option for comments or relevant free text information from the authors. The
information gathered here was essential in identifying themes or key options in
improving crop plants (See section 4.3)

v Section 2 was defined within each subtask and comprised 5 levels of specification
(Figure 2). The subtask itself was defined as level 1 (Yield, Nutrition or
Sustainability), the broad categories within each subtask were placed in level 2 (yield,
nutrition or sustainability determinants). Within each of these levels, categories and
types were defined and, subcategories and subtypes were further defined (levels 3
and 4) in order to have and extensive coverage. The last level recorded physical and
environmental factors that affected the entry (gene/ trait). A detailed list of survey
entries for Nutritional Quality is presented on the CropBooster-P website
(https://www.cropbooster-p.eu/). The same subcategories and subtypes (levels 3
and 4) were used for data collection for Yield and Sustainability and are also
presented on the CropBooster-P website (https://www.cropbooster-p.eu/).
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Level 1 Level Level 3 Level 4 Level 5

nutritional quality Minerals Macronutrient Nitrogen Stress- heat
Phosphorous Stress-cold

potassium Stress- high humidity
Calcium Stress-flood

Sulfur Stress- drought
Magnesium Stress-salinity

Carbon Stress-toxicity

Oxygen Stress-other
Macronutrient- Stress- nutrient overload
Hydrogen Stress- Nutrient deficiency
Stress- soil toxins

Stress- soil composition
Stress-pH
Fertilizer-form

Micronutrient Iron
Calcium
Magnesium
Chloride
Potassium
Sulphur
Manganese
Zinc

lodine
Selenium

Fertilizer-quality
Biostimulants

Geographical factors
Bioavailability

Microbes-in rhizosphere
Microbes-fertilizer use
efficiency- nitrogen fixation
Sulphur nutrition

Pathogen toxins

Intra species cultivar- specific
variation

Uptake and allocation to edible
organs

Membrane transporters
Efflux proteins

Organic molecule synthesis
Stress-transposable elements

Other

Figure 2 Section 2- Example from the construction of levels specific to nutritional
quality. For the final version of the survey generated, please see the survey key in
Annex 2.

v' Section 3: The final section aimed at specifying the relevance of each entry to the
scenarios from the output of WP1.1. This enabled viewing each entry in a broader
context, as well as identifying the common trends and commonalities between
multiple survey entries, the traits identified, and the technologies specified within the
survey entries.

In all sections, free text boxes have been added in order to enable experts highlighting and
explaining the importance and the relevance of the selected reference.

Database access: the database was designed to be openly accessible, with the survey still
running online so that continuous updates to the database can be made as research progresses.

The survey can be accessed at the URL https://forms.gle/B7XAWS8L6iY3Fgfsp7.

See also:

Annex 2: Key to the survey (A PDF version of all the questions incorporated in the survey).
CropBooster-P website (https://www.cropbooster-p.eu/): List of database entries for
Nutritional Quality and for Yield and Sustainability. Curated version from survey data extracted
on 15.12.2019.

4.2 Outcome of Data Collection

The survey collected 878 entries, which were then manually checked for duplicate entries. The
final number of individual entries were 799, from which 27% of the responses entered
corresponded to reviews and 73% original papers. The distribution the references per year
showed that the survey captured the ‘state of the art’ with respect to recent literature with 43%
of the entries published in the last 3 years and up to 61% in the last 5 years (Figure 3).
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Year of Publication

Figure 3 Distribution of the number of publications per year of publication collected in
the survey. Figure based on survey data extracted on 15.12.2019.

Regarding crops, the majority of references cover the “need to have” species. All species
categories defined previously are well represented with proportion ranging from 2% of the
entries for Algae up to 28% for grain staples (Figure 4). It is worth to note that the model
plants category only represent 22% of the entries. The algae, fibers and root staples are less
represented than expected indicating a deficit in publications for the species falling into these
categories.

Crop types in Database

W Algae M Fibres Forage grasses Grain staples M Model plants

W N2 Fixers M Qilseed M Root staples W Vegetables/ fruits m Misc.

Figure 4 Distribution of publications collected in the survey sorted by the crop types.
Figure based on survey data extracted on 15.12.2019.
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When considering the entries per trait, 372 references fall in the Yield class whereas the nutrient
class and sustainability contains 307 and 128 references respectively (Figure 5). However, the
apparent under representation of reference in the sustainability field can be explained by the
fact that the large majority of the traits/genes identified by experts in yield section have also
been proposed to have a positive impact on sustainability and vice versa. This is confirmed when
considering the “"Does this gene/ trait involve or affect other subtasks?” field in the survey.

Nutrient Class Yield Class
313 entries 438 entries

@ Protein
@ Carbohydrate

Qils and fats
@ Uptake and spatial management of
14.4% N\ ® Vinerals resources

h
[ ) Vllamm.s Sink/source activity
@ Specialized metabolites @ Plant growth, architecture and
8% @ Antinutrients phenology

@ Toxic compounds
@ Fibre/feedstock

@ Photosynthesis - photochemistry and
biochemistry

Sustainability Class
128 entries

@ Photosynthesis - photochemistry and
biochemistry

@ Uptake and spatial management of
resources
Sink/source activity

@ Plant growth, architecture and
phenalogy

Figure 5 Distribution of publications collected in the survey sorted by traits. Figure
based on survey data extracted on 15.12.2019.

Up to 50% of the references in the Yield class were associated to photosynthesis whereas 34%
were associated to plant growth, architecture and phenology. References in this last group are
almost equally distributed between roots and shoot development. Interestingly, 11% of the
references attributed to yield involved water and nutrient uptake. When considering
sustainability, the proportion of entries falling in the plant growth, architecture and phenology
represents 43%, with most being associated with root development and root architecture.
Similarly, 23% of the references belong to resource uptake and management with a large
proportion relating to root uptake capacity. With regard to nutritional quality, 23% of all entries
were associated to oils and fats, 21% to protein quality and 19% to specialized metabolites, all
representing areas where recent advances have been made in terms of improving nutritional
quality.
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Taken together these results illustrate that the database is well balanced and represent an
unprecedented expert resource to further and deepen investigation with regard to the most
recent advances in improving crop quality. The flexibility of the database provides further
resource to extract specific information, as well as view useful correlations across species and
traits. Throughout the 3-year CropBooster-P project, it is aimed to further exploit the database
in the following WPs and therefore also considered essential to keep the database updated.
Accordingly, the database should be seen as a ‘living’ literature repository that is continuously
fed to collect all state-or-the-art literature in the fields of Yield, Nutritional quality and
Sustainability.

4.3 Key options to improve Yield, Nutritional quality and/or
Sustainability

The database was used to identify key focus areas falling under Yield, Nutritional Quality and/or
Sustainability or areas common to all three. Key experts were asked to compile the database
information into a short summary for each of these target sections including a brief review of
the most up to date literature and potential targets for improvement. The key options presented
below cover several examples of the literature data that is included in the database. However,
they only cover a subset of the information available in the database and numerous additional
examples can be found.

4.3.1 IMPROVING METHODS FOR BREEDING AND GENOME EDITING

In order to apply any knowledge on loci, genes and gene regulatory networks that control plant
traits, breeding technologies are required that can be used to either introgress natural or induced
alleles into elite germplasm or modify the genome of the elite germplasm directly using site-
directed mutagenesis.

Several technologies have been identified that require further development:

a) Genomic selection. Widely adopted by seed companies in recent years, genomic
selection consists in elaborating a model that allows the prediction of agronomic
performance of novel genetic material on the sole basis of its genotype. This model is
based on a large data set previously acquired by genotyping and phenotyping a training
set of (related) varieties (Millet et al., 2019). Genomic selection saves cost (less field
experiments) and time (less generations) and allows more readily the simultaneous
exploitation of minor quantitative trait loci (QTLs). The improvements needed for a more
general use of the technology include the handling of epistasis between loci, the use of
knowledge on gene function for more accurate predictions or the application to genetically
distant material (Hickey et al., 2019; Voss-Fels, Cooper, & Hayes, 2019).

b) Speed and fast breeding. A game changer in (marker assisted) plant breeding is ‘speed
breeding’. Using highly controlled environments using growth chambers with tailored light
regimes allows breeding rapid cycling of generations and shortening the classic breeding
process significantly (Ghosh et al., 2018; Hickey et al., 2019). Speed breeding conditions
will need to be optimized for each crop and variety. "Fast breeding" aims at sharply
shortening the generation time of crops, for example by modification of the Flowering
Time (FT) gene (van Nocker & Gardiner, 2014).

c) Double hapoid (DH) breeding. In maize, DH technology has been used for decades to
speed up the generation of complete homozygous inbred lines that can be used in hybrid
breeding. The gene responsible for haploid induction in maize has recently been mapped
to MATRILINAL (MAT)/NOT LIKE DAD (NLD) (Gilles et al., 2017; Kelliher et al., 2017) and
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has been used to make haploid inducers in other species such as rice and wheat (Liu et

al., 2019; Yao et al., 2018). Further development of DH technology will aid to improve

the efficiency of this technology and expansion in other crops (Chaikam, et al., 2019).

Recently, DH technology has been also linked up with precision breeding (Kelliher et al.,

2019; Wang et al., 2019).

Accelerated domestication. A particular application of precision breeding allows to

domesticate in a single generation wild relatives of crop species with desirable agricultural

traits through the simultaneous editing of previously identified domestication genes.

Proof of concept has been provided in tomato (Li et al., 2018) and sufficient knowledge

exists in at least a few other crop species (Zségon et al., 2018).

Precision breeding. The development of CRISPR/Cas9 based gene editing technologies

now allows to precisely change the genome of elite germplasm by a single nucleotide,

mimicking natural alleles or introducing novel genetic variation in the population (Yin, et
al., 2017). However, to efficiently apply precision breeding to all major crop species and
to elite genotypes within the species, several technological hurdles need to be taken:

1) Delivery. The CRISPR/Cas9 system has to be delivered to a plant cell. If the delivery
is as a DNA molecule, genetic transformation is needed, traditionally using
Agrobacterium tumefaciens. Agrobacterium-mediated delivery is however genotype
dependent and strain improvement might be needed for some crops (Altpeter et al.,
2016; Anand et al., 2018; Zhang et al., 2019). Understanding better the steps of T-
DNA integration in the genome might also allow the use of ‘transient transformation’
in which the T-DNA is expressed but not integrated (Veillet et al., 2019). Recently,
alternative transient plant DNA delivery methods have been reported using
nanoparticles (Demirer et al., 2019), which, however, need further development to
deliver large CRISPR/Cas9 constructs. As the CRISPR/Cas9 system operates as a
ribonucleoprotein complex (RNP), technologies have been developed for ‘DNA-free’
RNP delivery into explants or protoplasts (Liang et al., 2018; Svitashev, et al., 2016;
Zhang et al., 2016). These are, however, dependent on the plant regeneration system
available. Especially for the many clonally propagated crops, transient DNA or DNA-
free technologies need to be further developed as the transgene cannot be crossed
out.

2) Regeneration. After delivery, a new plant needs to be regenerated from the explant.
This process is highly dependent on the plant species and the genotype. Both the
optimization of the type and dose of the nutrients and plant hormones used in tissue
culture, and the use of genetic tools such as BABY BOOM (BBM) have allowed to
overcome regeneration recalcitrance in several species, including monocots (Jones et
al., 2019; Lowe et al., 2016). However, the side effects of morphogenic genes, the
ignorance of their mode of action and the dependency on the explant material and
competent tissue is prompting more research in plant totipotency and regeneration
(Gordon-Kamm et al., 2019).

3) CRISPR technology. CRISPR/Cas9 is presently harnessed for targeted mutagenesis,
where the site but not the precise nature of the mutation (generally small insertions
or deletions) is pre-determined. To fully exploit the potential of the technology and to
make precise nucleotide changes, advanced CRISPR-based technology is needed such
as base editing and prime editing (Anzalone et al., 2019). The further development
of alternative technologies that allow homologous recombination in plants serves the
same objective (Yin et al., 2017). In addition, the application of more versatile CRISPR
systems, such as xCas9 or Cas9-NG, and alternative CRISPR systems, such as
Cas12a/CPF1, need plant-specific adaptations (Malzahn et al., 2019).

Gene drive and RNA targets. Whereas genome editing delivers plants modified by a

one-off action of CRISPR/Cas9 technology, other uses of the technology require the

maintenance of the Cas9 and sgRNA transgenes in the plant genome. Proposed
applications are gene drive, for example to constantly edit the genomes of weeds to
render them susceptible to certain herbicides (Barrett et al., 2019), or RNA targeting Cas
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variant, for example to efficiently cleave the genome RNA viruses (Wolter & Puchta,
2018). Proofs of concept are needed to test the feasibility and efficiency of such
approaches.

4.3.2 IMPROVING NITROGEN UPTAKE AND USE

Plants require nitrogen (N) in bigger quantities than any of the other mineral elements. N in the
form of amino acids is necessary for protein synthesis and great amount of N are thus used for
the photosynthetic apparatus, particularly Rubisco, the primary carbon (C) fixing enzyme, and
light-harvesting complexes (Zhu et al., 2008). In mature leaves of crop plants, Rubisco can
account for up to one third of the total N and almost 2/3rd of the soluble proteins (Warren et
al., 2000). N assimilation is integrated with photosynthesis, but also with photorespiration and
respiration, in different tissues and organs, and at the intracellular and intercellular levels
(Nunes-Nesi et al, 2010). Photosynthesis and subsequent glycolysis and Krebs cycle provide the
C skeletons and energy required for the synthesis of amino acids. Therefore, even though
interventions in primary processes such as photosynthetic efficiency do not require extra N to
achieve greater productivity, they do need to be integrated and consider possible impacts on N
nutrition.

Interplay between photosynthesis and N assimilation

In non-legume plants and under our temperate climatic conditions, nitrate is the main N source
and is taken up from the soil solution by root cells. However, nitrate concentration in the soil
solution dramatically fluctuates in both time and space, which restrains N acquisition by roots
and constitutes a major limitation to photosynthesis and plant biomass production. Therefore,
for optimising the acquisition of this crucial resource, plants must constantly acclimate to the
changes in external nitrate availability by modifying their physiology and development. These
responses to N supply involve the plasticity of both root structure (modulation of the exploration
of the soil) and root function (modulation of intake capacity of the roots) but are also dependent
on the N demand of the plant. The capacities of the roots to acquire N also depend on carbon
fixation by photosynthesis. Sugars or other signals produced by photosynthesis in the shoots
are transported down to the roots to stimulate nitrate uptake. Indeed, a specific regulatory
pathway involved in the systemic regulation of the expression of nitrate and other macronutrient
transporters by the C status and in particularly involving the oxidative pentose phosphate
pathway has been revealed (Lejay et al., 2008). In addition, root C availability is a major
parameter regulating root architecture and development (Mduller et al., 1998; Freixes et al.,
2002). Although the stimulatory effect of photosynthesis on root nitrate uptake has been
intensively documented on the short term (several hours or days), many reports surprisingly
indicate that the increase in photosynthetic activity associated with long-term growth of C3
plants under elevated atmospheric CO2 concentration results in a lowered N concentration in
leaves and seeds, possibly due to impaired root nitrate uptake (Bloom et al., 2010).These
multiple interconnections between N assimilation and C metabolism are of major importance for
crop production and indeed ecophysiological studies demonstrated that carbon and nitrogen
intakes are the major limiting variables of models describing plant biomass production (Foulkes
et al., 2009).

Nitrogen use efficiency

Yield increases after the second world war - the so called “Green revolution * - were enabled by
the massive use of N fertilizer produced by the energy intensive Haber-Bosch process. The global
rise in N fertilizer consumption (increased from 11.3 Tg N year—1 in 1961 to 107.6 Tg N year—1
in 2013; Lu and Tian, 2017), together with the enhanced cropping of legumes that establish
symbiotic interactions with N2-fixing bacteria, has expanded the pool of reactive N in the
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environment (Fowler et al., 2013), with significant environmental consequences (Swarbreck et
al., 2019). A main problem is the fact that the recovery of N fertilizers by crop plants is low, with
in some cases only 30-50% of the applied N being taken up by the crop (Sylvester-Bradley and
Kindred, 2009). The remainder is partly utilised by the subsequent crop but also partly lost from
the agro-ecosystem, and fertilizer run-off into aquatic systems may lead to eutrophication
(Johnson et al., 2007). Indeed, the environmental impact of N is multiple, including problems of
excess N (losses of N contribute to eutrophication of aquatic ecosystems, acidification of soils,
global warming, decrease in global species diversity, and more) and limiting N (depleting soil
resources, endangering the income of farmers, and threatening food security). In Europe a
recent estimation of social costs indicates that current measures to prevent an excess of 50
mg/L nitrate are beneficial for society and that a stricter nitrate limit and additional measures
might well be justified (van Grinsven et al., 2010).

Today again we are challenged to meet expanding food demands. The global use of N in
agricultural production is projected to increase 2.5 fold to reach 249 million tons annually by the
year 2050 (Tilmann et al, 2011). This is barely sustainable for the environment and climate
crises urges for a strong reduction of N deposition. Several possibilities can be investigated and
might be used in combination to reach this crucial but ambitious goal: modified agricultural
practices, use of the root microbiota for optimised N supply including N2 fixing symbiosis and
producing crops with increased NUE.

Approaches to increased NUE and C assimilation

Nitrate uptake is a key component determining NUE. Indeed, as nitrate is not taken up efficiently
overexpression of nitrate transporters was one very early strategy to improve NUE. However,
up to now it was successful mainly in rice. This is probably due to the fact that rice growing in
paddy soil is mainly using ammonium and thus nitrate uptake had not been optimised by
breeding and in addition might be less tightly regulated by feedback mechanisms. Indeed, in
most other cereal and model species nitrate uptake is regulated by the internal N status and
these feedback mechanisms probably counteract the potential benefits of overexpression of
transporter activities. In rice the overexpression of the low affinity nitrate transporter OsNPF6.5
(NRT1.1B) driven either by the CaMV 35S or the native promoter increased grain yield and NUE
(Hu et al., 2015). Interestingly the beneficial effect of root microbiota on NUE in rice was
impacted by NRT1.1 (Zhang et al., 2018). Overexpression of the high affinity nitrate transporter
OsNRT2.1 increased NUE when expression was driven by the OsNAR2.1 promoter, limiting
expression to the expression pattern of the nitrate transporter associated protein NAR2.1 that
is required for the activity of NRT2 transporters (Chen et al., 2016). The overexpression of one
isoform of a further high affinity transporter OsNRT2.3b increased nitrate but also ammonium
uptake and improved grain yield as well as NUE by 40%. Interestingly, plants overexpressing
this short form of OsNRT2.3 with a truncated pH domain increased total N, P, and Fe uptake by
influencing pH homeostasis and thus benefiting as well C metabolism (Fan et al., 2016). This
mechanism may exist mainly in plants growing under anaerobic soil conditions.

Attempts to increase NUE by boosting N assimilation while overexpressing nitrate reductase
failed, however the overexpression of the chloroplastic isoform of glutamine synthetase (a key
enzyme in assimilating ammonia in organic compounds) led to increased grain yield in wheat
under both high-and low-N supply (Hu et al., 2018; for review James et al., 2018).

Several aspects probably explain the limitations of the strategy to overexpress individual
transporters or enzyme involved in N assimilation. First, the global expression pattern might be
of tremendous importance and in particular, posttranslational downregulation of nitrate
transporters or enzymes activity may compensate for increased gene expression. Secondly, it
might be necessary to tune an entire pathway or even the interaction of several pathways such
as N assimilation and C assimilation in order to boost such interconnected metabolic pathways
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and increase yield and NUE. Thus, a promising strategy is the modification of the regulation of
those metabolic networks and the engineering of receptors, transcription factors (TF) or other
regulatory players. For example, the overexpression of the Dofl TF resulted in greater yield
under low-N conditions in Arabidopsis (Yanagisawa et al., 2004) and in greater yield in wheat
(Pefa et al., 2017). A similar effect was obtained by the overexpression of the TF AtNLP7 driven
by the CaMV 35S promoter, that improved plant growth by enhancing N and C assimilation in
Arabidopsis and tobacco (Yu et al., 2016). Indeed, it is possible that the overexpression of
OsNRT1.1B was particularly successful, as this protein has an important role in regulating nitrate
signalling in addition to the transport of nitrate.

Nitrate signalling not only regulates multiple metabolic pathways but also several developmental
processes. Amongst them, seed dormancy and flowering time are directly regulated by nitrate
as a signal. This needs to be taken into account when engineering nitrate signalling as impaired
dormancy or early flowering could impact strongly yield.

4.3.3 IMPROVING SEED FILLING

Seeds typically accumulate large amount of reserves, which are used to support germination
and the early stages of the development of the seedling. The majority of these reserves are
normally accumulated either in a specialized tissue named the endosperm (e.g. in cereal seeds)
or in the cotyledons (e.g. in legumes). In addition, depending on the crop, the major energy and
carbon storage compounds are represented by either carbohydrates or oils, while protein content
(in percentage of the total seed weight) can be very variable (typically between 10 and 40 %).
Seed filling is therefore a complex process, which involves different pathways and regulators,
also depending of the type and location of the reserves. Particularly in annual crops, a major
role in seed filling is played by nutrient remobilization between vegetative and reproductive
organs. An optimal balance between biosynthetic activities in vegetative organs and
translocation toward reproductive organs is essential to maximize accumulation of macro- and
micronutrients in seeds. In many plant species the process of seed filling is therefore intimately
linked to senescence, which allows the redistribution of nutrients from the source organs to the
sink organs.

For seed crops, efficient seed filling is a key factor controlling yield. Optimising source-sink ration
and promoting efficient translocation of assimilates to seeds, and integrating photosynthesis
with sink processes should remain one of the main targets for breeding (Paul et al., 2017).
Notwithstanding the complexity of the system, some important control points have been
identified and the regulated senescence of source tissues has been shown to be crucial for the
accumulation of major seed reserves. This work has also highlighted the advantages and
limitations of model plants, where the balance between vegetative and reproductive tissues may
be quite different that in major crops. Seed filling is likely to be particularly relevant to scenarios
1, 2 and 3. However, in scenario 2 relevance would be mainly due to the impact on seed
composition, rather than to the impact on yield.

Regulation of senescence

Cytokinins are major regulators of development being implicated in a variety of processes
including senescence. Various attempts have been made to regulate cytokinin levels in order to
delay senescence and increase total biomass and seed yield. An autoregulatory mechanism, by
which the expression of a rate limiting enzyme in cytokinin biosynthesis, isopentenyl transferase
(IPT), is placed under a senescence specific promoter has been widely exploited in crop plants
(Guo & Gan, 2014). This way, delayed senescence due to IPT expression leads to down-
regulation of the transgene, avoiding accumulation of cytokinins and pleiotropic effects. This
approach, using the SAG12 promoter (SAG12 encodes a senescence specific, vacuolar cysteine
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proteinase) was first applied in tobacco and then in a variety of model and crop plants, including
rice. Leaf senescence in transgenic tobacco plants was retarded, and no developmental
abnormalities were observed. Retarded senescence allowed tobacco plants to produce 80% more
flowers than the WT, leading to a more than 40% increase in both seed yield and biomass
accumulation. In rice, an 8% increase in yield compared to WT was observed under field
conditions. In a different approach (Abreu & Munne-Bosch, 2009), a delay in senescence was
obtained by lowering salicylic acid (SA) in Arabidopsis thaliana. Salicylic acid accelerates the
progression of leaf senescence and a reduction in its levels can be achieved either by the
expression of bacterial SA hydroxylase in NahG transgenic lines or by mutation of sid2, the gene
encoding isochorismate synthase. Reduction in SA levels leads to a marked increase in biomass
and seed production, indicating that manipulation of SA level could be exploited to increase seed
yield in crop plants.

Nitrogen remobilization to the grain

Coordination between senescence and grain filling is particularly crucial for nitrogen which is
mainly stored as proteins that must be degraded to allow nitrogen remobilization toward
developing seeds. The chloroplasts, which can contain more than 75% of the total nitrogen of
the leaf (50% in the form of RuBisCO), are degraded at the early stages of senescence, while
the mitochondria and the nucleus remain functional till later stages to support energy production
and allow changes in gene expression that accompany the senescence process.

A time-series analysis of the translocation of nitrogen provided a comprehensive description of
nitrogen remobilization between tissues in peas (Gallardo et al., 2019). During the time-span
between flowering and beginning of seed filling, nitrogen taken up during the vegetative period
is remobilised from leaves below the first flowering node and from roots toward upper leaves
and pod walls. In a second phase nitrogen is remobilised from stems and leaves to seeds, pod
wall, and roots. In a third phase, nitrogen is remobilised from all tissues to seeds. At the
transcriptional level, this work highlights the role of genes involved in senescence and indeed
regulation of senescence in vegetative tissues appears to be a major factor regulation nitrogen
accumulation in seeds.

These results work should be put in relation with seminal work relating senescence and protein
content in wheat. While the stay-green phenotype has been frequently selected to obtain
varieties able to sustain high yields under post-anthesis drought conditions, these varieties are
not associated with higher yields in all conditions, since the active degradation of chlorophyll
and thus of this of photosynthesis-related proteins, including Rubisco, is required for nitrogen
remobilization to developing seeds.

In wheat, high grain protein content (GPC) is a breeding target due to the positive relation
between GPC and bread and pasta quality. The Gpc-B1l allele for high GPC was originally
identified in wild emmer wheat Triticum turgidum ssp. Dicoccoides accession FA15-3, hereafter
referred to as (DIC). The Gpc-B1 gene mapped on chromosome arm 6BS and is linked to
consistent GPC increases (on average 14 g/kg) in both tetraploid and hexaploid wheat. Most
importantly, differences in senescence were observed between tetraploid recombinant
substitution lines segregating for the Gpc-B1 locus. Plants with the DIC allele at Gpc-Bl
underwent earlier senescence with respect to the plants bearing the Langdon (LDN) allele being
3-4 days more advanced in their senescence process than the corresponding recurrent parent.
Accelerated senescence increases mobilization of nitrogen and minerals to developing grains.
Positional cloning identified a single gene encoding a NAC domain protein, which is mutated and
non-functional in Langdon and modern durum varieties (Uauy et al., 2006). When considering
the possibility of translating these effects in cultivated varieties, it should be considered that the
effect of the DIC allele on total kernel weight and on total protein (i.e. total protein in 1000
seeds) was not consistent and was dependent on the variety.
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Oil/Lipid metabolism

Many crop plants accumulate oils as main energy storage in seeds. This occurs also in the model
plant Arabidopsis, where massive amounts of fatty acids are stored in the seeds. The synthesis
of fatty acids occurs in seed plastids and relies on sucrose translocated from source tissues and
produced by photosynthesis. After cleavage into glucose and fructose, sucrose is processed into
pyruvate via glycolysis, and to Acetyl-CoA, which is utilised for fatty acid biosynthesis. Fatty
acids are the incorporated into triacylglycerols at the level of the endoplasmic reticulum, and
accumulated in oil bodies. Autophagic processes have been implicated in oil accumulation in
seeds. ATG5 or ATG7 are two key components of the authophagic pathway and plants in which
their expression has been abolished or enhanced show a moderate decrease and increase of
fatty acid content, respectively, compared wild-type plants. While the effect of ATG5/ATG
overexpression on oil content is minor, it adds to the concurrent effect on seed size, with an
overall increase in oil yield of 20-50% compared with the WT (Minina et al., 2018). It can be
hypothesised that more efficient mobilization of sucrose to developing seeds is the main driver
for enhanced oil accumulation in ATG5/ATG7 overexpressing plants.

Carbohydrate metabolism

Several studies have shown that yield improvements are likely to require coupling of an increase
in photosynthesis with the engineering of regulatory processes to enable toleration of higher
sugar levels (reviewed in (Paul et al., 2017)). The importance of sink strength is exemplified by
NAM RNAi wheat plants with delayed senescence and higher photosynthetic rate, which
accumulate assimilates in the stem rather that in the grains (Borrill et al., 2015). In this respect,
modulation of the levels of trehalose 6-phosphate (T6P) is a promising strategy in order to
promote photo-assimilate partitioning to seeds. Trehalose is a nonreducing glucose disaccharide
that is produced from T6P by the action of trehalose-6-phosphate phosphatase (TPP). The
increased accumulation of trehalose was initially associated with improved growth under drought
conditions (Pilon-Smits et al., 1998). T6P is a signal of sucrose status and a powerful regulator
of gene expression for growth and development through the protein kinase SnRK1. Low levels
of T6P are thought to increase sink strength by acting as a starvation signal, and thus stimulating
sucrose flux toward the sink. Thus, a decrease in the levels of T6P in the phloem vasculature
that supplies the developing grain has been proposed to increase sucrose import into the grain.
The strategy has been shown to be effective in maize expressing rice a TPP under the control of
a MADSG6 promoter, which restricts expression to reproductive tissues. This resulted in increased
yield both in the presence or absence of drought during the flowering period (Nuccio et al.,
2015). More recently an alternative approach to increase T6P levels, i.e. the application of a
plant-permeable analogues of T6P (Griffiths et al., 2016), has been shown to enhance starch
accumulation in wheat kernels linked to inhibition of ShRK1.

Another possible strategy to increase carbohydrate accumulation in seeds is the engineering of
SWEET4 proteins. SWEET4 genes encode hexose transporters involved in the uptake by the
developing seeds of hexoses generated by cell wall invertase (Sosso et al., 2015). These genes
were target for selection during domestication and modulation of their expression and/or activity
can potentially affect carbohydrate transport into developing seeds.

4.3.4 THE POTENTIAL OF TREHALOSE-6-PHOSPHATE SIGNALLING

Part of the grand challenge to improve crops yields is to combine yield potential with resilience
to abiotic stresses such as drought, the major non-biotic environmental factor that limits crops
yields. In cereals, amongst a number of approaches that could be taken, one has been to target
carbon allocation within the crop in favour of harvested ears and grain. A very direct way to alter
carbon allocation is through modification of genes involved in the process. Knowledge of the
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genes involved in carbon allocation has depended on fundamental research over a number of
years on sugar signalling i.e. to understand how plants sense and respond to carbon availability
to regulate carbon allocation. This is rather like glucose homeostatic mechanisms in mammals,
except in plants sugar homeostasis uniquely involves the sugar produced in photosynthesis,
sucrose. It has been found that trehalose 6-phosphate (T6P) is a signal of sucrose availability
acting like a plant sugar fuel gauge (Paul et al., 2018). Early promise of modifying sugar
signalling through T6P was shown in model species which delivered positive changes in growth
and development and photosynthesis (Paul et al., 2001; Pellny et al., 2004). It was subsequently
shown that T6P inhibits the feast-famine protein kinase, SnRK1 (Zhang et al., 2009) as the
underpinning mechanistic basis for linking sucrose supply with physiological processes.

A strategy was developed to target the T6P/ SnRK1 regulatory mechanism in maize to alter
carbon allocation towards female reproductive structures (Nuccio et al., 2015). This in itself
could benefit yield potential which depends on sucrose supply, but also resilience to drought.
Recently it was shown (Boyer & Westgate, 2004) that supplying sucrose to drought-stressed
developing maize cobs reduced kernel abortion. Reproductive development has a high demand
for both carbon and water and any restriction on water supply during this period can strongly
limit yields. Expression of a trehalose phosphate phosphatase (TPP) driven by a MADS6 promoter
active in female reproductive structures particularly in the phloem vasculature decreased T6P
within developing cobs resulting in a shift in sucrose and amino acids from cob pith towards
developing kernels (Oszvald et al., 2018) The altered allocation of resources could be explained
through upregulation of gene expression of SWEET sucrose efflux transporters regulated by T6P/
SnRK1. The yield improvements compared to wild type resulting from this genetic modification
were 9% to 49% under non-drought or mild drought and 31% to 123% under more severe
drought conditions. Consistent results were obtained in field trials at different sites and years.
Interestingly, modification of T6P in the maize cob resulted in an increase in photosynthesis.
This shows optimisation of source-sink as a promising way to improve photosynthesis (Oszvald
et al., 2018). There are very few examples where a transgenic modification of an intrinsic plant
process has produced a consistent and clear yield increase in the field in a food security crop.
There is only one example where genetic modification has improved performance in water-
limited environments to the point of commercial release (Nuccio et al., 2018)

The T6P/SnRK1 mechanism is amenable to improvement in other food security crops sorghum,
wheat and rice. In sweet and grain sorghum with contrasting sugar-accumulating phenotypes
(Li et al., 2019) differential T6P signal due to changes in TPPs was associated with divergent
sucrose, starch and cell wall metabolism and accumulation of different end products. This may
lead to marker-assisted selection of TPP and other genes involved in T6P signalling for
optimisation of the accumulation of different end products in crops. In wheat, the unlikely take-
up of GM crops and hexaploid genome, only recently fully sequenced, means that targeted
genetic intervention of the pathway make take longer than for other crops. However, a chemical
method has shown the potential of the pathway for yield improvement. Chemical modification
of T6P enables uptake by the crop and subsequent photo release of T6P in planta. When applied
as a spray to wheat 10 days after anthesis grain size increase up to 20% (Griffiths et al., 2016).
Importantly for genetic approaches the T6P chemical technology can be used as a chemical
genetic screen to select for most promising genetic variation in source and sink processes in
crops. Interestingly a TPP gene is associated with grain size in wheat (Zhang et al., 2017)
confirming results from chemical T6P. In rice increased expression of a TPP gene selected
through a QTL enables improved germination of rice under flooding through better mobilisation
of starch reserves (Kretzschmar et al., 2015); salt stress tolerance in rice is associated with a
trehalose phosphate synthase gene (Vishal et al., 2019).

It will be interesting and important for further improvements in crop yield and resilience to
understand how the T6P pathway has been modified through breeding and what further changes
can be made. Several T6P pathway genes are amongst those associated with domestication
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improvement in maize (Hufford et al., 2012). Interventions that modify T6P through genetic
modification in maize (Nuccio et al., 2015) and chemical application in wheat (Griffiths et al.,
2016) and natural variation in wheat and rice show the potential of the pathway for further yield
improvement and that the T6P pathway is not yet optimised in crops. Changing T6P appropriately
can relieve current limiting factors for yield formation. The T6P pathway could be involved in the
determination of both grain set as well as grain size, as sugar supply is a factor determining
initiation of female reproductive primordia (Fischer, 2007) as well as maintenance of grain
numbers once set (Nuccio et al., 2015). In other crops the potential of T6P to regulate synthesis
and partitioning between sucrose, starch, cell wall and oil and interaction with abiotic stresses
means that the T6P pathway is a dominant control point for crop traits and will likely feature
strongly in crop improvement programme in a variety of ways.

4.3.5 THE POTENTIAL OF AQUATIC SPECIES

Seaweeds, or macroalgae, have presently two major uses: as a source of human food and as
raw material for extracting colloids used as thickeners. Minor uses include fertilizers, feed,
bioenergy, agrichemicals, cosmetics, nutraceuticals, and pharmaceuticals. Around 30 million
tons of seaweed is produced per year with a value ~8,000 million euros. Growth of the sector is
around 7% per year. Almost all of the production (95%) is through aquaculture and is located
in Asia, with China being the most important producer followed by Indonesia, the Philippines,
South Korea, and Japan (Ferdouse et al., 2018). Around 10,000 species of macroalgae are
known, 500 have been used by humans, but only around 200 are cultivated in aquaculture. In
addition, five genera represent more than 95% of the production and value: the brown algae
Saccharina (kombu) and Undaria (wakame), and the red algae Pyropia (nori),
Kappaphycus/Eucheuma and Gracilaria (Chopin & Sawhney, 2009). Green seaweeds are less
used, but genera like Ulva and Caulerpa are cultivated.

Direct human consumption

Seaweeds have been used as a food source for at least 4,500 years (Tseng, 1981) and are
increasingly consumed as “sea vegetables”. They are typically sold dry and are rehydrated before
consumption. Seaweeds are rich in minerals, such as magnesium and iron, and especially iodine,
fibers, and for some species, such as nori, in protein. Presently, no species is known to be toxic,
although high levels of arsenic is a problem for some species. In addition, some species are good
sources of vitamins A, K, and B12. Content of lipids and digestible carbohydrates are typically
low. Algae are mostly consumed in Asia, especially in China, Korea and Japan. Seaweeds are
used as a vegetable, a source of umami and thickener of broth in the Asian cuisine. Consumption
in Europe is limited but increasing and the potential for increased use is high. Over 80% of the
commercially available algae are used for human consumption (Chopin & Sawhney, 2009).

Industrial use

The cell walls of red and brown macroalgae are typically rich in charged, sulfated or carboxylated
polysaccharides such as agars (agar-agar), carrageenans and alginates that have the capacity
to form gels or increase viscosity of solutions. Seaweed-derived products represent 40% of
hydrocolloids used in the food industry. Agars are typically extracted from different species of
the red algae Gracilaria spp. and are mainly used in food. Carrageenans are extracted from other
red algal species of Chondrus, Eucheuma, and Kappaphycus and are used as thickeners in dairy
products. Alginates are extracted from brown algal species such as Laminaria, Ascophyllum, and
Saccharina. They are principally used as thickeners, gelling agents and emulsifiers in the food
industry. Furthermore, hydrocolloids are used in research, medicine and biotechnology. A part
of the algal production is also used in agriculture as fertilizers to improve soil characteristics, as
growth stimulators and inducers of defense mechanisms for plants.
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Algae for industrial use is partially from aquaculture, e.g. most of the red algae; however, a part
of the algae used for production of hydrocolloids and algae that are used in agriculture derive
from the collection of wild algae, e.g. brown algae such as Laminaria spp. in Norway and France.

Aquaculture

Aquaculture of seaweeds takes place in over 50 countries. With an annual growth rate of 11.2%
(2005-2016), seaweed is the most rapidly expanding aquaculture sector (Ferdouse et al., 2018).
The algae are usually cultivated attached to ropes tied to floating structures on the surface of
near shore waters or attached to the sea bottom. The brown algae and nori are typically seeded
to ropes and nets and grown to maturity. The red algae Gracilaria, Eucheuma, and Kappaphycus
are often grown on ropes through vegetative propagation from fragments.

Aquaculture of seaweeds have some advantages compared terrestrial production. Present
production is at sea meaning that there is no competition for cultivable surface with terrestrial
plants. There is, however, some competition for available plots from other aquaculture activities
such as fish and shellfish culture. However, increased interest for integrated multi-tropic
aquaculture has been introduced for algal cultivation to increase nutrient availability for the algae
and reduce the environmental foot print of animal aquaculture. If off-shore cultivations of
seaweeds can be realized the potential area for cultivation is also virtually unlimited.

Differences in stressor importance for subtidal and intertidal species can be used as a way of
improving productivity in seaweed aquaculture. For instance, daily exposure to air in cultures of
the red alga nori (Porphyra and Pyropia species) is used to control grazers, diseases, and
epiphytes. The intertidal nori is more stress tolerant compared to subtidal epiphytes. The culture
of the large brown algal kelps (Laminaria, Undaria and Saccharina species) is essentially
immersed. The depth can be used to control, to an extent, light intensity, nutrient availability
and temperature; since light and temperature typically decrease with depth while nutrient
concentrations increase.

Costs for seaweed aquaculture is lower compared to fish aquaculture and can thus represent an
interesting alternative or additional occupation for coastal communities. Seaweed cultivation
does not require freshwater and removes nutrients from the surrounding seawater, potentially
improving local water quality. The absence of competition with terrestrial plants make algal
aquaculture an especially interesting candidate for increased food production. However,
presently, there is an increased interest in on-shore algal cultivation to increase control and
quality of the produced algae.

It should be noted that even though strain selection has been used in algal aquaculture, for
example in Saccharina japonica to increase tolerance to unfavorable conditions, the potential for
strain improvement through classical breeding is very high (Zhao et al 2016). One important
parameter that is limiting this progress is the lack of complete life cycle control for some species.
For example, Gelidium species that are used as a source of high quality agarose are typically
harvested from wild populations rather than grown in aquaculture. In addition, with increasing
knowledge in seaweed physiology and genetics new strains could also potentially be created
using molecular biological tools (e.g. CRISPR/Cas9 and molecular breeding techniques).

Abiotic constraints

Seaweeds are found naturally in two relatively distinct environments: the intertidal zone and the
subtidal zone. Organisms growing in the subtidal zone will, by definition, grow covered with
seawater all the time and organisms growing in the intertidal zone will be more or less exposed
to the atmosphere during low tide. Because of the changing tidal amplitudes with location, time
of the lunar cycle and time of the year, intertidal seaweeds can be exposed to the atmosphere
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either for hours every day or for a short duration twice a year. Examples of species that live high
up in the intertidal and are emersed for hours every day are Ulva, Fucus and Porphyra species
and examples of species that are rarely emersed are the big kelps such as Laminaria spp. and
Saccharina spp. (Hurd et al., 2014).

In the subtidal environment the algae are constantly protected and constrained by the presence
of seawater. This means that they are affected by the buffering capacity of the seawater
implicating slower changes in temperature, salinity, dissolved inorganic carbon, pH, etc. This
also protects the algae from meteorological phenomena such as rain and wind. The constraints
include lower light, due to the shielding by seawater, higher competition and grazing. Algae that
grow deeper down and thus at lower light intensities typically adapt to the lower light by
increased pigments and larger antennae sizes to optimize photosynthesis (Ramus et al.,
1976a,b).

Seaweeds growing in the intertidal will be subjected to both seawater and the atmosphere. This
means that intertidal seaweeds during low tide are subjected to high light intensity, due to the
absence of covering seawater, desiccation, caused by evaporation, osmotic stress, due to rain
and freezing during the winter in temperate regions. As a consequence, intertidal seaweeds are
typically more resistant to physical stressors compared to subtidal species. One part if this
resistance is thought to be the reduced production of and the increased resistance to reactive
oxygen species of high intertidal species. Seaweeds growing higher up in the intertidal tend to
have higher concentrations of antioxidants, such as vitamins, and higher activity of reactive
oxygen scavenging enzymes such as catalase and superoxide dismutase (Collén & Davison,
1999). In addition, since algae take up nutrients from the seawater, uptake is reduced during
emersion, potentially leading to nutrient constraints. However, due to the harsher environment,
typically the biological stressors, such as competitors and grazers, are less important in the
intertidal zone. This means that, in general, intertidal seaweeds are more tolerant to abiotic
stressors and subtidal species more tolerant to biotic stressors.

Nutrients

Similar to terrestrial agriculture, nutrients are essential for algae aquaculture. Nutrient
conditions vary considerably with location due to efflux from shore, but availability is also
strongly influenced by water movements due to currents. For a species like nori, nitrogen
concentration should be above 15 pM to achieve the highest quality (Hurd et al., 2014). Low
levels of nutrients cause loss of pigmentation in nori culture, which results in a reduction of
photosynthesis and lower value since coloration is a quality criterion. Furthermore, low nutrients
will reduce the levels of free amino acids reducing the taste and value of the algae. Increased
nutrients have been achieved by nutrient addition, however, increased environmental concern
coupled with legislation has made fertilization of algae more complex. Integrated multi-tropic
aquaculture has been introduced to increase nutrient availability for algal cultivation. This can
include for example the co-cultivation of fish, mussels and algae were the algae are fertilized by
the fish and mussel cultivation and thus reduce the environmental impact as well as improving
the algal aquaculture.

In seaweeds there is typically a correlation between increased rates of nutrient uptake with
increased surface to volume ratios, typically with higher uptake rates in annual fast growing
species. This is compensated in more compact species with a larger capacity for storage of
nutrients (Raven & Taylor, 2003).
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4.3.6 IMPROVING PHOTOSYNTHESIS

The primary determinant of a crop’s biomass is the cumulative photosynthesis, less respiratory
‘losses’, over the growing season (Ort et al., 2015). Despite its importance, photosynthesis has
a quantum efficiency well below its theoretical maximum with around 2 percent of the energy
from sunlight being converted into plant growth. Light conversion efficiency is therefore a prime
target when aiming to increase crop yield by raising the photosynthetic performance (Long, et
al., 2015; Zelitch, 1982). Moreover, there is compelling evidence from free air CO2 enrichment
experiments that, provided other constraints do not become limiting, increasing photosynthesis
does increase crop yields (Ainsworth & Long, 2005; Long et al., 2006). Despite its promise
increasing the efficiency by which energy in the form of light is converted to biomass through
the highly complex process of photosynthesis is, however, still a largely unexploited route to
increase yields and has not yet been a target of direct selection.

Numerous potential targets have been identified that could be manipulated to increase crop yield
through improvement of photosynthesis. Due to the complexity of the photosynthetic process in
plants, these are varied, encompassing quite diverse metabolic and physical processes at the
cell, leaf and canopy scale. Here we give a few examples of the approaches and progress that
has been made which are related to subsequent sections on modelling of crop yield. We urge
the reader to link these to the related case studies further in the document which integrate with
abiotic stress, crop resource capture and use and quality.

Optimising light capture and the efficiency of light conversion to plant biomass

The light reactions of photosynthesis concern the capture of light energy by chlorophyll and
associated pigments, oxidation of water, and electron transport through the photosynthetic
apparatus in the chloroplast membrane resulting in generation of NADPH and ATP (Long et al.,
2015). To improve photosynthetic performance in land plants, earlier studies mainly focused on
the modification of single or small sets of genes involved in biosynthetic or regulatory pathways
that had been identified as bottlenecks in processes related to CO: assimilation. Recent
approaches in crop plants aim to optimize the photosynthetic light reactions and their associated
regulatory mechanisms to increase yield and plant biomass.

In silico simulations of photosynthesis in crop-canopy-like conditions of shade and sun revealed
that making light adaptation (physiological responses) faster should increase photosynthesis. In
crops in the field the light available for photosynthesis fluctuates continuously, as clouds cross
the sun, as the wind moves the leaves, and as the movement of the sun causes shadows to
move across leaves. If it were perfectly efficient, photosynthesis would respond immediately to
these rapid fluctuations in light, but this is not the case. Slow adjustment of photosynthesis to
the new light conditions results in a loss of potential carbon uptake.

Manipulation to increase faster light adaptation of crops would not only increase yield but also
be predicted to have a significant environmental impact because it would increase resource use
efficiency (i.e., increase the amount of CO2 assimilated both per unit of water transpired by
plants and per unit of nitrogen incorporated into plant leaves).

I. Improving photosynthesis by faster recovery from photoprotection

The photosynthetic apparatus is often capturing more light energy than it can utilize and is
therefore saturated. If chlorophyll molecules remain in an excited state, the excitation energy
can be transferred to oxygen, producing singlet oxygen and subsequently a range of oxidising
radicals. These in turn can damage the photosynthetic apparatus (Aro et al., 1993; Long et al.,
1994). Plants protect the photosynthetic apparatus against excess radiation by changes within
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the apparatus induced through a process involving the de-epoxidation of the xanthophyll
pigment violaxanthin to zeaxanthin and rearrangements within the antenna systems. This result
in dissipation of absorbed excess energy harmlessly as heat (Ahn et al., 2008; Havaux & Niyogi,
1999; Muller, et al., 2001). In a crop canopy, photosynthetic tissue can pass rapidly from
saturating light to low light due to clouds and leaf self-shading. In this scenario photosynthetic
tissue is transferred from light saturation to light limitation, and dissipation, i.e. the protection,
of absorbed light energy as heat will lower the efficiency of photosynthesis. Modelling of the
dynamics of these light fluctuations shows that this could cost up to 20-30% of the potential
CO2 assimilation (Zhu et al., 2004). It has been shown that bioengineering of an accelerated
response to natural shading events in Nicotiana (tobacco), results in increased leaf carbon
dioxide uptake and plant dry matter productivity by about 15% in fluctuating light (Kromdijk et
al., 2016). Two genes involved the reversible conversion of zeaxanthin to violaxanthin and one
gene involved in the rearrangements of the antenna systems were overexpressed in the better
performing Nicotiana plants. The photoprotective mechanism that has been altered in this work
is common to all flowering plants and crops, the findings provide proof of concept for a route to
obtaining a sustainable increase in productivity for food crops and a much-needed yield jump.

An important lesson learned from these proof-of-concept studies is the complexity of the trait at
the field and canopy level and the evidence that the expression of several genes around a specific
trait might need to be co-regulated in order to yield benefits. In the case of photoinhibition
where solely upregulating one central genetic component, PSBS, in rice led to a reduction of
CO2 assimilation at the leaf level (Hubbart et al., 2012). However when grown to full canopy
size in fluctuating light, rice plants with higher PSBS had higher radiation use efficiency and yield
(Hubbart et al., 2018) showing the important role of photoprotection in enhancing productivity.

II. Improving photosynthesis by faster light induction of the Calvin cycle

There is similarly, a delay in achieving maximum photosynthetic efficiency when leaves are
transferred from the shade to sun. This delay is associated with the activation of the central
carbon fixing enzyme Rubisco, and has been identified in species including spinach, tobacco and
soya bean (Hammond et al., 1998; Soleh et al., 2016; Woodrow & Mott, 1989). In wheat,
measurements of dynamic limitations affecting COz assimilation combined with a realistic model
of a field crop light environment indicated that the slow adjustment of photosynthetic
biochemistry during shade to sun transitions reduces photosynthesis by 21% compared with a
scenario of perfect efficiency (Taylor & Long, 2017). Over-expression of an Rca from maize, the
gene coding for Rubisco activase, in transgenic rice resulted in a slightly increased speed of
induction at 25°C (Yamori et al., 2012). There is also evidence from wheat diversity panels, for
significant genetic variation in the speed at which the rate of carboxylation by Rubisco, Vcmax,
increases following shade-sun transitions (Salter et al., 2019). The reports provide evidence for
a route to obtaining a sustainable increase in productivity in all food crops.

Measurement of variation in the speed of induction in photosynthesis on shade-sun transition
within the 42 parental lines of the nested association mapping (NAM) of soybean showed
considerable genotypic variation, although less so in relaxation on non-photochemical quenching
(NPQ). Integration of this variation into a ray-tracing canopy model of soybean showed that
utilization of this genetic variation could increase canopy photosynthesis by 20% (Soleh et al.,
2017).

III. Increasing electron transport rates leads to yield gains in biomass

The cytochrome b6f complex connects electron transport from photosystem II to photosystem I
and it has been shown that the cyt b6f complex is a potential limiting step in the electron
transport chain. This suggests that, by increasing the activity of this complex, it may be possible
to increase the rate of photosynthesis. In a recent study (Simkin et al., 2017), transgenic
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Arabidopsis (Arabidopsis thaliana) plants overexpressing the Rieske FeS protein (PetC), a
component of the cytochrome b6f (cyt b6f) complex, were generated. Increasing the levels of
this protein resulted in concomitant increases in the levels of cyt f (PetA) and cyt b6 (PetB), core
proteins of the cyt b6f complex. Interestingly, this led to an increase in the levels of proteins in
both the photosystem I and photosystem II complexes. Importantly, overexpression of the
Rieske FeS protein resulted in substantial and significant impacts on the quantum efficiency of
PSI and PSII, electron transport, biomass generation, and seed yield in Arabidopsis plants. These
results demonstrate the potential for manipulating electron transport processes to increase crop
productivity.

IV. Adjustment of antenna pigment composition

Another approach suggested as beneficial from modelling is to reduce the antenna size of the
photosystems in upper canopy leaves. The antennae contain the chlorophyll molecules that
capture light energy and feed it to the photosystem centers (PSI and PSII) that drive electron
transport. These antennae are under many environmental conditions too large, trapping more
light energy than they may use. This may have been beneficial in the wild, where an individual
when trapping more light in its upper leaves denies light to competing plants underneath, even
if it cannot itself use the light. However, in a crop monoculture, it is a disadvantage as utilising
the light-harvesting capacity of leaves in the entire canopy may give increased productivity.
Therefore, reducing antenna size could save resources and allow more light to reach lower leaves
(Ort et al., 2011). Chlorophyll-a-oxidase has been reported to be related to antenna size
(Masuda et al., 2003) and can thus be a target for manipulation to increase light capture
efficiency and assimilation. This approach does not require alterations in canopy architecture
which could be combined to further enhance the distribution of light transmission.

V. Decreasing photorespiratory costs

Net carbon capture is catalysed by Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase).
However, Rubisco is flawed and some of the enzymes characteristics severely compromise
photosynthetic productivity. Between 20-50% of the time Rubisco reacts with oxygen molecules
instead of fixing CO2. Rubisco catalyses a wasteful reaction with oxygen instead of fixing CO..
Photorespiration is the process plants use to handle the toxic products of the reaction with Oz
and to restore carbon to the Calvin Benson cycle. However, photorespiration is wasteful releases
some of previously fixed CO2 and NHs and consumes energy. Regional scale models show that
photorespiration currently decreases US soybean and wheat yields by 36% and 20%,
respectively, and that a 5% decrease in the losses due to photorespiration would be worth
approximately $500 million annually in the United States alone (Walker et al., 2016). The
negative impact of photorespiration will increase as the planet warms because as it gets warmer
Rubisco has more difficulty selecting CO2 from 02, causing more photorespiration.

Since the discovery of photorespiration it has been seen as an important target for crop
improvement (Zelitch & Day, 1973). One strategy is to decrease the costs associated with
photorespiration by introducing novel metabolic pathways to recycle the products of Rubisco
oxygenation more efficiently; several alternate pathways have been proposed and have already
achieved some success (Peterhansel et al., 2013). Introducing a photorespiratory bypass to
Arabidopsis thaliana to recapture the photorespired CO2 within the chloroplast increased rates
of photosynthesis and biomass production in both chamber and greenhouse experiments
(Kebeish et al., 2007; Maier et al., 2012). Computer simulations of these alternative pathways
highlighted the importance of not only optimising gene expression to achieve maximum flux
through the alternative pathway but also decreasing flux through the current pathway in order
to maximize the benefits for crop plants under field conditions (Xin et al., 2015).
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This approach have since been pursued in economically important agricultural model crop
Tobacco where they evaluated 3 pathways (South et al., 2019). Over two years of replicated
field trails, they demonstrated that the best performing engineered plants produced about 40
percent more biomass than the controls. Promising 7-27% grain yield increases have also been
reported following introducing the alternative photorespiratory pathway rice (Shen et al., 2019)
where the photorespiratory rate was suppressed by 18%-31% compared to normal, the
photosynthetic rate increased by 15%-22%. The biomass of engineered rice plants was 14%-
35%. Similar promising results have been reported for the oilseed crop Camelina sativa (Dalal
et al., 2015) suggesting this approach will be used to improve the yields of a wide range of C3
crops (South et al., 2018).

VI. C4 and CO2 concentrating mechanisms

Alternatively, the inefficiency of rubisco can be greatly decreased by increasing the concentration
of CO2 around the enzyme. Some photosynthetic algae, bacteria, and plants have evolved
mechanisms to decrease the oxygenation reaction of Rubisco by carbon-concentrating
mechanisms (CCMs). One of nature’s answers was C4 photosynthesis. In C4 photosynthesis the
biochemistry is segregated into specialized cell types: in the mesophyll cells, which are in contact
with the intercellular air spaces, gaseous CO: is initially fixed by PEPC into C4 acids. The C4 acids
are then transported to deeper, gas-tight, bundle sheath cells where decarboxylation occurs
releasing CO2 which is then recaptured by Rubisco. Because C4 photosynthesis increases the
CO:2 concentration within the bundle sheath 10-fold, the wasteful ‘oxygenase’ activity of Rubisco
is almost entirely suppressed (Carmo-Silva et al., 2008). C4 photosynthesis has evolved
independently more than 60 times (Sage et al., 2012), providing a widespread and effective
solution that overcomes the oxygenase activity of Rubisco and C4 photosynthesis is thus more
efficient than C3 photosynthesis. In addition, C4 species generally also have greater water use
efficiency, better nitrogen use efficiency and higher-temperature tolerance than C3.

This is certainly an ambitious goal, requiring anatomical and biochemical changes which is high
risk but the potential benefits are enormous. Many of the necessary building blocks are already
available within the C3 crops and recent developments in computation, and biotechnology make
success a more realistic proposition and is being pursued within the C4 rice project
(https://c4rice.com/). Substantial progress has been made in developing a toobox has already
been made (Ermakova et al., 2019), C4 photosynthesis requires that both bundle sheaf and
mesophyll cells not only contain the correct components but that they are also expressed and
regulated correctly to be functional which will require additional iterative tuning cycles
(Ermakova et al., 2019).

An alternative approach that does not require the anatomical changes is to exploit the
cyanobacterial carbon concentrating mechanisms into the chloroplasts of C3 crops in which
Rubisco is packaged inside carboxysomes (Price et al., 2013). Modelling has suggested this could
increase the crop yield by over 30% (McGrath & Long, 2014). Substantial progress has been
made in expressing both alpha and beta forms of the carboxysomes in plants (Lin et al., 2014),
but to be effective the rest of the cyanobacterial system must also be present. This should be a
straightforward engineering project.

Summarizing, from current success stories on improving photosynthesis it became clear that the
adjustment of regulatory processes around the photosynthetic light reactions provides great
potential for its optimization. Future considerations might also include the simple elimination of
regulatory processes that allow plants adapt to variable light conditions that are dispensable
when crops are grown. In principle, deleting all but the absolutely essential regulatory
mechanisms should make more energy available for biomass production and increasing yield.
The here discussed approaches offer the prospect of a renewal of the Green Revolution, which
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is urgently required to meet the continuously increasing demand for superior high-yield crop
varieties for human sustenance and industrial applications in the future.

4.3.7 INCREASING ORGAN GROWTH AND DEVELOPMENT

A key option to improve plant yield is to improve both intrinsic plant growth and/or plant growth
resilience to abiotic stresses. Plant growth is controlled by complex, highly interconnected
networks of regulators integrating many different signals (light, sugars, water availability,
minerals, etc.) and translating these inputs in the activity of the cell cycle and/or cell expansion
machinery. Despite the undeniable importance of roots for plant growth and development, leaves
contribute most to vegetative plant biomass. Leaves are a direct source of food, feed, bio-
materials and bio-energy and the primary organs for photosynthesis, serving as major carbon
and energy producing factories allowing plants to sustain their growth, to complete their life
cycle and to form other organs of agricultural importance, such as seeds and fruits (Barber,
2009; Demura & Ye, 2010; Tsukaya, 2013; Zhu, et al., 2010). These features render leaves the
predominant organs contributing to plant yield, making leaf size and shape control a highly
important field of study.

Distinct aspects of leaf development and the underlying molecular networks are being revealed
with an increasing pace (Gonzalez et al., 2012; Hepworth & Lenhard, 2014; Nelissen et al.,
2016; Powell & Lenhard, 2012; Vercruysse et al., 2019). In addition, an increasing number of
studies indicate that the cellular and molecular mechanisms governing leaf growth in eudicots
and monocots are largely conserved (Liu et al., 2009; Nelissen et al., 2016; Peterson et al.,
2010; Raissig et al., 2017). Leaf development is a multifactorial and dynamic process including
at least six major cellular mechanisms that contribute to leaf size and/or leaf shape
determination: (1) the number of cells recruited to the organ primordium (Efroni et al., 2010;
Kalve et al., 2014; Reinhardt et al., 2000), (2) the rate and (3) duration of cell division
(Andriankaja et al., 2012; Donnelly et al., 1999; Gonzalez et al., 2012), (4) the rate and (5)
duration of cell expansion and (6) the extent of meristemoid division, the re-iterative asymmetric
division of stomatal precursor cells (Bergmann & Sack, 2007; Geisler et al., 2000; Larkin et al.,
1997). Impinging on one of these processes often results in an alteration in cell number and/or
cell size, affecting final leaf size and/or leaf shape (Gonzalez et al., 2012; Nelissen et al., 2016;
Vercruysse et al., 2019). Over the last years, various regulators of leaf size, shape and
differentiation, their targets and/or interacting proteins and the interactions between these
genes were described, though mainly focusing on model crops (Beemster et al., 2005; Gonzalez
et al., 2012; Hepworth & Lenhard, 2014; Nelissen et al., 2016; Tsukaya, 2013). Leaf growth
regulatory genes encode proteins of diverse functional classes involved in the regulation of a
single or multiple cellular processes (Gonzalez et al., 2010; Hepworth & Lenhard, 2014; Krizek,
2009). An example of a leaf growth regulatory module with highly conserved functions in
numerous eudicot species is the PEAPOD (PPD)-KINASE-INDUCIBLE DOMAIN INTERACTING
(KIX) module, interacting transcriptional regulators that repress meristemoid cell division
(Baekelandt et al., 2018; Gonzalez et al., 2015; Vercruysse et al., 2019; White, 2006). Upon
down-regulation of the PPD/KIX complex or up-regulation of STERILE APETALA (SAP), mediating
post-translational degradation of the PPD/KIX complex, meristemoid cell division is significantly
increased resulting in shoot biomass increases of up to ~50% in a broad range of species,
including Medicago truncatula (medicago), Vigna mungo (black gram) and poplar (Ge et al.,
2016; Li et al., 2018; Naito et al., 2017; Wang et al., 2016; Yordanov et al., 2017). In Glycine
max (soybean), down-regulation of the PPD orthologues was even shown to also significantly
increase seed size, weight and amino acid content (Ge et al., 2016; Kanazashi et al., 2018;
Naito et al., 2017). The strong effects on distinct plant organs in various plant species exemplifies
that impinging on key leaf growth regulatory pathways such as the PPD-pathway offers great
potential to increase plant yield.
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Leaf cells have the unique capability to loosen or tighten their primary walls rapidly, in less than
a minute in some cases, revealing that the molecular processes underlying irreversible wall
expansion are dynamically controlled. A short list of potential molecular actors is now well
established although for most of them, their exact role on cell wall extensibility remains to be
precised. On the top of this list are the cell wall protein expansins known for a long time to play
a crucial role on wall loosening (Cosgrove, 2000a, 2000b), but also on integrating various
developmental, genetic and environmental sources of growth variation (Muller et al., 2007).
Pectin materials are also identified as key component of cell wall mechanics and therefore growth
control (Phyo et al., 2017). Finally, the most recent discoveries point towards the role of wall
sensor pathways such as FERONIA (Li et al., 2016) and THESEUS (Hematy et al., 2007). How
these molecular actors coordinate the response to environmental stresses is of crucial
importance. Indeed, any growth modification in plant leaves is matched (and possibly controlled
by) changes in cell wall properties in both the short and the long term (Cosgrove, 2018).
Particularly relevant will be a better understanding of their link to the water fluxes towards the
growing cells which ultimately must match the growth in volume of any organ (Touati et al.,
2015).

Besides extending the knowledge on individual cellular mechanisms and regulators, it will also
be crucial to analyze how genes, at the network level, cooperate to exert specific functions and
to reveal the connections between the different networks. Understanding the instructor networks
that govern organ size under normal, as well as stress conditions will have a major impact on
agriculture, both by further enabling our ability to direct plant breeding and by enhancing the
success rate in designing higher yielding crops. Despite the numerous biological insights,
however, we are still far from reaching the point where, even in model species like Arabidopsis
thaliana (Arabidopsis), we have a complete view of all the growth regulators, how these are
organized in gene regulatory networks and the interconnections between these networks. Next
to classical forward and reverse genetics, mapping of quantitative trait loci (QTL) and genome-
wide association studies (GWAS) are currently the preferred means to identify genetic variants
influencing organ growth. More recently, CRISPR/Cas technology became a game-changing
technology that is revolutionizing our ability to modify favorable traits in crops. The impact of
CRISPR/Cas is likely to be tremendous and almost on a daily basis, novel applications are
reported, such as gene activation, chromatin remodeling and multiplex genome editing. To
improve specific plant traits such as organ growth, both coding sequences and cis-regulatory
elements (~short DNA motifs bound by transcription factors) could be targeted with a
CRISPR/Cas genome editing approach (Fauser et al., 2014; Feng et al., 2013; Swinnen et al.,
2016). Targeting the coding sequences of growth regulatory genes may, however, result in
pleiotropic effects that are unprosperous for farming purposes. In contrast, targeting and
inducing sequence variation in cis-regulatory elements involved in e.g. transcriptional regulation,
may allow to modify a specific aspect of the gene expression profile, such as the developmental
timing and/or tissue specificity, and may therefore be of substantial interest for biomass and
food production on earth (Swinnen et al., 2016). Also the further development of systems biology
approaches will render endless possibilities for improving organ growth. Co-regulated gene sets
could for instance be used as input to identify cis-regulatory elements mediating condition-
dependent transcriptional activity during development, in different organs, cell types, or in
response to various signals. Such knowledge could ultimately be used to assembly synthetic
chromosomes (or sections thereof) and/or to generate minimal plant genomes as a chassis for
various applications, such as improving organ growth.

To be able to probe the role of the newly identified players or growth regulatory networks in
organ growth and development, also detailed phenotyping will require further development, both
in the context of growth chambers (cellular and leaf level), greenhouse (whole plant level) and
field (canopy). In parallel, also the development and application of novel bioinformatics methods
will be a requisite, allowing comparative sequence and expression analysis, network biology, the
identification of conserved non-coding sequences and data integration (Van de Velde et al.,
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2014; Van de Velde et al., 2016). Ultimately, mathematical modeling may enable us to fully
grasp the complexity of the organ growth machinery.

To summarize, increasing organ growth offers huge potential for increasing plant yield. In the
future, the aims for organ growth research are (1) to expand the existing growth regulatory
networks and study their interconnectivity, (2) to engineer the regulatory networks to identify
favorable gene combinations, (3) to visualize the gene regulatory networks in a spatial and
temporal context, (4) to change the conformation of the network in such a manner that e.g. the
timing of cell division during growth is extended, and (5) to probe the networks under
agronomical conditions to facilitate the transfer of the knowledge on these networks to value for
society. However, the impact of manipulations must be optimized for the performance of the
whole canopy and not just individual organs.

4.3.8 INCREASING LEAF LONGEVITY, CARBON AND NUTRIENT REMOBILIZATION AND
PARTITIONING

Providing N fertilizers to crops is essential for plant growth, efficient photosynthesis and then
plant yield. However, N fertilizers are responsible of a large part of the GHG emissions. To
increase the performances of plants without increasing the use of fertilizer it is interesting to get
insights on the nutrient recycling and remobilisation processes that plant use to save nutrients.
It is also important to understand how nutrient partitioning is regulated and modified according
to developmental stages and environmental constraints. The studies of the impact of the
recycling pathways on the plant lifespan, nutrient partitioning, seed production and the seed
filling is essential to improve significantly nitrogen use efficiency under reduced fertilizer
conditions for healthy planet.

Controlling leaf longevity for better nutrient use efficiency

Nutrient recycling mainly occurs in senescent plant organs. Then it is important to study the
molecular basis of leaf senescence, and at first the regulation of leaf senescence. Leaf
senescence is controlled by both endogenous and exogenous factors and governed by several
transcription factors that mainly belong to the NAC and WRKY families. Amongst them, the
NAMB1 NAC factor was demonstrated in wheat to control positively leaf senescence, protein, Fe
and Zn contents in grains, but negatively grain yield (Uauy et al. 2006; Waters et al. 2009).
Other important leaf senescence regulatory genes have been identified in several plant species.
One of them is ATAF1 that negatively regulated GLK1, which is important for chloroplast
maintenance, and positively regulates ORE1 which is another important TF involved in
senescence onset (Garapati et al. 2015; Rauf et al. 2013). The atafl mutants present better leaf
longevity thus prolonged photosynthesis and better resistance to several environmental
stresses. Interestingly ATAF1 is regulated by SNRK1 that with the TOR kinase control plant
growth in response to the C and N status of plant tissues. The impact of the regulatory genes of
the leaf senescence program on photosynthesis, nutrient partitioning, nutrient translocation and
grain productions needs further investigations to understand how all these gene interact together
to control leaf longevity, chloroplast maintenance and then plant growth and nutrient recycling
all along the plant lifespan.

Modifying autophagy for chloroplast quality control during senescence and response
to stresses

Mechanisms involved in chloroplast maintenance, quality control and at the reverse chloroplast
degradation are then very important for photosynthesis and carbon fixation, and also for
nitrogen management as chloroplast is the main proteinaceous N resource in plants. It was

40



THIS PROJECT IS FUNDED BY THE

EUROPEAN UNION HORIZON 2020 RESEARCH
AND INNOVATION PROGRAMME UNDER
GRANT AGREEMENT 817690

recently demonstrated that autophagy that is regulated by both TOR and ATAF1 is very
important for leaf longevity and organelle (especially chloroplast) quality control. There are
several publications that demonstrated that autophagy is essential for leaf longevity, efficient
nutrient remobilization and plant yields (Chen et al., 2019; Yu et al., 2019). All the ATG genes
involved in the autophagy core machinery are important for macro- and micro-nutrient (Fe, Zn,
Mg) recycling processes (Pottier et al., 2018). In addition, genes regulating and fine tuning
autophagy activity in response to environmental stresses are potential interesting targets.

TOR and SNRK1 in plant growth and nutrient management

The antagonist TOR (Target of Rapamycin) and SnRK1 (Snfl-related kinase 1) are activated by
nutrient and starvation or stress, respectively (Dobrenel et al., 2016). They play paramount
roles in the regulation of nutrient use and storage through the control of autophagy, starch and
lipid synthesis. TOR generally inhibits autophagy but also controls general root and shoot as well
as the switch to autotrophic growth.

Partitioning of carbon and nitrogen between sources and sinks

An important component of plant productivity and nutritional value of harvested parts in plants
is the partitioning of organic carbon (C) and nitrogen (N) compounds among the various organs
of the plant. It is mediated by the vascular system and driven by a series of transport steps
including export from sites of primary assimilation, transport into and out of the phloem and
xylem, and transport into the various sink organs. Manipulating C and N partitioning to enhance
yield of harvested organs has been at the basis of crop domestication and it remains a major
avenue for increasing yield, stress resilience and nutritional value of seeds (Yadav et al., 2015).
Research on the biochemistry, molecular and cellular biology, and physiology of C and N
partitioning has now matured to an extent that strategic manipulation of these transport systems
through biotechnology are being attempted to improve movement from source to sink tissues in
general, but also to target partitioning to specific organs.

Boosting export by the leaf would be necessary if photosynthesis was enhanced. Main actors of
the apoplastic loading are sucrose (SWEET and SUT) transporters. For instance, AtSUCI,
AtSUC2, and ZmSUT1 (a Zea mays gene from a different SUT subfamily) rescued phloem loading
in the Atsuc2-4 mutant (Dasgupta et al., 2014). At the other end of the pathway, apoplastic
unloading (as it occurs in seeds, seprated from the maternal tissue) need to be enhanced. Over-
expression of sugar transporter AtSTP13 in Arabidopsis seedlings increases Glc uptake by the
seeds, and increased biomass in the plant (Schofield et al., 2009). Conversely, in tomato, RNAI-
mediated knockdown of the high affinity hexose transporter gene LeHT led to a massive decrease
in fruit hexose accumulation (McCurdy et al., 2010). Similarly to attemps to boost sucrose
loading and unloading, several attemps are made to manipulate N partitioning. For instance,
(Zhang et al., 2015) combined “push” and “pull” strategy for enhancing N transport to developing
pea seedling by overexpressing PsAAP1 (Amino Acid Permease 1) with Arabidopsis AtAAP1
promoter. This area of research clearly deserve future attention because of the many feedbacks
and pleiotropic effects of the genes identified along the various pathways. Increased yield may
not always be expected from increased sink activities. Indeed, a recent successful example
showed that inhibiting expression (suing CRISPR technology) of the rice amino acid transporter
OsAAP3 increased grain yield due to a formation of larger numbers of tillers as a result of
increased bud outgrowth (Lu et al., 2018).

Remobilization of organic nitrogen during leaf senescence
It is widely accepted that glutamine and asparagine that have two nitrogen atoms per molecule

are the preferential source to sink amino acid forms in plants. Glutamine synthetases, asparagine
synthetases and glutamate synthases are then important enzymes for source to sink mobilization
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(Martin et al., 2006; Lothier et al., 2011; Quraishi et al., 2011). Amino acid transporters located
in the vacuole or plasma membranes of source cells and in the phloem are also important. The
amino acid permease 2 (AAP2) plays a role in the source sink nitrogen remobilisation (Zhang et
al., 2010). The aap2 mutants exhibit delayed leaf senescence, more branched inflorescences
and higher seed yield. AAP8 expressed in phloem of the source leaves is important for N
remobilisation to the seeds (Santiago & Tegeder, 2016). In the aap8 mutants the decrease of
amino acid phloem loading leads to lower silique and seed numbers. The UmamiT11, UmamiT28,
UmamiT29 transporters are highly up regulated in senescing leaves and play a role in seed filling
(Mueller et al., 2015). The loss-of-function mutants accumulate high levels of free amino acids
in fruits and produce smaller seeds. Similarly, the UmamiT18 was shown to modulate amino acid
contents in the siliques (Ladwig et al., 2012).

Remobilization of inorganic nitrogen from senescing organs

It is likely that inorganic nitrogen remobilisation during leaf senescence also exists and depends
of the size of the inorganic N pools stored in the leaves before senescence onset. Plants that
have received large or sufficient amounts of nitrate have nitrate reserves stored in their vacuole
to remobilize, which is not the case of nitrate-limited plants. The fact that some nitrate,
ammonium and urea transporters are induced during leaf senescence suggests that they
participate to the remobilisation of inorganic nitrogen from senescing tissues (Kojima et al. 2007;
Bohner et al., 2015). The studies of the Nrt1.7 and NRT2.5 nitrate transporters strongly suggest
that they contribute to the remobilisation of nitrate from the source leaves to the sink organs
(Fan et al., 2009; Wu et al., 2014; Lezhneva et al., 2014). Urea synthetised from amino acid
and nucleic acid catabolism is remobilised from old leaves involving the DUR3 urea transporter
in Arabidopsis senescing leaves (Bohner et al., 2015). The Nrtl1.6, Nrtl.5 and AMT1.5
transporters are up-regulated during leaf senescence and they could also participate to nitrate
and ammonium remobilisation (Tegeder & Masclaux-Daubresse, 2018 for a review). They could
also play other roles during leaf senescence, like Nrt1.5 that was shown to modulate phosphate
levels in senescing leaves.

4.3.9 ALTERING PHENOLOGY (IN THE CONTEXT OF HEAT STRESS)

Staple crop production will be affected (and is affected yet) by climate changes causing more
frequent heat and frost stress in the future (Barlow et al., 2015; Wheeler et al., 2000). As a key
factor to adapt the crop life cycle to abiotic stress, phenology is an important topic for many
research programs. In this regard, wheat and maize are sharing a common interest but cannot
be treated in the same way regarding the genetics earliness. In maize, the adaptation of
flowering time has proved to be an efficient lever for increasing yield under climate change
(Parent et al., 2018). Although this approach requires an appropriate use of the genetic
variability, the genetic determinism of maize phenology seems to be controlled by many small
effect loci and, so, could not be seen as a good example of a single-gene (or small humber of
genes) trait (Buckler et al., 2009). Wheat phenology offers the possibility of acting on a small
number of loci and so, gives the opportunity for researchers and breeders to directly use this
genetic information to enhance breeding programs (Fischer, 2011). If we focus on heat stress
during the grain filling period, earlier flowering is clearly one option to improve stress avoidance
(Gouache et al., 2012).

Genetic components of wheat phenology regarding flowering

The genetic determinism of wheat phenology (number of days between the sowing and heading
or flowering time) is now quite well known thanks to numerous studies carried during the last
30 years (see for example Trevaskis, 2010; Fischer 2011 or Bogard et al., 2014). In brief, wheat
phenology could be defined by 3 components (Rousset et al., 2011; Le Gouis et al., 2012):
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e Vernalization (the requirement of exposure to cold temperature inducing the transition
between the vegetative and the reproductive phase) is mainly governed by the Vrn gene
family (for example: Vrn-Al, Vrn-A2 and Vrn-B3 on homoeologous chromosomes 4, 5
and 7).

e Photoperiod (the sensitivity to the inductive effect of long days on the transition between
the vegetative and the reproductive phase) is mainly governed by the Ppd-1 genes family
located on homoeologous chromosomes 2 (for example: Ppd-D1, Ppd-B1 and Ppd-Al).

e Earliness per se (the remaining variability independent of vernalization requirement and
photoperiod sensitivity) is the less known component with only one locus mapped as a
Mendelian factor located on chromosome 1D (Eps-D1).

These knowledges can obviously be used in breeding program (MAS and/or genomic selection)
but a recent advance in climate change adaptation is the joined use of crop-models and genomic
prediction to define cultivar ideotypes (Bogard et al., 2014; Gouache et al., 2017; Bogard et al.
submitted). Compared to the classical crop-modelling approach to define ideotypes, the use of
marker-based crop model parameters taking into account the genetic structures of phenology in
the available germplasms avoids the risk to define “pure in silico” ideotypes that may be difficult
to obtain by breeding due to potential genetic limitations (linkage, pleiotropy).

Trade-off with photosynthesis efficiency and other stress

Earlier flowering in wheat is one of the ways to avoid heat stress during grain filling.
Nevertheless, this approach could also have a counter-effect on yield:

e By reducing the duration of the radiation interception, directly linked to crop biomass
accumulation (Monteith, 1972). To avoid this bias and build a trade-off, phenology based
ideotype studies must also include biomass and yield modelling.

¢ By impairing agronomic levers against abiotic stress like pest or weed control (Dedryver
and Tanguy 1984, Vandersteen et al. 2011) if a change in sowing date is used instead of
modifying wheat phenology per se.

Finally, modifying wheat phenology is not the only genetic pathway to reduce the negative effect
of heat stress. Heat tolerance is another main field of investigation which is worth to reinforce
in the future.

4.3.10 IMPROVING THE MICRONUTRIENT QUALITY

Plant food crops are produced and consumed worldwide, as fresh or industrially processed.
Staple crops, fruits and vegetables are important sources of primary (proteins, carbohydrates,
and fatty acids) or secondary metabolites, such as vitamins, fibers, minerals and antioxidants.
Hence, the nutritional quality of plant food is also associated with minor components which are
able to exert important functions in the prevention of human pathologies.

Micronutrients are essential for human nutrition; playing large role in the prevention and
treatment of conditions or diseases, as well as the optimisation of physiological functioning. Both
vitamins and minerals are considered as micronutrients. Deficiencies of micronutrients are widely
prevalent in both developing and developed countries. Biofortification is a process to increase
the micronutrient content of seeds, tubers, leafy vegetables or food crops and provides a means
to increase micronutrient content of diets of the rural poor; the group most at risk of deficiencies
(Hotz & McClafferty, 2007).
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Improving vitamin content

Vitamins are available either in water-soluble or fat-soluble forms. Water-soluble vitamins
include the vitamin C and the B-complex vitamins, including vitamin B6 and B12. They are easily
lost through bodily fluids and so must be replaced daily. In comparison, fat-soluble vitamins
(including vitamins A, D, E and K) are not lost as easily and so lower amounts are required.
Vitamin deficiencies constitute major micronutrient deficiencies leading to economic losses as
well as adverse affects on human health.

Vitamin A

Vitamin A exists in several forms called retinoids. Human can synthesize retinal from the
abundant provitamin A carotenoids present in fruits and vegetables such as oranges (Citrus
aurantium), broccoli (Brassica oleracea), spinach (Spinacia oleracea), carrot (Daucus carota),
squash (Cucurbita maxima), sweet potato (Ipomoea batatas), and pumpkin (Cucurbita maxima)
(Harrison, 2005). Provitamin A is low in wheat (Triticum aestivum), barley (Hordeum vulgare),
and potato (Solanum tuberosum), and non-detectable in rice (Oryza sativa), millet (Panicum
miliaceum), and sorghum (Sorghum bicolor). Both conventional and biotechnologicall
approaches have been used to enhance Provitamin A content in crops. The gene PSY from plants
or CRTB in bacteria encodes phytoene synthase and is the common target for carotenoid
biofortification. The Narcissus pseudonarcissus PSY or Zea mays PSY1 gene was introduced into
rice with the Pantoea ananatis phytoene desaturase (CrtI) gene to increase vitamin A seed
content (Ye et al., 2000; Paine et al., 2005). Similar approaches using both genes or each gene
in isolation has been applied to canola (Brassica napus), flax (Linum usitatissimum), potato
(Solanum tuberosum), tomato (Solanum lycopersicum), maize (Zea mays), soybean (Glycine
max) and wheat (Triticum aestivum) (Jiang et al., 2017). Other approaches include gene
silencing of StLCY-e or StCH-¢ in potato leading to suppression of LYCE and HYDB, respectively
(Diretto et al., 2007; Van Eck et al., 2007).

Vitamin B

Folates, Vitamin By, are synthesised de novo in bacteria, fungi and plants and play important
role as one carbon donors in all organisms. Usually folates are abundant in dark-green leafy
vegetables but have low abundance in barley, corn lettuce, potato, rice, sweet potato, tomato
and wheat. Two approaches have been used for biofortification of folates. Firstly, the
overexpression of dihydrofolate synthetase (DHFS; FOLE in bacteria) used within corn (Naqvi et
al., 2009). Or secondly, the overexpression of CTPCHI in tomato, lettuce and Mexican common
bean (Nunes, Kalkmann & Aragon, 2009). VBs metablic engineering has been conducted in
cassava (Manihot esculenta) using the simultaneous overexpression of the Arabidopsis PDX1.1
and PDX2 genes (Li et al., 2015).

Vitamin C

Vitamin C biofortification has been carried out in lettuce, maize, potato, tomato and strawberry
by overexpressing genes involved in its biosynthesis (e.g. GuLO in lettuce), or silencing the
genes involved in ascorbate recycling (e.g. MDHAR or DHAR in tomato, maize and potato) (Jain
& Nessler, 2000; Naqvi et al., 2009; Gest et al., 2013).

Vitamin E

Plants are the primary source of dietary Vitamin E, producing tocopherol and tocotrienol
derivates. Mostly, approaches to enhance vitamin E are to increase the activity of the enzymes
in each step of the synthesis, including p-hydroxyphenylpyruvate dioxygenase (HPPD),
homogentisate phytyltransferase (HPT1/VTE2), homogentisate geranylgeranyl transferase
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(HGGT), homogentisate  solanesyltransferase (HST), 2-methyl-6-phytyl-benzoquinol
methyltransferase (MBPQ-MT/VTE3), tocopherol cyclase (TC/VTE1) and y-tocopherol
methyltransferase (y-TMT/VTE4) (Jiang et al., 2016). Both single gene and multigene
approaches have been adopted.

Improving mineral content

Minerals are available in two forms, macrominerals and microminerals, depending upon the
amount that are required. Macrominerals include calcium, magnesium, phosphorous, sodium
and potassium whereas microminerals include iron, copper, iodine, zinc and fluoride. Transgenic
approaches to biofortification rely on improving mobilization from the soil, uptake from the
rhizosphere, translocation to the shoot and accumulation of mineral elements in bioavailable
forms in edible tissues. Most efforts have focused on increasing the content of iron and zinc.

Iron and Zinc

Iron uptake can be improved in non-graminaceous plants by overexpressing genes encoding
Fe(III) reductases, and in graminaceous plants by increasing the synthesis and exudation of
phytosiderophores (Connolly et al., 2003; Takahashi et al., 2001). Pea (brz and dgl/) and
Arabidopsis (frd3, also known as manl) mutants with constitutive Fe(III) reductase activity
accumulate not only Fe but also Zn, Ca, Mg, Cu and Mn in shoots. Overexpression of a
nicotianamine synthase (AtNAS1) also resulted in an increase in shoot Fe, Zn and Mn
concentrations in transgenic tobacco whilst the over-expression of an Arabidopsis Zn?*
transporter (AtZIP1) in roots of barley (Hordeum vulgare) increased seed Fe and Zn
concentrations. Other transgenic strategies to increase bioavailable Fe and Zn in edible portions
have focused on increasing the concentrations of metal-binding proteins, such as ferritin and
lactoferritin, increasing promoter compounds, such as ascorbic acid, b-carotene and cysteine-
containing peptides, and reducing antinutrients, such as phytate and tannins, in edible portions
(Holm et al., 2002; Lonnerdal, 2001). Ramesh, Choimes & Schachtman (2004) overexpressed
Zn transporter AtZIP1 of Arabidopsis in barley under an ubiquitin promoter. The transgenic lines
produced smaller seeds with high Zn concentration. Manipulating the expression of genes
regulating CAX transporters has been proposed as an approach to increase Zn concentrations in
the edible tissues of transgenic plants.

Improving mineral content in the seed

Staple crops are poor in minerals, leading to widespread mineral nutrition deficiencies. While
important progress has been made in the area of mineral uptake from soils, our understanding
of the mechanisms that regulate the distribution of minerals within the plant and their
accumulation in the seed is still limited. It is therefore unclear how the transport of minerals
toward seeds could be improved (low mineral availability due to anti-nutritional factors is not
treated here). In general, it appears that over-accumulation of minerals in leaves does not
necessarily result in increased mineral content in the seeds. A comprehensive study performed
in Arabidopsis shows that the continuous uptake and distribution to source tissues is at least as
important as remobilization for the accumulation of mineral nutrients in seeds (Waters and
Grusak, 2008).

Alternative approaches to improve micronutrient content

Wild germplasm of crops has been found to harbour sufficient variability for improvement in
mineral content which could be used for improvement in modern day varieties. In rice, a fourfold
difference was found in grain Fe and Zn content in some aromatic lines as compared to popular
cultivars. In wheat, landraces and wild relatives were found to contain threefold higher grain
iron and zinc content than the popular cultivars. Wild relatives have been used to transfer genes
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for biotic and abiotic stress tolerance and yield and quality improvement in cultivated varieties,
and likewise, these can also be used to transfer useful variability for grain iron and zinc content
using conventional and modern breeding approaches. G x E interactions in wheat cultivars for
iron, zinc and magnesium concentrations have been explored and it is reported that genotypes
have a higher effect than environment on accumulation.

Agronomic strategies to enhance mineral content of cereal crops involve application of
micronutrient fertilizers to the plants in readily phytoavailable state, correcting soil alkalinity,
adopting crop rotation practices or introducing beneficial soil microorganisms. The most
attractive agronomic strategy of biofortification is foliar application of mineral fertilizers to the
plants in readily phytoavailable state. However, iron fertilization has met with limited success in
biofortification because the applied Fe2+ gets rapidly oxidised to Fe3+ state, which is not
absorbed by the plants. Agronomic biofortification has met with limited popularity in cereals
because of the recurring expenditure and need for careful time-dependent applications of
fertilizers.

4.3.11 IMPROVING PROTEIN /AMINO ACID COMPOSITION

Grain protein concentration (GPC) is a major quality criterion in bread wheat directly related to
the market requirements of the bread industry in several countries. GPC (ie grain N
concentration) is also one of the components of the Nitrogen Utilization Efficiency (Sylvester et
al., 2009). So, enhancing GPC while maintaining grain yield has been a major target for
numerous breeding and agronomic programs during the last twenty years (Cormier et al. 2016;
Cohan et al., 2019). Achieving this objective is quite challenging due to the grain yield - GPC
negative relationship (Monaghan et al., 2001) and the search for cultivars showing a positive
deviation from this relation (Grain Protein Deviation) is now a priority in several countries (Oury
& Godin, 2007; Bogard et al., 2013).

The NAM-B1 gene

The Gpc-B1 gene, located on chromosome 6B lately renamed NAM-B1 because it codes for the
Non Apical Meristem Protein belonging to the NAC transcription family, has proved to be highly
associated to high GPC (Uauy et al., 2006a; Uauy et al., 2006b). Its functional allele accelerates
wheat senescence and increases nitrogen remobilization from the leaves to the grain (Uauy et
al., 2006a; Waters et al., 2009). These two metabolic pathways have been known to act on
Nitrogen Utilization Efficiency and GPC for a long time (Gregersen et al., 2008; Masclaux-
Daubresse et al., 2008). Nevertheless, the functional allele of NAM-B1 is rarely present in
modern bread or durum wheat cultivars (Hagenblad et al., 2012; Tabbita et al., 2017), a loss
probably more due to modern crop improvement than to domestication per se (Asplund et al.,
2010). Protocols and recommendation for NAM-B1 introgression through marker-assisted
selection have been made publicly available at
https://maswheat.ucdavis.edu/protocols/HGPC/index.htm and facilitated the introgression of
the functional NAM-B1 allele in different genetic backgrounds (Brevis & Dubcovsky 2010, Kumar
et al. 2011). According to Tabbita et al. (2017), different commercial breeding programs used
NAM-B1 and 18 commercial varieties carrying this allele have been released so far.

The NAM-A1 gene

Alongside NAM-B1, bread wheat has other NAM genes, among which the homologous NAM-A1
(on chromosome 6A) displays the same function as NAM-B1 (Avni et al., 2014). Its functional
allele NAM-A1la shows the same effect on GPC than the functional allele of NAM-B1 and has been
found more often in bread wheat elite germplasm, mainly in high baking quality cultivars
(Cormier et al., 2015). Although NAM-Ala could have the same counter effect on yield, this
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effect is strongly impacted by the interaction with the trial environment (Cormier et al., 2015).
As an example, in Australia where growing conditions favor a shorter grain filling period avoiding
heat and water stress, Alhabbar et al., (2018) recently demonstrated that NAM-Ala could be
linked to higher yields. As a conclusion, it appears clearly that the use of NAM-Ala allele in elite
material could be a real opportunity for improving GPC without reducing grain yield considering
the local specificities of the senescence period regarding late stress (abiotic and biotic).

4.3.12 REDUCING ANTINUTRIENTS AND TOXIC METABOLITES

Antinutritional Factors (ANF) are compounds primarily produced by plants for their own defence
against pest and predators, and which interfere with the absorption of nutrients reducing their
intake, digestions and utilization and may produce other adverse effects. Together with ANF
plants may also produce toxic metabolites (TM) which severely affect biological functions of the
organisms that ingest them. All these compounds are commonly accumulated in edible parts of
the plants such as seeds, leaves, roots and fruits and are frequently s plant family-specific.
Besides being a problem in cultivated crops, presence of ANF is particularly relevant in wild and
underutilised crops, such as some minor legumes like Canavalia, Mucuna, which possess a
potentially rich nutritional value that is lowered by the presence of ANF. ANF exert biological
activities that may have different impacts depending if the crop that accumulate them is used
for human or animal consumption. For example, a-amylase inhibitor limits starch digestion and
thus may limit energy assimilation in animals, however in human nutrition its presence in the
diet has the potential to reduce the glycaemic index of the food and play a role in weight control
as it limits calories derived from starch assimilation. Similarly, saponins (compounds
characterised by the presence of triterpene or steroid aglycone moiety coupled with polar sugar
molecules) are associated with a range of dietary effects from bitterness to bloat, however
possible hypocholesterolaemic and anticarcinogenic activity have been reported.

ANF may be of protein origin or of non-protein origin and, traditionally, their presence in plant
based food has been managed by adequate food processing such as heating, extrusion,
fermentation, etc. However, strategies based on the genetic modification of the trait are sought.
In some cases, breeding approaches have already been applied and shown to successfully reduce
or even eliminate the presence of ANF.

Proteinaceous Antinutritional Factors

ANF of protein origin are thermolabile and comprise lectins, protease inhibitors (Kunitz type
trypsin inhibitors-KTI and Bowman Birk type trypsin inhibitors BBI) and a-amylase inhibitors and
are found particularly abundant in the seeds of legume crops. Mutations that reduce/abolish the
accumulation/activity of these compounds have been described in soybean (Schmidt et al.,
2015), common bean (Sparvoli et al., 2016) and pea (Clemente et al., 2015) and are the results
of screening natural biodiversity (common bean) or mutant populations (common bean,
soybean, pea). Livingston et al. (2007) used a biotechnological approach based on the ectopic
expression of a mutated BBI gene to reduce the amount of BBI in soybean seeds. The prevalent
amount of the mRNA from the mutated BBI gene was considered to out-compete the mRNA form
the endogenous BBI resulting in a global reduction of BBI activity. At the light of these studies
the best strategy to reduce the content of the proteinaceous ANF is by the identification or
generation of mutants, for example by the application of CRIPSR-Cas gene editing technologies,
or RNAI. These approaches can be easily transferred to proteinaceous ANF in other crops. An
example is the detoxification of ricin in the seeds of castor bean through RNAi (Sousa et al.,
2017). Ricin is a type2 ribosome-inactivating protein (RIP) made up by two chains: a
catalytically-active A chain (ricin toxin A or RTA) joined by a single disulfide bond to a B chain
(RTB) that is a galactose- and N-acetylgalactosamine-specific lectin. This protein is a well know
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highly toxic protein due to the ribosome-inactivating activity of the A chain, that makes
impossible the use of oil cakes after oil extraction as and edible source for animal feeding.

Non-proteinaceous anti-nutritional factors

Non-proteinaceous anti-nutritional factors (NP-ANF) include among others, phytate, oxalate,
raffinose family oligosaccharides (RFOs) and tannins, all being prone to interfere with nutrient
absorption. In crops, NP-ANF may act as osmolytes (RFOs), serve as storage or signalling
molecules (phytate), or exhibit a variety of functions such as for oxalates involved in calcium
regulation, plant protection, tissue support, and even light gathering and reflection. A major
challenge to breeding and engineering strategies aiming at the removal of NP-ANF is therefore
to consider the multiple roles that NP-ANF and associated pathways fulfilled in producing plants.
Briefly, in the case of phytate (myo-inositolexakisphospahte), its accumulation has been
successfully reduced in many grain cereals and legume crops (maize, barley, rice, wheat,
soybean, common bean) through screening of mutagenised populations and identification of low
phytic acid (/pa) mutants. Characterization of these mutants contributed to deciphering phytate
biosynthesis and transport genes (reviewed in Sparvoli et al., 2015). /pa mutants often display
altered seed metabolite composition and/or negative pleiotropic effects, such as decreased
tolerance to abiotic stresses, reduced germination, stunt growth (Stevenson-Paulik et al., 2005;
Tong et al., 2017; Maeis et al., 2003; Pilu et al., 2005), although good agronomic performance
could be recovered through breeding. Alternatively, an engineering approach that used seed
specific promoters has also been shown to successfully overcome the negative pleiotropic effects,
as demonstrated in maize (Shi et al., 2007). A second example is that of RFOs which humans
and monogastric animals are unable to digest, thereby reducing dietary net energy contribution
and the intestine absorption capacity. On the other side, these compounds have been considered
as prebiotics, stimulating the growth of beneficial microorganisms such as Bifidobacterium and
Lactobacillus species. Similarly, condensed tannins bind to proteins, forming insoluble complexes
that render proteins resistant to degradation in monogastric animals and humans. However,
they may provide benefits to human health, particularly therapeutic effects against
cardiovascular dysfunction, and are also beneficial in forage-based agricultural systems when
incorporated into animal feed for ruminants. Thus, precaution must be taken when considering
strategies to reduce the amount of NP-ANF in plant food.

Toxic metabolites in edible plant tissues

Many edible plant parts contain, in their raw state, wide varieties of antinutrients which are
potentially toxic. These include for example, cyanogenic glycosides, saponins, or quinolizidine
alkaloids that are produced as part of plants’ secondary metabolism and are associated with
resistance to abiotic/biotic stresses. Biotechnology approaches can be employed to down-
regulate or even eliminate the genes involved in the metabolic pathways for the production,
accumulation, and/or activation of these toxins in plants. For example, the solanine content of
potato has already been reduced substantially using RNAi and genome editing approaches (Itkin
et al., 2013; Sawai et al., 2014), and efforts are underway to reduce the level of the other major
potato glycoalkaloid, chaconine. A more recent understanding of the transcriptional machinery
controlling saponin biosynthetic pathways (Cardenas et al., 2016) may also offer additional
targets for engineering programs in order to reduce levels of these compounds in edible tissues.
In the case of glucosinolates which can act antinutrients for animal feed, mutations in several
transporters strongly have been shown to reduce glucosinolate levels in seeds of different
Brassica species (Nour-Eldin et al., 2017), an approach which is transferable to other oilseed
crops, such as Camelina sativa. Similarly, current research in the protein-rich seeds of Lupin
indicates that toxic quinolizidine alkaloids that may accumulate upon stress in selected non-
bitter varieties, are also specifically imported from other plant tissues into seeds, opening the
possibility of also using transport engineering to generate stress-resistant varieties that produce
quinolizidine alkaloid-free seeds (Otterbach et al., 2019). Concerning cyanogenic glycosides,
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Cassava is the only staple food that is potentially lethal due its cyanogenic glycoside content, if
not adequately processed. Two strategies have been developed to reduce cyanogen toxicity in
this crop. One of these is the generation of cyanogen-free cassava plants using conventional
breeding; the other one consists in the development of transgenic cassava plants either deficient
in the biosynthesis of cyanogenic glycosides (Jgrgensen et al., 2005) or in which the broken-
down of these cyanogenic glycosides is achieved by accelerated cyanogenesis (Narayanan et al.,
2011).

Conclusions and future perspectives

Reduction/removal of ANF and toxic metabolites is one of the goals for the production of tailored
food/feed able to satisfy the needs of the consumers and for livestock production (in line with
the perspective of scenarios “Plantovation” and “Your Feed, your food, your health”). Strategies
based on exploitation of the biodiversity and conventional breeding have been shown to be
applicable in some cases, especially when the trait has a simple genetic basis (ex. removal of
toxic proteins). However, as many of the AFN and toxic metabolites play a role in plants’
adaptation to the environment (ie resistance to abiotic/biotic stresses) and/or derive from
complex metabolic pathways, there is an urgent need of developing strategies able to overcome
unwanted pleiotropic effects. For example, one promising approach is to abolish the
accumulation of the toxic metabolites by inactivation of its specific transporter, as successfully
shown for phytic acid or glucosinolates. Finally, increasing knowledge on gene functions will
favour the use new breeding technologies (based on CRISPR-Cas) to target specific genes and
speed up the improvement process.

4.3.13 SPECIALIZED METABOLITES — POLYPHENOLS

Plant secondary metabolites are generally divided in different classes; among them are
polyphenols, carotenoids, terpens and others. Polyphenols form a wide group of plant secondary
metabolites (more than 6000 different compounds have been so reported from the plant
kingdom) which include different sub-groups i.e. flavonoids, anthocyanins and phenolic acids
(Figure 6). These phytochemicals are generally biosynthesised in plant tissues in “sub-optimal”
amounts for human needs. Therefore, one of the goals of research projects committed to crops
nutritional improvement is related to the enrichment in the levels of these bioactive compounds
in edible tissues/organs. To date, this goal has been mainly addressed by breeding varieties, or
the identification of species/varieties naturally rich in a specific class of biocompounds. More
recently, metabolic engineering and genome editing techniques promised to cut the long times
so far required to transfer useful genetic traits into cultivated varieties.
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Figure 6 The polyphenols pathway and an example (the Bronze tomato) of new high
polyphenols crops obtained by a metabolic engineering approach.

Metabolic engineering approach for nutritional quality improvement

One of the metabolic engineering strategies to enhance the nutritional value consists in the re-
directing of the metabolic flux, by acting on regulatory or structural genes. In the first case,
transcription factors (TFs), regulating the expression of structural genes along biosynthetic
pathways, can be useful and powerful tolls for the enhancement in the levels of specialized
metabolites.

For example, MYB and bHLH transcription factors have been reported to regulate the anthocyanin
production in different species (Scarano et al., 2018). Following some studies regarding the
ectopic expression of transcription factors from plant models, MYB and bHLH members have
been described as regulators of anthocyanin biosynthesis, such as SIANT1 and SIAN2 in tomato.
The over-expression of two TFs AmRoseal and AmDelila was able to induce for the first time the
synthesis of high levels of anthocyanins in tomato fruit (Butelli et al., 2008). An example of the
use of structural genes to redirect the metabolic flux along a pathway is related to the over-
expression of a grape stilbene synthase gene into tomato, which led to the synthesis and
accumulation of measurable amount of resveratrol, a phytochemical not present naturally in this
fruit. Using a combination of both the strategies we were able to develop a new tomato line
(which was named Bronze for the typical color of the skin which accumulated high levels of
flavonols (i.e. quercetin), anthocyanins and stilbenes (i.e. resveratrol) (Figure 6).
Supplementation of 1% lyophilised bronze in the diet had a positive effect on the symptoms of
intestinal inflammation in a mouse model (Scarano et al., 2017).

These examples can help to (re)consider the use of metabolic engineering approach for the
nutritional improvement of important crops without drastic changes in the plant growth or final
yield.
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Novel strategies to modify/engineer genetic traits for the nutritional quality

To date, the metabolic engineering for the improvement of the nutritional quality has been
achieved essentially by using transgenesis strategies. New advances are now rapidly developing
based on gene targeting technologies. For example, the CRISPR/Cas9-mediated gene editing is
a new biotechnological tool to introduce new genetic traits into a genome and therefore to
improve the quality of crops and fruits. Gene editing provides an alternative to transgenesis,
with the important advantage of site-specific, precise modifications of target genes (Cermak et
al., 2015). One example is the knock-out of structural genes of polyphenol biosynthetic pathway
to re-direct the metabolic fluxes (e.g. knocking-out the chalcone synthase gene that can enhance
the hydroxicinnamic acids production). Another example is the over-expression of positive
regulators, such as the SIANT1 gene in tomato, which has been reported to increase the
accumulation of anthocyanins (Cermak et al., 2015).

The potential of the engineering of structural and regulatory genes in plants is very high,
considering the possibility to use new advanced biotechnological tools (i.e. genome editing in
plants) and the perspective of novel approaches in food design. The examples about the
engineering of genes involved in the anthocyanins and flavonoids (CHS, ANT1) give an idea of
how exploit genetic traits for crops nutritional quality improvement. This is important in the
perspective of promoting high-quality foods and assuring food nutritional security both in low-
income and industrialized countries.

4.3.14 BENEFICIAL NUTRITIONAL QUALITY IN UNDERUTILISED CROP SPECIES

In 2010 the FAO (FAO, 2010) stated with regards to neglected and underutilised crop species
that “such crops often have important nutritional, taste and other properties, or can grow in
environments where other crops fail”. But the report also highlighted lasting constraints
hindering their broader utilization “lack of priority given by local and national governments,
inadequate financial support, lack of trained personnel, insufficient seed or planting material,
lack of consumer demand and legal restrictions”. Aside the social and policy related hurdles such
crop traits fostering the broader economic success like access to high quality germplasm,
improved yields and nutritional traits are essentially relevant in further breeding efforts.
Nutritional improvement of agricultural crops relates to protein and amino acids, oils and fatty
acids, carbohydrates, vitamins and related compounds, functional secondary compounds and
minerals availability.

Though well-known and widely used as leafy vegetable (two main species) or cereal (four main
species) throughout the globe, Amaranth belongs to such crops which lack a break through
despite considerable breeding efforts (Williams & Haq, 2002) as well as it is frequently harvested
from veld (Alercia, 2013; Rastogi & Shukla, 2013). The nutritional value of Amaranth can be
superior to several commodity crops or vegetables as it harbours the broad range of essential
compounds for healthy nutrition (Rastogi & Shukla, 2013). This becomes even more important
as Amaranth species are considered drought tolerant if sufficient water is supplied in the early
season. Moreover, drought stress may cause increased levels of bioactive compounds, phenolic
acids, flavonoids and antioxidants (Sarker & Oba, 2018). The broad variety of Amaranth species
bear a considerable genetic resource for further breeding in relation to nutrition and adapting
agricultural systems to climate change (Rastogi & Shukla, 2013).

Europe is heavily depending on imports of protein crops mainly for feed use but also for the
production of novel protein food. The dominating crop is soybean. Since EU is promoting
alternative protein crops i.e. legumes such as lupins became more investigated and cropped
after a decline in the 20% century. Lupin cultivation in Europe is largely insufficient to supply the
food industry, and further up the value chain the development of lupin-based protein-rich foods
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is limited (Lucas et al., 2015). Despite a high protein content in lupin seeds (~44%) the broader
use is challenged due to allergens and antinutritive compounds (in e.g. unprocessed feed) and/or
biotic, abiotic stress tolerance and unstable yields. Hence, the breeding efforts are essentially
targeting yield stabilization, stress resistance and seed quality and late maturing (Abraham et
al., 2019). Recent advances in genome sequence information of the genus lupins backed further
breeding efforts based on the use of molecular markers and/or advanced breeding techniques
(Hane et al., 2017, Ksigzkiewicz et al., 2017).

The utilisation of medicinal plants can be an alternative cropping option especially in horticulture
systems. Medicinal plants harbour a rich pool of secondary metabolites with various applications.
Nevertheless, the broader use may be hampered by actual yields or accessibility. Therefore,
breeding efforts may focus on increased and stable production of such compounds and novel
derivatives. Essentially the specific metabolic pathways and their regulation are target for
investigation. E.g. phenylpropanoids like rosmarinic acid are one group of such medicinal active
compounds. Gene sequences encoding relevant enzymes for the pathway of rosmarinic acid
synthesis were frequently cloned into bacteria targeting increased yield of protein, sequence
analysis and analysis of gene functions (Sander & Petersen, 2011; Tuan et al., 2012). Such
insight in relevant metabolic pathways, and knowledge of gene sequences and functions allows
the target use of modern breeding techniques to optimise pathways in medicinal plants. E.g.
such detailed information on gene sequences and functions was used to increase the production
of rosmarinic acid in Salvia miltiorrhiza, well known in Chinese medicine, by specifically editing
the rosmarinic acid synthase gene SmRAS using the CRISPR/Cas-9 system for genome edting
(Zhou et al., 2018).

Beside terrestrial cropping aquatic production systems based on algae may provide key
compounds for human nutrition among which are lipids and fatty acids, carotenoids, proteins,
minerals and others. Prominent research is conducted with microalgae that allow mass
production in bioreactors. Contrastingly, the targeted breeding of seaweeds is more challenging.
Seaweeds for human consumption are mainly produced in South-east Asia (Buschmann et al.,
2017). Nevertheless, there is ongoing research to explore productions in Europe (Azevedo et al.,
2019, Marinho et al., 2019). The kelb Saccharina latissima was grown in Danish waters to
investigate the content of antioxidants over seasons (Marinho et al., 2019). The study revealed
“marked seasonal variations, and high biological variability” in the antioxidant content. In
addition, the amount of antioxidants was less than know from other European alga like Fucus.
The findings were in line with the general observation reported from Asia that the uniformity and
stability of a seaweed varieties may change over time and production site (Hwang et al., 2019).
While breeding and research programs focussed on increasing yields the quality aspect becomes
more prominent as well as molecular analyses are integrated to assist breeding (Buschmann et
al., 2017, Hwang et al., 2019).

Currently underutilised crop species may gain importance when adapting agriculture to changing
climate condition while keeping the overall nutritional quality of agricultural production for
human consumption (e.g. Amaranth). Herbs with specific health benefits may open new (niche)
markets for farmers though the production of specific medicinal compounds may be shifted to
more productive systems e.g. based on cloned microorganisms. Current protein sources may be
enriched or substituted by alternatives e.g. lupins or even seaweeds. Underutilised crops/plants
show different lack of breeding efforts and supporting research, what partly is due to the current
economic value and lack of funding but also from intrinsic biological hurdles (accessible biological
variability, propagation cycles, sensitivity to environmental conditions etc.) that slow breeding
progress (e.g. in seaweeds). Molecular breeding techniques (from QTL analyses to genome
editing) become more prominent to accelerate the utilisation of such crops/plants.
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4.3.15 IMPROVING DIGESTIBILITY AND CONVERSION OF PLANT BIOMASS

The ‘biorefinery’ concept covers, at its basic level, the exploitation of agro-industrial waste- and
side-streams as means to improve resource exploitation and reduce carbon footprint. The more
ambitious instantiation of the biorefinery concept deals with the multipurpose plant that is not
only bred for the yield and quality of say the grain to be used for human consumption but also
bred for the properties of the vegetative parts that through bioprocessing shall find uses as feed,
liquid fuel or biomaterials. Bioprocessing comprises both fermentation and enzyme technology,
i.e. systems of environmentally friendly processes.

It is well recognized that burning fossil fuels and deforestation are major contributors to climate
change, and that plant biomass can serve as a renewable and potentially carbon-neutral raw
material for the production of bioenergy and a variety of other bio-based products. Indeed,
lignocellulosic biomass mainly consists of the cell wall polysaccharides cellulose (~50%),
hemicellulose (~25%), and lignin (~20%), and all three fractions can be valorised in the bio-
economy. In a biorefinery, the cellulose and hemicellulose can be converted by enzymatic
treatment into primary sugars that can be further fermented into bio-ethanol and a wide range
of other molecules of value for society, e.g. building blocks for bioplastics, detergents, etc. and
lignin itself may find uses as for example fuel for ship engines and matrix material in
biocomposites.

Because lignin is the main recalcitrance factor in the conversion of biomass to fermentable sugars
(Chen & Dixon, 2007; Van Acker et al., 2013), engineering plants to deposit a lower amount of
lignin allows achieving biomass that is easier to process into fermentable sugars. However, lignin
is not the only limiting factor. For each biopolymer in the plant cell wall at least one enzyme that
cleaves it is known, yet technology for cell wall disassembly without resorting to harsh chemicals
or high temperatures is not known, even for plant material consisting mostly of primary walls
(i.e. walls low in lignin). Hornification refers to the induced tight association of cellulose
microfibrils (Diniz et al., 2004) and is known to contribute to recalcitrance with regard to
saccharification (Luo & Zhu, 2011). Direct cellulose microfibril interactions were shown to
constitute an important load-bearing factor even in primary walls (Scheller & Ulvskov, 2010).
Hornification is thus not just an artifact. These are not the only “higher-order structures” to
consider in the plant cell wall. Covalent bonds between lignin and polysaccharides, lignin and
proteoglycans that feature tyrosine mediated cross-linking (extensin) are important as are the
unknown mechanisms responsible for the extremely tightly bound residual galactose that is
observed even in the purest cellulose preparations. Microorganisms that subsist on lignocellulosic
biomass know how to disassemble these higher order structures. A first general goal is to better
understand higher-order structures of plant cell walls (both primary and secondary) and to map
the ensembles of proteins that microorganisms secrete to open up the biomass structure for
digestion. The enzymes discovered this way will readily find uses for bioprocessing and thus
reduce the need harsh pretreatment regimes and use of environmentally unfriendly chemicals.
The second general goal is to tailor biorefinery crops to their particular end use. The design
objectives depend on the objective. If nanocellulose for advanced materials is the target, then
gentle disassembly that does not damage the microfibrils is desired. If saccharification is the
goal then high yield of hexoses for minimal energy input is desired. Polymer replacement, i.e.
downregulation of pentose rich polymers combined with ectopic deposition of a hexose-rich
polysaccharide that fulfil the same function in the wall come into play. However, technology
readiness level is higher when it comes to developing biorefinery crops that deposit less lignin
without affecting the overall growth and development of the plant. Because lignin is also
increasingly considered as a valuable biomass fraction that can be depolymerized by pyrolysis
or catalysis to aromatic building blocks for the chemical industry (Van den Bosch et al., 2015),
a technically related objective is to engineer biorefinery crops to deposit more lignin. Because
the biorefinery uses chemical treatments to depolymerize lignin, a further promising strategy is
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to alter the lignin composition such that the altered chemical reactivity to these biomass
pretreatments improves the efficiency of lignin breakdown. In addition to lignin and cell wall
polysaccharides, plant biomass also contains thousands of molecules of which the structures,
and hence the properties (e.g. insecticidal, growth promoting, etc.) have remained unknown
because they are difficult to purify in sufficient amounts to allows for structural elucidation by
NMR. The identification of molecules from biomass crops, alongside with their biosynthetic
pathways, opens perspectives for the valorisation of these molecules.

1. Cell wall architecture and its enzymatic disassembly

Cell wall composition is well understood and our understanding of the biosynthesis of the
individual polysaccharides are growing slowly but steadily but how the biopolymers are deposited
and what the resulting architecture (which, as opposed to ‘composition’ refers to higher order
structures in the wall) looks like is very poorly understood. Uncovering this will translate into
strategies to breed for cell wall properties in multipurpose or biorefinery crops. Mapping the
architecture of plant cell walls may involve techniques of cell biology, physical techniques like
neutron scattering and a wide range of bioimaging and spectroscopy techniques. However, it will
undoubtedly be fruitful to study architecture in conjunction with studying the enzyme repertoires
that microorganisms use to take lignocellulosic biomass apart. We probably do not need more
cellulases nor pectinases but genomic high-through-put technologies will allow us to target the
bonds in the wall architecture that we do not fully understand. New classes of enzymes
discovered this way will greatly expand the toolbox available for bioprocessing.

2. Regulation of secondary cell wall formation

While the biosynthetic pathways leading to cellulose and lignin are relatively well-known, the
mechanisms regulating the biosynthesis and deposition of the three main polymers (cellulose,
hemicellulose and lignin) are far from being understood. Besides transcriptional regulation,
secondary cell wall formation is controlled by miRNA targeting and chromatin remodeling
(McCahill & Hazen, 2019). It is important not to rely only on model plants since for instance
alternative splicing is a key mechanism to regulate secondary cell walls in trees but not in
Arabidopsis (Camargo et al., 2019). Similarly, the epigenetic control of secondary cell wall
formation emerged recently in eucalyptus, sorghum respectively (Soler et al., 2017; Turco et
al., 2017) but not yet in Arabidopsis. A better understanding of the regulatory mechanisms
through system biology approaches in wood will allow modeling of the responses induced by
genetic engineering and will be instrumental for genomic selection of trees for instance. Also
discovering specific regulators of each polymer’s biosynthesis would enable to modulate them
independently.

3. Altering the amount and structure of lignin

When improving plant cell walls, it all comes down to identifying the genes that are involved in
the biosynthesis of the major cell wall polymers, and altering their expression levels in target
crops such as poplar and maize (Chanoca et al., 2019). Whereas many genes involved in cell
wall biosynthesis have already been elucidated, the specific roles of many others still need to be
uncovered. For example, it is become clear that the lignin structure and lignin biosynthesis
pathway in grasses are different from those in dicot species. Bioinformatics analyses learns that
lignin biosynthesis genes in grasses typically reside in large gene families, but the roles of most
gene family members are still unknown. We do not yet know enough about the lignin biosynthetic
pathway in grasses yet. The function of these genes needs to be unravelled through reverse
genetics: knock-outs, but also altered enzyme activities engineered by CRISPR/Cas, and
overexpression of the biosynthetic genes. In addition, we need to investigate which combinations
of mutations in the lignin biosynthesis pathway act synergistically to reduce or increase lignin
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content, while avoiding negative effects on plant yield. Furthermore, the altered expression of
transcription factor genes, or of genes of the shikimate pathway may affect lignin deposition.

4. Altering the structure of lignin by engineering

In addition to engineering lignin structure by genes of the host plant itself (modification of p-
hydroxyphenyl (H)/guaiacyl (G)/ syringyl (S)/ cinnamaldehydes/ferulates (Ralph et al., 2019),
it is as well possible to engineer easily degradable lignin polymers by using genes from other
taxa in a synthetic biology approach (Oyarce et al., 2019; Vanholme et al., 2012; Wilkerson et
al., 2014). In this approach, the host plant is transformed with (a) heterologous gene(s) that
encode(s) (a) biosynthetic enzyme(s) that is (are) able to make a monolignol substitute. When
transported to the cell wall and incorporated into the lignin polymer, this alternative monomer
will generate a bond that is more susceptible to the biomass pretreatment used to degrade the
lignin polymer. This is a largely unexplored field with numerous possibilities for specific
applications.

5. Climate change and lignocellulosic biomass

Climate change with increasing temperatures, frequent episodes of drought or frost do not only
decrease lignocellulosic biomass production but also affect its properties, by
increasing/decreasing lignin content or modifying its composition for instance. These changes in
turn affect biomass end-uses. Many examples of secondary cell wall remodeling in responses to
environmental cues have been reported but how these environmental signals are integrated to
modify secondary cell walls is largely unknown. Recently some structural or regulatory genes
involved in secondary cell wall formation were shown to be responsive to stresses and moreover
to confer stress resistance (i.e. drought and salinity stresses resistance when overexpressed in
poplar for instance (Guo et al., 2017; Xu et al., 2017). It is likely that more examples will emerge
in the near future as it was shown in Arabidopsis that several abiotic and nutritional stresses can
co-opt the secondary cell wall regulatory network (Taylor-Teeples et al., 2015). Dissecting the
mechanisms and the genes underlying stress tolerance at the level of secondary cell walls is an
important challenge to address given the threat of climate changes on crops and forest trees.

6. Understanding and overcoming the yield penalty

Engineering plants to reduce lignin amount or alter its structure is often associated with a yield
penalty. Several hypotheses exist that explain the molecular basis of the yield penalty (Muro-
Villanueva et al., 2019), but the mechanisms that lead to dwarfism remain not fully understood.

7. Systematic identification of secondary metabolite structures in biomass
crops

A main bottleneck in gene discovery studies, especially those involved in biosynthetic pathways,
is that the identity of most (mostly secondary) metabolites is unknown. We can only identify the
role of genes in metabolic pathways (e.g. phenylpropanoid pathway) if we know the identity of
the differentially accumulating compounds in the corresponding mutants. Metabolite and
pathway discovery are important from a fundamental biology point of view, but also open-up
perspective for valorization of plant metabolites. This means that a large international concerted
effort is needed to systematically identify the structures of unknown metabolites by mass
spectrometry-based approaches, purification and NMR.

8. Translational research in biorefinery crops

When plants are cultivated in a greenhouse, their phenotypes and characteristics largely differ
from those of plants grown in the field. This difference is due to seasonal effects, along with

55



THIS PROJECT IS FUNDED BY THE

EUROPEAN UNION HORIZON 2020 RESEARCH
AND INNOVATION PROGRAMME UNDER
GRANT AGREEMENT 817690

biotic and abiotic interactions. Therefore, field trials are an essential step in the translation from
basic research to applications. In the next phase, the biomass from the field-grown biomass
crops needs to be investigated for altered biomass processing efficiencies. This is ideally done
first at bench scale, subsequently at pilot biorefinery scale.

9. Strategies for DNA-free genome editing

Because of the high potential of CRISPR-based genome engineering for improving the processing
efficiency of perennial biomass crops, efficient strategies for DNA-free genome-editing will be
needed to speed up the translation from the lab to the field.

4.3.16 METABOLIC ENGINEERING IN OILSEEDS TO PRODUCE HEALTH-
PROMOTING LONG CHAIN POLYUNSATURATED FATTY ACIDS

The omega-3 (n-3) long chain polyunsaturated fatty acids (LC-PUFA), eicosapentaenoic (EPA;
20:5 n-3) and docosahexaenoic (DHA; 22:6 n-3) are accepted as being essential components of
a healthy balanced diet. EPA and DHA are predominantly produced by microalgae, moving
through the marine food web into fish where they typically enter the human diet. Evidence based
recommendations for the inclusion of EPA and DHA in the diet have been made by multiple
health agencies and governments, however, it has become clear that the supply of marine EPA
and DHA from capture fisheries cannot meet demand. With an ever-growing population,
aquaculture has increasingly expanded to close the supply gap, however, while fish account for
much of the EPA and DHA in human diets, they produce very little themselves. Consequently,
farmed fish need a diet that contains high levels of EPA and DHA. Aquaculture is therefore both
the major source of EPA and DHA to the human population, but also a significant consumer
(Tocher et al., 2019). To address this issue the industry is seeking a sustainable source of EPA
and DHA.

Plants have the capacity to produce a huge diversity of fatty acids, but none produce EPA and
DHA. Therefore, the only solution is to use genetic modification and metabolically engineer the
pathways for EPA and DHA synthesis into oilseeds. Plant lipid metabolism is an area of intensive
research, including many examples of transgenic events in which oil composition has been
modified. Moreover, significant progress has been made towards the predictive manipulation of
metabolism and the reconstitution of desired non-native traits in oilseeds such as Camelina
sativa (Camelina) (Napier et al., 2019). Camelina is an oilseed crop of the Brassicaceae and is
recoghised as a new crop for oil production due to its adaptability to diverse climates, low input
requirements, short crop cycle and disease resistance. For researchers, Camelina is an excellent
platform for the production of tailored oils because it is oil composition (high in polyunsaturated
fatty acids a-linolenic acid (18:3) and linoleic acid (18:2), the substrates for omega-3 LC-PUFA
synthesis and low in erucic acid (22:1), the ease with which it can be transformed via
Agrobacterium floral vacuum infiltration and its genetic similarity to the well-studied model plant
Arabidopsis (Haslam et al., 2016). Collectively this makes the manipulation of oilseed
metabolism in Camelina tractable.

Seeds contain storage lipids predominantly in the form of triacylgycerol (TAG), a glycerol
backbone onto which three fatty acids are sequentially esterified. The synthesis and assembly
of TAG in plants is complex, involving a metabolic network of fatty acid fluxes through alternative
pathways to produce different lipid compositions, in a species-specific manner (Bates, 2016).
The successful production of non-native EPA and DHA from native fatty acids in seeds requires
the introduction and coordinated expression of multiple transgenes. The genes necessary for
EPA and DHA synthesis were sourced from marine microorganisms. The conversion of C18 fatty
acids to C20+ EPA and DHA commences with the introduction of a double bond at the A6 position,
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followed by C2 chain elongation and a second desaturation at the A5 position in the C20 acyl
chain, generating EPA and arachidonic acid (20:4, n-6); the synthesis of DHA then requires a
further two steps — A5 elongation and A4 desaturation (Haslam et al., 2016). Reconfiguring fatty
acid synthesis in this way requires not only the seed-specific expression of multiple (more than
five) transgenes but also co-ordination with the developmentally regulated programme of seed
TAG assembly and storage. Fatty acids are exchanged between multiple lipids pools (acyl-CoA,
phosphatidylcholine and diacylglycerol) en-route to assembly in TAG as seed lipid droplets.
Therefore, endogenous acyltransferase activities are utilised for the successful high-level
accumulation of EPA and DHA, rather than biosynthetic intermediates. Latterly research has
identified, tissue-specific variation within seeds for the accumulation of high levels of non-native
fatty acids in TAG. Most notable has been the asymmetric accumulation of EPA and DHA in the
seed embryonic axis (Usher et al., 2017). A greater understanding of this metabolic
compartmentation will provide future strategies for improved integration of new activities with
endogenous metabolism; paving the way for predictable seed lipid engineering.

Following the successful demonstration of EPA and DHA synthesis in Camelina (Ruiz-Lopez et
al., 2014), further evaluation of the omega-3 LC-PUFA trait was undertaken and demonstrated
(by comparison with replicated glasshouse experiments) the feasibility of producing omega-3
LC-PUFAs in the field. Replicated field trials (undertaken at Rothamsted Research each year from
2014 to date) have demonstrated the stability of the omega-3 LC-PUFA trait (Usher et al., 2015).
Furthermore, peer-reviewed studies in Atlantic Salmon and Sea Bream (Betancor et al., 2018;
Betancor et al., 2016) have demonstrated that the oils sourced from genetically engineered
Camelina can directly can directly replace all the added oil in feeds without negative impacts on
fish growth or health. Suggesting that EPA and DHA containing oil, sourced from genetically
engineered Camelina, can be a practical alternative to fish oil. In this way farmed fish, with
sustainable levels of EPA and DHA, can contribute to a balanced healthy diet.

Genetically modified Camelina, synthesising EPA and DHA in seed oil, has the capacity to support
human health via its inclusion in fish feed. However, it is also possible that tailored Camelina oil
containing EPA and DHA can be used as a direct intervention in human diets. In the UK, adults
and especially children have low levels of fish consumption, such that dietary recommendations
are often not met. Latterly, a recent peer-reviewed study has demonstrated that EPA and DHA
consumed as oil from transgenic Camelina are incorporated after a meal into blood lipids at least
as well as when consumed as fish oil, suggesting that engineered Camelina seed oil was
equivalent to blended fish oil and was a suitable dietary source of EPA and DHA in for humans
(West et al., 2019). Engineered Camelina oil has the capacity to provide a direct benefit to
human health, however further work is required to understand mechanisms of uptake and
bioavailability.

In summary, our studies have demonstrated how it is possible to re-configure the seed lipid
synthesis and assembly pathways of the oilseed Camelina for the effective production of non-
native fatty acids EPA and DHA. To achieve the predicable accumulation of novel target fatty
acids has required the development of new understanding, specifically the localised seed-specific
expression of multiple transgenes and surrounding interactions with endogenous lipid acyl-
exchange pathways. Furthermore, the stability of omega-3 LC-PUFA trait has been shown in
glasshouse and field trials over multiple seasons. Most importantly, the utility of the tailored
terrestrial oil and its efficacy as a replacement for marine-derived fish oil has been demonstrated.
Collectively, the metabolic engineering of Camelina is a clear example of the application of
fundamental basic science to the challenge of food production. The work has resulted in the
development of a new crop prototype and continues to have impact in agriculture, aquaculture,
biotechnology and human health. Work continues now to show how our omega-3 LC-PUFA
Camelina can contribute to the challenge of global food security and human nutrition.
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4.3.17 IMPROVING WATER MANAGEMENT

In view of global change and strong water demand from agriculture, water deficit is now
recognised as the abiotic stress that affects the most crop productivity. Drought has major
societal and economic implications for global food security, that are exacerbated in the context
of climate change. Europe already faces declining water availability and higher variability of
rainfalls, both in space and time, which translate into higher risks of water stress on crops and
significantly impact European agriculture. Indeed, drought not only alters plant productivity but
has also a significant impact on cell wall composition affecting digestibility by cattle or
microorganisms for biofuel production. While controlled water deficit may improve fruit quality
through higher concentration of flavor or antioxidant compounds, drought often decreases crop
nutritional quality. Thus, understanding the overall modes of plant response to water availability
is of upmost agronomic importance.

Improving water uptake and transport by roots

Water is taken up by roots and transported through xylem vessels up to the leaves where it is
evaporated through stomata. These different steps have been subjected to intensive research
as targets for drought tolerance. One of the most promising targets to improve drought tolerance
is root. Concerning Root System Architecture (RSA), studies in controlled and field conditions
have suggested that reduction of shoot born roots number (Sebastian et al., 2016) and deep
rooting are important parameter for foraging for water when deep water is available (Uga et al.,
2011; Uga et al., 2013; Gao & Lynch 2016; Kulkarni et al., 2017). However, Ogura et al. (2019),
observed that Arabidopsis accession with shallow rooting system are more tolerant to drought
suggesting that a more horizontally distributed root system might be an adaptation to efficiently
capture water in the short period of time in environments with sparse rainfall. A proliferative
root system was also proposed to extract more water and nutrients under stress condition in
legumes (Ye et al., 2018) or trees (Ramirez-Valiente et al., 2018). Recent studies have also
identified that roots can direct their growth or preferentially position lateral roots towards higher
water availability respectively hydrotropic response (Dietrich et al., 2017) and hydropaterning
(Orsa-Puente et al., 2018). Finally, Rosales et al., (2019) showed that roots have a differential
adaptive response to water availability depending of their rank and age. Yet, much of the
physiological and genetic components that act on RSA are as yet largely unknown even in model
plants.

Water uptake is also critically determined by the intrinsic water transport capacity of the roots,
i.e. their hydraulics. If the water channel proteins named aquaporins that facilitate water
diffusion across cell membranes have been well characterised (Maurel et al., 2015) and have
been identified as targets for drought tolerance many other components of root hydraulics are
to be discovered. For instance, the crucial role of lignified and suberised barriers differentiated
in the walls of exo- and endodermal cells (Barberon et al.,, 2016) remained largely
underexplored. Similarly, quantitative genetic approaches in the model plant Arabidopsis
unexpectedly identified HCR1, a raf-like MAP3K protein kinase (Shahzad et al., 2016) or XND1
a XYLEM NAC DOMAIN 1 transcription factor (Tang et al., 2018) as important regulators of root
hydraulics, with sharp roles under water excess (HCR1) or deficit (XND1). These examples
illustrate the power of natural variation approaches for dissecting and possibly improving root
hydraulic performance under agricultural conditions.

Regulation of water losses
When subjected to water limitation, plants primarily maintain their water status by regulating

transpiration through stomata movements. Stomata serve dual and often conflicting roles,
facilitating carbon dioxide influx into the plant leaf for photosynthesis and regulating water efflux
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via transpiration. Accordingly, stomata have been the center of interest for drought tolerance
(reviewed by Lawson et al., 2014). Many studies exploiting natural diversity or transcription
factors over expression have shown that reduction of stomata density in Arabidopsis, rice, wheat
or tobacco significantly enhances drought tolerance by reducing water loss with under certain
conditions limited effect on growth (Yu et al., 2013; Kulkarni et al., 2017; Liu et al., 2019).
Besides number, regulation of stomata opening is also of particular interest. Several signaling
pathways have been targeted including reactive oxygen species (ROS) (Hu et al., 2017) and
more recently the chloroplast retrograde nucleotide phosphatase signaling pathway (Zao et al.,
2019). But the most studied and engineered relies on the phyto hormone Abscissic acid (ABA).
ABA has been identified to mediate rapid closure of stomata to maintain the leaf water status.
Accordingly, manipulation of ABA production or sensitivity significantly promotes drought
tolerance not only in model plants and crops but also in woody plants (reviewed by Lawson et
al., 2014; Yang et al., 2016; Pedrosa et al., 2017; He et al., 2018; Miao et al., 2018; Guo et al.,
2019; Yang et al., 2019).

However, ABA not only control stomata opening but also long-term growth and metabolic
adjustments for tolerating periods of water deficit (Cutler et al, 2010; Zhao et al., 2016). Besides
it role in regulating plant water status ABA has been shown to regulate root and shoot
development, plant pathogen interactions either directly or in close interaction with other
phytohormones including auxin, cytokinins, ethylene, Jasmonic Acid or Salicilic Acid but also
metabolism, nutrient sensing and growth through the TOR kinase signaling pathway (reviewed
by Yoshida et al., 2019). As the molecular and cellular processes that underlie plant responses
to ABA, and their integration in complex regulatory loops acting at the whole plant level, remain
however poorly understood, manipulation of ABA production or sensing in crops has often
detrimental effects. However, progresses in deciphering the complex network of ABA perception
and signaling in Arabidopsis that includes ABA receptors, kinases, transcription factors and
stabilising PP2C protein complexes (Zhao et al., 2016) open new perspectives for improving
drought tolerance in crops. Accordingly, targeted manipulation of Arabidopsis ABA receptors
combined up to 40% increased WUE with high growth rates. In these plants, water productivity
was associated with maintenance of net carbon assimilation by compensatory increases of leaf
CO:2 gradients, thereby sustaining biomass acquisition (Yang et al., 2016; Yang et al., 2019).
Similar results were obtained in rice were where targeted mutations in ABA receptors identified
combinatorial mutants that control stomatal movement but reduced detrimental effects on seed
dormancy or plant growth (Miao et al., 2018). Recently, Cutler’s group identified and engineered
small molecules that bind to abscisic acid (ABA) receptors and locally and specifically trigger
signaling pathways improving plant tolerance to water stress with limited side effects (Mosquna
et al., 2011, Okamoto et al., 2018). These examples pave the way for future and promising
improvements of local and targeted manipulation of ABA signaling pathways. Similarly, an in
deep understanding of the functioning and regulation of the guard cells that are surrounding
stomatal pores identified ion fluxes as putative targets for engineering. Accordingly, expression
of a synthetic light-gated K+ channel in guard cells in Arabidopsis accelerated both stomatal
opening under light exposure and closing after irradiation and increased significantly biomass in
fluctuating light without cost in water use by the plant (Papanatsiou et al., 2019). Similar
strategy can be considered for forcing stomata closure at night that have been identified as an
interesting approach to reduce transpiration rate at night to limit water use without altering
growth (Coupel-Ledru et al., 2016). These examples demonstrate the potential of enhancing
stomatal kinetics to improve water use efficiency without penalty in carbon fixation.

Optimising drought avoidance, development and water use efficiency.

Several other traits have been investigated to enhance drought tolerance. For instance, if
molecular and cellular mechanisms underlying the early perception of water deficit by roots and
downstream signaling processes are still largely unknown, some candidate genes such as OSCA1
and downstream signaling events involving ROS and calcium are now emerging (Hamilton et al.,
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2015; Yuan et al., 2014; Martiniere et al., 2019). While these studies deal with local responses
to water deficit, the capacity of roots to adapt to heterogeneous water resources or changing
water demands of shoots or rapid change in salinity of soil solution. Other traits such as shoot
architecture have been found promising. Indeed, a more erected port turned out to significantly
reduced transpiration rate but also meristem temperature preventing an earlier cessation of
development. Similarly breeding for phenological traits such as earliness have been of particular
interest to reduce exposition to drought period in wheat (Legouis et al., 2012; Kulkarni et al.,
2017) or woody plants (Allard et al., 2016) for instance or flowering time in maize (see phenology
examples for further details). Besides phenology many research articles related to a wide range
of species showed that crops harboring delayed leaf senescence have a marked increase in grain
yield and biomass production, improvement in horticultural performance, and enhanced
tolerance to drought stress without any abnormalities in growth and development (reviewed by
Guo and Gan 2014 and see longevity, nutrient remobilization and partitioning example for further
details). Besides annual crops, forest trees or Grapevine are long-lived organisms subject to
repeated environmental constraints throughout their long lifetimes. They are facing specific
threats such as drought-induced xylem blockages (e.g., embolisms) resulting in a decline in sap
flow can be observed under severe and/or repeated drought. Understanding and manipulating
xylem properties is of major interest for plant survival (reviewed by Brodersen et al., 2019). At
the molecular level, epigenetic has recently emerged as a powerful set of mechanisms regulating
various developmental processes, plant growth and responses to environmental variations. Such
epigenetic mechanisms, which may remain stable along tree life, constitute a source of
potentially improving adaptation of the plants in situations in which naturally occurring mutations
are very rare (reviewed by Dia Sow et al., 2018). Interestingly, Ma et al. (2019) also identified
in rice, a chromatin regulatory process through histones ubiquitination/de-ubiquitination that
modulates plant capacity to cope with drought stress. Characterising the underlying mechanisms
both in trees and annual crops is of particular interest to identify new breeding targets and
improve acclimation and reduce the impact of repeated drought stresses.

Identifying and exploiting the genetic diversity of plant drought tolerance

Besides these hypothesis driven approaches, large humber of breeding programs for drought
tolerant crops have been initiated. Accordingly genetic programs based on biomass production
or yield or nutritional quality under drought have identified thousands of quantitative trait loci
(QTL) in almost all crops including cereals (Tuberosa et al., 2006; Ruta et al., 2010, Budak et
al., 2015, Li et al., 2016) legumes (Ye et al., 2018), oleaginous crops (Masalia et al., 2018) fruits
(Albert et al., 2017), forage and biomass producers (Shinozuka et al., 2012; Van der Weidje et
al.,2017) or woody plants (Allard et al., 2016; Tandonnet et al., 2018). Even if difficult to
manipulate, marker-assisted selection helped breeders to manipulate and combine these QTL to
improve drought related traits. However, the genetic bases of the molecular, cellular and
developmental responses underlying these QTLs remains mostly uncharacterised as they involve
many gene functions regulated by water availability. Recent development of genomics based
approaches will provide access to agronomically desirable alleles present in QTLs and analysis
of sequence data and gene products should facilitate the identification and cloning of genes at
target QTLs thus enabling breeders to improve the drought tolerance and yield of crops under
water limited conditions more effectively. These new tools represent an extraordinary resource
for improving drought tolerance but harnessing the full potential of these technologies will
require a multidisciplinary approach and an integrated knowledge of the molecular phenotypic
and physiological processes influencing tolerance to drought.
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4.3.18 IMPROVING PHOSPHORUS USE EFFICIENCY

Phosphorus (P) is an essential plant macronutrient with major impact on crop productivity. With
the increasing demand for food (+50% for 2050) as a result of a growing population, the demand
for P fertilizer is steadily increasing. Given the fact that phosphate (Pi) rock (the source of P
fertilizer) is a finite natural resource, the P availability has become a worldwide concern with
respect to the pressing problem of food security. Besides, many cations naturally associated with
phosphate are toxic metals (such as cadmium). This will force industry to look for lower quality
sources of phosphates naturally contaminated by toxic metals (such as cadmium). To limit such
problem, the EC has imposed increasingly strict standards for the coming years on the level of
toxic metal content associated with Pi allowed. Consequently, due to purification cost the use of
Pi fertilisers will become more and more costly (Benredjem & Delimi, 2009; Benredjem et al.,
2016). Another argument in favour of reducing the use of phosphate fertilizer is that the excess
of Pi promoted run off in waters leading to algal bloom of cyanobacteria and subsequently to
rivers and lakes eutrophication. Therefore, a better management of this resource is requested,
together with developing of an efficient recycling process of Pi from different sources such as
waste water or urine by chemical methods (Talboys et al., 2016) or through phytoextraction
(Bawiec, 2018). As far as increasing food production is concerned, developing plants with
enhanced P-use efficiency is key to meet the challenge of modern agriculture.

Improving plant assimilation of Pi remains a key and challenging research area, both in science
and agronomy. For decades, varietal selection relied on fertilizers to find plants that made the
best use of the high quantities applied. We have seen that this situation has changed: it will be
necessary to produce, if possible better, with very limited quantities of Pi.

Different strategies can be proposed to meet this challenge:

Improving Pi uptake

Modification of root architecture

In soil, the P distribution is heterogeneous, and it concentrates usually in the shallow soil layers.
To cope with such situation, plants promotes topsoil foraging, thereby conferring an advantage
for P acquisition. Such plasticity of the root is an important adaptive trait genetically determined.
It varies between and within plant species. Some genes involved have been identified (Ticconi
et al., 2004; Reymond et al., 2006; Svistoonoff et al., 2007; Ticconi et al., 2009; Balzergue et
al., 2017). It includes a cell wall-targeted ferroxidase (LPR1), a P5-type ATPase (PDR2), and the
transcription factor SENSITIVE TO PROTON RHIZOTOXICITY (STOP1) and its target ALUMINUM
ACTIVATED MALATE TRANSPORTER 1 (ALMT1). Quantitative genetics and physiological analysis
revealed the existence of natural variation for such trait in Arabidopsis, soybean, lupine, beans...
offering opportunity to develop novel selection scheme. The above-outlined importance of root
traits and plant growth for Pi uptake was used in crop/cereal to identify strong QTL and causal
genes. The rice gene PHOSPHORUS STARVATION TOLERANCE 1 (OsPSTOL1) provides a good
example. Indeed, OsPSTOL1 (initially named Pupl-specific protein kinase gene) has been
identified as the causal gene within a major QTL enhancing plant growth in highly Pi-deficient
soil (Wissuwa & Ae, 2001; Gamuyao et al., 2012). The QTL Phosphate uptake 1 (Pupl) was
initially identified based on a small diversity study of 30 rice genotypes, showing that two rice
land races, Dular and Kasalath, had the highest Pi content (Wissuwa & Ae, 2001). The protein
kinase Pstoll absent from phosphorus-starvation-intolerant modern varieties illustrate such
potentiality (Gamuyao et al., 2012). Its overexpression in such varieties significantly enhances
grain yield in phosphorus-deficient soil. Beside transgenic approach, classical selection can also
be performed to identify such traits in traditional lines and use introgression for its transfer. With
recent advances in molecular genetics approaches chances are very high that we can unravel
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the genetic architecture of P efficiency in a large crops recombinant inbred line population, and
therefore establish links between the genetics and physiology of P efficiency, such as
associations between root morphology, P content and crops grain yield on soils with low-P
availability. A last strategy relies on a few specific species, which developed specific anatomic
adaption such as cluster roots (found for example in some Proteaceae, Leguminosae...) to cope
with soils exhibiting low Pi content. This could provide a niche market for a few food-value crops
(such as Lupinus, Macadamia...) or horticultural crops (Banksia, Grevillea...). These observations
lead to agronomical strategies of intercropping non efficient and efficient crops together, so that
the accompanying crop will benefit from the presence of the efficient crop (Latati et al., 2014).
Nevertheless, such strategy has had very limited success in the fields!

Using mycorrhizal symbiosis

Another strategy is to exploit the mycorrhizal symbiosis between plants and specific soil fungi
(80% of vascular plants present such association). In such case, the fungus will extract and
provide Pi to the plant and will receive carbohydrates in exchange (Wipf et al., 2019). Several
agronomical companies provide mycorrhizal fungus solutions or soil enriched with mycorrhizal
fungi to stimulate plant growth. However, such strategies are far to be universal: their output
depends of several parameters such as the nature of the crops, its mycorrhiza partner and the
local soil environment. As such, they are currently difficult to control out of the laboratories and
require additional studies (Hinsinger et al., 2011). The use of bacteria to facilitate plant nutrition
remains confined in the laboratory, indeed the passage into the field remains very hazardous
due to competitions with soil microflora and putative ecological consequences.

Improving Pi transporter efficiency

Pi is taken up the roots. Knowing that plant take up only 20% of applied phosphate, developing
plant with improved Pi use efficiency is needed. In roots, Pi uptake is achieved through a suite
of high-affinity transporters of the PHT1 family and loaded into xylem using PHO1 transporter
(Poirier & Bucher, 2002; Nussaume et al., 2011). All these genes exhibited multiple layers of
regulation. One of the main one relies on the PHR1 (PHOSPHATE RESPONSE 1 (Rubio et al.,
2001)) master transcription gene family and its regulators (such as the SPX family (Puga et al.,
2014; Wang et al., 2014; Wild et al., 2016)). The second one acts at posttranscriptional level
involving key elements such as PHF1 (Phosphate facilitator 1) a protein facilitating the targeting
of PHT1 transporters through the endoplasmic reticulum (Gonzalez et al., 2005; Bayle et al.,
2011); miRNA (miR399), and its target the ubiquitin-conjugating E2 enzyme (PHO2), a key
player in the regulation of Pi uptake and translocation transporter protein abundance (Aung et
al., 2006; Bari et al., 2006). A third ones involved modification of the affinity of the transporters
in response to low Pi whose precise mechanisms have yet to be discovered (Ayadi et al., 2015).
Our understanding remains very fragmented and requires further analysis to master these
pathways, which are essential for developing plants adapted to low Pi. These signaling cascade
triggers a wide variety of mechanisms to limit the use of Pi by activating many metabolic shunts.
In addition, it is interesting to note the existence of crosstalk between the metabolism of
phosphate and other ions such as nitrogen, iron or zinc. Taking into account multiple
interactions, even if it is complex, should make it possible to multiply the number of solutions.
This is well illustrated by new pathways recently discovered activated by plant to boost Pi
accumulation in zinc-dependent (Pal et al., 2017; Kisko et al., 2018).

Improving Pi accessibility

A large field of research describes how specific plants perform better regarding phosphorus
extraction from the soil. This can be based on their ability to acidify the soil by releasing protons
or citrate and malate to solubilize bound phosphate (Bieleski, 1973; Lu et al., 2012; Liang et al.,
2013).
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Optimising nutrient uptake

Hydroponics is an option to avoid the unpredictable impact of soils. Combined to the use of
greenhouses, and applied to grow at high density, it can lead to increases of yields by a factor
of 10, including for major crops such as tomatoes (according Global Hydroponics Market Analysis
& Trends - Industry Forecast to 2025" report). However, such a cultivation practice is limited to
specific plants to be economically profitable. In this technological era boosting soil-less cultures,
a full grasp of the plant ability to extract nutrients from solutions, including Pi, becomes a central
aspect of biomass production. Making sure that plants will assimilate provided nutrients is a
major economic and technological challenge. In this context, basic research on Pi uptake remains
crucial.

4.3.19 IMPROVING SALT STRESS TOLERANCE

World agricultural lands suffer drastically and are even destructed by soil salinity. Beside of
naturally developed salinity in soil due to long term continuous discharge of saline groundwater
(primary salinity), soil salinization is also related to man activities (secondary salinity). Thus,
irrigation with saline groundwater can cause an increase of salts in the root zone, particularly if
leaching by rainfall or by applied irrigation is inefficient. Irrigation water leaves soil to the
atmosphere through plant transpiration and evaporation, leaving dissolved salts in the soil, and
increasing soil salinization. Pumping fresh water in the coastal aquifers provokes salt-water
intrusion decreasing the water quality. Coastal agriculture is also threatened by salinity problems
due to sea level rise, ingress of sea water through waves, through wind transport of salt spray
or storms. FAO estimated that 20% of irrigated lands were salt-affected soils worldwide. In the
European Union, mainly the Mediterranean countries (France, Greece, Italy), but also Bulgaria,
Czech Republic, Germany, Hungary, Portugal, Romania, and Slovenia are concerned by salt-
affected area (Toth et al., 2008). Each year, it is estimated that 10 million ha of agricultural
lands are destroyed worldwide by soil salinization (Pimentel et al., 2004). Climate change,
excessive use of groundwater, increasing use of poor-quality irrigation water, massive irrigation
in dry climate, and poor leaching can accelerate the rate of soil salinization.

Successful genetic approach for salt stress tolerance in crops

Saline soils affect plant growth and development, due to the presence in excess of soluble salts
(Na™*) in soils. Visual symptoms of salt injury are white leaf tip followed by tip burning, leaf
browning and death, reduced plant growth, poor root growth, sterility and reduced seed
production. Plant species exhibit a large array of tolerance to salt stress. For instance, in the
group of cereals, barley (Hordeum vulgare) is the most tolerant, bread wheat (Triticum
aestivum) is moderately tolerant, followed by durum wheat (Triticum turgidum ssp. durum)
which is less tolerant, and rice (Oryza sativa) which is the most sensitive (Munns and Tester
2008). However, due to the genetic diversity in each crop species, salt tolerance variability could
be found, for instance in maize and sorghum (Niu et al., 2012). A prototypical experimental
approach for the identification of genes involved into the salt tolerance has been performed in
rice sativa species, thanks to its high genetic diversity. Thus, several Quantitative Trait Loci have
been identified in rice for salinity tolerance, with a majority of them sitting on chromosome 1,
for instance related to Na* uptake into the plants (Flowers et al., 2000), ion (K* and Na*) uptake
(Koyama et al., 2001), or a Na* transporter

Detrimental effects of Na* ion on plant growth and development
A high salt concentration in soil solution increases its osmotic pressure, interfering with plant

nutrition of water and nutrients. Hence, a two-phase model has been proposed, with an early
response to the increase in external osmotic pressure, and a slower response due to the
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accumulation of Na* in the shoot (Munns & Tester, 2008). The damages due to the osmotic
effect of salinity induce metabolic changes similar to those caused by water stress. Osmotic
stress has an immediate effect on the rate of shoot growth. Moreover, Na* exhibits specific ion
toxicity and impairs nutrition of essential nutrients such as K*. At the early phase, salt stress
impairs photosynthesis, by reducing stomatal conductivity and transpiration in relation with the
hormone abscisic acid (Fricke et al., 2004). The reduction of photosynthesis stimulates reactive
oxygen species (ROS) production and the expression of enzymes involved in the oxidative stress
to prevent damage to photosystems, lipids, proteins, and nucleic acids. However, one of the
members of ROS family, H202, exhibits also a cell signalling role in salt tolerance (Ma et al.,
2012). Thus, a balance between ROS production, removal by oxidative stress enzymes and
sufficient quantity required for cell signalling has to be coordinated. Photosynthesis is also
impaired by the specific Na* toxicity due to its close physicochemical properties with K* (i.e.
hydration energy and hydration shell features). Nat* competes with K* at binding sites in key
metabolic processes in the cytoplasm (enzymatic reactions, protein synthesis), albeit Na* cannot
totally replace K* as a coordinating ion (Nieves-Cordones et al., 2016).

Excess of Na* also impairs polarization of plant cell membrane potential, a phenomenon
responsible for the entry and exit of solutes. Thus, polarization of cell membrane potential is
strongly related to K* concentrations at both sides of the plasma membrane (Nieves-Cordones
et al., 2016). Unfortunately, Na* competes with K* for uptake at the plasma membrane root
cell, since both ions are transported by several transport systems (non-selective cation channels
(NSCC) and high-affinity transporters (HKT)). Moreover, massive Na‘* uptake provokes a
significant membrane depolarization, leading to a dramatic increase of K* leakage through
depolarization-activated outward-rectifying (KOR) K* channels (Nieves-Cordones et al., 2016;
Shabala, 2009).

Salt tolerance mechanisms in crops

As a consequence of all the above mentioned processes affected by salt stress, plants have
developed several biochemical and molecular mechanisms to withstand the detrimental effects
of salinity that can be grouped into three types (Munns & Tester, 2008). Firstly, oxidative stress
encountered upon salt stress has to be managed at the cellular level by mechanisms of protection
and damage repair. Secondly, the response to osmotic stress by maintaining water homeostasis
involves compatible solute biosynthesis and aquaporins (water channels). Thirdly, these
mechanisms involve the function and regulation of transport systems of Na* and/or K*.

In maize seedlings, salt stress induced oxidative stress mainly in roots and mature leaves, and
less in young leaves (AbdElgawad et al., 2016). Thus, H202 content and markers of oxidative
damage of cell membranes (electrolyte leakage and lipid peroxidation) all showed an increase.
Furthermore, antioxidants molecules (polyphenols, flavonoids, ascorbate...) and activities of
enzymatic antioxidants (catalase, superoxide dismutase, peroxidase, etc.) increased
significantly. Universal antioxidant defense mechanisms were activated in the whole plant,
however it was suggested to develop more efficient metabolic engineering mechanisms specific
to different organs and ages to cope with specific stress conditions (AbdElgawad et al., 2016).

Compounds that accumulate in the cytosol to balance the osmotic pressure most commonly are
sucrose, proline, and glycine betaine. For instance, proline was accumulated as a non-toxic and
protective osmolyte under salt stress in bread wheat, lentil, or rice (Lutts et al., 1996; Mattioni
et al., 1997; Misra & Saxena, 2009). Engineering compatible solute accumulation in crops has
been extensively performed with several successes in improving adaptation to salt stress.
However, this has been done in very restricted conditions, or limited developmental stages and
several other drawbacks rendered this approach marginal (Shabala, 2007). Otherwise, genetic
manipulation of aquaporin expression to engineer salt stress tolerance did not lead to conclusive
results. For instance, transgenic rice plants expressing at high level the plasma-membrane
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aquaporin isoform OsPIP1;1 revealed to be more sensitive to salt stress than transgenic
seedlings with middle to low levels of transgene expression that exhibited tolerance to salt (Liu
et al., 2013). Salt stress induces a reduction of root hydraulic conductivity in several crop
species, such as barley (Horie et al., 2011) ; this shutdown of water transport is believed to
minimize water loss. Hence, the role of aquaporins in salt stress response has to be considered,
however, their precise role needs to be clarified.

The discovery of the function of Na* transporter and K*/Na* homeostasis supporting Salto/ QTL
stresses on the importance of the transport systems of these two ions (Ren et al., 2005). It is
well accepted that the maintenance of a high cytosolic K*/Na* ratio is optimal for salt stress
tolerance. For this purpose, plants have developed several strategies that allow them (1) to limit
the uptake of Na' into the root, (2) to increase its extrusion outside of root cells, (3) its
sequestration into the vacuole, and (4) its transport and distribution to the leaves. The most
important transporters contributing to Na* and K* homeostasis are describes hereafter. The
Na*/H* antiporter salt overly sensitive (SOS1), the only Nat efflux protein at the plasma
membrane of plants characterised so far, has a role in extruding the excess of Na* ions from
root epidermal cells (Martinez-Atienza et al., 2007). Once in the cytosol, Na* ions are
compartmentalised into vacuole by means of the activity of Na*/H* antiporter type NHX1
(Fukuda et al., 2004). Preferential expression of Na*-selective influx transporter of the HKT1
family in root xylem parenchyma and in cells adjacent to phloem vessels in leaves leads to two
interpretations. HKT1 could be involved in the unloading Na* from the root xylem, retaining this
ion in root cells and preventing its accumulation in shoot. Also, HKT1 allows the recirculation of
Na* from shoot to shoot by loading Na* into the phloem in the shoot (Ren et al., 2005). The
involvement of K* transport systems in K*/Na* homeostasis has to be stressed also. For
instance, in rice AKT1, HAK1, and HAKS are involved in the uptake of K* and play a role in salt
tolerance (Chen et al., 2015; Li et al., 2014; Yang et al., 2014).

Future prospects for alleviation of salinity in crops

Plants beneficially interact with soil microorganisms (especially rhizosphere bacteria and
mycorrhizal fungi), providing better nutrient and water nutrition and growth. Moreover
increasing studies have documented on salt-tolerant microorganisms improving tolerance to salt
stress in crops (Dodd & Pérez-Alfocea, 2012). Beneficial effects include improvement of nutrient
(K*) and water uptake, growth promotion, and alteration of plant hormonal status and
metabolism, but the mechanisms are not well-understood, which needs further investigation.
Thus, engineering interactions between crops and beneficial microorganisms could be
advantageous for salt tolerance.

Considerable progresses in the understanding of the genetic and molecular bases of salt
tolerance has been made in the last decades in several crop species such as rice, wheat, barley
and tomato (Morton et al., 2019). This has conducted to breakthroughs, notably in salt sensitive
species such as rice, like the identification of a major locus for Nat/K* homeostasis in response
to salt (Saltol) which contains OsHKT1;5 (Ren et al., 2005) and several salt responsive
transcription factors in landraces. The Salto/ locus is being integrated through genotyping
platform along with other loci involved in productivity and grain quality in breeding lines and
new cultivars. Further understanding can results from the exploration of tolerance mechanisms
in glycophytes and wild relatives that may include halophytes. Mechanisms are indeed diverse
in ranging from anatomical adaptations (reinforced root apoplastic barriers, leaf salt glands...),
spatial compartmentation (such as Na* accumulation in leaf sheath in cereals) to Na* vacuolar
compartmentation and efficient Na* exclusion / recirculation through the action of transporters.

For alleviating salinity stress effect in plants, two main strategies can be implemented and
combined. The first one is based on genomics and breeding while the second relies on genetic
engineering and/or the fast evolving genome editing technologies. The first approach is based
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to the pangenome information becoming available in major crops (Golicz et al., 2016), notably
when a large natural variation on salt tolerance/avoidance exist. Phenotyping of large collections
will allow to identify useful natural allele variation at loci underlying architectural/anatomical
structural/functional traits important for adaptation to salinity-prone environments. Key
progresses have been made in the experimental design of phenotyping experiments that can be
automated (Al-Tamimi et al., 2016) and in the imposition of salinity stress and in analysing
relevant physiological data using appropriate indices (Negrdao et al., 2016). Gene discovery
trough genome-wide association studies in sequenced/densely genotyped diversity panels and
high resolution multi-parental populations has to be pursued to identify and characterise new
genes involved in salt tolerance mechanisms. Presence absence variation (PAV) has to be
specifically investigated through the sequencing of landraces, since often unique adaptation
genes are found only in their “dispensable” genome (striking examples exist in plants for salinity
tolerance, submergence tolerance and phosphorus uptake efficiency, etc.) (Gabur et al., 2019).
Superior alleles at these loci have to be first validated by genetic engineering/genome editing
and then integrated into marker-assisted selection pipelines using conventional breeding.
However, barrier to introgression in elite cultivars may sometimes result from structural
divergence in the region where the useful locus reside and need to be recombined. This may
notably be prevalent in the case of PAV. In this case site directed nuclease-mediated and
homology dependent repair-assisted insertion of the missing gene in its actual genetic context
might be the most straightforward approach. The second approach relies on genetic engineering
and genome editing for the swift release of improved, salt tolerant plant materials. Genetic
engineering may still be an attractive solution. As a striking example, overexpression of the type
I H*PPase genes in several plant species (Arabidopsis, tobacco, cotton, alfalfa and maize) has
invariably conducted to enhanced salt and drought tolerance (Gaxiola et al., 2012). Ectopic
expression/down regulation of transporters in specific tissues can be achieved through the use
of tissue specific/inducible promoters. More practicable is the conversion of alleles through
CRISPR/Cas9 directed inactivation or base editing ((Zhang et al., 2019) for a review). Gene/base
editing may be used to alter simultaneously the sequence of several genes known to be
important for salt tolerance, imposing beneficial variations identified in the natural diversity.
Furthermore, gene editing coupled with homology-dependent repair may be used to alter
domains in the best characterised transporters to decrease their affinity for Nat or ClI.
Engineering spatial compartmentation and anatomical adaptations will require a better
understanding of developmental processes underlying these traits. Importing the salt tolerance
architecture from halophyte species into glycophytes is also an attractive perspective (Mishra &
Tanna, 2017; Volkov, 2015) but this will require a prior deeper understanding of the genetic and
molecular control of the salt tolerance/avoidance bases in these wild species, on which few
information is nowadays available.

4.3.20 IMPROVING HEAT STRESS TOLERANCE

Increased day time and nocturnal temperatures are occurring on a global level and are often
negatively correlated with productivity and yield (Jagadish et al., 2015; Ray et al., 2015).
Interestingly yield progress is correlated with night time temperature in many cases (Welch et
al., 2010) and frequently coincides with other stress factors such as water deficit. Heat stress is
characterised by temperatures at which optimal plant functioning and homeostasis are impaired,
leading to stunted growth, yield, quality and productivity. Multiple physiological, biochemical,
and molecular processes determine rates of growth and productivity and hence heat stress can
occur via different routes according to phenology and yield components. One of the clearest
mechanisms by which heat stress determines yield is via impairment of key physiological
processes within reproductive organs leading to sterility. Such phenomena indicate the
importance of developmental stage when assessing the impact of heat stress on productivity.
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It is well accepted that the cumulative fixation of CO:2 via photosynthesis is a principal
determinant to this end. Heat stress can have significant implications for photosynthesis, for
example electron transport systems and CO: reduction pathways are hugely sensitive to high
temperatures. This is a concern for future food security targets, since rising temperatures in key
crop production zones are likely to impact crop photosynthesis and therefore yield. Indeed,
according to scenarios based on projected greenhouse gas emissions, temperatures are
forecasted to increase in rice growing areas by as much as 4°C during the growing season, which
could limit cereal yields by as much as 12%. Accordingly, this necessitates an understanding of
how photosynthesis responds to elevated temperatures in rice as a foundation for developing
varieties that are resilient to climate change.

Due to their ectothermic nature, crops display plastic developmental responses to temperature
according to the phyllochron principle. This reflects alterations to underlying biochemical
responses, such as enzyme activation states and hormonal regulation, that in-part dictate the
response to temperature of the traits in question (Scranton & Amarasekare, 2017). In general,
progressions through developmental stages of crop life cycles is hastened by increasing
temperatures up to an optimum, which varies substantially across species, reflecting the
importance of breeding climate-specific varieties (Hatfield et al., 2011). The morphology of
leaves is also sensitive to temperatures above the optimum, thereby impacting light interception
and fixation of CO:2 via photosynthesis (Gray & Brady, 2016). Below-ground responses to heat
stress are also an important aspect of plant developmental responses to temperature. These
responses are linked to above-ground responses thanks to the dependency of soil temperature
on air temperature. When temperatures exceed species-specific optimum temperatures,
development will be impeded. It is important to note that ceiling temperatures are usually
developmentally specific, where vegetative development is more tolerant of higher temperature
than reproductive development (Hatfield et al 2014).

With respect to reproductive development, and as described previously, elevated temperatures
accelerate flowering time and reduce grain filling periods. If it is assumed that diurnal rates of
carbon fixation via photosynthesis are unchanged, then yield will reduce to an extent that is
proportional to the number of days early flowering time thanks to the lack of photosynthates
that can be translocated to reproductive sinks and it will also reduce proportionally to the number
of reduced grain filling days, as such phenological responses to temperature to this end are
particularly damaging to crop productivity (Hatfield et al., 2011).

Photosynthesis is highly sensitive to heat stress periods and this can manifest at several levels.
First in terms of metabolic efficiency the carboxylase activity of Rubisco is curtailed by an
enhancement of the oxygenase reaction and a reduction in the activity or Rubisco activase which
is a target for improvement (Crafts-Brandner et al., 2009) . This also leads to an increase in the
rate of photorespiration which further reduces the CO:z assimilation capacity. Variation in thermal
tolerance of the Rubisco activase enzyme has been used as a means to improve photosynthesis
at higher temperatures. Recent success has been achieved in manipulation of the rate of
photorespiration to enhance yield (South et al., 2019).

As temperatures rise, rates of cellular respiration rise along with developmental rate, consuming
storage carbohydrates more rapidly. At high temperatures, beyond the optimum and with
increasingly unstable cellular conditions in the light the generation of reactive oxygen species
can be high, disrupting membrane transport and metabolism and leading to increased oxidative
stress and photoinhibition. Here the role of lipids becomes important: in wheat it has been shown
that in some cases at least the reduction in photosynthetic rate at high temperatures is due to
lipid desaturation, oxidation and damage to organelles (Djanaguiraman et al., 2018). Genotypes
of wheat expressing heat shock proteins can tolerate heat stress better since they protect
proteins and lipids from heat stress damage. Selection for heat tolerance in wheat has been
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achieved in wheat by targeting improved photosynthetic efficiency selected by chlorophyll
fluorescence (Sharma et al., 2015).

High temperatures can also have numerous detrimental impacts on plant fertility, leading to
sterility and also lowered grain quality in terms of protein content. These impacts are typically
manifested through alterations to the timing of reproductive developmental stages or through
damage to reproductive structures (Gray & Brady, 2016). The expression of genes involved in
the signalling pathways that elicit floral transitioning are often dependent on temperature cues
in order to time flowering appropriately according to the prevailing environmental conditions
such to maximise fitness. Consequently, either consistently high temperatures or temperatures
that fluctuate between species specific-optimum temperatures and elevated temperatures are
likely to induce early flowering which can be problematic since they force reproduction to occur
before sufficient resources have been and allocated toward developing seeds, thus grain filling
is reduced (Zinn et al., 2010). Furthermore, if elevated temperatures persist during the grain
filling period, they can induce grain senescence, which in turn reduces grain weight even further.

The most substantial high temperature driven impacts to crop productivity are often resultant
from the sensitivity of pollen (male gametophyte) to temperature (Zinn et al., 2010; Peet et al.,
1998) asynchrony between male and female reproductive development (Herrero, 2003; Hedhly
et al., 2008), the size and number of both carpels and stamens pollen viability and dispersal
(Sato et al., 2002).
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5 WHERE TO GROW OUR FUTURE CROPS? - Modelling

Where there is a reliable mechanistic understanding of biological processes, computational
analysis can predict outcomes in novel scenarios where empirical models would rely on
extrapolation. Mechanistic modelling is therefore a potentially very useful tool for understanding
crop futures. Despite this, even photosynthesis, which is particularly well understood from a
mechanistic standpoint and for which powerful models are available, is usually represented
empirically in crop simulations.

5.1 Modelling - Approach

The aim of this exercise was to show that crop models incorporating mechanistic understanding
of photosynthesis can be an effective data-led tool to identify how crop improvements will look
in the future. We took a conservative approach to potential improvements that could be made
to photosynthesis, predicting impacts of relatively simple, thoroughly understood, and
achievable modifications (Modelling Box; Wu et al., 2019). Our results therefore represent a
very realistic, lower limit of potential improvements to photosynthesis. Much larger gains are
predicted from more complex, and considerably more difficult to model, examples of metabolic
engineering. For example, engineering of C3 crops to include carbon concentrating mechanisms
(Sheehy et al., 2015; Covshoff et al., 2012; Yin et al., 2017; McGrath et al., 2014);
photorespiratory bypass mechanisms (Peterhansel et al., 2013; South et al., 2019; Shen et al,
2019); or faster adjustment of photosynthetic biochemistry under dynamic light (Kromdijk et
al., 2016; Taylor et al., 2017).

To demonstrate that current generation crop models incorporating photosynthesis make useful
predictions about relatively simple improvements to photosynthesis in both current (i.e., real
and measured) and future (i.e., scenario-based, modelled) climates, we used two models that
incorporate leaf-level photosynthesis. GECROS and DCaPST describe photosynthetic responses
to light via electron transport, responses to [CO2] in terms of Rubisco and Calvin-cycle
biochemistry, and feedback with crop water balance mediated by stomatal control of
transpiration. The potential impacts of strategies directed at yield were addressed using
meterological inputs for 66 sites spanning Europe. GECROS (Yin et al., 2017) modelled a broad
array of changes to key limiting processes in both C3 (wheat, potato, and rice) and C4 (maize)
crops under historical climate and [CO2] but without water limitation. DCaPST (Wu et al., 2019),
with its more detailed representation of edaphic factors and management opportunities driven
by the APSIM crop simulator, was used to evaluate a subset of photosynthetic improvements in
winter wheat (Asseng et al., 2000; AHDB, 2018), testing their robustness to meteorology
predicted from future climate scenarios developed by CMIP5 (ISIMIP2b datasets: isimip.org).
Location specific soil parameters were obtained from ISRIC SoilGrids (soilgrids.org; Hengl et al.,
2014), and SoilHydroGrids (Toth et al., 2017).
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MODELLING BOX

Modelling photosynthetic improvement in crop canopies

Representations of photosynthesis in both GECROS and DCaPST are embedded/linked with crop
simulators (e.g., GECROS relational diagram below) and are underpinned by the relatively
simple, but very effective model of Farquhar, von Caemmerer, & Berry (1980; the FvCB model)
and its modification for C4 photosynthesis (von Caemmerer, & Furbank, 1999). These are
connected to process modelling for diffusion of CO2 and water, as well as the de Pury, & Farquhar
(1997) sun-shade simplification of canopy radiation.

Changes to several parameters were evaluated:

e Vemax: maximum rate of CO2 + RuBP reaction catalysed by Rubisco - primarily affects rates
of CO2 uptake at ambient and sub-ambient CO2
Jmax: maximum rate of CO2 uptake that could be driven by electron transport rate and Calvin
cycle turnover - particularly important at higher CO2 and when less light is reaching the
chloroplasts
Scso: specificity with which Rubisco catalyses CO2 uptake, rather than the alternative, Oz
uptake, that initiates photorespiration — affects photosynthesis under all conditions
kaLL: rate of light-limited electron transport — affects photosynthesis at low light
gm: conductance controlling rates of CO2 movement through the leaf to the site of CO2 uptake
in the chloroplast

And, for the C4 crop maize, in addition to Vcmax, Jmax, and Scyo:
e gbs: conductance controlling the rate at which CO2 concentrated around Rubisco in the bundle
sheath compartment can be lost from the bundle sheath
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Figure 7 Relational diagram describing physiological processes and their interactions as
affected by environmental variables, quantified in the GECROS model.

70



THIS PROJECT IS FUNDED BY THE

EUROPEAN UNION HORIZON 2020 RESEARCH
AND INNOVATION PROGRAMME UNDER
GRANT AGREEMENT 817690

5.2 Outcome of Modelling

52.1 THE CROP MODEL GECROS

The impact of individual small (20%), and a combination of those individual small increases in
photosynthetic parameters on the crop yield components of wheat, potato and maize are shown
in table (Table 1).

The photosynthetic properties modelled largely act independently of each other (Sc/o and gm
have overlap with other modifications: Sc/o enables Rubisco to use available CO2 more
effectively, and gm allows more CO: to reach the chloroplast). Individual 20% increases to the
photosynthetic parameters generally gave only small to moderate increases in photosynthesis
(+0.1-7.8%), biomass (+0.1-11.5%), and the efficiency with which intercepted radiation was
converted to biomass (g, +0.1-10.9%); however, their combination resulted in non-additive
increases of 11.6-32.8% in total biomass depending on the crop. The scale of effect on total
biomass was greatest for wheat, and less for potato and maize.

Table 1 GECROS estimates of percentage increase in photosynthesis, biomass, and radiation
use efficiency (ec = biomass/intercepted radiation) in response to 20% increases in
photosynthetic parameters, averaged across 66 sites in Europe

Wheat (C3) Potato (C3) Maize (C4)
whole whole
whole season
above season above season above
canopy
hotosynthes ground €c canopy ground | €¢ canopy ground | €«
P i biomass photosynthe |biomass photosynthe | biomass
sis sis

Vema 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2
JTmax 6.4 10.1 8.7 5.2 8.2 7.9 7.3 8.1 6.3
KaLL 7.8 11.5 1;). 4.5 6.5 7.0 - - -
dm 1.1 1.5 1.5 0.7 0.9 1.1 - - -
Sc/o 3.5 5.2 4.9 2.3 3.4 3.7 1.4 1.5 1.3
Gbs - - - - - - 1.1 1.1 1.0
All 22.6 32.8 3?' 16.0 23.5 |23.2 9.9 11.6 8.7

5.2.2 THE CROP MODEL DCAPST

The baseline DCaPST model without improvement to photosynthesis strongly predicted historical
yield trial data from the UK (Figure 8), and a subset of the potential improvements explored
using GECROS were simulated (20% increases in Vcmax, Jmax, and gm). When similar
improvements were modelled under historical conditions, there was strong agreement between
percentage increases in yield from DCaPST and biomass outcomes from GECROS (Table 2). For
future scenarios, CO: fertilisation meant that wheat yields were predicted to increase by 15-23%
under both scenarios even without photosynthetic improvement (Table 3). Consistent with this,
the impact of photosynthetic improvement was predicted to decrease marginally (<1%) in
future, but traits that provided important increases in yield under historical conditions were
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expected to continue to be useful in future despite higher [CO2] (Table 2). The combined effects
of CO: fertilisation and photosynthetic improvements resulted in yield increases of up to ~35%
in future climate scenarios compared with the historical baseline.

Figure 8 Mechanistic modelling of photosynthesis as part of the DCaPST model produces
reliable estimates of winter wheat yield, compared with AHDB historical yield trial data from
fungicide treated plots spaning UK latitudinal and rainfall (West-East) gradients.
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Table 2 Maximum values, across four climate forcings and 66 sites in Europe, for average
predicted yield gains from alternative photosynthetic improvement strategies.

% increase in yield relative to baseline
1981-2005 RCP 2.6 2041-2060 | RCP 8.5 2041-2060
+20% Ve, max 1.7 0.7 <0.1
+20% Jmax 9.9 9.5 9.0
+20% gm 1.1 0.8 0.5

Table 3 Mean=SD vyield predictions (t ha=!) for 66 locations within Europe, using the baseline
DCaPST model across four ISIMIP2b climate forcings, for three scenarios: historical (1981-
2005), compared with best- (RCP 2.6) and worst-case (RCP 8.5) scenarios for future warming

(2041-2060).

Historical 1981- RCP 2.6 2041- RCP 8.5 2041-
2005 2060 2060
GFDL 9.8+1.73 10.8+1.84 11.6+1.93
HadGEM 9.8+1.78 11.6+1.79 12.2+1.92
IPSL 9.84+1.71 11.6+1.85 12.3+1.61
MIROC5 10.1+1.86 11.8+1.99 12.7+2.12
Grand mean 9.9+1.76 11.4+1.89 12.2+1.93
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5.3 The importance of whole canopy modelling

Light availabilities can differ between 20- and 50-fold between the top and bottom within a
closed plant canopy (Stadt et al., 1999). Interception depends on a number of different factors
including leaf orientation and shape, the spatial arrangement of photosynthetic surfaces (i.e.
uniform versus clumping), sun elevation, the finite width of the sun’s disc and changes in spectral
distribution of PPFD within the canopy (Nobel et al., 1993). This necessitates methods to account
for the structural complexity of plant canopies and the spatial arrangement of plant material
when assessing potential crop performance.

Plant architecture refers to the spatial organisation of plant organs (Barthelemy et al., 2007).
The resultant structure impacts many processes within the plant including mechanical stability
(Moulia et al., 2006; Niklas, 1994), productivity and yield (Khush, 1996; Sakamoto et al., 2004),
disease and stress resistance (Coyne, 1980; Wolfe, 1985; Jung et al., 1996; Ando et al., 2007;
Grumet et al., 2013) and photosynthesis (Song et al., 2013). Canopy architecture varies greatly
both within and between species. The arrangement of plant material, both spatially and
temporally, leads to a highly heterogeneous light environment. Canopies with the same leaf area
index can have very different efficiencies in light capture due to the arrangement of plant matter
(Baldocchi & Collineau, 1994; Valladares & Niinemets, 2007). The geometry of leaves,
particularly their shape and size, is result of a trade-off between light harvesting and
temperature regulation plus more efficient use of resources (Bonan, 2002). Differences in foliage
relative to vertical and the azimuthal orientation of leaves can generate varying patterns in light
interception in canopies with similar levels of clumping or LAIL. When the sun is located overhead,
vertical leaves absorb less PPFD than horizontal leaves, thus reducing interception of excessive
solar irradiance at midday (Valladares & Niinemets, 2007). Horizontal leaf angles are beneficial
in an understory environment where most light enters from low zenith angles (Muraoka et al.,
1998). Therefore leaf dimension and angle are key factors in assessing plant strategies for
optimising light acquisition. For example, it was shown that 30% of the difference in light capture
by upper and lower canopy species within a tall-grass meadow can be explained by differences
in leaf orientation (Anten, 1999).

3D plant modelling

In order to assess the impact of plant architecture on processes and, ultimately, plant
productivity and yield, detailed quantification of such structures is necessary. This desire for the
creation of complex, geometrically accurate three-dimensional models of plants has led to the
development of a number of different techniques in order to capture plant structure. (e.g.
Watanabe et al., 2005; Quan et al., 2006; Song et al., 2013; Pound et al., 2014; Gibbs et al.,
2019). Applications of such models are diverse, including the study of photosynthesis for both
single plants and whole canopy structures (e.g. Song et al., 2013).

There are many different methods by which we can quantify canopy structure; this includes both
destructive and non-destructive methods (Wilson, 1963; Anderson, 1971; Ross, 1981; Campbell
& Norman, 1989; Chen et al., 1997; Bréda, 2003; Jonckheere et al., 2004; Weiss et al., 2004).
Destructive methods require identification of the key architectural features of the plant, defined
by a number of different parameters such as leaf length, angle and number etc., taking averages
across a number of plants, then reconstructing a representative canopy (Watanabe et al., 2005;
Alarcon & Sassenrath, 2011; Song et al., 2013). Reconstructing the plant structure from data,
in silico, are often time-consuming and tedious due to the rigorous measurements required
(Fourcaud et al., 2008; Vos et al., 2010). Non-destructive methods can be broadly split into two
categories with differing levels of accuracy. Low accuracy methods use approximations of plant
3D structure can be used in which leaf angle can be assumed to be constant (e.g. Pages et al.,
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2009) or follow an ellipsoidal or spherical distribution (Rakocevic et al, 2000; Farque et al, 2001).
These assumptions are particularly relevant in crops that exhibit regular and coordinated
development, such as rice and wheat (Evers et al., 2005; Pagés & Drouet, 2007; Zheng et al.,
2008). This method plus the destructive method is known as a rule-based approach to modelling.
However, for those crops which exhibit highly heterogeneous canopies, use of standard leaf
angle distributions can lead to a 4-15% difference (depending on light conditions and number of
photosynthetic parameters used) in calculated photosynthesis values compared to 3-D models
with explicitly described leaf angles (Sarlikioti et al., 2011).

Alternatively, highly accurate methods rely of digitising a pre-existing structure, but using a set
of images as a basis. This is known as the image-based approach. The image-based models are
highly desirable as a method of plant phenotyping (Houle et al., 2010; Santos & Oliviera, 2012;
White et al., 2012), with the information needed to calculate a number of plant traits including
leaf areas and angles, plant height, etc. However, the complexity of plant architecture means
that image-based approaches are often challenging. In particular, similarities between multiple
small leaf segments, lack of texture for feature matching and the high amount of self-occlusion
lead to difficulties during reconstruction (Gibbs et al., 2019; Pound et al., 2014). The models
produced may also be of limited application. For example, the silhouette-based method produces
a static model which cannot be used for modelling aspects such as plant or leaf movement and
the point cloud data cannot be used for modelling photosynthesis; for this surface detail is
required (see Pound et al., 2014).

Light modelling

Light is the most immediately heterogeneous environmental factor influencing plant growth and
survival. Based on the position of a section of leaf within the canopy, the light environment will
be highly variable throughout the day. This can be extremely difficult, if not impossible, to
measure. Once detailed structure is known, the next stage of scaling up canopy processes
requires modelling the light environment experienced by individual leaf elements. By modelling
the radiative exchanges between plant organs, light models are able to estimate the radiative
fluxes received by each organ (Chelle & Andrieu, 2007). Such models take into account the fate
of a light ray incident upon a leaf surface; whether it is reflected, absorbed or transmitted, and
integrate these local processes over the whole structure. The complexity of the integration will
depend upon the accuracy of the structural description of the canopy. The 3D plant model
obtained in processes described above can be used so that light interception can be calculated
using spatial representation of vegetation components (Borel et al., 1991; Goel et al., 1991;
Chelle et al., 1998; Evers et al., 2015). Advantages of this approach include fluxes for individual
geometric elements and consideration of their size, position and orientation (Chelle & Andrieu,
2007). Thus these are able to provide more information on the interception of light at the organ
scale (Chelle, 2005) at the cost of increased numerical complexity. Both ray tracing and
projection represent mechanisms of calculating primary lighting on a surface.

Due to the differential fate of light rays, radiation absorbed by each plant organ may come either
directly from the sky hemisphere, or indirectly after scattering (direct or diffuse light). The
proportion of the light that is reflected or transmitted varies with wavelength and depends upon
leaf type, state and age. Calculating primary lighting of a set of surfaces can be achieved through
either a source- or recipient-based approach (Wang et al., 2008). In the source-based approach,
sampling occurs by following the propagation of light from selected directions in the sky
hemisphere, and determining the surface element hit by each ray. Whereas the recipient-based
approach uses the inverse sense of light propagation is followed from specific surface elements,
into the sky hemisphere (Liu & Chen 2003; Zhang & Zhao, 2007). Primary light is effectively
described when the irradiance of a surface reflects the sum of the contribution of each individual
source. Both ray tracing and projection represent mechanisms of calculating primary lighting on
a surface (Chelle & Andrieu, 2007). Projection enables the surface element to be superimposed
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onto discretised screen located above the canopy, normal to the direction of light. Whilst this
method is efficient in terms of speed and accuracy, there is risk of low resolution, particularly
for small structural elements. Ray tracing is a stochastic method that relies upon the Monte Carlo
method (Kalos & Whitlock, 1986) to account for the fate of light rays. It consists of casting light
rays from a given light source, and following their paths through a canopy (Vos et al., 2009).
When a ray encounters an object, the subsequent path depends on the optical properties of the
material (Sinoquet et al., 1998). The Monte Carlo method is general and requires few
assumptions. It enables simulations for large sets of variables; simulations of almost any type
of light source, canopy structure and optical properties and separates the contribution of the
different orders of scattering to the radiative variables (Chelle & Andrieu, 2007). Variants on the
method have also been implemented to achieve higher efficiency, such as Quasi-Monte Carlo
ray tracing (Cieslak et al., 2008).

Radiative models have been used in two main types of study: (i) investigating how a given
canopy intercepts light; and (ii) simulating plant-light interactions dynamically, through the use
of virtual plant models accompanied with specific organ irradiances. Knowledge of how the
canopy intercepts light enables scaling from leaf/organ photosynthesis to whole canopy
photosynthesis. This requires an understanding of the distribution of photosynthetic capacity
(Kull et al., 2002). The changes in light profile resulting from sun flecks and sun angle cause the
proportion of canopy light absorbed by individual leaves to change on a time scale too rapid for
acclimation of leaf photosynthetic capacities (de Pury & Farquhar, 1999). This requires further
consideration for models of whole canopy photosynthesis.

Direct versus diffuse radiation

Both direct and diffused light are important components of incident radiation (Gutschick &
Wiegel, 1988; Herbert, 1991; Cavazzoni et al., 2002; Brodersen et al., 2008; Sarlikioti et al.,
2011; Matloobi, 2012). Whilst all canopy characteristics effect the distribution of direct light
within the canopy, diffused light distribution is mainly affected by foliage arrangement and by
leaf angle to only a minor degree (Cavazzoni et al., 2002; Cescatti & Zorer, 2003). The shape,
size and arrangement (including proximity) of the leaves affect the transmission of diffused light
into lower canopy layers thus can influence canopy photosynthesis under both low- and high-
light conditions (Valladares & Pearcy, 1999; Valladares & Niinemets, 2007). This is clearly seen
within forests where the orientation of leaves in tree crowns in the vicinities of forest gaps
frequently respond to diffuse rather than direct light (Valladares & Niinemets, 2007; as seen in
Ackerly & Bazzaz, 1995; Clearwater & Gould, 1995; King, 1998). Alterations in the transmission
of diffused light caused by differing architectures or global climate change (i.e. amount of cloud
cover) could maximise canopy photosynthesis through a more even distribution of light
(Brodersen et al., 2008). Leaf clumping is another trait that influences the transmission of direct
and diffused light through the canopy and is able to alter the transmission of each component
differently. For example, leaf clumping in tree crowns in Norway Spruce is able to increase the
average transmittance at the base of the canopy by 4.9% for direct radiation and up to 10.9%
for diffused radiation (Cescatti et al., 1998).

Accounting for architecture in modelling approaches

Traditional theories regarding light attenuation through a canopy often do not hold, particularly
for structurally complex canopies as they rely on two main assumptions; leaves are small and
they are evenly dispersed throughout canopy structure (Ross, 1981b). However, homogeneity
is rarely attainable in the field both in sole cropping and multiple cropping systems and departure
from random leaf dispersion (i.e. through clumping) is common (Burgess, et al., 2017; Burgess
et al., 2015). Furthermore, these traditional theories simplify both plant architecture and light
interception. For accurate prediction of light interception and photosynthetic processes at the
canopy level, models must take into account the heterogeneity of canopy structure (Vos et al.,
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2007) and the differences in photosynthetic potential within a canopy. Predicting whole canopy
photosynthesis requires two steps: first the calculation of the PPFD profile within the canopy and
secondly, its relation to the distribution in photosynthetic capacity. Detailed descriptions of
canopy architecture are integral to this due to the spatial and temporal differences in PPFD
profiles between canopies.
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6 DISCUSSION AND OUTLOOK

The Green Revolution started in the 1960s, constantly increasing the yields of most crops and
thereby meeting the increasing demand of an ever-growing population. The recent years,
however, showed a limited progression, or even a reduction, in yields whereas all projections
highlight a strong increase in demand, a harshening of plant growth conditions and limited access
to water and fertilizers. Agriculture of the next decades will have to satisfy demands for nutritious
food, biomass and bio-sourced products for industry and food for animals. Accordingly, it is
imperative to breed more productive and resilient crops.

In the first year of the CropBooster-P project, we performed a modelling exercise depending on
a series of parameters that summarize key properties of the photosynthetic processes. The
modelling case study demonstrated that even a modest improvement in photosynthesis can
improve crop yield in Europe, despite the predicted temperature effects of climate change. The
models predicted that even with these modest improvements of single photosynthetic traits,
simulated average wheat yield increases across Europe increased up to 35% under future climate
predictions. This increase is relatively similar in a wide range of environments ranging from the
western to central and northern Europe. In addition, the modelling approach was not
parametrized for maximal photosynthesis efficiency possible, and therefore the expected yield
improvements could potentially be much higher than reported in the case study here. The model
however, presents some limitations that are important to consider. In the future, these modelling
outcomes will require validation by measurements on field grown crop plants. In addition, the
photosynthesis models used here, but also other available models, are still static. In the future,
dynamic models should not only include and update in real time trends associated with climate
change, but also year-to-year variations, extreme events (heat waves, late frost, etc.) and the
effect that rapid fluctuations in environmental factors, such as irradiance have on
photosynthesis, and therefore on yield. The canopy architecture could also be integrated with
approaches based on a more accurate canopy model, allowing a more accurate simulation of
radiation within the canopy under different solar angles and meteorological conditions.
Nonetheless, these preliminary analyses demonstrated that huge crop vyield increases are
possible and that there lies great potential to increase crop yield by improving individual plant
traits, such as photosynthesis. This model serves as a proof-of-concept for the predictive
improvement of specific crop traits. Further development of models in the future to better
account for multiple stresses such as nutrients availability, genetic variability, physiological
processes and adaptive responses, and their interconnected dependencies, are essential to
develop to predict plant behavior in response to a changing environment, nutrient availability,
and cultivation patterns based on changing food requirements even better. This may allow to
identify the most relevant alleles/genes/traits to be combined in breeding or engineering
schemes to ‘future proof our crops’.

To assess societal, economical and political developments by 2050, CropBooster-P explored
options to ‘future proof our crops’ by breeding and/or by biotechnology. With different
stakeholders, four possible future learning scenarios were developed. These learning scenarios
set the option space for considering (a) which crops and plant species should be in focus, (b)
what technical possibilities will be available to adapt future plants and which ones should be
considered, and (c) what crop traits will need to be engineered to meet the needs of future
society. Four contrasting and extreme scenarios were developed which depict future socio-
economic developments: ‘Plantovation’, *Your Food. Your Health. Your Choice’, ‘*Foodmergency’
and ‘REJECTech’. By design, each of these four scenarios is unlikely, but plausible and hence,
reality in the year 2050 is likely to include a combination of aspects from each of the four learning
scenarios. The set of scenarios covers a broad range of outcomes related to major uncertainties
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within EU agriculture. The learning scenarios were initially developed in Work Package 1 (WP1)
of the CropBooster-P project as a starting point to define the future space in which the options
to improve crop species can be assessed.

Within WP1 of the CropBooster-P project, the four scenarios were explored in relation to crop
improvement traits, focusing on three key topics: (1) yield, (2) nutritional quality, and (3)
sustainability. To identify future key options to improve crop productivity and quality, a large
panel of experts from all over Europe were selected on the basis of their expertise and they
created and assembled a database including over 800 recent scientific and technical manuscripts
highlighting the potential to improve a variety of traits in a wide variety of plant and crop species.
This database also investigates the potential of different state-of-the-art technologies and their
possible applications for the different species, orthologues and niche crops. Finally, the survey
also collected annotations, suggestions and comments made by the experts. In this way, the
database does not only capture all information related to the plant traits, but also the
technologies, genes and methods for crop improvement. Based on the database and the broad
expertise represented in the CropBooster-P expert panel, 20 key options were selected and used
as examples of how crop yield could be increased, such as by improving photosynthesis or organ
growth and development, carbon and nutrients partitioning and/or remobilisation and by
improving water and nutrients (N, P...) uptake and/or use efficiency. Overall, it will be crucial to
explore the diversity of genes or gene combinations identified in model plants and identifying
the most effective in each species providing a solution for distinct socio-economical future
scenarios. The key options also cover aspects that might be essential to increase yield, whilst
maintaining or improving nutritional quality in a sustainable manner, for instance to deal with
the enhancement of yields under suboptimal water and mineral availability or challenging
environmental growth condition (high/low temperatures, high/low light intensity, drought,
flooding, etc.).

When considering the key options to increase crop yield by improving water management and
drought tolerance, a large number of QTLs, traits and genes spread over many plant functions
or signaling pathways functioning in leaves can be targeted. Also roots appeared are crucial to
improve yield, but also sustainability and yield stability. Roots are essential for the uptake of
minerals and water, as well as for interactions with the surrounding soil. They are the first place
where responses to external stimuli take place and these responses contribute to the plant it’s
acclimation and adaptation to various environmental conditions. Accordingly, the architecture of
the root system is extremely complex, branching can be high and roots can have contrasting
morphological (length, orientation, etc.) and anatomical (size of vessels, proportion of stele,
etc.) features affecting their function. As roots are belowground, however, capturing their
development and activity is complex and time consuming. Several root phenotyping facilities are
available but there is a huge need to develop phenotyping technics and infrastructures to deepen
our knowledge and move faster towards a functional root characterization.

To date, however, plant stresses are often investigated separately and under steady state.
Whereas in field crops often multiple stresses occur simultaneously (e.g. drought is often
associated to heat, nutrient shortage due to reduced solubility, increased soil impedance, etc.).
Investigating individual stresses only reveals part of the adaptive response and does not give
access to emerging properties from stress combinations. Similarly, the impact of environmental
stresses on plant yield need to be investigated dynamically to not only capture the dynamics of
stress tolerance, but also stress priming and the dynamics of stress recovery. In addition, plants
have to be considered holistically to capture the extensive local and systemic physical, metabolic
and signaling exchanges between plant tissues and organs. Accordingly, the development of
high throughput or very high functional phenotyping facilities will be necessary to assess the
complexity of the plant system.
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Exploring genetic diversity is also of key significance, with respect regarding key options to
amongst others improve nutrition. The need to explore wild germplasm of crops, which could
contain potential sources of natural variation in nutrient content is of particular relevance here.
These ancient traits, that have been lost due to centuries of breeding and selection, can prove
to be important in terms of improving robustness and nutrient content. These changes can be
made in a sequential manner, with an understanding of consumer demand and public health
requirements in various breeding programs. An important factor to consider while modifying the
nutrient content of the plant is the implication to the plant in a holistic manner, including the
impact on other nutritive factors such as fiber content, digestibility, yield and stress tolerance,
all of which can be impacted by effecting specific changes to the plant nutrient uptake profile by
various methods. In this regard, reduction of antinutritive factors also merit careful
consideration, as they often serve a protective defense or stress response role in the plant and
selecting against these traits could result in reduced plant fitness and viability. Specific
approaches for tissue specific reduction of antinutritive factors could prove to be an important
approach in modulating these undesirable compounds in the edible plant parts, while maintaining
the overall plant fitness. The pressure on crops today to produce more and more in terms of
yield while maintaining quality levels is putting an increased pressure on the environment. This
report attempts a preliminary exploration of crops such as amaranth lupins and seaweeds, which
have the potential to act as alternative sources of nutrients, which is especially relevant in a
changing climate, where the need for hardier crops arises.

Based on the database, also some key options for future research were identified that are
common to yield, nutritional quality and sustainability, such as the further development of
modelling approaches and improving methods for breeding and genome editing. Altogether, the
references and the key options reported by the experts clearly indicate that there are many
options that could be further explored to improve yield, nutritional quality and/or sustainability.
In addition, they highlight that individual changes often give relatively small benefits but that
there lies major potential in combining/stacking individual improvements. However, we need to
be aware of possible trade-offs between traits. For instance, a dramatic increase in root
development can be considered as a desired trait to improve soil foraging and increasing
tolerance to unfavorable environments. In contrast, however, the root system can then become
a huge carbon sink that can negatively impact shoot biomass accumulation and finally grain
yield. Similarly, though increasing nutrient uptake appears very promising intuitively, the result
can be sometimes disappointing. Attempts to increase nitrate uptake without considering
improvement of assimilation often result in a reduction of plant N contents due to activation of
a nitrate dependent feedback regulatory loop. These examples illustrate the fact that it is
essential to have a better understanding of plant physiology and metabolism to evaluate at the
whole plant level the impact of individual trait improvements. Obtaining such knowledge
becomes crucial when pyramiding individual traits in an integrated research program. More
general, the references and examples also indicate the potential of aquatic and certain
underutilized species, though this is largely underexplored so far. Both lupins and seaweeds for
instance offer major potential as alternative protein sources and may develop into competitive
protein crops, especially relevant in a changing climate, where a demand for hardier crops arises.
The nutritive systems based on algae may provide key compounds for human nutrition among
which are lipids and fatty acids, carotenoids, proteins, minerals and others. Altogether, however,
major additional breeding efforts will be required allowing aquatic species to become a
competitive resource. Modern analyses and breeding techniques would therein be essentially
supportive. Other crop species that offer major potential are medicinal plants as a source for
novel medical compounds and Amaranth, though also largely underexplored so far.
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Table 4 Potential implications of the future scenarios on traits and technologies, consumer
choices and economy & society.

REJE(Tech

Directed Technology (GMO,
CRISPR, gene editing ...)

Empirical Technology (NGS,
TILLING, marker assisted
breeding...)

Genetic resources (ancestral
genes..)

Land races

_ _
New/ alternative species _—_m

Metabotim NN

Focus on nutrients

Traits and Technologies

Sustainable agriculture

L
Tailored diet options _—_ .
Shelf life _—_§\\\\\\§

Variety

Industrial farming

N

Bioeconomic potential

Traditional agricultural practices

Economy& Society | Consumer choices

I High possibility, unrestricted implementation

Medium possibility,implementation possible but time consuming
Not possible to achieve under present conditions/ no priority

Implementation may be difficult/conditional to time and available
technologies
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In WP1, we also aimed to synthetize the huge amount of data collected in the survey and the
information retrieved by the experts on the different key options to improve yield, nutritional
quality and sustainability in relation to the learning scenarios. To do so, the WP1 core team
performed a preliminary analysis of the impact that the different scenarios might have on a
rather small number of key areas, both scientific and societal. Our preliminary analysis is
presented in Table 4, showing a glimpse of the effects that the different scenarios might have.
It should be kept in mind, however, that this is a very preliminary analysis, developed only by
the WP1 core team and thus should be much more refined by the work that will be done in WP2
and WP3. Overall, however, the table illustrates that the four learning scenarios created in WP1
indeed are contrasting scenarios with their specific impacts for the future, being with a wider or
reduced amplitude (green, red, orange color). All the key options described as enablers to
improve yield, nutritional quality and/or sustainability refer to ‘transferable traits’ e.g. traits that
can be transferred between plant(species) using empirical and directed methods. In all
scenarios, there is a high need to investigate wild germplasm of crops which may contain the
necessary variability which could be used for improvement in modern day varieties. In common
for all key options, biotechnological methods pave the way for rapid integration of desired traits
and genes encoding desirable traits in a fraction of the time it takes conventional breeding.
Especially if multiple targets need to be introduced in a crop, the use of biotech will accelerate
this transfer. In addition, biotech will also offer the opportunity to transfer gene between species,
allowing to make rapid and significant progresses by direct transfer of specific traits and/or
modulation of signaling pathways. Genetic modification often involves additional regulatory,
intellectual property and consumer acceptance issues; all of which have driven a high regulatory
burden associated with GMOs and inhibit the transition of projects from research to commercial
development and adoption. Compared to the other three scenarios, however, ‘REJECTech’ is a
scenario in which a large number of biotechnological methods used to increase crop yield are
not available. In this scenario, the options are limited since there are only very few options
available of which most will take so much time that they in practice will be very limited. Similarly,
manipulation of dissected complex signaling pathways (using e.g. synthetic biology) will be
almost impossible without the use of GMOs, whereas this approach appeared extremely
promising.

'Plantovation’

General: In this scenario, options would be unlimited and solutions are widely used for a thriving
bioeconomy for fodder and feed, improved digestibility. There are no restrictions on research
and technology. In this scenario, the full range of conventional and biotechnological options
can be exploited to meet the future needs. Key options and technologies can be implemented
relatively quickly (3-5years), technologies will allow targeted gene transfer in a very short
time frame, implementation of more complex traits can be made possible by 2050. The
shorter turnover period will enable researchers to quickly determine what works and what
does not and are able to detect and correct implications of such implemented changes on a
whole plant and field level much faster. The prevalence of integrated modelling strategies
would further allow for the predictive accuracy of future crops, allowing a very precise
approach to crop improvement. Equal thrust on yield, nutritional quality and sustainability
can be envisaged resulting in broad consumer choices including a sustainable agriculture,
tailored diet options, long shelf lives and big varieties of products.

e (1) Yield: Several traits can be integrated into the same crop using a variety of
technologies, allowing fast improvement of crop productivity. In this scenario,
photosynthesis (fast light adaptation, photorespiration and light reaction, Rubisco,
photosynthetic carbon metabolism) could be improved by both exploiting natural
variation and introducing new genes and pathways. Gene editing might be used to
improve yield by impinging on genes involved in for instance NUE, PUE or water use
efficiency. Modeling approaches including canopy responses would allow forecast of crop
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performance and allow for preventative measures to protect crops against impending
environmental changes in the short term.

e (1) Nutritional quality: Faster and more readily achieved genetic modification to
improve for instance micronutrient content. The potential of, among others, Amaranth
and seaweeds could be exploited in Europe because of intense and timely improvement
based on major breeding efforts, accessing and utilizing the biological variability in this
and related genera. In addition, they may be used as a template for harnessing other
crops. Variation in nutritional content across soy and maize germplasm is huge, and could
easily exploited in breeding. Alternatively, GMOs might be generated to for instance
express long chain poly-unsaturated fatty acids to improve nutritional quality.

e (1) Sustainability: Stress resistance and nutrient partitioning can be exploited allowing
for earlier harvest, less environmental pressure, etc. GMO crops could for instance be
produced to modify stomatal ABA sensitivity to improve drought tolerance. On the longer
term, there might be the possibility to create ‘C4 wheat’, ‘nodulating wheat’ or the
production of clustered roots in all species to improve P or Fe uptake.

= Yield, Nutritional quality and Sustainability have equal importance (1). These
major modifications at different levels is only possible using ‘biotechnology’.

'Your Food. Your Health. Your Choice’

General: This scenario allows to focus on personalized approaches. Accordingly, there is
probably a need for a greater variety of crops, with less dominance of the current major
crops to meet specific needs of consumers. While the restrictions on the potential applications
to technologies are few, they are informed and mainly driven by consumer choices, leading
to an increased period (5-10 years) of safety regulation and rigorous testing before
innovations would be made available. The high degree of personalization would further slow
down the speed of turnover. Emphasis on nutrient quality and alternative sources of nutrition
with sustained yield and high sustainability can be envisaged. Altogether, however, the
distinct focus compared with a ‘Plantovation’ scenario could result in a strongly decreased
industrial farming, though also decreased traditional agricultural practices, and a strongly
decreased bio-economic potential. In this scenario yield is of high importance, though the
priority might go even more towards improving the variety with regard to Nutritional quality
and Sustainability. Though likely niche production for most species, the sector may gain
economic value and socio- economic scope.

e (2) Yield: Examples are increased shelf life and longevity demands, including increased
organ growth and delaying senescence. Also increases in seed filling may become priority.
Yield improvement of new crops may be required to address possible negative trade-offs
previously observed between yield and nutritional value (e.g increased yields to higher
CO2 in C3 plants tend to lead to a decrease in protein and a mineral contents in seeds).
T6P solutions to yield and resilience may be exploited leading to diverse healthy choices
in food supply.

e (1) Nutritional quality: Increased demand for alternative nutrient sources, alternative
crops, superfoods and crops with improved micronutrient content and specializes
metabolites with nutritive roles (antioxidants, polyphenols, omega-3 in Camelina as a
plant based source of essential fatty acids). Also biofortification of micronutrients might
become of utmost importance in this scenario. To increase nutritional quality,
biotechnological solutions could be used, such as GMOs expressing long change poly-
unsaturated fatty acids. There might also be a high need to change lignification to
improve digestibility and conversion of biomass. Also Pi metabolism may offer
opportunities to produce particular compounds according to the consumer needs. Pi
status of the plant promotes many biochemical modifications affecting among others
phospholipids. They are an important source of phosphorus in human nutrition, providing
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also specific compounds such as lecithin, which are broadly used by food industry.
Limiting phosphate promotes instead the production of galacto- and sulfolipids. All these
different compounds have specific agro-economical interest (food, medicine, biofuel,
etc.). The omega-3 Camelina trait is an example of an innovative solution to improve
nutrition, directly in diets or via animal feed (aquaculture). Moreover, it has a significant
environmental impact since it reduces the demands on oceanic capture fisheries, which
are already at their limits of productivity. Engineering health-promoting fatty acids in
seed oil may also drive food production towards the needs of individuals, addressing the
requirements of a ‘Your food, your health, your choice’ scenario. Since the ‘Your Food.
Your Health. Your Choice’ scenario permit GMOs, genetic modification can be exploited in
this scenario. Nonetheless, despite the major benefits that nutritional enhancement may
provide, thus far it is proven extremely difficult for these crops to be adopted by
agriculture (farmers and consumers), as for instance seen by the consumer rejection of
Golden rice, enriched in Vitamin A (reviewed in Napier et al. 2019).

e (1) Sustainability: Key options might be exploited that aim to minimize environmental
impact producing alternative crops with increased resilience to stress, NUE, water
management, etc. An example is for instance the work reported by Yang et al. (2016 and
2019) or Miao et al. (2018), who locally and specifically manipulated the ABA signaling
pathway have been able to significantly increase plant drought tolerance without any
deleterious effect under optimal growth condition or grain yield.

= Yield is of utmost importance (2), but in this scenario Sustainability and
Nutritional quality might become even more important (1).

'‘Foodmergency’

General: In this scenario, the focus will be on maximizing yield and yield resilience in the face
of extreme weather events probably requiring uniform production of a limited number of the
most productive varieties of a few productive species. Accordingly, any solution that feeds
the people will be exploited, even at the expense of longer term sustainability, including
environmental degradation and damage. Technologies are available but will be focused on
Yield-driven innovations, causing an upsurge of microscale production platforms. Here, the
priority is on calorie production, with lower emphasis on nutritional quality, putatively
resulting in decreases in terms of diet options, tailored diet options and food variety. Also
sustainability is no longer a priority in a starvation economy, putatively resulting in a
decreased sustainability of the agriculture, but also green packaging and bio-economic
potential. Engineering crops can be done either by introgression of QTLs or by GM approaches
(e.g. gene editing, mutagenesis) could be a response to a food crisis with rapid adoption and
application of new approaches to avoid food shortages.

e (1) Yield: Increasing yield will be the main priority, for instance by increasing organ
growth and development, longevity, nutrient remobilization and partitioning, shorter
turnover periods of high caloric value food. Alternatively, significant effort could be put
on breeding for new crops or crops cultivated with traditional farming, e.g. specific
breeding programs for underused and new crops that can survive more uncertain climate.
Modeling approaches can be exploited to propose the best crops and best cultivars to a
specific climate and land.

e (2) Nutritional quality: Not applicable other than the basic nutrient requirements the
crops are able to produce, with due to the food pressure little to no emphasis on
increasing nutritional quality.

e (2) Sustainability: Sustainability is likely to be no priority, resulting in negative impacts
on salt stress, drought stress and other indices.
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= In this scenario, Nutritional quality and Sustainability are important (2), but
Yield and biomass production are undoubtedly of the greatest importance (1).

'REJECTech’

General: In this scenario, many biotechnological approaches (e.g. GMOs, mutagenesis and gene
editing) would be rejected and therefore not be possible to be used. Accordingly, the focus
will in this scenario be on the exploration of the genetic diversity in wild related species and
introgression of traits through classical breeding. Conventional breeding programs come
again to the foreground along with traditional agricultural practices that rely on traditional
breeding techniques, marker-based selection, etc. Research driven by technology slows down
significantly, resulting in much larger timeframes (30-50 years) to implement changes to
improve crop productivity. Classical selection, however, largely limits the spread of traits of
interest within the species where they have been identified and many of the improvements
may therefore even not be possible. In addition, breeding programs would be to slow to
develop a considerable share. Alternatively, we would need to invest in the development of
underutilized species (e.g. Camelina (Nutritional quality), lupins (PUE), sorghum (drought)
....). These changes can, however, not be controlled as precisely as modern precision editing
techniques, leading to a lot more variation, unpredictability and inconsistency of results,
putatively strengthening further mistrust of consumers in science. Focus would remain on
the locally grown crop types, with food security potentially declining. Focus can be envisaged
to be primarily on yield, and next on nutritional quality and sustainability. Technological
innovations will be limited, as well as the bio-economic potential.

e (1) Yield: In this scenario, GMO based approaches would be impossible to improve yield.
Mainly traditional breeding approaches will be exploited for better yielding cultivars, e.g
genetic crosses. For instance, the option space of T6P is limited as genetic selection using
markers for the T6P pathway may be required to produce higher-yielding stress-resilient
crops. The increase in potential yield may, however, be rather limited.

¢ (2) Nutritional quality: GMO based approaches would be impossible to improve
nutritional quality. Wild species germplasm may be exploited/may be an option to adapt
to REJECTech conditions (underutilized crop species).

e (2) Sustainability: With regard to sustainability, it is likely that in this scenario we will
mainly return to traditional agricultural practices, including intercropping, legumes for
nitrogen fixation, etc. For instance, Parent et al. (2018) and Millet et al. (2019) combining
fine climatic, phenotypic analysis and modelling accurately predicted the performances
of maize germplasms to improve yield in drought conditions.

= In this scenario, increasing Yield and biomass production will be priority (1),
whereas the options with regard to improving Nutritional quality and
Sustainability (2) might be less priority, mainly due to time restrictions.

As mentioned earlier, the learning scenarios were developed in Work Package 1 (WP1) of the
CropBooster-P project as a starting point to define the future space in which the options to
improve crop species can be assessed. In the subsequent phases of the CropBooster-P project,
however, a more extensive impact analysis will be performed to reach a broader understanding
of the diversity of possible future(s).

To maximize the value generated by the scenario analysis, the following steps could be taken:
1. Detail the scenarios: additional value can be captured from the scenarios by further
elaborating on some particularly interesting aspects. This may include additional research
on important trends and uncertainties.
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2. Prepare for the future: Develop a CropBooster-P roadmap balancing opportunity, need
and risk by appreciating the spread and commonalities of desired outcomes under
different scenarios.

3. Identify early warning signals: Before any of the scenarios fully materializes, there will
be weak signals that can be picked up if one looks for them. By identifying these signals
now and incorporating them into the roadmap, CropBooster-P can minimize risks and
increase chances of success.

4. Create the future: Don't just wait and see how the future unfolds, but take specific
measures today to prevent undesirable outcomes or scenarios from happening,
communicate and discuss them with relevant stakeholders.

This will provide new perspectives that make the results of the CropBooster-P project even more
robust and facilitate a more proactive stance towards future threats and opportunities.
Altogether, in the context of the overall project, this initial scenario analysis provided the
reference point for a multidimensional assessment including the economic, social and
environmental impact (Work Package 2), societal needs and expectations (Work Package 3),
international cooperation (Work Package 4), and finally strategy development (Work Package
5).
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