Contents

Series list
Acknowledgements
Introduction

xii
xvii
xviii

Part 1 Physiology and breeding
1

Advances in understanding vegetable physiology: root systems
as the next frontier in improving sustainable vegetable production
Felipe H. Barrios-Masias, University of Nevada, USA;
Cristina Lazcano, University of California–Davis, USA; and
Leonardo H. Hernandez-Espinoza, University of Nevada, USA
1 Introduction
2 Roots and the effective use of resources
3 Roots for sustainable water management
4 Roots for sustainable nutrient management
5 Root biological traits for improved nutrient and water uptake
6 Roots and their role in other abiotic stresses
7 Future trends
8 Conclusion
9 Acknowledgements
10 Where to look for further information
11 References

2

3

3
4
7
12
16
20
22
24
25
25
25

Advances in understanding and mitigating vegetable
responses to abiotic stress
35
Frederik Börnke, Leibniz Institute of Vegetable and Ornamental
Crops (IGZ) and University of Potsdam, Germany; and Dietmar Schwarz,
Leibniz Institute of Vegetable and Ornamental Crops (IGZ), Germany
1 Introduction
2 Plant responses to abiotic stress
3 Horticultural practices to mitigate abiotic stress
4 Conclusion and future trends
5 Where to look for further information
6 References

35
38
51
63
64
65

© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.

vi
3

 Contents
Developments in breeding vegetables
Laura A. Chatham and John A. Juvik, University of Illinois at
Urbana–Champaign, USA

81

1 Introduction

81

3 Streamlining breeding with gene discovery

84

2 Overview of the breeding process

4 Expediting selections to shorten breeding cycles: marker-assisted
selection and genomic selection

5 Circumventing introgression with genome editing and engineering
6 Case studies
7 Conclusion

8 Where to look for further information

9 References

Part 2
4

Advances in irrigation techniques in vegetable cultivation
Andre da Silva and Timothy Coolong, University of Georgia, USA
1 Introduction

3 Irrigation system performance

4 Irrigation scheduling

5 Conclusions

92
96

104

104
105

121
121

122

128

130

136

6 Where to look for further information

136

Advances in understanding soil health for vegetable cultivation
Ajay Nair, Iowa State University, USA

143

7 References

1 Introduction

2 Importance of soil quality and health in vegetable cropping systems

3 Attributes, indicators, and assessments of healthy soil

4 Case study: conservation tillage in bell pepper production systems

5 Conclusion and future trends

6 Where to look for further information

7 References

6

89

Cultivation

2 Irrigation systems

5

83

Advances in greenhouses and other protected structures
used for cultivation of vegetables
Martine Dorais, Centre de recherche en innovation sur les
végétaux, Université Laval, Canada
1 Introduction

2 Advantages of greenhouse and protected cultivation

3 Types of greenhouses and protected structures
© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.

137

143

145

148

154

159

160
161

167

167

174

174

Contents
4 Greenhouse location
5 Selection of the covering material and impact on plant productivity
6 Heating and cooling requirements
7 Climate management
8 Soil and soilless growing systems
9 Cultivar and rootstock selection
10 Fertilization, biostimulant and water management
11 Plant protection
12 Environmental impact of greenhouse and protected vegetable production
13 Future trends and conclusion
14 Where to look for further information
15 References

7

Developments in soilless/hydroponic cultivation of vegetables
Dimitrios Savvas, Agricultural University of Athens, Greece; and
Damianos Neocleous, Ministry of Agriculture, Natural Resources
and Environment, Cyprus
1 Introduction

2 Advantages and disadvantages of hydroponics

3 Equipment

4 Substrates

5 Soilless/hydroponic growing systems for vegetables

6 Crop nutrition and nutrient solution (NS)

7 Product quality in hydroponics

8 Soilless cultivation specifics of greenhouse vegetable crops

9 Irrigation tips in soilless cultivation

10 Plant protection practices in soilless cultivation

179
179
181
185
193
196
196
199
199
200
201

202

211

211

213

214

216

218

220

225

226

234

237

11 Future research and technological developments in hydroponics

238

Advances in organic cultivation of vegetables
Xin Zhao, University of Florida, USA; Francesco Di Gioia,
Pennsylvania State University, USA; Kathleen Delate,
Iowa State University, USA; Erin Rosskopf, USDA-ARS, USA;
and Wenjing Guan, Purdue University, USA

245

12 References

8

vii

1 Introduction

2 Integrated nutrient management in organic vegetable crop production

3 Soilborne pest management in organic vegetable production and
application of anaerobic soil disinfestation

4 Using grafted plants for organic vegetable production

5 No-tillage organic vegetable production

6 Conclusion

7 Where to look for further information

8 References

239

245

246
251

256

260

265

265
266

© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.

viii

 Contents

Part 3

Pests and pathogens

9

Understanding and monitoring diseases of vegetables
Mohammad Babadoost, University of Illinois at
Urbana–Champaign, USA
1 Introduction

2 Invention of the light microscope

3 Invention of the electronic microscope

4 Proof of pathogenicity: Koch’s postulates

5 Development of enzyme-linked immunosorbent assay

6 Use of nucleic acid-based tools for detection of plant pathogens

7 Epidemiology of plant diseases

8 Disease diagnosis

9 Future trends and conclusion

10 Where to look for further information
11 References

10

Advances in understanding insect pests of vegetables:
a case study of sweetpotato weevil
Kenneth Sorensen, North Carolina State University, USA
1 Introduction

2 Sweetpotato

3 Sweetpotato weevil (SPW)

4 Sweetpotato weevil biology

5 SPW monitoring

6 SPW control tactics

7 SPW management

8 Future trends

277

278

279

279

279

280

283

283

286
287
287

293
293

296

298

301

303

306

312

317

9 Conclusion

325

11 References

332

10 Where to look for further information

11

277

Integrated pest management (IPM) in vegetables: examples of
successful deployment
Joshua Freeman, University of Florida, USA
1 Introduction

2 Tomato spotted wilt

3 Methyl bromide

4 Case study: fresh-market tomato

5 Conclusion

6 Where to look for further information

7 References

© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.

327

343
343

345

350

352

356

356
357

Contents
12

Microbiological safety of vegetable produce: the impact of
pre- and post-harvest practices
Max Teplitski, USDA National Institute of Food and Agriculture, USA
1 Introduction

2 Sources and dispersal of pathogenic bacteria in vegetable production

3 Soil properties that impact pathogen proliferation

4 Vegetable production practices and microbiological safety of
pre-harvest produce

5 Impact of vegetable production and handling practices and environmental
factors on post-harvest microbiological safety of produce

6 Role of the crop genotype in food safety outcomes

7 Reducing pathogen load with post-harvest treatment of fresh produce

8 Feasibility of biological control of human pathogens in produce

9 Conclusion

ix

361
361

362

370
371
376

378

380

382

384

10 Disclaimer

384

12 References

385

11 Where to look for further information

384

Part 4 Case studies
13

Advances in carrot breeding
Emmanuel Geoffriau, Agrocampus Ouest, IRHS, France
1 Introduction

2 A large diversity for breeding

3 Breeding for crop performance

4 Breeding for product quality and diversification

5 Main methods and techniques for carrot breeding

6 New technologies development

7 Case study: impact of hybrid varieties and modern breeding

8 Future trends

9 Acknowledgements

10 Where to look for further information
11 References

14

Sustainable carrot production
Mary Ruth McDonald and Zachariah Telfer, University of
Guelph, Canada
1 Introduction

2 Challenges and advances in production techniques

3 Challenges and advances in crop protection

4 Organic carrot production

5 Conclusion

397
397

398

404

408

411

415

417

420

421
421
422

437

437

439

443

450

451

© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.

x


6 Where to look for further information

452

Advances in lettuce breeding and genetics
Germán Sandoya, University of Florida, USA

459

7 References

15

1 Introduction

2 Breeding priorities for biotic stressors in lettuce

3 Abiotic stressors in lettuce

4 Other important traits for the improvement of lettuce

5 Lettuce breeding

471

Advances in lettuce cultivation
Rosemary Collier, University of Warwick, UK

479

1 Introduction

479

2 Crop nutrition

4 Crop protection

5 Pesticidal control

6 Host–plant resistance

7 Other methods of control

8 Decision support

9 Novel production systems

10 Future trends

473

480

482

484

486

488

490

492

498

499

11 Conclusions

501

13 References

502

12 Where to look for further information

Advances in breeding of cucumber and watermelon
Todd Wehner, North Carolina State University, USA; and
Rachel Naegele, USDA-ARS, USA
1 Cucumber

2 Watermelon

502

511

511

517

3 Where to look for further information

521

Alternative tillage production systems for cucurbit vegetables
S. Alan Walters, Southern Illinois University, USA

527

4 References

18

468

470

472

3 Irrigation

17

459

462

6 Where to look for further information

7 References

16

452

1 Introduction

2 Conservation tillage practices for cucurbits

3 Cover crop use in cucurbits

4 Cover crop residues as mulches in conservation tillage systems
© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.

522

527

528

529

533


5 Fertility management in cucurbit conservation tillage systems

6 Cucurbit disease reduction in conservation tillage

7 Cucurbit crops for conservation tillage production systems

8 Conclusion

9 Where to look for further information

10 References

19

Sustainable production of cabbage
on plasticulture
Charles E. Barrett, Lucas G. Paranhos, Kati W. Migliaccio,
Gary K. England and Lincoln Zotarelli, University of Florida, USA
1 Introduction

538

539

540

545

546

546

551

551

2 Plant population studies

553

3 Planting dates

4 Irrigation scheduling strategies for cabbage grown using plastic mulch

5 Nitrogen management

6 Economic benefits of plasticulture

7 Extension efforts on BMP adoption

8 Conclusion

9 Where to look for further information

10 References

20

xi

556

557

563

566

567

568

570
570

Advances in pea breeding
575
Diego Rubiales and María J. González-Bernal, Institute
for Sustainable Agriculture, Spain; Tom Warkentin and
Rosalind Bueckert, University of Saskatchewan, Canada; Maria
C. Vaz Patto, ITQB NOVA-Universidade Nova de Lisboa, Portugal;
Kevin McPhee, Montana State University, USA; Rebecca McGee,
USDA-ARS, USA; and Petr Smýkal, Palacký University, Czech Republic
1 Introduction

2 Genetic resources and diversity

3 Breeding for improved/stable yield

4 Breeding for improved quality

5 Breeding for resistance to biotic stresses

6 Breeding for resistance to abiotic stresses

7 Conclusion

8 Where to look for further information

9 References

Index		

575

576

580

582

587

588

595

595
596

607

© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.

Introduction
Sustainability involves meeting current needs without compromising the
ability to meet future requirements. Like other crops, vegetable cultivation
faces a number of challenges in ensuring sustainability. These challenges
include the need to improve yields and quality to meet rising demand and
higher consumer expectations, the need to reduce the ongoing threats from
biotic and abiotic stresses linked, in part, to climate change, and the need to
use resources more efficiently to minimise environmental impact. Focusing on
temperate cultivation, this collection seeks to summarise the wealth of research
addressing these challenges, from breeding improved varieties to better
techniques for cultivation and crop protection. The book concludes with case
studies of developments in breeding and cultivation techniques for selected
vegetable crops.

Part 1

Physiology and breeding

Chapter 1 reviews recent advances in understanding vegetable root physio
logy. Root systems are responsible for the uptake of water and nutrients needed
to support crop growth and development, ameliorate the effects of other
stressors, and increase vegetable production. Roots are crucial for maintaining
plant water status and meeting shoot transpirational demands as the leaves
assimilate carbon. This chapter focuses on the potential of root traits to
support increases in yield, maximize the effective use of resources and
provide abiotic stress tolerance in vegetable crops. The chapter discusses
root traits and molecular indicators regarding water and nutrient uptake, rootmicrobe interactions, reaction to abiotic stress and ways root function can be
optimised.
Plants can either suffer from biotic or from abiotic stress arising from a deficit
in the physical or chemical environment of the plant. The damage imposed by
abiotic stress may limit crop production by more than 70%. Building on themes
in Chapter 1, Chapter 2 outlines the different types of abiotic stress, including
flood, drought, heat, cold, nutrient deficiency, excess of salt, metalloids or toxic
metals, and excess or insufficient light. The chapter then focuses on how water
deficit, temperature, and salinity interfere with all kinds of physiological aspects
of plant life. The chapter describes advances in horticultural practices to cope
with abiotic stress. These techniques include vegetable grafting, mulching, and
the application of biostimulants and chemical or physical eustressors.
Objectives in breeding for quality and yield in vegetable crops are
determined primarily by consumer preferences and expectations. Measures of
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quality are complex and include taste and flavor, nutritional value, appearance,
and shelf life. Chapter 3 explores new techniques in vegetable breeding,
offering an overview of the breeding process and examining the process of
streamlining breeding with gene discovery. The chapter looks at expediting
selections to shorten breeding cycles and circumventing introgression with
genome editing and engineering, offering two detailed case studies based on
tomatoes and Brassica oleracea vegetables.

Part 2

Cultivation

Water for agricultural use accounts for a very high percentage of worldwide
water consumption. In order to maximize productivity and profitability, while
reducing the environmental impact of vegetable farming, growers must
choose the correct irrigation system for their crop as well as determine the
best methods for managing and scheduling irrigation. Chapter 4 considers
recent advances in irrigation techniques used in vegetable cultivation. It
is divided into three main sections: irrigation systems, irrigation system
performance, and irrigation scheduling. The coverage of irrigation systems
includes: sprinkler irrigation, drip irrigation, surface flood/furrow irrigation, and
subirrigation (including seepage irrigation, irrigation drain tiles and subsurface
drip irrigation). Irrigation system performance is then discussed in relation
to efficiency, uniformity, and water use efficiency. The section on irrigation
scheduling includes techniques such as: the irrigate anytime system, ‘Feel and
Appearance’ irrigation, systematic irrigation, the crop water demand method,
the soil water status method, and ways these methods can be combined to
minimize waste of water resources.
Sustainability of our food systems depends on the maintenance of
healthy soils. The links between soil quality, long-term soil productivity, and
environmental quality are now widely acknowledged, as is the importance of
conserving soil as a resource for future generations. Determining and predicting
key management practices associated with enhanced soil and plant health
remains an important goal of sustainable agriculture. Chapter 5 reviews the
range of indicators, metrics, and assessment tools that are utilized to define and
measure soil health. It also reviews the literature on the links between soil and
plant health in the context of vegetable crop production. Sections are included
on the importance of soil quality and health in vegetable cropping systems,
and the attributes, indicators, and assessments of healthy soil. The chapter
also includes a case study on conservation tillage in bell pepper (Capsicum
annuum) production systems.
Research conducted during recent years (e.g. structure design, covering,
climate control, energy use efficiency, water and nutrient management,
supplemental lighting, new cultivars) has revolutionized greenhouse vegetable
© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.
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production. Chapter 6 reviews the current status of and recent advances in
protected vegetable production around the world. Types of greenhouses
and protected structures currently in use are discussed, and the effect of
greenhouse location, and selection of the greenhouse covering material and
how this impacts plant productivity are also reviewed. Both heating/cooling
requirements and climate management (light, carbon dioxide, humidity, etc.)
are also covered. The use of both soil and soilless growing systems are assessed
as are the impacts of cultivar and rootstock selection on protected vegetable
production. The chapter concludes with sections on the use of fertilizers, water
management and plant protection within protected systems. A review of the
environmental impact of greenhouse and protected vegetable production is
also included.
Chapter 6 is complemented by Chapter 7 soilless/hydroponic cultivation
of vegetables. In hydroponics, the plants are grown outside the natural soil,
either on porous growing media (substrates) or in pure nutrient solution (water
culture). The most commonly used growing media, which are characterized by
a balanced availability of water and oxygen, are rockwool, perlite, pumice, and
coir dust. Furthermore, water culture systems without any solid media, such as
floating, NFT, and aeroponics are mainly used for leafy vegetables. This chapter
describes the advantages and disadvantages of hydroponics, along with the
equipment and substrates used. The chapter examines soilless/hydroponic
growing systems for vegetables, including crop nutrition and nutrient solutions,
product quality in hydroponics, and the specifics of soilless cultivation of
greenhouse vegetable crops. The chapter offers guidance on irrigation and
plant protection practices in soilless cultivation. Finally, the chapter looks ahead
to future trends in this area.
Organic farming is considered an agroecological system focused on
promoting biological cycles, soil biological activity, and biodiversity towards
enhancing resource conservation and environmental quality. The global growth
of the organic market and production drives the research to improve organic
cropping systems. Chapter 8 discusses practices and challenges in organic
vegetable production with a focus on nutrient and soilborne pest management.
The chapter reviews research on organic amendments (manure and compost),
cover crops, crop rotation, soil solarization, biosolarization, organic fertilizers,
and plant biostimulants. Specific sections are provided on soilborne pest
management and application of anaerobic soil disinfestation, and the use of
grafted plants in organic vegetable production. The chapter concludes with
a section on no-tillage vegetable production. An interdisciplinary, holistic
approach is stressed by the authors in developing and advancing organic
systems to enhance nutrient availability and use efficiency as well as plant and
soil health in vegetable production.
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xxi

Pests and pathogens

In-depth background knowledge on detecting and identifying plant diseases
is essential for helping to raise healthy crops. Chapter 9 provides an overview
of developments in understanding and monitoring plant diseases, including
the use of electronic microscopes, Koch’s postulates on proof of pathogenicity,
the development of enzyme-linked immunosorbent assay (ELISA), and the use
of nucleic acid-based tools for detection of plant pathogens. The chapter then
considers advances in understanding the epidemiology of plant diseases and
disease diagnosis in plants. Finally, the chapter looks ahead to future research
trends in this area.
Vegetable crops are threatened by a range of insect pests. Chapter 10
provides a fascinating case study of how an understanding of pest biology can be
used to develop more effective integrated pest management (IPM) techniques.
Sweetpotato is one of the world’s most important vegetables, and has added
value as an organic, health food and as a biofuel alternative source of energy. The
sweetpotato weevil (SPW) Cylas formicarius (Coleoptera: Brentidae, Gyladinae),
which originated in South Asia, has now become the major pest of this crop and
has proved very difficult to control. The chapter summarises what we know about
the biology of SPW and how this has led to tactics for monitoring, controlling and
managing this pest, using a mix of cultural, biological and chemical methods of
control.
Chapter 10 is complemented by Chapter 11 which reviews examples of the
successful deployment of IPM techniques in vegetable cultivation, with a focus
on treatment of diseases in tomato such as tomato spotted wilt. The chapter
reviews innovative techniques such as the use of reflective films to disrupt pest
behavior, the use of acibenzolar-S-methyl (ASM) to induce systemic acquired
resistance (SAR) to manage diseases in tomato, as well as the use of the use of
soil fumigants such as methyl bromide. The chapter includes a detailed case
study of IPM in fresh-market tomatoes.
Over the last decade, fresh fruit and vegetables have been linked to
a number of major outbreaks of foodborne illness in North America and
Europe. It is becoming clear that sanitation alone will not alleviate the problem
of human pathogens in produce, and a systems approach is needed to
design comprehensive strategies for ensuring produce safety farm-to-fork.
Chapter 12 focuses on the impact of vegetable production practices on
microbiological safety of produce. The chapter surveys potential sources of
human pathogens in the vegetable production environment, from wild and
domestic animals to soil amendments and irrigation water. The chapter then
investigates the impact of soil properties, environmental factors, vegetable
production and handling practices on microbiological quality of the product.
Lastly, the chapter briefly surveys current approaches for controlling human
© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.
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pathogens on fruits and vegetables, using plant breeding, disinfectants and
biological controls.

Part 4

Case studies

Chapters in Part 4 review advances in breeding and cultivation of key vegetable
crops. The carrot (Daucus carota) is an important temperate root crop. Chapter 13
begins by discussing what we know about the origin of this species, before
going on to describe the main types of cultivars. The large number of wild
relatives of carrot are also discussed. Sections are included on breeding of
carrots for both crop performance (covering factors such as yield, resistance
to pests and disease and organic production), and for product quality and
diversification (variety in colour, nutritional and sensory traits), the latter
becoming of growing importance. The main methods and techniques for carrot
breeding are discussed, as are the development of new technologies such as
sequencing the carrot genome and transcriptome, genome editing and highthroughput phenotyping. A case study on the impact of hybrid carrots is also
included, and the chapter concludes with a look to future trends in breeding
research.
Complementing Chapter 13, Chapter 14 reviews developments in carrot
cultivation including optimizing root shape, use of strip-till systems, improving
fertilizer use (including the use of mycorrhizal fungi), irrigation and harvesting
techniques. The chapter also discusses advances in crop protection, including
management of weeds, insect pests such as the carrot root fly, carrot weevil and
aster leafhopper. The chapter surveys advances in dealing with foliar diseases
such as leaf blight and root diseases such as Sclerotinia white rot. The authors
conclude by reviewing developments in organic carrot cultivation.
As Chapter 15 points out, lettuce faces many challenges from insect pests
and diseases which are key targets in breeding improved varieties. Abiotic
stressors, such as low calcium in the soil, also significantly affect the crop.
This chapter explores advances in understanding lettuce genetics which
has provided insights on several important traits related to both biotic and
abiotic stressors. The chapter discusses breeding priorities for biotic stressors
in lettuce (foliar, soil-borne and other diseases), and also on important insect
pests in lettuce. The abiotic stressors of heat, drought, salinity and tipburn
in lettuce are also covered. The chapter concludes with sections on other
important traits for the improvement of lettuce, and developments in lettuce
breeding techniques.
Building on the previous chapter, Chapter 16 highlights the need for
modern lettuce production systems to produce a high-quality product costeffectively whilst minimizing environmental impact. This chapter looks at
recent advances in lettuce cultivation. Sections are provided on crop nutrition,
© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.
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irrigation and crop protection. Pesticide application, host plant resistance and
other methods of control are also discussed in relation to the management of
weeds, pests and diseases. The chapter concludes with an exploration of novel
production systems for lettuce, including hydroponic production systems,
precision farming and automation.
As Chapter 17 shows, the breeding of cucumber (Cucumis sativus) has
evolved from open pollinated populations, to inbred lines, to gynoecious
hybrids. Speed breeding, marker assisted selection and more efficient field
testing have also led to advances with this crop. Production of inbred lines
using doubled haploids has further decreased the time required to develop
cultivars. Breeding of watermelon (Citrullus lanatus) has likewise become
more complex. Early cultivars were open pollinated populations selected for
useful traits. Later, cultivars were developed by self-pollination of selections
from populations. The chapter looks at advances in the breeding of both
cucumber and watermelon. It first considers cucumber and such technologies
such as speed breeding. Traditional transformation, tissue regeneration
and clustered regularly interspaced short palindromic repeats (CRISPR)
systems are discussed for both crops. Parthenocarpy in both cucurbits is also
reviewed.
Cultural production practices for cucurbit crops have changed over time
to become more sustainable with less detrimental impacts on the soil and
surrounding environment. Conservation tillage is one of these practices that
is gaining acceptance since it conserves soil and water by reducing their loss
relative to conventional tillage practices. Chapter 18 reviews advances in
conservation tillage practices for cucurbits and cover crop use in cucurbits. The
chapter assesses the use of cover crop residues as mulches in conservation
tillage systems and fertility management in cucurbit conservation tillage
systems. The chapter then moves on to examine cucurbit disease reduction
in conservation tillage and cucurbit crops for conservation tillage production
systems.
Plasticulture with microirrigation enhances vegetable crop competitiveness
in two ways: through sustainable production practices for water and nutrient
management and increased production system resiliency to climate variability.
Chapter 19 introduces sustainable cultivation of cabbage on plasticulture. The
chapter examines plant population studies, the importance of planting dates
and irrigation scheduling strategies for cabbage grown using plastic mulch.
The chapter addresses nitrogen management, explores the economic benefits
of plasticulture, and outlines best management practices.
The final chapter in the book, Chapter 20, reviews advances in pea
breeding. Cultivated forms of pea can be classified as dry or field pea (dry
seeds for food or feed), vegetable or green pea (young seeds, pods or shoots
for food), and forage pea (for silage or grazing). Quality requirements differ for
© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.
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each pea type. Chapter 20 reviews advances in pea breeding, including the
importance of genetic resources and diversity to pea breeding. The chapter
examines the purposes of breeding, including improved/stable yield, improved
quality, and resistance to biotic and abiotic stresses. Finally, the chapter looks
ahead to future research trends in this area.
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1 Introduction
‘A complete, scientific understanding of the soils-crops relations cannot be
attained until the mechanism by which the soil and plant are brought into favorable
relationships, i.e., the root system, is also understood.’ (Weaver and Bruner, 1927)

Root systems are responsible for meeting the plant water and nutrient
demands, and access to those resources positively correlates with increases
in agricultural productivity. Roots are also crucial for decreasing plant abiotic
stress, for instance by maintaining plant water status as the leaves assimilate
carbon (C) and improving crop performance and yields. Yet, roots receive little
attention compared to aboveground crop improvement and management
such as canopy size, flowering time and fruit set. Our understanding of root
systems has changed relatively little for almost a century since Weaver and
http://dx.doi.org/10.19103/AS.2019.0045.01
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Bruner (1927) stated its importance. To support higher yields, increased
fertilizer inputs and application rates have allowed roots to increase their
access to and uptake of nutrients. This strategy has shifted around the world
as different agricultural regions aim to maximize their productivity (Lu and Tian,
2017). Since the 1960s, nitrogen (N) and phosphorus (P) application rates have
increased by eight- and threefold worldwide, respectively (Lu and Tian, 2017),
and yields have more than doubled for several crops in the same time frame
(e.g. wheat and processing tomatoes) (Tilman et al., 2002; USDA, 2018). Water
consumption follows a similar trend, and usually vegetable crops that receive
larger irrigation amounts have higher yields and quality (de Pascale et al., 2011;
Leskovar et al., 2014). Vegetable crop production can be a high-input system,
partly stimulated by premium prices and the higher revenue the industry
receives per unit of crop area (de Pascale et al., 2011; Potopová et al., 2017).
The increasing demand for vegetables and current pressure to increase total
crop production based on the estimated global population growth can result in
a further increase of agronomic inputs to maximize yields (Bishopp and Lynch,
2015; Leskovar et al., 2014; Tilman et al., 2002). In addition, continuous use
of degraded soils or incorporation of less productive areas to agriculture may
also result in higher input rates in systems where plant resource use efficiency
is expected to be lower. It has been well documented that excess nutrients
and water not taken up by crops are reasons for environmental degradation
(Tilman et al., 2002). The environmental costs, loss of ecosystem services and
the occurrence of more extreme and unpredictable weather are driving the
scientific and agricultural communities to improve, in addition to productivity,
the effective use of resources and reliance on novel techniques to achieve a
more sustainable vegetable production system (Bishopp and Lynch, 2015).
Since root systems are responsible for capturing nutrients and water, it is
imperative to further our understanding, breeding, selection and management
of root traits to increase productivity whilst minimizing the impact on the
environment.

2 Roots and the effective use of resources
The term resource use efficiency has been embraced by many scientists and
producers because it aims to maximize yields per unit of resource applied (e.g.
water and nutrients); yet, the caveat with a ‘more crop per drop’ (or per N) motto
is that two contrasting plant strategies can maximize resource use efficiency.
One strategy aims for plant survival with a very conservative resource use and
low biomass production, and the second one maximizes biomass production by
an effective resource capture and ultimately the utilization by the plant. Among
researchers, there is no clear separation between both strategies when working
towards crop improvement and sustainable management, but in general terms,
© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.
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we should identify traits or technologies that favour water and nutrient uptake
and biomass accumulation, even under stress conditions. For instance, Blum
(2009) argued that instead of targeting increases in the commonly (mis)used
water-use efficiency (WUE; yield per total evapotranspiration) indicator, efforts
should be placed on the effective use of water (EUW). The argument is that
C assimilation and growth are positively correlated with plant transpiration,
and instead of selecting a genotype with low stomatal conductance and
conservative consumption of water, the selected genotype should be able to
meet the transpirational demands under limited water supply. This implies a
root system capable of taking up water from deeper places in the soil profile
or a better capacity for uptake at lower soil water potentials. This seems to
have happened inadvertently in California processing tomatoes from decades
of breeding for higher yields. Modern tomato cultivars tend to have higher
stomatal conductance (gs) and lower intrinsic WUE (WUEi: Pn/gs), although crop
total evapotranspiration remains about the same (Barrios-Masias et al., 2014;
Hanson and May, 2005). The newer processing tomato cultivars have a suite of
interrelated traits that contribute to higher crop WUE, partly through a higher
transpiration capacity per unit leaf area, which is compensated, among several
traits, by smaller canopies and shorter growing periods than older cultivars
(Barrios-Masias and Jackson, 2014). Although the trade-off for C assimilation
is loss of water through the stomata, there is also room for improving the
effective use of water by implementing management practices based on plant
physiological responses to stress that result in reductions in total amount of
water used. For instance, partial root-zone drying applied as alternate furrow
irrigation can maintain high yields in processing tomatoes with at least 25%
reduction in applied irrigation water (Barrios-Masias and Jackson, 2016).
As in the latter study, most of the research conducted to understand the use
of resources and yield increases has focused on aboveground responses to
management strategies, but root traits are rarely considered (Barrios-Masias
et al., 2014; de Pascale et al., 2011; Koevoets et al., 2016; Pinto and Reynolds,
2015; Riedelsberger and Blatt, 2017; Weaver and Bruner, 1927).
In this chapter, we focus on the potential of root traits to support increases
in yield, maximize resource capture and provide abiotic stress tolerance in
vegetable crops. Resistance to biotic stress in roots (e.g. nematodes and
diseases) has contributed to yield increases in almost all vegetable crops as
well but is not discussed here. It is possible that breeding for plant tolerance
to diseases can result in the inadvertent selection of advantageous root
traits under different environments, and warrants the study and identification
of desirable root characteristics among a wide range of genetic material
(e.g. commercial rootstocks, cultivars and wild relatives). Currently, no clear
information or consensus exists with regard to the desirable root traits for
sustainable vegetable production. Moreover, vegetable production is practised
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in very diverse soil environments and requires root systems well suited to
different environmental constraints (Comas et al., 2013; Koevoets et al., 2016;
Leskovar et al., 2014; Weaver and Bruner, 1927). Factors such as soil nutrient
and water availability, osmotic potential, pH, texture, density and temperature
affect the growth and development of roots (Epstein and Bloom, 2005; Jin
et al., 2017), yet how roots acclimate to a heterogeneous soil environment and
how this affects their capacity for resource capture is not clearly understood.
Because of this complexity and the challenges for measuring root traits under
field conditions, the study of roots has mainly focused on architectural and
morphological traits (e.g. rooting depth and root length density) (Bishopp and
Lynch, 2015; Comas et al., 2013; Johnson et al., 2000; Koevoets et al., 2016;
Weaver and Bruner, 1927). Yet, a wide range of constitutive or induced changes
in root anatomy, morphology, physiology and molecular biology could also
enhance the effective capture of resources.
As complex root systems explore the soil and respond to different soil
environments, the morphological and physiological development of each
individual root alters their capacity for water and nutrient uptake (Comas et al.,
2013; Epstein and Bloom, 2005; Wang et al., 2006). In vegetable crops, roots
can be classified as coarse and young, fine roots. The former provide mainly
plant anchorage, define root architecture and determine the total soil volume
explored and potential access to soil resources (Morris et al., 2017; Weaver
and Bruner, 1927). Young, elongating roots are crucial for resource uptake
because they offer less resistance for water and nutrient movement towards
the vascular system and facilitate faster and larger uptake of resources per
root surface area than more mature zones along the root. This is due to higher
root hydraulic conductivity (Lp) closer to the root tip than more matured root
sections where resistance to water movement increases due to barriers formed
from suberin and lignin deposition (e.g. Casparian bands) (for review on root
Lp see Gambetta et al. (2017) and Steudle (2000)). The physiological capacity
for resource uptake in young roots is also enhanced by higher activity of the
membrane-intrinsic water-channel proteins (aquaporin) as they increase the
root Lp (Gambetta et al., 2017). In addition to the higher functionality for
nutrient and water uptake, young, elongating roots comprise most of the total
root length, increase root surface area in contact with soil and contribute to the
C economy of the plant (i.e. thin vs. thick roots) (Comas et al., 2013; Kramer and
Boyer, 1995). Root hairs, which are epidermal cell extensions, further increase
root surface area and contact with the soil, and are an active zone for water and
nutrient uptake, and interaction with soil microorganisms (e.g. Cui et al., 2017).
They also provide anchorage and enable soil penetration and exploration
(Bengough et al., 2016). Root hair diameters are at least ten times smaller than
fine roots and can further improve the C economy of the root system under
stress conditions (Comas et al., 2013; Wang et al., 2006). The pace at which
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roots are produced and mature is influenced by environmental cues, which can
result in different proportions of the young, active roots at any given time in
a root system (Gambetta et al., 2017). Because nutrient and water availability
influence responses of root traits (e.g. morphological, de la Riva et al., 2018;
physiological, Gambetta et al., 2017), the management of inputs in vegetable
crops can shape the root system characteristics to increase their resilience and
favour the effective use of soil resources.

3 Roots for sustainable water management
A daunting task, due to the highly diverse rooting systems of vegetable crops
(Weaver and Bruner, 1927), is to breed and select for root traits that can cope
with or be plastic enough to maximize the effective use of water, taking into
account particular genotype by environment by management interactions
(G × E × M) (Blum, 2011; Comas et al., 2013; Rouphael et al., 2018). Water
management for vegetable crops around the world ranges from rainfed to
highly technified, localized irrigation systems, with many areas utilizing more
than one water input (e.g. rainfall and drip irrigation) (FAO, 2016; Leskovar
et al., 2014). Farmers need new cultivars and technologies (e.g. rootstocks) to
adapt to lower water quality and quantity available for vegetable production as
competing demands from cities and industries increase (Eriksen et al., 2016;
Leskovar et al., 2014; Rouphael et al., 2018). Climate change is affecting the
timing and amount of precipitation, and droughts occur more often during the
vegetable growing season, decreasing yields and quality as documented for
the Elbeland Basin in the Czech Republic (Potop et al., 2012; Potopová et al.,
2017). Agricultural drought is defined here as the condition where soil moisture
limits the potential growth of a crop, and it is not necessarily a drastic event
such as permanent wilting or plant death (Blum, 2011). Water management
is complex and extremely diverse between and within agricultural zones (e.g.
Mediterranean climate, semi-arid or tropical) influenced by precipitation
pattern, water source and quality, soil type, potential evapotranspiration, access
to technology and crop species. Intricacies on how drought affects crops based
on the crop stage, the duration of the drought and its intensity entails specific
selection of root traits based on a target environment. Years of research to
understand how root systems can impact performance of cereal crops under
water-limited environments have identified several traits associated with, for
instance, root physiology and anatomy in rice (Oryza sativa; Henry et al., 2016;
Grondin et al., 2016) and root architecture and proliferation in wheat (Pinto and
Reynolds, 2015; Richards, 2006). In vegetable crops, very few studies on root
traits relevant to water uptake capacity have been conducted. One of those
is the screening of wild relatives of watermelon (e.g. Citrullus amarus) which
yielded material with drought resistance associated with rooting depth, vigour
© Burleigh Dodds Science Publishing Limited, 2019. All rights reserved.
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and growth rate (Levi et al., 2017; Zhang et al., 2011). Yet, a search on Google
Scholar for ‘vegetable crops’ and ‘root hydraulics’ (on Aug. 16, 2018) provided
eight results and only one with high relevance (e.g. aquaporins enhancing
drought resistance in tomato; Li et al., 2016).
A desirable root system should maintain water uptake capacity, shoot
water status and C assimilation capacity under decreasing soil water potential
and high transpiration demands. This is especially important in vegetable crops
because drought severely affects crop growth, yield and quality (de Pascale
et al., 2011). Traits associated with root architecture, size and morphology (e.g.
rooting depth, root length density, root surface area) are important for water
acquisition across herbaceous and woody species as they increase the volume
of soil explored and the soil-root contact area (Bishopp and Lynch, 2015; Comas
et al., 2013; Johnson et al., 2000; de la Riva et al., 2018). In vegetable crops,
water management mainly focuses on the top 30–60 cm of the soil profile,
known as the ‘effective root zone’, especially under irrigated systems where
most of the root system proliferates, driven by a higher resource availability
(Hartz et al., 2017; Lott and Hammond, 2013; Schmidt and Gaudin, 2017).
Root architectural traits have not received much attention in the selection and
breeding for new genotypes (Bishopp and Lynch, 2015). Instead, breeding
for increases in yield under high-input, irrigated systems (e.g. California
Central Valley) has inadvertently resulted in smaller root systems unable to
effectively exploit soil moisture deeper in the soil profile (Epstein and Bloom,
2005; Jackson and Koch, 1997; Johnson et al., 2000). Smaller root systems
allow higher allocation of C to the harvestable organ, but the trade-off may
be a reduction in root plasticity to acclimate to drought events, and higher
dependency on frequent water inputs in the top soil to avoid stress (Jackson
and Koch, 1997).
In older tomato cultivars, rooting depths were reported to reach down to
1.5 m deep, and it was perceived as an advantage for plants to avoid sharp
fluctuations in soil moisture content and minimize drought stress (Weaver and
Bruner, 1927). Currently, water and nutrients in processing tomatoes under
drip-irrigated systems are managed in close proximity to the buried drip tape
(20–30 cm below the surface) and the effective root zone is assumed to be
no deeper than ~46 cm (Hartz, 2017). Yet, some modern processing tomatoes
seem to have retained deep rooting traits, and were able to consistently extract
water from at least 1.2 m deep (Barrios-Masias and Jackson, 2016). In lettuce
(Lactuca sativa L.), a highly water and nutrient demanding crop, root systems
are shallow and proliferate abundant lateral roots, especially in the top 5 cm,
which makes them more prone to water deficits from higher soil evaporation
(Jackson, 1995). Instead, its nearest wild relative (Lactuca serriola L.) is
characterized by a deep taproot with access to deeper soil moisture and lateral
roots more proportionally distributed across the soil profile (Jackson, 1995).
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Recently, in the Central Valley of California the area planted to lettuce crop
has drastically decreased because of less water availability, and farmers would
benefit from new drought-tolerant cultivars (Eriksen et al., 2016). Johnson et al.
(2000) evaluated several individuals from an F2:3 population from the cross
between L. sativa cv. Salinas and L. serriola (UC92G489), and identified alleles
from L. serriola that improved water capture deeper in the soil profile such as
increased lateral roots along the taproot and closer to the taproot tip. Several
other lettuce population studies on quantitative trait loci (QTL) have confirmed
that root architecture and rooting depth in lettuce is associated with tolerance
to abiotic stress and vigour (e.g. Uwimana et al., 2012; Wei et al., 2014; but see
Hartman et al., 2014). A large screening in California that started with >3500
lettuce cultivars from which 200 cultivars were evaluated in the field under high
and low water availability (150% and 50% irrigation of ETc) showed that fresh
weight biomass reductions under the water deficit treatment were less than
25% compared to the over-irrigated treatment for several cultivars (Eriksen
et al., 2016). These studies on lettuce and tomato suggest that some modern
vegetable cultivars have access to water stored deeper in the soil profile, and
if further studied for relevant root traits, farmers and breeding programmes
could use them to address the challenge of producing food with less water
available.
Decreasing xylem vessel diameter is considered as a strategy to limit
hydraulic conductance and manage plants under a more conservative water
regime (Comas et al., 2013). This selection strategy was successful for rainfed
wheat in Australia and resulted in yield gains under dry environments (Richards
and Passioura, 1989). Based on the Poiseuille equation to estimate water flow
through a vessel, the vessel conductivity (Lth) is strongly driven by its radius (r)
as it is raised to the fourth power (Lth = πr4/8η); where η is the viscosity of water
(Zwieniecki et al., 2001). Thus, slight decreases in vessel diameter could reduce
plant hydraulic conductance as it increases the resistance of water moving
through the soil–plant–atmosphere continuum (SPAC).
In the SPAC the xylem hydraulic resistance is small when compared to
resistance of the radial movement of water in roots and the diffusion of water
vapour from the leaf to the atmosphere (Steudle, 2000; but see Scoffoni et al.
(2017) regarding the hydraulic vulnerability segmentation hypothesis). Another
possibility is that narrower vessels embolize less, preventing hydraulic failure
and maintaining conductance (i.e. capacity to supply water to the shoot) as soil
drying increases the water tensions in the SPAC (Knipfer et al., 2015; Scoffoni
et al., 2017). Breeding for narrower xylem vessels could still restrict the total
conductance of a plant, especially as leaf area increases to a point where
transpiration requirements are not met and feedback mechanisms regulate
leaf growth and expansion, and reduce stomatal conductance. If the leaf can
maintain a high photosynthetic rate with reduced stomatal conductance, the
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leaf intrinsic water use efficiency (WUEi) would increase without compromising C
assimilation. Yet, the potential trade-offs of vegetable crops bred with narrower
xylem vessels could be smaller canopies, reduced C assimilation capacity,
lower plant water status at high vapour pressure deficits and yield reductions.
An alternative to regulate hydraulic conductance through the SPAC is the
implementation of water management techniques that regulate plant water
status and water use that result in reductions in xylem vessel diameter without
compromising yields. For instance, tomato plants exposed to prolonged, drying
cycles between irrigations produced smaller xylem vessel diameter (e.g. Fig. 1),
reduced root Lp and lowered stomatal conductance even when soil moisture
was at field capacity (Barrios-Masias and Hernandez-Espinoza, under review).
Although reductions in shoot biomass were observed in the previous pot study,
field trials have shown that slight reductions in canopy size do not compromise
processing tomato yields under alternate furrow irrigation (Barrios-Masias and
Jackson, 2016).
As discussed above, the root maturation process results in suberin and
lignin deposition that increase hydraulic resistance, and this process can be
accelerated closer to the root tip as plants respond to drought stress. As the
exo- and endodermis suberize to prevent backflow of water to the soil, the
resistance to the radial movement of water increases and limits the capacity for
root water uptake (Richards and Caldwell, 1987). Briefly, the radial movement
of water from the soil to the root xylem occurs through the apoplastic and cellto-cell pathways, and their relative contribution to the total water flow depends
on the resistances offered by each pathway.
As barriers prevent movement of water through the cell wall (i.e. apoplast),
water has to cross cell membranes (i.e. cell-to-cell) through diffusion, which
is facilitated by the presence and activity of plasmodesmata and aquaporins
(Gambetta et al., 2017). Root hydraulic conductivity decreased in grapevines

Figure 1 Changes in xylem vessel diameter of young roots of tomato (Solanum
lycopersicum L.) grown under ‘dry’ and ‘wet’ conditions. Xylem vessel diameter was on
average 30% larger in the ‘wet’ compared to the ‘dry’ treatment. Plants under the ‘dry’
treatment received water every 3–5 days, and ‘wet’ plants received water every day. Root
sections were taken 2–3 cm from the root tip and stained with Sudan Red7B.
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