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Preface

This book on the physiology of vegetable crops is focused on the activities and functions of veget-
ables, defined as herbaceous plants that are harvested for edible parts that can be consumed fresh or
with little preparation. Physiology deals with the growth and development processes of these plants,
and while this book is focused primarily on the organ and whole-plant level, brief mention of cellular
and genetic events is made for some crops.

Enhanced health consciousness, growing knowledge about the benefits of vegetable consumption,
and the desire for greater food diversity have resulted in increased vegetable consumption all over the
world and are important drivers of innovations in vegetable production and science. Furthermore,
the increase in world population has pointed out the need to increase production and consumption
of fruits and vegetables. A suggested annual increase of 8% in fruit and vegetable production world-
wide would require a major emphasis on vegetable research, exploring ways of augmenting yields
and expanding into new production areas.

In recent years, the study of physiology has deepened to include a focus on cellular and molecular
mechanisms, and revealing the role of genes in function and activity. Translating these findings to
the plant and crop level is a big challenge to the discipline of vegetable crop physiology, and will
require good communication links between laboratory and field scientists.

The initial chapters of the book cover processes common to most vegetables, such as the germin-
ation of seeds and the processes governing development of plants from small seeds, in preparation
for transplanting into their final growth environment. The rapid advances in understanding of
the induction of flowers among herbaceous plants is then summarized, followed by consideration
of the major abiotic stress factors facing vegetable plants. The development of models of crop growth
among vegetables has also made recent advances, and is contributing to our understanding of how
plants function. A chapter on the mechanisms by which growth of different plant parts is regulated
among vegetables is followed by a dozen chapters describing the physiology of 21 major vegetable
species. For each, the taxonomic location in the plant kingdom is described, followed by the crop’s life
course from seedling to harvest stage, and the role of environmental factors on plant ontogeny. Since
vegetables are grown for their harvested products, factors affecting product quality during growth
are also emphasized.

The fact that many parts of the world are becoming marginalized for crop production with the
advent of increased occurrence of higher temperatures and droughts has been frequently docu-
mented. While much research is under way to address these challenges among vegetable crops (see
Chapter 4), translating the results of genetic and cellular studies into effects in production situations
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X Preface

has lagged behind. We encourage collaboration of production-focused scientists with fundamental
researchers to use the new knowledge for practical good.

The great relief felt by Wien when the first edition of this book appeared in 1997 was followed
by pleasant surprise that copies continued to be sold over 20 years. Invitations by Ms. Rachael Russell
of CABI, to produce a second edition, were not seriously entertained until after Wien's retirement
from Cornell in 2015. Fortunately, Prof. Hartmut Stiitzel agreed to share the load of writing and
editing, and a total of 29 authors spent many hours of dedicated work sharing their knowledge and
summarizing the current state of science in their respective fields. Wien and Stiitzel are immensely
grateful for their dedication and diligence. The work could also not have been accomplished without
the internet and the availability of electronic conferencing facilities, which enabled us to access the
world scientific literature from our desks at home, and to resolve such issues as the failure of three
authors to produce their promised chapters. The timely assistance of Ms. Rebecca Stubbs at CABI,
Ms. Russell’s successor, has also been invaluable, and we are grateful for her help. We also thank the
production staff at CABI, led by Ms. Lauren Davies and Mr. James Bishop, who engaged in the final
steps of getting this book launched.
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1 seed Storage, Germination, Quality,
and Enhancements

Alan G. Taylor
School of Integrative Plant Science, Horticulture Unit, Cornell AgriTech,
Cornell University, Geneva, New York 14456, USA

Before vegetables are harvested, before their
growth and development, even before the seed-
ling becomes photosynthetically competent, the
source of the vegetable—the seed—holds major
keys to final product yield. To fully comprehend
the complexities of vegetable crop growth and
development, we must understand seed physi-
ology related to storage, germination, quality,
and enhancements. The challenge is to present
an in-depth knowledge of vegetable seeds that
covers considerable diversity with respect to bo-
tanical classification, seed size, and composition.
This chapter and book encompasses 33 common
vegetable crop seeds from ten plant families
(Table 1.1). This diverse group of plants makes a
comprehensive overview of vegetable seeds diffi-
cult to achieve, especially since there is little sci-
entific literature on seed physiology of many
small-seeded crops of minor economic import-
ance. Due to these limitations, we enlist several
approaches to develop a coherent picture of
vegetable seeds. Relative differences between
seeds are shown with regard to seed size and
composition, storage longevity, seed and seed-
ling morphology, temperature requirements for
germination, and the use of reserve materials
during emergence. More generalized informa-
tion is presented on factors and events asso-
ciated with storage, germination, and aging.
Finally, the process of aging and other aspects of
seed physiology and technology are illustrated
using specific crop examples.

The focus of this chapter is on postharvest
aspects of seeds; the period of seed development
and production stages are not addressed. We start
with storage of seeds with low moisture content
as most vegetable crop seeds have unique char-
acteristics that permit them to withstand desic-
cation (Leopold and Vertucci, 1986). Desiccation
tolerance is essential for long-term survival and
allows for a time interval between seed produc-
tion and crop production. Most vegetable seeds
imbibe water readily and, provided with a suit-
able environment, will germinate and resume
active growth. The seed uses its reserve materials
following germination and then becomes an
active photosynthetic seedling, fixing its own
carbon and producing energy.

Seed quality is a broad term and encom-
passes several attributes of seeds including the
germination and seedling performance. In this
chapter, certain physiological and biochemical
processes associated with loss of seed quality are
described, and symptoms of seed aging are presented
at physiological and whole-plant levels. The sow-
ing environment has a direct effect on germin-
ation and stand establishment, and under severe
stress, seedling performance is seriously impaired.
To ensure stand establishment, high quality seeds
are needed for transplant production and for dir-
ect seeding. Seed performance is improved by seed
enhancements to achieve maximum emergence
when sown in suboptimal conditions. In addition,
seed-coating technologies are used to improve

© CAB International 2020. Physiology of Vegetable Crops 2™ edition
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2 A.G. Taylor

Table 1.1. Botanical and common names (Maynard and Hochmuth, 2007). Thousand seed weight (TSW),
percent oil and protein content from representative seed samples (Royal Botanic Gardens Kew, 2017,
except where noted).
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Protein
Class, family, genus, species Common name TSW (g) Oil (%) (%)
Monocotyledons
Alliaceae (onion family)
Allium ampeloprasum L. Porrum group Leek 226 15t 27+
Allium cepa L. Cepa group Onion 3.32 19 -
Liliaceae (lily family)
Asparagus officinalis L. Asparagus 241 15¢ 16*
Poaceae (grass family)
Zea mays L. subsp. Mays Corn, sweet 227 6+ 12¢
Diocotyledons
Apiaceae (carrot family)
Apium graveolens L. var. dulce (Mil.) Pers. Celery 030 29 19
Daucus carota L. subsp. Sativus (Hoffm.) Arcang. Carrot 1.00 19 24
Pastinaca sativa L. Parsnip 3.00 33 19
Petroselinum crispum (Mill.) Nym. Var. crispum Parsley 170 27 20
Asteraceae (sunflower family)
Lactuca sativa L. var. capitala L. Lettuce 1.00 38 29
Brassicaceae (mustard family)
Brassica napus L. var. napobrassica (L.) Reichb. Rutabaga 3.30 42 25
Brassica oleracea L. var. acephala DC. Kale, collards 2.30 26 34
Brassica oleracea L. var. botrytis L. Cauliflower 3.15 32+ -
Brassica oleracea L. var. capitata L. Cabbage 3.15 35 28*
Brassica oleracea L. var. gemmifera Zenk. Brussels sprouts 3.15  34* -
Brassica oleracea L. var. italica Plenck. Broccoli 3.15  31* -
Brassica rapa L. var. (DC.) Metzg. Rapa Turnip 210 39 25
Raphanus sativus L. Radicula group Radish 19.0 41 31
Chenopodiaceae (goosefoot family)
Beta vulgaris L. Crassa group Beet, garden 12.9 5.1 13
Spinacia oleracea L. Spinach 6.80 5.3 20
Cucurbitaceae (gourd family)
Citrullus lanatus (Thunb.) Matsum & Nakai Watermelon 83.0 20 18
Cucumis melo L. Reticulatus group Muskmelon 28.8 36 36
Cucumis sativus L. Cucumber 16.3 32 28
Cucurbita maxima Duchesne Pumpkin, w. squash 241 48 39
Cucurbita moschata Duchesne Squash, butternut 88 48 40
Cucurbita pepo L. Squash, summer 145 47 39
Fabaceae (pea family)
Phaseolus coccineus L. Bean, runner 1066 2.0 24
Phaseolus lunatus L. Bean, lima 456 1.0 24
Phaseolus vulgaris L. Bean, snap bean 307 1.1 28
Pisum sativum L. ssp. Sativum Pea, garden 168 12 24
Solanaceae (nightshade family)
Capsicum annuum L. Grossum group Pepper, bell 709 28t -
Capsicum frutescens L. Pepper, tabasco 5.00 20 18
Solanum lycopersicon Mill.
(formerly Lycopersicon esculentum Mill.) Tomato 197 20 -
Solanum melongena L. Eggplant 3.50 27* -

*Kaymak, 2014.
tJarret et al., 2013.
*Taylor, 1997.
**West et al., 2004.
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Seed Storage, Germination, Quality, and Enhancements 3

precision placement of seeds for sowing, and to
provide a delivery system for compounds and
agents to both protect and enhance seed and
plant performance.

Composition and Water Status
in Seeds

The composition of seeds is important to many
aspects of seed physiology, and the percent oil or
lipid content, and percent protein, are provided
for the 33 common vegetable crop seeds in Table
1.1. Seed size expressed as thousand seed weight
(TSW) was calculated; small-seeded vegetables
have a TSW of < 10 g, while large-seeded vege-
table crops have TSW > 100 g. Intermediate or
medium-sized seeds range from 10 to 100 g
TSW. The relationship of TSW and percent seed
oil content is shown in Fig. 1.1.

There are two groups of seeds based on
their storage reserves: starch and lipid storing.
Seeds with less than 10% oil are starch-storing
seeds, and the starch content of snap bean, pea
and sweet corn is 42%, 48%, and 53%, respect-
ively (cited by Taylor, 1997). Table beet seeds

contain starch, which is stored in the peri-
sperm (see “Seed and seedling morphology”
section). All small-seeded crops (TSW < 10g)
are oil-storing seeds with > 18% oil. Though
large-sized seeds generally store starch, the
large-seeded cucurbits are exceptions with
nearly half of their weight as lipids. All seeds
contain proteins, and values range between
12% and 40% (Table 1.1).

Seeds in storage are said to be in a dry condi-
tion; however, “dry” is a relative term and does not
mean that water is absent from seeds. Water is pre-
sent in seed tissue, and the status of water is related
to many aspects of seed physiology, including seed
longevity. First, the concentration of water is meas-
ured and expressed in meaningful units.

Standardized gravimetric methods to de-
termine the moisture content of seeds were
published by the Association of Official Seed
Analysts (Elias et al., 2018). Other primary and
secondary methods were described and reviewed
by Grabe (1989). Seed moisture content calcu-
lated on a wet or fresh weight (fw) basis is com-
monly used in seed testing and in commerce.
The following formula is used to determine the
percentage of seed moisture content on a fresh
weight basis:

Small-seeded Medium Large-seeded
5004 > < >< >
- e ®Pumpkin
45.0 Squash
40.0 L
ettuce
35.0 gen ® Muskmelon
L : Cucumber
= Brassica ©®
© 300 e Celery
‘qc: ® Pepper
8 25.0
[} Tomato
o 200 ®canbt ® Onion
15.0 ® Asparagus
10.0
Sweet
5.0 ® Beet ® comn
0.0 Peae eBean
0.1 1.0 10.0 100.0 1000.0

Thousand seed weight (g)

Fig. 1.1. The relationship of seed size expressed as Thousand Seed Weight (TSW) in grams in relationship
to percent seed oil content. Seeds are grouped as small-seeded, medium and large-seeded with <10,
10-100 and >100 g TSW, respectively. Data from Table 1.1
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4 A.G. Taylor

% moisture, fw basis = [weight of
water (dry weight of seed
+ weight of water)™']x 100

The seed moisture content expressed on a fresh
weight basis provides a direct assessment of the
concentration of water in any quantity of seed.
For example, 100 grams of seeds with 10%
moisture content contains 10 grams of water
and 90 grams of seed dry weight. Another unit
to express seed moisture content is g H,0 g™
fresh or dry weight.

The seed moisture content comes into equi-
librium with the relative humidity of the air. The
relationship between the equilibrium moisture
content and relative humidity reveals a negative
sigmoidal-shaped curve known as a moisture iso-
therm (Iglesias and Chirife, 1982). This relation-
ship is determined by placing seeds in a range of
known relative humidity conditions produced in
closed containers with the use of saturated salt
solutions (Taylor et al., 1992). We prepared a
number of saturated salt solutions and desic-
cants to achieve a range of humidity levels from
¢. 0% to 89% in equilibrated snap beans (Phaseo-
lus vulgaris) and broccoli (Brassica oleracea italica
group) seeds. Three regions or zones of water
binding are observed: Zone I, < 20% RH; Zone II,
25-65% RH; and Zone III, > 70% RH (Fig. 1.2).

The curves are similar for both kinds of
seeds; however, the equilibrium moisture con-
tent at a given relative humidity is always
greater for snap beans compared to broccoli.
Differences between these two species are at-
tributed to seed composition, in particular lipid
content, as lipids have little affinity for water.
Thus, seeds with high lipid content have lower
equilibrium moisture content at a given relative
humidity than seeds with low lipid content. In
our isotherm, the lipid content for the snap
bean and broccoli seeds was 1% and 31%, re-
spectively (Table 1.1).

Another method used to quantify the
water status of seeds, which is not affected by
seed composition, is to measure the water ac-
tivity (a ). Water activity is defined as the ratio
of the vapor pressure of water in a seed to the
vapor pressure of pure water at the same tem-
perature (Bourne, 1991). Water activity is
measured by determining the equilibrium rela-
tive humidity of the seed’s headspace in a
closed container and is expressed as a decimal.
For example, a seed (any seed) equilibrated to
50% relative humidity has a water activity of
0.50. Measuring water activity of pelleted
seeds (described in the “Seed enhancements”
section) was the only nondestructive method to
accurately measure the water status of coated
seeds (Taylor et al., 1997).

26

24 1 O Snap bean
22 - ® Broccoli
20 A

18 1

16
14

(fr basis)

Percentage moisture content

Percentage relative humidity

Fig. 1.2. Moisture isotherms for snap bean and broccoli seeds with oil contents of 1.0 and 31 percent,

respectively. Figure from Taylor, 1997.
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Storage: Moisture Content
and Temperature

Two major environmental factors that influence
seed storage are seed moisture content and tem-
perature. Moisture content, as previously shown,
is determined by the storage relative humidity
and by seed characteristics, largely lipid content.
The concentration of water in the seed tissue dir-
ectly affects the rate of aging at a given tempera-
ture. The moisture isotherm reveals three zones
or types (see Fig. 1.2) in which the water binding
to seed tissues differ. Type I water is bound tightly
and water interacts very strongly with charged
groups of proteins (Vertucci, 1993). Type II
water is less tightly bound and condenses over
the hydrophilic sites of macromolecules (Leopold
and Vertucci, 1989). Type III water is bound
with negligible energy and forms bridges over
hydrophobic moieties (Vertucci, 1993). The sta-
tus of water in the seed tissue governs the kind of
reactions (enzymatic or non-enzymatic) that oc-
curs in storage (Vertucci, 1993). In practice,
vegetable seeds are stored in Zone II (Fig. 1.2),
and the recommended seed moisture content for
vegetable crop seeds stored in hermetically sealed
containers is listed in Table 1.2.

Temperature has a direct influence on lon-
gevity, and the rate of deterioration increases as
temperature increases at a given relative humidity.

Seeds are stored over a wide range of temperatures
depending on the particular needs and available
conditions. Seeds for most applications are stored
above 0°C; however, for long-term preservation,
seeds are stored below 0°C. Seeds with water con-
tents in Types I or II are not injured since the water
is non-freezable in the seed tissue. Long-term ger-
mplasm preservation has taken advantage of this
ability to withstand freezing injury as seeds are
stored above liquid nitrogen in the vapor phase at
—150to —180°C (Roos, 1989).

The need to keep seeds cool and dry for
long-term preservation has been known for cen-
turies. In the 1960s, “Harrington’s Rules of
Thumb” were developed as guidelines for stor-
age (cited by Justice and Bass, 1978). The first
two rules relate the influence of moisture con-
tent and temperature independently on longev-
ity. The life of the seed is halved by a 1% increase
in seed moisture, and this rule applies when seed
moisture content ranges from 5% to 14%. The
life of the seed is halved by a 5°C increase in stor-
age temperature, and this applies to storage be-
tween O and 50°C. The most widely quoted rule
combines both temperature and relative humid-
ity to storage: “The sum of the temperature in °F
and the percentage of relative humidity should
not exceed 100.”

Since the 1960s, mathematical equations
have been developed to model seed aging for a

Table 1.2. Recommended seed moisture content for vegetable crop seeds in hermetically sealed
containers. Minimum percentage germination standards for seeds in interstate commerce in the United

States. Data from Federal Seed Act (USDA, 2017).

Seed Germination Seed Germination
Vegetable moisture (%) (%) Vegetable moisture (%) (%)
Asparagus — 70 Lettuce 5.5 80
Bean, garden 7.0 70 Melon 6.0 75
Bean, lima 7.0 70 Onion 6.5 70
Beet 75 65 Parsley 6.5 60
Broccoli 5.0 75 Parsnip 6.0 60
Brussel sprouts 5.0 70 Pea 70 80
Cabbage 5.0 75 Pepper 4.5 55
Carrot 70 55 Pumpkin 6.0 75
Cauliflower 5.0 75 Radish 5.0 75
Celery 7.0 55 Rutabaga 5.0 75
Corn, sweet 8.0 75 Spinach 8.0 60
Cucumber 6.0 80 Squash 6.0 75
Eggplant 6.0 60 Tomato 5.5 75
Kale 5.0 75 Turnip 5.0 80
Leek 6.5 60 Watermelon 6.5 70
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particular species maintained at a given condi-
tion of temperature and moisture content (fw
basis), known as the Ellis and Roberts’ equa-
tions (cited by Priestley, 1986). These equations
take into consideration the initial percent ger-
mination of the seed lot and will predict the
germination after a specified period of time in
storage. The general equation for modeling the
loss of germination in storage is as follows (Ellis
etal. 1982):

b

v=K, - v - ) )
1 (K (Cu xlogm) = (Cy x0-Cy x2%)]

i

where v represents the probit of the percentage
germination after a storage period of p days; K, is
the probit of the initial germination for the seed
lot; K,, C, C, and C, are species-specific con-
stants; m is the seed moisture content (expressed
on a fresh weight basis); and t is the storage tem-
perature (°C). The species-specific constants for
onion are: K, = 6.975; C = 3.470; C, = 0.040;
and C, = 0.000428 (Ellis and Roberts, 1981).
We used this equation to plot onion seed aging
curves (Taylor, 1997). For illustration, the influ-
ence of temperature, moisture content and ini-
tial viability were studied as variables for aging
of onion seeds. Increasing temperature or mois-
ture content independently had a profound ef-
fect on aging rates (Figs 1.3a,b).

The curves generally reveal a sigmoidal
shape, especially when the initial germination is
high, while the initial plateau phase is not ob-
served with seed lots with low initial germin-
ation (Fig. 1.3¢). Additional information on the
seed viability equation and viability constants is
available at the Royal Botanic Gardens, Kew
(2017).

Species Differences in Storability

Although the storage environment is important,
differences exist among species held under the
same conditions. Results from a number of earl-
ier storage studies on different species of seeds
including vegetable seeds were summarized
(Justice and Bass, 1978; Priestley, 1986). At-
tempts were made to relate seed longevity to
other aspects of seeds such as composition. Many
seeds with high lipid content are short-lived;
however, tomato seed with 20% lipid content is a
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notable exception (Priestley, 1986). At this time,
the physiological basis for differences in longevity
between species is not well understood.

Long-term seed storage experiments were
initiated in the past, and data from these studies
were compiled and analyzed. As shown earlier,
a sigmoidal relationship is revealed with a loss
of germination in time. The sigmoidal curve is
then transformed by probit analysis to reveal a
linear relationship and from these data the P50
is calculated, defined as the period of time in
years for viability reduced by half. The first set of
P50 values were derived from tests of seeds held
in open storage conditions in the temperate zone
throughout the world (Priestley et al., 1985).
The second set of P50 values were obtained from
seeds stored in semi-controlled conditions in the
United States, and the initial samples were ob-
tained from the US Department of Agriculture’s
Horticultural Field Station in Cheyenne, Wyo-
ming (Roos and Davidson, 1992). This collection
was moved to the National Seed Storage Labora-
tory in Fort Collins, Colorado, in 1962 and stored
at 5°C and <40% relative humidity. In about
1977, most of the samples were transferred to
sealed moisture-proof bags at —18°C and main-
tained under those conditions.

The P50 for the study conducted under
open storage conditions ranged from 3 to 25
years, and seeds of asparagus, celery, parsley
and parsnip were short lived, while tomato and
pea were long lived (Table 1.3).

The P50 for the second study, in which the
latter portion of the study was performed under
controlled conditions, ranged from 29 to 130
years. In the second study, onion and pepper
were short lived and okra was long lived. A sig-
nificant linear relationship (r = 0.68*) was
found between the P50s for the first and second
study in which data was available for the same
species. The regression equation revealed that
the P50 values were approximately four times
greater for the second study, compared to the
first study. For example, the P50 of onion, the
shortest-lived seed in the second study, was
greater than tomato, the longest-lived seed in
the first study. In conclusion, even though dif-
ferences exist in the longevity among species,
the major factor influencing storage life is the
storage environment of temperature and rela-
tive humidity, which directly affects seed mois-
ture content.
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Fig. 1.3. The influence of temperature (a), moisture content (b) and initial germination (c) on onion seed
ageing. Ageing curves were developed from the equation and constants of Ellis and Roberts (1981).

Figures from Taylor, 1997

Germination and Seedling Growth

Germination is the transition period between the
resting and the growth stages of the plant, and
germination is considered completed at the time
of visible radicle emergence (Bewley et al., 2013).
In this discussion, post-germination events are

printed on 2/13/2023 12:28 PMvia .

included to the point when the seed becomes a
functional seedling. Definitions are needed to de-
scribe the resting seed condition with respect to
environmental conditions favorable to support
growth. Seeds in storage with low moisture con-
tent are in a state of quiescence, defined as the
absence of growth because of environmental
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Table 1.3. The half-viability periods (P50) in years for different vegetable seeds.

Seed Genus species P50* P50t
Asparagus Asparagus officinalis 3.92 —
Bean, lima Phaseolus lunatus 13.12 —
Bean, runner Phaseolus coccineus 7.99 —
Bean, snap Phaseolus vulgaris 15.97 46
Beet Beta vulgaris 16.51 43
Cabbage Brassica oleracea 715 —
Carrot Daucus carota 6.63 35
Celery Apium graveolens 411 —
Corn, sweet Zea mays 9.6 65
Cucumber Cucumis sativus 4.92 45
Eggplant Solanum melongena — 54
Leek Allium porrum 5.30 —
Lettuce Lactuca sativa 6.42 —
Muskmelon Cucumis melo — 61
Okra Abelmoschus esculentus — 125
Onion Allium cepa 5.43 29
Parsley Petroselinum crispum 3.41 —
Parsnip Pastinaco sativa 4.04 —
Pea Pisum sativum 15.86 130
Pepper Capsicum annuum — 27
Radish Raphanus sativus 13.82 —
Spinach Spinacia oleracea 12.76 37
Tomato Lycopersicon esculentum 24.52 124
Watermelon Citrullus lanatus — 43

*P50 values obtained from open storage conditions (adapted from Priestley et al., 1985).

P50 values obtained from semi-controlled storage conditions (adapted from Roos and Davidson, 1992). Original
samples from open storage in Cheyenne, Wyoming, were later transferred to the National Seed Storage Laboratory in
1962 and stored at 5°C and < 40% RH. In ¢. 1977, most samples were then stored at —-18°C.

conditions that do not favor growth (Copeland
and McDonald, 2001). The environmental fac-
tors needed to overcome this state of arrested de-
velopment are water, oxygen, and a suitable
temperature. Seed dormancy, in contrast, is a
physical or physiological condition of a living
seed that prevents germination even in the pres-
ence of otherwise favorable environmental con-
ditions (Copeland and McDonald, 2001). For
additional information on germination and dor-
mancy, the reader is referred to books devoted to
the subject area of seed physiology (e.g. Khan,
1977, 1982; Benech-Arnold and Sanchez,
2004; Bradford and Nonogaki, 2007).

Seed and seedling morphology

The botanical term seed refers to the mature
ovule from the mother plant that contains the
embryonic plant or embryo, and the integuments
that become the seed coat and additional storage
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tissue such as the endosperm (Copeland and
McDonald, 2001). Many seeds are enclosed in
remnants of the fruit and are not technically
true seeds. We will take a broader interpretation
and consider the dispersal units or propagules
from the mother plant including dry indehiscent
fruits as seeds. The embryo morphology is gener-
ally similar within a plant family; however, vege-
table seeds include both monocots and dicots,
and each class contains several plant families
(Table 1.1). Seeds that contain reserve materials
in a well-developed endosperm are called endosper-
mic. If they contain most of their reserve mater-
ials in the cotyledons (cotyledons are embryonic
tissue), they are called non-endospermic (Black
et al., 2006). After the completion of germin-
ation, the embryo develops the root and shoot sys-
tem of the seedling. Seedlings are categorized
into two groups depending on the orientation of
the cotyledons with regards to the soil or grow-
ing media. Seedlings in which the cotyledons are
raised above the soil by the expansion of the
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hypocotyl are termed epigeal. Those seedlings, in
which the hypocotyl does not elongate appre-
ciably, and results in the cotyledons remaining
in the soil, are termed hypogeal (Black et al.,
2006). The cotyledons often become photosyn-
thetic in epigeous seedlings, while expansion of
the epicotyl or mesocotyl is responsible for shoot
development in hypogeous seedlings.

The following discussion will group selected
vegetable seeds by their seed and seedling
morphology (Table 1.4 and Fig. 1.4).

Sweet corn and asparagus have reserves in
the endosperm and exhibit hypogeal seedling
growth. The sweet corn seed is a caryopsis in
which the pericarp is tightly fused to the seed
coat (Copeland and McDonald, 2001), and the
embryo is oriented in a lateral position as is
typical of the grasses (Martin, 1946). The endo-
sperm is non-living in sweet corn, and the
scutellum, which is a part of the embryo, is con-
sidered analogous to the cotyledon. Many en-
dospermic seeds, such as asparagus, have live
endosperm tissue. The endosperm is considered
living if there is a positive test with the vital stain
2,3,5-triphenyl tetrazolium chloride (AOSA,
SCST, 2010). The solanaceous and umbellifer-
ous crops and genus Allium seeds all contain lin-
ear embryos embedded in a living endosperm
with epigeal germination. Though the embryo is
considered linear, it is commonly found coiled,
as in the case of tomato and pepper (Martin,
1946). In this group, carrot and celery are ex-
amples of schizocarps that have two fused car-
pels separating at maturity to form one-seeded
mericarps (Copeland and McDonald, 2001).
Beet and spinach have embryos that surround

non-living nutritive tissue, and the nutritive tis-
sue is a well-developed perisperm rather than
endosperm (Hayward, 1938; Heydecker and Or-
phanos, 1968). Beet seed is a fruit and in many
cultivars a seed ball is formed by the aggregation
of two or three flowers to produce a multi-
germed propagule (Hayward, 1938). Non-
endospermic seeds may contain remnants of
endosperm that is adjacent to the testa; however,
little reserve material is present. The endosperm
is specialized in lettuce with a two-layer envelope
surrounding the embryo that serves as a
semi-permeable barrier to solute diffusion (Hill
and Taylor, 1989). Non-endospermic seeds can
exhibit hypogeal germination (found in pea and
runner bean) or epigeal germination (repre-
sented by seeds from four different families).
The bent embryo orientation is found in the
large-seeded legumes and brassicas and is
termed the jackknife position of the embryonic
axis with the cotyledons. Lettuce and the cucur-
bits have spatulate embryos, and lettuce is an
achene where the ribs on the seed surface are
formed by the pericarp (Hayward, 1938). Defin-
itions of anatomical parts of seeds and other
seed terms throughout this chapter are found
in The Encyclopedia of Seeds (Black et al., 2006).

Water

Germination begins with water uptake. This es-
sential process is explained by classical water
relations, and this section is summarized from
Bewley et al., (2013). A more detailed explan-
ation of water relations in seeds is found in

Table 1.4. The embryo orientation, the presence of a well-developed endosperm for storage of reserve
materials and cotyledon orientation after germination of different vegetable seeds (Taylor 1997).

Embryo Location of Cotyledon
Seed kind orientation reserves orientation
Sweet corn Lateral* Endospermic Hypogeal
Asparagus Lineart Endospermic Hypogeal
Tomato, pepper, eggplant, onion, carrot, celery Lineart Endospermic Epigeal
Beet and spinach Peripheral* Endospermic Epigeal
Pea and runner bean Bent Non-endospermic** Hypogeal
Snap bean and Brassicas Bent Non-endospermic Epigeal
Lettuce and cucurbits Spatulate Non-endospermic Epigeal

*Embryo partially surrounded by non-living tissue.
fEmbryo surrounded by living nutritive tissue.
*Embryo surrounds non-living nutritive tissue.

**Non-endospermic seeds have little or no nutritive tissue as endosperm.
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Fig. 1.4. Internal morphology of selected vegetable seeds (courtesy of D.H. Paine). EN, endosperm;
S, scutellum; PL, plumule; R, radicle; C, cotyledon; P, perisperm; H, hypocotyl, (Figure from Taylor, 1997).

Koller and Hadas (1982). Water potential is an
expression of the energy status of water. Water
moves in a passive manner from a high to a low
potential. The water potential of pure water is O,
and a decrease in water potential (less water
available) is denoted by more negative values.
The components of the water potential are the
algebraic sum of the matric, osmotic, and pres-
sure potentials. The matric or suction potential
refers to the ability of the matrices in cells to
bind water and is a negative value. The osmotic
potential refers to the contribution of dissolved
solutes to decrease water potential and is also a
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negative value. The pressure potential is a posi-
tive value and occurs when water enters the
cells and creates an internal positive force on
the cell walls. Water potential measurements
can also be made on seeds in storage, and the
water activity, described previously, is related to
the water potential in a log-linear relationship
(Taylor et al., 1992).

To illustrate the process of water uptake in
vegetable seeds, we conducted water uptake in-
vestigations by imbibing cabbage and tomato
seeds on moistened blotters maintained at 25°C
in the dark (Fig. 1.5).
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Water uptake in seeds reveals a triphasic
pattern with an initial rapid uptake phase, fol-
lowed by a lag phase and then a second increase
in moisture content. The generalized illustration
of the triphasic pattern of water uptake is shown
in the later section on “Seed Enhancements”
(Fig. 1.9). Phase I is known as imbibition and is
a physical process that occurs in both living and
dead seeds (Bewley et al., 2013). Seeds of most
vegetable crops take up water readily, and, in our
study, seeds were fully imbibed in a period of 4-8 h
(Fig. 1.5). The rapid water uptake is attributed to
the negative matric potential of the seed, which is
caused by cell wall components and protein (Leo-
pold, 1983). Swelling occurs during imbibition
due to the expansion of hydrophilic compounds
such as proteins, cellulose, pectic substances,
and mucilage (Mayer and Poljakoff-Mayber,
1982). The rate of water uptake is influenced by
a number of factors including temperature, ini-
tial moisture content, seed composition, and
morphology. Seed—soil contact is another import-
ant factor; however, water vapor and not liquid
water may be the principle source of water for
seeds imbibed in unsaturated soils (Wuest,
2007). Some vegetable seeds, such as okra, do
not imbibe water readily due to impermeable
seed coverings (Anderson et al., 1953). A lag in
the imbibition time was shown in snap bean

100

seeds with the semi-hard seed characteristic
only when the initial seed moisture content was
low (Taylor and Dickson, 1987). During the se-
cond phase (lag phase), there is little uptake of
water. The matric potential is negligible during
this period, and the osmotic and pressure poten-
tials regulate the total water potential. During
this phase, enzymes and membranes are func-
tional in the fully hydrated cells as the seed ad-
vances to the completion of germination. The
duration of Phase II is dependent on species and
is influenced by environmental conditions (see
“Water and temperature stress” sections to fol-
low), and in our example, tomato has a longer lag
period than cabbage even though tomato had
greater moisture content after imbibition than
cabbage (Fig. 1.5). Phase III of water uptake
commences with visible germination (see arrows
on Fig. 1.5) in which the seed coat is ruptured by
the emerging radicle that forms the root system
of the plant. Radicle growth is caused by cell
elongation, and is then followed by shoot growth.
Greater uptake of water is caused by a further de-
crease in osmotic potential caused by degrad-
ation of reserve materials into osmotically active
smaller molecules (discussed under “Mobiliza-
tion of reserves”) and elongation of seedling tis-
sue. The increase in the moisture content is
much slower in Phase III (seedling growth) than
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Fig. 1.5. Triphasic water uptake curves for imbibing cabbage and tomato seeds (Figure from Taylor, 1997). Phase |
(imbibition) occurs from 0—6 h, Phase Il (lag phase) from c. 6 to 24 h in cabbage and 6 to 48 h in tomato, and
Phase Il (seedling growth) occurs after visible germination as indicated by the arrow for each species.
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the physical process of water uptake in Phase I
(Fig. 1.5). In Phase III, the seed becomes a seed-
ling and also loses its ability to withstand des-
iccation. Therefore, drying seeds after visible
germination will result in death of the radicle,
while drying seeds during Phase I or II is not
injurious to the viability of the seed.

Oxygen

Oxygen is necessary for germination and is the
substrate required for respiration to produce en-
ergy in the form of adenosine triphosphate
(ATP). Seeds with low moisture content exhibit
negligible gas exchange, and under a static en-
vironment, respiration is not appreciable until
Type III water binding in which the water activ-
ity is greater than 0.9 (Vertucci and Roos,
1990). Germination is a dynamic process, and
gas exchange increases rapidly as seeds imbibe
water. The different phases of water uptake
(previously described) are used to describe res-
piration patterns. In Phase I, there is a rapid
increase in respiration which is attributed to the
activation of existing enzymes. For example, in
peas the respiration rate was shown to increase
linearly with the degree of swelling (Kolloffel,
1967). In Phase II, a lag phase in oxygen uptake
is observed in many large-seeded species and
was attributed to the relative impermeability of
the seed coat or seed coverings to gas diffusion
since removal of the seed coat reduced this lag
(Mayer and Poljakoff-Mayber, 1982). In Phase
III, visible germination results in piercing of the
seed coat, allowing ample oxygen for a second
increase in the respiration rate. Also, there is an
increase in the number of mitochondria result-
ing in greater total respiratory activity. Finally,
Phase IV was described only for storage tissue,
such as the cotyledons, in which there is a de-
cline in respiration rate attributed to the exhaus-
tion of reserve materials.

Mobilization of reserves

Germination was previously described in three
phases with respect to water uptake and gas ex-
change. The source of substrates for respiration
and/or growth is different before and after radicle
emergence. Readily available substrates are
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needed for the early phases of germination since
mobilization of reserve materials to produce
smaller molecules does not occur until Phase III.
Dry seeds store sugars that are a source of sol-
uble carbohydrates needed for respiration during
Phases I and II. Sucrose is commonly found in
dry seeds, and other oligosaccharides such as raf-
finose and stachyose may also be present (Amuti
and Pollard, 1977).

Mobilization of reserves is a post-radicle
emergence event and was studied at the subcel-
lular as well as the biochemical levels. Early
studies were performed with germinating seeds
in time-course experiments by removing sam-
ples, dissecting seed and seedling parts and
weighing each component. There was a general
loss of weight in storage tissue such as the coty-
ledons or endosperm with an increase in weight
of roots and shoots (Mayer and Poljakoff-May-
ber, 1982). These studies illustrated trends for
utilization of reserves in germinating seed and
provided the foundation for more detailed bio-
chemical studies. Unfortunately, our under-
standing of biochemical events associated with
mobilization of reserves in vegetable seeds is
fragmentary. Most information is available on
agronomic crops and especially those seeds that
are also used for human consumption. The fol-
lowing section will briefly outline biochemical
events associated with the catabolism of the re-
serve compounds: starch, lipids, proteins and
phosphorus (Bewley et al. 2013). An expanded
description of starch, lipids, and proteins is
found in Black and Bewley (2000).

Starch is the common form of storage
carbohydrate and is found in the cotyledons of
beans and endosperm of sweet corn. Starch oc-
curs in starch grains and is found as a straight
chain polymer of glucose called amylose or the
branched polymer, amylopectin (Copeland and
McDonald, 2001). Starch is enzymatically de-
graded by amylase and other enzymes to form
monomeric units of glucose. Glucose is respired
or converted to the disaccharide sucrose since
sucrose is the form that is transported to the
growing regions of the seedling.

Seeds have unique biochemistry to produce
and utilize lipids and to store oil as a reserve ma-
terial in oil bodies within the cells. Noteworthy,
no other part of the vegetable plant produces
and stores lipids as a reserve material. Many
small-seeded crops store lipids (Fig. 1.1) since

Al'l use subject to https://wmv. ebsco. conlterns-of-use



EBSCChost -

printed on 2/13/2023 12:28 PMvia .

Seed Storage, Germination, Quality, and Enhancements 13

lipids are more chemically reduced than starch,
and have higher energy content. The lipid is con-
verted to a form that is transported from the
storage tissue to the growing points. Lipid deg-
radation occurs by unique biochemical path-
ways and also utilizes a specialized organelle, the
glyoxysome (Bewley et al., 2013). Glyoxysomes
are either present in dry seeds and enlarge dur-
ing germination or are formed by de novo synthe-
sis. The integration of the biochemical pathways
with the organelles results in a process known as
gluconeogenesis or making new sugar. Briefly, lipids
are degraded by lipases to produce three free
fatty acids and glycerol. Breakdown products
from fatty acids are utilized ultimately to form
sucrose and transported as described for starch.

Proteins are ubiquitous in seeds (see Table
1.1) and occur as enzymes or storage proteins.
The storage proteins are found in protein bodies
and degraded by proteinases to form different
amino acids. The fate of the released amino acids
is complex, and amino acids can be converted to
other amino acids or transported to the growing
points. Organic acids can also be formed from
amino acids and later respired. Phosphorus is
stored in seeds in an organic form called phytic
acid or phytin. Phytic acid or myo-inositol hexa-
phosphate occurs as a salt and can contain po-
tassium, magnesium, and calcium as well as the
minor elements iron, manganese, and copper.
Phytase releases phosphate, which is used for
synthesis of nucleic acids, ATP, and phospho-
lipids for membrane synthesis. Macro- and
micronutrients are also released and are used for
cell growth and development.

In conclusion, reserve materials in seeds
provide a source of carbon in the form of sugars,
nitrogen in the form of amino acids, and phos-
phorus in the form of phosphate along with
other elements. Seeds are dependent on these
stored reserve materials to support initial growth
and development of the seedling. After seedling
emergence and subsequent growth, the seedling
becomes self-supporting by producing its own
carbon in photosynthesis and through the up-
take of other nutrients via the root system.

Seed Quality

Seed quality encompasses many parameters of
a seed lot, but this discussion will focus on the

robustness of germination and seedling growth
potential. One method used to estimate seed
quality is the standard germination test that is
conducted under ideal environmental condi-
tions in the laboratory (AOSA, 2017a; ISTA,
2017). The criterion for germination used by
physiologists is radicle emergence; however, the
seed analyst extends this interpretation by clas-
sification of seedlings as either normal or ab-
normal. Abnormal seedlings are those seedlings
with an impaired root and/or shoot develop-
ment or other seedling defects (AOSA, 2017b).
Only normal seedlings are considered when re-
porting the actual germination of a seed lot and
the percent normal seedlings is determined fol-
lowing standardized time and test conditions
(AOSA, 2017a; ISTA, 2017). The standard ger-
mination test is the only test accepted for com-
mercial labeling, and the minimum germin-
ation standards are presented for vegetable
seeds in the United States (Table 1.2). However,
in commerce, the germination is generally
much higher to ensure high quality seeds for
growers.

The term seed vigor is one component of
seed quality, and the following definition was
adopted by the AOSA (Baalbaki et al., 2009):
“Seed vigor comprises those properties which
determine the potential for rapid, uniform emer-
gence and development of normal seedlings
under a wide range of field conditions.” Seed
vigor differs from germination in that vigor
emphasizes the germination rate (rapid and
uniform) and the application of the results to
forecast field emergence rather than laboratory
performance. Seed vigor is generally associated
with a higher level of plant performance, and
during the early phases of seed aging, a reduc-
tion in seed vigor occurs prior to a reduction in
germination (Baalbaki et al., 2009).

The effect of seed aging is considered on a
population or sample basis as well as on a single
seed basis. The decline in the germination of a
seed lot maintained under the same environmen-
tal conditions reveals a negative sigmoidal pat-
tern with time (Fig. 1.3). This curve indicates that
all seeds do not die at the same time and that, in
general, most seed lots are composed of a mixture
of viable and non-viable seeds. The sigmoidal pat-
tern is most evident from lots with an initial high
germination (Fig. 1.3c¢), and these lots are most
desirable from a horticultural perspective since
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they can withstand stress or aging before show-
ing a marked reduction in germination.

On a single seed basis, seeds placed in a fa-
vorable environment will either germinate or fail
to germinate. This categorical judgment is inad-
equate since a number of events occur to a vi-
able seed before it is rendered non-viable. These
events during aging also support the concept of
a loss of vigor prior to a loss in germination.
Different schemes or models were developed to
illustrate changes associated with the loss of
viability, and a proposed sequence of changes in
seeds during aging was illustrated by Taylor
(2003a) and is shown in Fig. 1.6.

Merits of this scheme are that both whole
plant and physiological (biochemical and bio-
physical) responses are presented and the model
does provide a frame that ranks the relative
sensitivity of whole plant to physiological aging.
In addition, events are ranked as early stage, or
most sensitive to aging, to late stage events until
the seed is rendered nonviable with the loss of
cell viability. A review of other events associated
with seed aging and another model of seed aging
based only on biochemical and physiological
changes associated with the loss of viability was
described by Priestley (1986).

Whole plant
response

Whole plant responses

A primary interest in horticulture is to determine
the consequence of seed aging on the whole-seed
and whole-plant levels. The germination rate is
the most sensitive index of seed quality at the
whole-seed level (Fig. 1.6). However, germin-
ation rate is not recorded in a standard germin-
ation test; only the total or final germination is
recorded. Actually, the only step of the germin-
ation process that is accurately measured is the
onset of Phase III (visible germination). There-
fore, the time to radicle emergence provides
quantitative information on the relative vigor of
a seed lot. To illustrate this effect, lettuce seed was
aged for a short period by first increasing the
moisture content to 20% (fw basis) and then in-
cubating the seeds at 40°C for 24 hours (Tomas,
1990). This procedure was adapted from the
controlled deterioration test developed as a
method to assess seed vigor (Powell et al., 1984).
The time to radicle emergence was recorded us-
ing time-sequence photography and recording
germination at two-hour intervals. Aged seeds
germinated approximately six hours later than
non-aged seeds and produced a greater percent-
age of necrotic seedlings (Fig. 1.7).

SEED QUALITY

Biochemical/
biophysical

Decrease in mitochondrial
efficiency

Decrease in germination rate

Decrease in normal seedlings

| Decrease in stress tolerance |

Increase in abnormal seedlings

| Loss of germinability |

Decrease in tissue electrical
bio-impedance
Decrease in cellular membrane
integrity

/I Loss of cell viability

Fig. 1.6. The relative sensitivity of selected whole-plant and physiological events during ageing in
storage. Reprinted with permission from Taylor (2003a).
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Fig. 1.7. The influence of ageing on germination rate of lettuce seeds including the presence of necrotic
seedlings (adapted from Tomas, 1990, Figure from Taylor, 1997).

Necrotic seedlings are symptomatic of a
disorder associated with aging in lettuce seeds
called physiological necrosis (Tomas et al., 1992)
and are classified as abnormal seedlings (AOSA,
2017b). These data reveal that a mild aging
treatment decreases the germination rate and
increases the incidence of abnormal seedlings;
however, the total percentage of seeds to ger-
minate was not changed.

A decrease in the stress tolerance of a seed
lot is a more sensitive indicator of seed quality
than the standard germination test (Fig. 1.6).
Stress tests are the most common type of vigor
tests used by seed testing laboratories and by the
seed industry. One of the most common tests is
rapid aging under controlled conditions followed
by a standard germination test. Methods used
for rapid aging are termed “accelerated aging,”
“controlled deterioration,” and “saturated salt
aging,” and the test methods are described in de-
tail in Baalbaki et al. (2009). The basis of all
three rapid aging techniques is to impose a con-
trolled harsh storage environment for a specified
short duration (generally several days), and then
a standard germination is conducted after the
aging regime. The test results are used to rank
seed lot performance and estimate seed storage
potential.

Another commonly used method to assess
stress tolerance (Fig 1.6) imposes cold, wet soil

conditions for a given period of time and then
the seeds are transferred to warmer conditions
for the completion of germination. This test is
commonly referred to as the “cold test” (Baalba-
ki et al., 2009), and is routinely used on sweet
corn and adopted for other vegetable crops. The
cold test imposes two environmental stresses:
low temperature and wet soil conditions. The
soil media used depends on the test conditions,
and a commercially available sand is commonly
used as a reproducible medium. Another test
medium is a field soil from the same geographic
region as the seed testing laboratory. Other vari-
ables to consider are the presence of indigenous
soil pathogens; for example, using non-sterilized
field soil. Despite these many factors, the test
variables are standardized for a reproducible
procedure.

Field emergence is of major horticultural im-
portance for direct seeded crops since seeds are
sown to achieve a desired plant population for op-
timal harvest efficiency. Seed vigor was related to
field emergence (Roberts, 1972; Heydecker and
Coolbear, 1977) with poor seed quality resulting
in poor stand and reduced yield. Although the ef-
fect of plant population on yield was frequently
studied and reviewed (Wiley and Heath, 1969),
another more interesting question arises: does a
reduction in seed vigor affect yield, if plant popu-
lation is not a factor? Data from many separate
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studies were summarized to address this ques-
tion, and the following information was adapted
from the review by Tekrony and Egli (1991).
Crops were grouped based on the time of harvest
of the harvestable product, either as vegetative,
early reproductive or fully reproductive stages.
Sources of seed quality differences were ob-
tained by aging. In general, crops harvested in
the vegetative stage showed the greatest re-
sponse to aging with loss of vigor resulting in re-
duced uniformity of seedling emergence. Fairly
consistent beneficial responses from sowing high
quality seeds were also measured on crops that
were harvested in the early reproductive stage.
Crops harvested at full maturity, including most
agronomic crops, generally did not have a posi-
tive yield response to seed vigor (Tekrony and
Egli, 1991). Dry beans had a variable response to
vigor. In conclusion, seed vigor is important for
yield potential in many vegetable crops since
most of these crops are harvested in the vegeta-
tive or early reproductive stages.

Physiological aspects

Respiration and energy synthesis pathways are
vital to high vigor seed, and both processes are
associated with early events during seed aging
(Fig. 1.6). The mitochondrial membrane is re-
quired for respiration and electron transport
(Goodwin and Mercer, 1983). Cytochrome C dis-
sociates from the inner mitochondrial membrane
during normal seed maturation drying, and seed
aging impairs the re-association of cytochrome C
(cited by Rutzke et al., 2008). The production of
ethanol, a by-product of respiration, was shown
to increase under aerobic conditions as seeds age,
while under anaerobic conditions, ethanol pro-
duction decreases. A test was developed that em-
ploys the ratio of these two measurements, that
provided a sensitive index of seed quality (Taylor
et al., 1999). The ratio of anaerobic to aerobic
(ANA) ethanol production was more sensitive
than a loss in either the percent germination or
germination rate (Rutzke et al., 2008).
Measuring electrical bio-impedance is a
biophysical method adapted from medical diag-
nostics for investigating seed quality (Repo et al.,
2002). Snap bean seeds were first hydrated to
desired seed moisture content and then small
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electrodes were inserted into the cotyledons.
Seeds were exposed to a small alternating cur-
rent, and the capacitive and resistive compo-
nents of the seed tissue were measured to reveal
an electrical impedance spectrum. Changes in
the spectra were observed as seeds aged, and the
sensitivity of the test results was comparable to
a decrease in normal seedlings in a standard
germination (Fig 1.6). The advantage is that the
entire bio-impedance test was conducted in 24
hours compared to seven days for the standard
germination.

Cell membrane integrity is tested directly or
indirectly as a means to predict seed quality
(Fig. 1.6). Certain vital stains are used in seed
testing and provides a direct method to assess
cellular integrity (Overaa, 1984). Indigo carmine,
a cell membrane permeability stain, is excluded
from living cells and is not injurious to subse-
quent embryo growth. Measuring leakage of
compounds during the early stages of germin-
ation provides an indirect test of cellular integ-
rity. Leakage tests are commonly performed on
intact seeds and compounds such as electrolytes,
sugars, amino acids, phenolic compounds, and
others are measured from the imbibing solution
(Priestley, 1986). Leakage tests have found ap-
plication in seed quality testing, and methods to
assess seed vigor by measuring conductivity are
described (Baalbaki et al., 2009). The major ad-
vantage of this method is that it is performed in
a relatively short period of time and the data is
objective. Unfortunately, there are serious limi-
tations for the wide-scale use of leakage tests
since seeds of many species possess an inner
semi-permeable seed coat layer that restricts
leakage of solutes and electrolytes (Beresniewicz
et al., 1995b). For example, seeds of onion and
leek contain a semi-permeable layer composed
of cutin, while tomato and pepper have a suber-
ized layer (Beresniewicz et al., 1995a). There-
fore, measuring leakage of vegetable crop seeds
is limited to large-seeded vegetable crops includ-
ing pea and Phaseolus spp.

The loss of cell viability is the final step for
the loss of seed viability (Fig. 1.6). All biochem-
ical pathways require enzymes to catalyze reac-
tions within the cell. The relationship of enzyme
activity with seed aging was studied, and many
enzymes remained active after all viability is lost;
however, the dehydrogenases are one group of
enzymes that were directly related with a loss of
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cell viability (MacLeod, 1952). Dehydrogenase
enzymes are found in several steps in respiratory
pathways and catalyze oxidation-reduction re-
actions (Goodwin and Mercer, 1983). As previ-
ously discussed, respiration rate increases rap-
idly during imbibition, and maximal respiration
is needed for the completion of germination.
Therefore, dehydrogenase activity is determined
during Phase II germination, a period of active
metabolism. The most common method to meas-
ure dehydrogenase activity is with the vital stain
2,3,5-triphenyl tetrazolium chloride (TTC or TZ).
Tetrazolium salts in the oxidized form are color-
less and water-soluble and are reduced by de-
hydrogenase enzymes to the water insoluble red
stain, formazan (Copeland and McDonald, 2001).
Tetrazolium salts were first used in the 1940s,
and the TZ test is still the most widely used test for
seed viability (AOSA, SCST, 2010). Limitations
are that the test is subjective and staining pat-
terns are difficult to interpret, resulting in in-
accurate assessment of viability. Other vital stains
are used in seed testing (Overaa, 1984) and pro-
vides an alternative to the TZ method.

Sowing Environment

The soil environment is finally considered as it
can greatly influence germination and seedling
establishment of vegetable crops. In practice,
direct seeding is often performed early in the
growing season in soil conditions that are less
than optimal for a particular species. Various
abiotic stresses include water, temperature and
physical impedance, and biotic stresses such as
soil pathogens, insects, and other predators, are
present from the time of sowing to seedling es-
tablishment. The following discussion will briefly
review the role of the three major abiotic stresses
and describe the sensitive phase for each.

Water stress

Water is essential for germination; however,
water stress may occur as either an excess or def-
icit in the field for direct seeded crops or in the
greenhouse for transplant production. In the
case of water excess, oxygen is limiting for the
completion of germination or seedling growth,

because Phases I and IIl in germination are sen-
sitive to oxygen deficiencies. Seeds of different
species were subjected to anoxia by soaking in
water, and germination was recorded after 72
hours (Crawford, 1977). Of the vegetable seeds
tested, lettuce was tolerant to soaking, while pea
was most sensitive, and it was shown that sensi-
tivity to soaking was associated with a large pro-
duction of the fermentation product, ethanol.
Seeds are generally sown initially under favor-
able soil moisture conditions and then rain or
irrigation can create a flooding condition. A
period of low oxygen (hypoxia) can condition
germinating seedlings so that seedling roots can
survive for a longer period of time in a subse-
quent anaerobic condition compared to those
that were not conditioned (Hole et al., 1992).

Seeds are commonly sown at a shallow
depth, and the soil may dry to a water potential
below that necessary for the completion of
germination. Due to their tremendous matric
potential, seeds can imbibe or at least partially
imbibe water even in dry soils and may enter
Phase IT germination (Bewley et al., 2013). How-
ever, due to the dry conditions the seed cannot
achieve sufficient moisture content to complete
germination. Phase III is associated with cell
elongation and later cell division, and these pro-
cesses are most sensitive to water stress in grow-
ing tissue (Hsiao, 1973). Higher water potential
(more water available) is needed for the initi-
ation of cell elongation than for the mainten-
ance of radicle growth after visible germination
(reviewed by Hegarty, 1978). This indicates that
a threshold moisture level must be achieved be-
fore the seed will complete germination (Phase
III). Since seeds are desiccation-tolerant in Phas-
es I and II, the inability to complete germination
under water deficits would help to ensure sur-
vival under these stressful environments.

Temperature stress

Temperature regulates all aspects of biology in-
cluding the germination of seeds. The cardinal
temperatures of germination (minimum, opti-
mum, and maximum) were summarized for
vegetable crops seeds (Maynard and Hochmuth,
2007). Though temperature does affect the time
for full imbibition, temperature primarily influ-
ences the germination rate by regulating the
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duration of the lag phase or Phase II. Germin-
ation is predicted by incorporating a heat sum in
degree days (S) and the minimum temperature
for germination (T ) (Bierhuizen and Wagen-
voort, 1974). Seeds were germinated in a range
of temperatures from 3-17 or 3-25°C for fruit
vegetables, and daily counts recorded. The S and
T . were calculated, and shown for selected vege-
table crop seeds (Table 1.5) and the predictive
equations were highly correlated over the tem-
perature range tested. In general, the warm sea-
son crops have a higher T than the cool season
crops, while the value for S varies with species.
Germination at low temperatures was in-
vestigated on sugary (su), sugary enhancer (se),
and shrunken-2 (sh,) sweet corn genotypes over
a range of temperatures from 11.1-30.0°C
(Hassell et al., 2003). Achieving 75% germin-
ation within seven days was the criterion for
successful germination at each temperature for
nine varieties of each genotype. The nine var-
ieties examined were commercially released over
aperiod of 89, 16 and 10 years for su, se and sh,
genotypes, respectively. The mean number of
days for 75% germination averaged over all tem-
peratures tested was 3.6, 3.9 and 4.4 days for su,
se and sh, genotypes, respectively. Varietal differ-
ences were measured within each genotype for
low-temperature germination; however, there

Table 1.5. Minimum germination temperature (T,

mi

were no trends for improved cold tolerance with
release date. Therefore, based on the scope of
this study, plant breeding objectives have not in-
cluded low temperature germination.

Temperature stress may occur, and temper-
atures may be suboptimal or supraoptimal for a
particular species. The effect of elevated temper-
atures on lettuce seed germination is presented
in Chapter 14. Seeds of many warm season
crops are negatively influenced by low tempera-
ture, and this physiological disorder is known as
chilling injury (reviewed by Herner, 1990; Bedi
and Basra, 1993). There are two groups of chill-
ing sensitive seeds:

(i) those that are injured during Phase IIT
germination such as the solanaceous crops and
the cucurbits; and (ii) those seeds that are
susceptible during Phase I and lima beans are
very sensitive, while snap bean and sweet corn
are sensitive (Bedi and Basra, 1993). In the
second group, damage occurs during hydration
of the seed tissue and is referred to as imbibition-
al chilling injury. Seeds become more susceptible
to this type of injury as the initial seed moisture
content decreases. Seed coat permeability and
integrity are also important factors as seeds that
imbibe water rapidly; especially seeds with
cracked seed coats are more prone to imbibition-
al chilling injury.

(Taylor et al., 1992)

) and heat sum (S) in degree days for seedling

emergence, and the applicable temperature (T) range for germination of various vegetables. Crops are
ranked within groups by heat sum (S) in degree days (adapted with permission from Bierhuizen and

Wagenvoort 1974).

S
in (degree T

Group Crop Genus species (°C) days) (°C)
Leaf vegetables and  Lettuce Lactuca sativa 3.5 71 621
Brassica crops Turnip B. campestris var. rapa 1.4 97 3-17
Kale B. oleracea var. acephala 1.2 103 3-17
Red cabbage B. oleracea var. purpurea 1.3 104 3-17
White cabbage B. oleracea var. capitata 1.0 106 3-17
Brussels sprouts B. oleracea var. gemmitera 1.1 108 3-17
Spinach Spinacea oleracea 0.1 111 3-17
Cauliflower B. oleracea var. botrytis 1.3 112 3-17
Leek Allium porrum 17 222 3-17
Celery Apium graveolens 4.6 237 9-17
Parsley Petroselinum crispum 0.0 268 3-17
Fruit vegetables Tomato Solanum lycopersicon 8.7 88 13-25
Eggplant Solanum melongena 12.1 93 15-25
Gherkin (cucumber)  Cucumis sativus 121 108 15-25
Melon Cucumis melo 12.2 108 15-25
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To better understand the role of seed mois-
ture content and temperature on imbibitional
chilling injury, two cultivars (chilling sensitive
and tolerant) of snap bean seeds were adjusted to
arange of moisture contents from 5% to 25% (dw
basis) and germinated at 20°C or 5°C (Wolk et al.,
1989). Those seeds that were germinated at 5°C
were transferred to 20°C after 24 hours. Critical
seed moisture content was determined for each
treatment that marked the onset of imbibitional
chilling injury and was termed the breakpoint.
Only seeds with moisture contents below the
breakpoint showed a reduction in germination.
At 20°C, the moisture content breakpoints for the
chilling sensitive and tolerant cultivars were 15%
and 11%, respectively. When seeds were tested at
5°C, the breakpoints were 19% and 16% for the
sensitive and tolerant cultivar, respectively. Thus,
at either temperature, the breakpoint moisture
content was always greater for the sensitive culti-
var, compared to the tolerant cultivar. Decreasing
the temperature from 20°C to 5°C shifted the
breakpoint to a higher level for each cultivar;
however, the deleterious effects of imbibing seeds at
5°C were totally overcome by the elevated moisture
content. Below the breakpoint for all treatments,
there was an average 4.6% decrease in germin-
ation for each 1% decrease in moisture content.
In conclusion, imbibitional chilling injury is influ-
enced by the interaction of environmental and
seed factors. The initial seed moisture content is
the primary factor that determines the incidence
of imbibitional chilling for a particular seed lot,
while temperature has a moderating effect.

Physical impedance

The soil can act as a physical barrier to seedling
emergence and may decrease or even prevent seed-
ling establishment especially under conditions of
soil crusting (Goyal et al., 1980). Germinating
seedlings must produce sufficient force to over-
come this barrier. The sensitive period to this type
of stress is late in Phase IIT when these seeds have
already completed radicle emergence. There are
several factors that influence the emergence ability
of a seedling including the speed of germination
and morphological characteristics (Inouye et al.,
1979). A faster emerging seedling has a better
chance of escaping the physical barrier of a soil
crust since it may emerge before soil crusting

occurs. Two primary factors that determine the
rate of emergence are soil temperature and species
(Table 1.6). Considering a particular crop, seed
quality may play a role because the rate of germin-
ation is influenced by vigor. Seedling morphology is
also important (Table 1.4), since seeds with hypo-
geal germination have a smaller cross-sectional
area to penetrate the soil than those with epigeal
germination that must also pull the cotyledons
through the soil.

Seedling emergence forces were quantified
for a number of vegetable seeds and are shown
in Table 1.6 (Taylor and Ten Broeck, 1988).

A positive relationship (r = 0.98**) was de-
termined between seed weight and force gener-
ated for eight species tested, and among small,
medium, and large snap bean seeds of the same
lot. The pressure (force per unit cross-sectional
area of emerging hypocotyl or cotyledon in
onion) was positively correlated (r = 0.85*) with
time to achieve maximum force. Seedlings with
the ability to continue to generate forces may
have a better chance of establishment than those
that produced pressure for a short time. The en-
ergy content is related to seed composition as
seeds generally store either starch or lipid (Table
1.1, Fig. 1.1). The energy content of the starch
storing snap beans yielded 17 kJ g7! in compari-
son to the lipid containing seeds that ranged from
22 to 26 kJ g7 of seed. The use of reserves varied
by seed type, but does provide some relative infor-
mation on the efficiency of reserve mobilization.
The study on seed size in snap bean revealed that
small seeds contained fewer reserves than large
seeds; however, the small seeds were more effi-
cient in utilization of their reserves in seedling
emergence forces (Taylor and Ten Broeck, 1988).
A subsequent study measured emergence forces
from snap bean seeds subjected to imbibitional
chilling injury (Taylor et al., 1992). The seeds
subjected to chilling conditions produced less
force per seedling and required a longer period of
time to generate the maximum force, indicating
that the injury sustained during imbibition re-
duced subsequent seedling growth potential.

Seed Enhancements

The last section of this chapter turns from the
theme of seed biology to seed technology. Seed en-
hancements are defined as post-harvest methods
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Table 1.6. Seedling emergence force characteristics and energy contents of vegetable crop seeds. Crops
are ranked by maximum seedling emergence forces generated (reprinted with permission from Taylor and

Ten Broek 1988).

Seed Maximum force Time to achieve

Pressure  Energy content Use of reserves

Crop wt. (mg) (mN)* maximum force (h) exerted (kPa)  (J seed')* (N kd-1)***
Snap bean 268.0 3400 + 360** 21 +1 234 4554 + 12 0.75
Radish 10.0 558 + 88 19+8 317 231 £1 2.40
Cucumber 314 241 £ 49 9+3 63 801 + 1 0.30
Cabbage 4.20 157 + 24 11+£2 241 11 £1 1.41
Onion 4.04 83+ 11 19+4 259 90.4 +0.2 0.92
Tomato 2.90 44 +5 10+2 96 71.8 £ 0.1 0.61
Carrot 1.00 35+9 5+1 17 23.8+0.1 1.47
Lettuce 1.07 29+6 7x2 89 273 +0.1 1.06
Beets - 26+6 4+2 62 - -

*Maximum force achieved per seedling in millinewtons.
tPressure exerted in kilopascals.

*Energy content per seed in joules.

**Mean + standard error.

***The ability of a seed to produce seedling emergence forces with respect to stored energy reserves

that improve germination or seedling growth, or
facilitate the delivery of seeds and other materials
required at the time of sowing (Taylor et al., 1998).
Therefore, single or multiple technologies are used
on a particular vegetable crop seed from the time of
harvest to sowing (Halmer, 2003). An overview of
these technologies performed on commercial seed
lots was adapted from Halmer (2000) (Fig. 1.8).
Seed conditioning is a physical method em-
ployed to remove contaminants from the seed lot
including weed seed, other crop seeds, and inert
matter, and seed conditioning principles and
practices are described by Harmond et al. (1968)
and Copeland and McDonald (2001). Functional
Treatment—Enhancement includes a number of
hydration methods under the heading of prim-
ing, such as steep, soak, and pre-germinate, and
our discussion will focus on moisturization and
priming. Active ingredients and materials are
applied by seed treatment and coating technolo-
gies that are plant protectants, biostimulants,
micronutrients, and inoculants. Finally, the
need for high quality seeds is a prerequisite for
the application of value-added seed enhance-
ments (Kaufman, 1991), and seed testing is
needed before and after an enhancement pro-
cedure to insure that high seed quality is pre-
served (Halmer, 2000). To place seed enhance-
ments in context with seed testing (Fig. 1.8), the
cornerstone of seed labeling in commerce is the
standard germination and purity tests. A purity
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test includes the examination for weed seed,
other crop seeds, and inert matter (AOSA,
2017a). One goal of the seed quality assurance
by the seed industry is to provide a seed lot of
pure seed. Seed health is testing for the presence
of seed-borne pathogens. The importance of
vigor was discussed in the earlier “Seed quality”
section. Finally, storability is important as seed
priming can negatively impact the storage life of
seeds.

Hydration treatments

The importance of water in seeds is described
previously in relation to storage, germination,
and seedling establishment. Two hydration
methods to improve germination and seedling
establishment especially under stressful condi-
tions, namely moisturization and priming, are
presented. Moisturization was developed for
large-seeded legumes, in particular snap beans;
however, the technique has potential for other
leguminous vegetable seeds. Priming is per-
formed on many small-seeded vegetable seeds,
and this method was adapted for a wide range of
species.

The importance of seed moisture content
on the resistance of bean seeds to imbibitional
chilling injury was discussed (see “Temperature
stress” section). Moisturization improved field
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Fig. 1.8. The interrelationships of seed processing technologies used in commercial practice. Processing
involves various techniques according to seed type. Optional treatments are used singly or in permutation
according to seed type and market needs. Reprinted with permission and adapted from Halmer (2000).

emergence of early plantings, especially if the
soil was wetted immediately after sowing (Wil-
son and Trawatha, 1991; Taylor et al., 1992).
The percentage of initial moisture content can
affect germination of the same bean seed lot in
the laboratory, and low moisture content sam-
ples had lower germination results than high
moisture samples (Pollock and Manalo, 1970).
Another benefit of moisturization is increased
resistance to mechanical damage as moist seeds
are less brittle (Bay et al., 1995). However, mois-
turization at too high a level is deleterious, as the
rate of aging in storage will increase dramatically.
The moisture content of bean seeds is adjusted
prior to packaging, and seeds are then stored in
this condition. In practice, seed moisture content
is adjusted to the upper level of Region 2, which
corresponds to a seed moisture content of 12-13%
(fw basis) or an a, from 0.6 to 0.65 (Fig. 1.2).
Seeds are moisturized by passing humidified air
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through the seed mass to increase the seed mois-
ture content or by incubation with a moist solid
media (Wilson and Trawatha, 1991).

Seed priming is a general term that refers to
several different techniques used to hydrate
seeds under controlled conditions, but prevent-
ing the completion of germination (Phase III).
During priming, seeds are able to imbibe or par-
tially imbibe water and achieve elevated seed
moisture content usually in Phase II (lag phase)
germination (Fig. 1.9).

Seeds are kept in this condition for a period of
time that may range from less than one day to sev-
eral weeks (Taylor and Harman, 1990). Priming
temperatures range from 10°C to 35°C, but 15°C
to 20°C is most commonly used (Bradford, 1986).
Since seeds have not completed germination, they
remain desiccation-tolerant and are dried for
long-term storage. All priming techniques rely on
the controlled uptake of water to achieve a critical
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Fig. 1.9. Seed priming with respect to seed water content in comparison to imbibition in water. After
priming period, seeds may be dried, stored and the transported to the grower. When seeds are sown,
the lag period is reduced improving the germination rate and uniformity. Reprinted with permission and

adapted from Bradford and Bewley (2003).

moisture content that will activate metabolic ac-
tivity in a controlled environment. There are a
considerable number of terms used in literature
and in the industry to describe these methods,
and definitions of enhancement method are found
in The Encyclopedia of Seeds (Black et al., 2006).
There are three priming techniques em-
ployed to advance the germination of seeds. The
most studied technique utilizes aqueous solu-
tions as the priming medium. In large-scale
priming, a ratio of approximately ten parts prim-
ing solution to one part seeds is used (Nienow
etal., 1991). Therefore, due to the large reservoir
of priming solution, the water uptake by seeds is
regulated by the water potential of the solution,
which varies by species and ranges from —0.5 to
—2.0 MPa (Khan et al., 1980/81). Many com-
pounds were used to achieve a solution of known
water potential and include inorganic salts such
as NaCl, KNO,, K,PO,, KH,PO,, and MgSO,, low
molecular weight organic compounds such as
glycerol and mannitol and large molecular
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weight polymers such as polyethylene glycol
(PEG) (Khan, 1992). The 8000 molecular
weight PEG is widely used to regulate water po-
tential, and formulas were developed to calcu-
late the water potential of a solution of known
concentration and temperature (Michel, 1983).
Since gas diffusion is limited in solution, aer-
ation is needed during the priming process. A
number of terms used to describe this technique
include liquid priming, osmotic conditioning, and
osmoconditioning. The terms osmo- or osmotic are
misleading when PEG is used since the water po-
tential of PEG solutions is controlled primarily
by matric forces (Steuter et al., 1981).

Two other proprietary priming techniques,
solid matrix priming (Eastin et al., 1993) and
drum priming (Rouse cited by Gray, 1994), have
also gained attention as an alternative to liquid
priming. In solid matrix priming (SMP), seeds
are mixed with a solid particulate material and
water (Taylor et al., 1988). Seeds, due to their
negative matric potentials, are able to imbibe
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water from the solid material. Several materials
was used in this process including leondardite
shale, diatomaceoussilica, exfoliated vermiculite,
and expanded calcined clay (Khan, 1992). The
amount of solid carrier required for a particular
species depends on its water-holding capacity,
and was reported from 2 to 0.2 times the weight
of the seed (Taylor et al., 1988; Khan, 1992).
The amount of water needed to achieve equilib-
rium water potential conducive for priming is
determined on an empirical basis as described
for liquid priming. Leondardite shale is a mater-
ial that regulates water potential by its osmotic
potential (Taylor et al., 1988). Diatomaceous sil-
ica materials regulate water potential by their
matric properties, and their use in priming was
termed matriconditioning (Khan, 1992). Drum
priming was developed in the UK and involves
hydration by misting seeds with water during a
one- or two-day period in a revolving drum
(Gray, 1994). The level of hydration is controlled
for each species, and tumbling ensures uniform-
ity of moisture distribution.

The benefits of priming by different tech-
niques were documented for many vegetable
seeds and were reviewed by Heydecker and Cool-
bear (1977), Bradford (1986), Khan (1992) and
Parera and Cantliffe (1994). The subcellular
basis for priming was reviewed by Varier et al.
(2010). In general, priming hastens the rate of
germination and seedling emergence, especially
under suboptimal temperatures for germination.
In the case of lettuce, priming ameliorates the
deleterious effect of high temperatures causing
thermoinhibition and thermodormancy. Prim-
ing may predispose the seed to aging, and primed
lettuce aged faster than nonprimed seeds, espe-
cially those aged with a high relative humidity
as used in the saturated salt aging test (Hill
etal., 2007).

Coating technologies

Seed coating technologies have evolved with
time and are used for a different purposes to im-
prove agricultural productivity and reduce en-
vironmental hazards. Early emphasis was placed
on the development of coatings for small and
irregularly shaped seeds to facilitate precision
placement during sowing (Tonkin, 1979). Coat-
ings were later developed to act as a delivery

system for a number of materials required at
time of sowing (Scott, 1989; Taylor and Har-
man, 1990). Coating technologies were further
refined to reduce worker exposure to seed treat-
ments during handling (Robani, 1994). Halmer
(2000) and Taylor (2003b) reviewed seed coat-
ing technologies.

Several coating technologies are commer-
cially used on different vegetable crops including
seed treatment or dressing, film coating, en-
crusting, and pelleting (Fig. 1.8). The amount of
material applied or weight gain differs for each
coating technology (Taylor, 2003b). A conven-
tional liquid treatment or dressing uses a small
amount of water to uniformly apply the active
ingredient over the seed surface and from seed-
to-seed. Generally, less than 1% of the seed
weight is applied by this method. The weight in-
crease from film coating ranges from 0.5% to
5.0%. The weight increase varies with vegetable
crop seeds, or more importantly seed shape to
make a spherical pellet, and ranges from 2 to
+50 fold (200 to +5,000% increase). An inter-
mediate or mini pellet is termed encrusting, and
ranges from 0.2 to 2.0 fold (20 to 200%).

Seed pelleting consists of the application of
solid particles that act as a filler with a binder or
adhesive to form a more or less spherically shaped
dispersal unit (Fig. 1.10).

Pelleting is routinely performed by the seed
industry on high-value, small-seeded vegetable
seeds. In this process, seeds are generally pelleted
on a batch basis in a coating pan or tumbling
drum. Pellets are sized during and at the end of
the process and then dried. The materials and
techniques used are proprietary; however, a
number of ingredients were listed in the litera-
ture (Halmer, 1988; Scott, 1989; Taylor and
Harman, 1990). Seeds are tumbled with re-
peated applications of the coating filler material
followed by intermittent spraying of seeds with
water to activate the binder and result in the for-
mation of the pellet around each seed. Encrust-
ing, like pelleting, employs an application of a
finely ground, solid particulate material and
water or aqueous binder solution.

Film coating of seeds is a more recent devel-
opment than pelleting and is derived from
techniques originally developed for the pharma-
ceutical industry (Porter and Bruno, 1991). Film
coating consists of spraying a solution or suspen-
sion of film-forming polymer onto a mass of
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Fig. 1.10. lllustration of a pelleted (left) ad film coated (right) onion seed. Both pellet matrix and film
coating layer can serve as a delivery system for active ingredients or other materials. Reprinted with

permission from Taylor (2003b).

seeds to achieve a uniform deposition of materials
(Fig. 1.10). A number of film-forming polymers
and pigments are used (Halmer, 1988; Robani,
1994). Coating pans described for pelleting are
used; however, in contrast to the wet operation of
pelleting, the aqueous film-forming formulation
is dried immediately after spraying to avoid ag-
glomeration. Perforated pans are used to allow
for rapid drying, and continuous flow methods
were developed (Robani, 1994; Halmer, 2000).
The benefits of film coating include uniform
placement of seed treatment chemicals onto
seeds, essentially a dust-free environment, and
enhanced appearance due to the addition of pig-
ments (Robani, 1994).

Seed treatments are categorized into dif-
ferent groups based on their mode of action or
properties including plant protection, growth
enhancement (Fig. 1.8) or environmental stress
reduction. Plant protection by chemical seed
treatments is performed on a global scale on
vegetable and field crops. Seed treatment in-
secticide usage has increased dramatically over
the past 20 years for below-ground insect pests
(Nault et al., 2006), and systemic seed treat-
ment insecticides for above ground insects
(Kuhar et al., 2009). Seed treatments eliminated
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the need for in-furrow treatments, and resulted
in a 90% reduction in pesticide usage (Taylor
etal., 2001).

Seed treatments are used to eradicate in-
ternal seed-borne pathogens, but to be effective
the organic compound must first diffuse through
the seed coat to the embryo. The physical/chemical
nature of systemic compounds was investigated
on uptake into the embryo of several vegetable
crop seeds (Salanenka and Taylor, 2011). Seed
coat permeability to systemic compounds was
grouped into three categories: (i) permeable: snap
bean; (ii) selective permeable: tomato, pepper
and onion; and (iii) non-permeable: cucumber
and lettuce. Selective permeable allowed nonionic
compounds to diffuse, while ionic compounds
were blocked. The semipermeable layer as the in-
nermost layer of the seed coat restricted solute
leakage from tomato, pepper, and onion seeds
(Beresniewicz et al., 199 5b) and are also respon-
sible for blocking ionic (charged) molecules from
entering seeds. Information on seed coat perme-
ability is used as a criterion for selecting ef-
fective compounds to target pathogens in the
embryo.

There is a growing need for organic seed treat-
ments, as synthetic chemical seed treatments are
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not permitted for certified organic vegetable pro-
duction. An organically approved insecticide, Spi-
nosad, was effective in managing below-ground
insects in onion (Nault et al., 2006). Selected
beneficial fungi and bacteria are effective as bio-
logical control agents for management of soil-
borne pathogens. The coating environment can be
tailored to enhance the biocontrol organism by
adjustment of the pH and addition of food bases
(Taylor and Harman, 1990). Selected biological
treatments can ameliorate abiotic stress in the soil
environment. Biological treatments partially neg-
ated the environmental stress of soil salinity, and
the most effective biological treatments increased
the K*/Na* ratio, which was positively correlated
with plant growth (Yildirim et al., 2006). Seed
treatments can enhance plant growth and serve as
Biostimulants (du Jardin, 2015). Plant proteins
were investigated as biostimulants, and seed coat-
ings containing soy-flour enhanced broccoli seed-
ling and plant growth (Amirkhani et al., 2016).
Collectively, film coating, encrusting and pelleting
can apply high loading rates of active materials
onto seeds compared to conventional liquid treat-
ments (Taylor, 2003b), and the coating technolo-
gies are delivery systems for single or multiple active
agents that may serve as a protectant, enhance-
ment or stress alleviator.

Concluding Remarks

An understanding of vegetable seeds is an im-
portant first step for the subsequent study of
vegetable physiology and culture. Vegetable
seeds are a diverse group of edible plants with re-
spect to botanical classification, morphology,
and composition, and this diversity impedes
rapid progress in our understanding of vegetable
seed physiology. This diversity, including differ-
ent market needs and seed costs, also dictates the
choice of seed enhancements employed for each
crop, variety, and seed lot.

The high value of the harvested vegetable
product increases the demand for seeds of high
quality and maximum performance. The goal is
for each seed sown to develop into a usable trans-
plant or productive plant in the field. To achieve
this goal, a seed lot must have complete, uniform
and rapid germination and seedling emergence.

This goal is seldom achieved due to one or a com-
bination of factors including small seed size,
slow germination rate, low inherent seed quality,
and sensitivity to environmental stresses at the
time of sowing. Unlike most agronomic crops,
most vegetable seeds are not directly consumed,
and have not been selected for large seed size.
In the case of sweet corn—a crop selected for its
high sugar content for consumption—the in-
creased sugar content in mature seed can nega-
tively impact seed quality potential and increases
susceptibility to seed- and soil-borne pathogens.

To overcome some of the seed quality and
slow germination challenges, seed companies
routinely conduct seed conditioning to clean
and upgrade seed quality. Seed enhancements,
such as priming, can have a beneficial effect on
seedling emergence of small-seeded vegetable
crop seeds under environmental stress, but may
accelerate aging and thus decrease seed quality
after storage. Therefore, the potential risk/benefit
of each seed enhancement requires consideration.
Seed coating technologies provide a delivery
system of active ingredients and agents required
at time of sowing. Seed treatment and coating
technologies are used on both small- and large-
seeded crops.

Continued effort is needed by seed biologists
to develop the knowledge of physiological
mechanisms associated with seed aging, and the
factors limiting seed performance. Some of these
basic studies are performed with vegetable spe-
cies, and others are adapted from agronomic
crops and model plant species. Seed quality cri-
teria should be incorporated into breeding and
selection programs in the development of im-
proved cultivars. In conclusion, by integrating
several approaches and disciplines, seed quality
of vegetable crops can be improved and will ul-
timately benefit vegetable growers.
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2 Transplanting

D.l. Leskovar

Texas A&M AgrilLife Research, Department of Horticultural Sciences, 1619 Garner
Field Rd, Uvalde, Texas 78801, USA

In most vegetable production systems, transplant-
ing with containerized transplants or plugs is the
most common practice used to maximize stand es-
tablishment, shorten the growing period, and en-
hance earliness in production. Transplanting also
allows better planning to time harvests for specific
markets and extension of the harvest season for
late-maturing crops. The milestones and founda-
tion of the present-day transplant technology were
set up back in 1925 through transplant studies
outlined in the doctoral dissertation by W.E. Loomis
of Cornell University (Cantliffe, 2009). This was
followed by the invention of reusable styrofoam
trays with inverted pyramid cells known as
Speedling® flats in Florida (Todd, 1972). From
then, the plug concept and technology grew up
almost exponentially worldwide. Now transplants
are grown to specific growers’ requirements based
on species, cell volume, plant height, and post-
transplant environmental conditions, whether in
open field or under protected structures. Trans-
planting is a standard crop establishment method
for several vegetable species (Fig. 2.1) including
sweet and pungent pepper (Capsicum annuum L.),
fresh market and processing tomato (Solanum Iyco-
persicon L.), eggplant (Solanum melongena L.),
watermelon (Citrullus lanatus (Thunb.) Matsum &
Nakai), cucumber (Cucumis sativus), celery (Apium
graveolens), squash (Cucurbita pepo), globe artichoke
(Cynara cardunculus var. scolymus), lettuce (Lactuca
sativa), fennel (Foeniculum vulgare), leek (Allium ampe-
loprasum), and cruciferous species (Brassica oleracea)

such as broccoli, cauliflower, cabbage, and Brussels
sprouts. In the United States, most large commercial
transplant nurseries are located in warmer climatic
regions (Florida, Georgia, California, Texas) with less
costs of heating and lighting, but more cost of trans-
portation to distant northern markets and more
challenges to control high temperatures since most
are passively ventilated. Conversely, the main chal-
lenges for nurseries in North America are the high
cost of heating and lighting. The history of the
transplant industry and components of the technol-
ogy required to produce transplants were earlier
reviewed by Styer and Koranski (1997) and Cantliffe
(2009). This chapter will update research conducted
during the last two decades and expand on factors
affecting transplant quality, stress adaptation,
physiology, and performance previously contained
in the first edition of The Physiology of Vegetable Crops
edited by Wien (1997). Here additional emphasis is
given to transplant stress adaptation, water man-
agement, and growth modulation by plant growth
regulators and light quality. A brief section intro-
duces grafting as a specialized transplant produc-
tion method which is growing rapidly worldwide.

Transplant Quality

A high quality containerized vegetable transplant
is defined as one that is compact, with thick
non-elongated stem, and a well-developed and
balanced root and shoot system (Fig. 2.2) that

© CAB International 2020. Physiology of Vegetable Crops 2™ edition
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Fig. 2.1. Containerized vegetable transplants: (a) bell pepper, (b) tomato, (c) broccoli, (d) watermelon,
(e) leek, and (f) cabbage.

Fig. 2.2. High quality containerized transplants with balanced root and shoot system: (a) watermelon,
(b) lettuce, (c) artichoke, and (d) tomato.
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has the capacity for a rapid leaf area develop-
ment and root regeneration upon transplant-
ing under diverse climatic, environmental, and
outdoor field conditions. During transplant-
ing, seedlings are pulled from the tray, causing
mechanical root pruning and loss of root
hairs, disturbing the initial root:shoot morpho-
physiological balance. Once in the field, trans-
plants will undergo a short period of field
acclimation or “recovery phase” before they can
resume shoot growth. Therefore, morphological
and physiological adaptation leading to en-
hanced resource (water, nutrients) capture effi-
ciency by roots is important for successful stand
establishment and crop performance. However,
despite the initial losses of root tips and root
hairs, plants are plastic and able to compensate
during the recovery phase with no lasting effect
on yield as reported in tomato and lettuce
transplants (Bar-Tal et al., 1994; Kerbiriou
et al., 2013). The importance of improving root
development during the nursery period and to
enhance seedling performance in the field has
been earlier reviewed by Leskovar and Stoffella
(1995). Monitoring moisture and nutrient
content, particularly nitrogen of the growing
medium, is critically important for producing
high quality transplants in nursery operations.
Ideally, irrigation management strategies should
lead to a gradual growth with minimum stress
imposed. Fertigation (simultaneous application
of water and nutrients) can also significantly im-
pact growth, development and final transplant
quality as reported in several vegetable species,
including lettuce (Soundy et al., 2005) and arti-
choke (Leskovar and Othman, 2016). In the fu-
ture, for automatic transplanters with vision
system technology, leaf area will be a key indica-
tor of transplant quality and necessary to select
healthy plants in high- to low-density trays.
Tong et al. (2013) has evaluated a machine
vision system and developed algorithms that
segment overlapped leaves from neighboring
cells and calculated leaf area with an accuracy
greater than 95% in distinguishing “bad” from
“good” seedlings of tomato, pepper, eggplant,
and cucumber. Ultimately the morphology
of vegetable seedlings is species-specific, with
unique growth developmental patterns in leaf
area expansion, shoot elongation, root develop-
ment, and time required to reach transplant
maturity.

Factors Regulating Growth
in Containers

Container cell size

Vegetable transplant nurseries select trays con-
taining from 72 to 800 cells per standard tray
size (67 x 34 cm, 0.23 m?). It is widely accepted
that container cell size or volume have a direct
effect on root and shoot growth, dry matter par-
titioning, stand establishment, reproductive de-
velopment, and early yield. A limited media-cell
volume imposes root growth restriction turning
on internal root sensing mechanisms that affect
plant responses, even under optimum condi-
tions of water, nutrient, and oxygen supply. The
underlying morphological responses and physio-
logical mechanisms associated with root volume
confinement on seedling growing in close prox-
imity in multi-celled trays is complex, and not a
single factor can be isolated due the interaction
of crop species and even cultivars, environmen-
tal conditions, physical/chemical properties of
substrate (media), and management strategies
used in nurseries. Controlled studies comparing
root-restricted (small cell volume) versus unre-
stricted tomato and cucumber plants have shown
low root respiration rates (Peterson et al., 1991),
low leaf net assimilation rates, and greater spe-
cific leaf weight (Hameed et al., 1987), and less
transport of starch from leaves at night on root-
restricted plants (Robbins and Pharr, 1988). The
growth rate of vegetable seedlings grown in con-
tainers tends to be proportional to cell volume
(Marr and Jirak, 1990) with larger cells result-
ing in bigger and older transplants (Romano
et al., 2003). Despite the advantages of a large
cell volume, transplant nurseries seek to opti-
mize production space by increasing plants per
unit area (NeSmith and Duval, 1998). Multi-
celled trays with small individual cell volume
(e.g. 2 to 3 cm?) allow raising transplants in less
time at a reduced cost of production due to an
increase in space efficiency. However this prac-
tice will produce a smaller transplant which may
reduce early yield as reported in tomato (Wien,
1997). Research conducted in lettuce trans-
plants grown in cells from 2 to 40 cm? showed a
two-week harvest delay for transplants grown in
2 cm’ cell volume (Nicola and Cantliffe, 1996).
Conversely, transplants grown in large cell
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volume were shown to increase early yields as
reported in tomato, pepper, onion, and water-
melon (Weston, 1986, 1988; Leskovar and
Vavrina, 1999; Graham et al., 2000).

The transplant growth response to container
cell size varies with species, and often mixed re-
sults on growth, earliness and total yield have
been reported (NeSmith and Duval, 1998).
Tomato transplants produced in larger cell vol-
umes enhanced earliness and high yield (Knavel,
1965; Liptay et al., 1981). Muskmelons grown
in larger cell volumes produced greater early
yields but similar total marketable yield, fruit
weight, and number, when compared to those
produced in small cell volume (Walters et al.,
2005). Similarly, in bell pepper, early yield was
proportional to cell volume, while total yields
were unaffected by cell size (Weston, 1988). In
this species it is known that cell volume affects
root growth (De Grazia et al., 2002) and that
root restriction has been associated with early
flowering (NeSmith et al., 1992). Therefore it is
recommended to transplant peppers before
flowering if early yield is expected, otherwise it
might result in reduced vegetative growth rate
and final yield (Nicklow and Minges, 1962).

Similarly, in asparagus containerized trans-
plants increase shoot, root, and total dry weight
in response to large cell volume, with an increase
in the number of shoots once established in the
field (Nicola and Basoccu, 2000). In this species,
the combination of deep cells (10 cm) and large
cell volume (186 cm?) improved shoot and root
growth, respectively (Dufault and Waters Jr,
1984; Nicola and Basoccu, 2000). In allium spe-
cies, manipulating transplant size during the
nursery stage could optimize the time of bulbing
and final bulb size. For example, small leek trans-
plants should onset earlier bulbing and high
quality bulbs at favorable light and temperature
conditions; whereas bigger transplants should
mature later and increase bulb size (Gray and
Steckel, 1993). Onion transplants are typically
grown in trays with small cell volume, which
can also accommodate multiple seeds per cell if a
nursery target is to maximize space and reduce
cost per plant. For example, Leskovar et al.
(2004) evaluated a production system using
one, two, and three onion seedlings per cell (228
cells, 10 cm?) in the tray, and concluded that two
and three seeds per cell were the best when tar-
geting small to medium bulb size (50-70 mm
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diameter category), which is the preferred size
for Brazilian markets. Conversely a recent study
conducted in Texas concluded that transplants
produced from one plant per cell (392 cell tray,
14 cm?®) were best to obtain jumbo and colossal
bulb sizes as compared to transplants produced
from three plants per cell (Macias-Leon and
Leskovar, 2019). In another study with non-
pungent jalapeno cultivars, transplants pro-
duced with two plants per cell had a 25% higher
yield compared to those with one plant per cell
(Russo, 2003).

Transplant age

Extending the seedling growing time at the nur-
sery will produce a larger transplant size especially
when using a large cell volume. There is a direct
correlation between cell volume, transplant
age, and final size, and ultimately the overall
transplant quality. Early field studies comparing
growth and yield responses of tomato trans-
plants differing in age showed that early yield
increased linearly from three to five weeks, but
decreased for six-week-old when grown in sandy
soils under Florida conditions (Leskovar et al.,
1991). Conversely, 21-day-old tomato trans-
plants (two-true leaf stage) grown in 200 cell
tray (24 cm?®) had higher early yield than 3 5- and
46-day-old plants when transplanted in sawdust
bags and grown hydroponically in a temperature
control tunnel (Maboko and Du Plooy, 2014). In
onions, an early study by Herison et al. (1993)
reported that 10-12-week-old transplants grow-
ing in 4.6 cm?® cells produced higher yields of
bulbs > 76 mm diameter. In another onion study,
use of younger 8—10-week-old transplants grown
in small cell volume (4 cm?®) was suggested as a
viable method of stand establishment, but sur-
vival or bulb size could be reduced under stress
conditions when compared to 10-12-week-old
transplants grown in large cell volume (7.1 cm?)
(Leskovar and Vavrina, 1999). In cucurbit
species, early production is often important in
determining profitability. In muskmelons grown
in 102 and 281 cm? cell volumes, leaf number,
plant height, and leaf area increased linearly as
transplant age increased from one to four-weeks-
old; however best early yield and total season
yield were reported for two-week-old trans-
plants grown in 281 and 102 cm?, respectively
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(Walters et al., 2005). In summer squash, Ne-
Smith (1993) suggested a target age of 21 days.
In endive (Cichorium endivia L.), best growth and
development was reported with 30-35-day-old
transplants grown in 128 cells (40 cm?) as com-
pared to 42 days-old grown in 200 (16 cm?®) or
288 (12 cm?) cells (Reghin et al., 2007). It is im-
portant to note that young transplants typically
have smaller root systems, and when pulling
plugs they may lose media resulting in an in-
crease of transplant shock during establishment.
Another important consideration for nurseries is
the length of time transplants can be held in con-
tainers without negative effects on subsequent
growth and yield. Under adverse weather and
field conditions at the time of transplanting, vege-
table growers often delay plantings, reducing the
potential growth and yield due to extreme root
growth restriction, decrease in the relative growth
rates, excessive shoot growth with spindly stems
and overall reduced transplant quality. In summer
squash, a 21-day-old transplant may have at least
a 10-day window of flexibility before additional
aging negatively affects yield (NeSmith, 1993).In
broccoli transplants grown in 21-24 cm?, hold-
ing the plants for 14 days beyond the optimal
planting date differentially affected root growth,
shoot growth, head quality, and reduced yields by
18% (Damato and Trotta, 2000). Conversely,
when lettuce transplants were grown in organic
peat blocks and transplanted in the field as over-
developed seedlings (seven- to nine-leaf stage, with
roots emerged out of the block and mechanically
removed at transplanting) or under-developed
(three-leaf stage with no visible roots emerged
out of the block except for the taproot), the latter
resulted in slower growth with smaller plants that
matured later, while the former adapted rapidly
to restore the initial shoot:root ratio without im-
pacting the final yield (Kerbiriou et al., 2013).
Growers need an ideal transplant size to minim-
ize damage during shipping and transplanting
operations and to enable a successful establish-
ment in the field. Recent research addressing
growth holding agents to increase the market-
ability of transplants explored the potential of
plant growth regulators, such as ABA and uni-
conazole, applied at transplant maturity to tran-
siently suppress growth of bell pepper and tomato
transplants (Agehara and Leskovar, 2015, 2017).
Details of those studies will be presented later in
the section “Control of transplant size.”

Irrigation management

Water management is one of the most intensive
activities in a transplant production system. Ad-
justing irrigation and fertilization inputs dur-
ing the growing season has a direct effect on the
morphology, growth pattern, assimilate parti-
tioning, and physiological conditioning of seed-
lings, and ultimately the final transplant quality
and crop performance after field transplanting.
Irrigation frequency is more critical when grow-
ing transplants in small cell root volume (10 cm?
or less), requiring three or more times of irriga-
tion per day to remain turgid, especially on sunny
and hot days. Most of the current information
available on irrigation is limited for vegetable
transplants. Four factors to consider for proper
irrigation management include water quality,
water availability, irrigation scheduling, and
irrigation methods.

Water quality

The quality of the irrigation water in the root
medium has a direct impact on the pH of the
growing media and the nutrient availability.
Properties that determine water quality for trans-
plant irrigation are: alkalinity, electrical conduct-
ivity (EC), sodium absorption ratio (SAR), and
elemental toxicities.

Water alkalinity should range from 40 to
80 mg L' (ppm) in order to maintain the pH sta-
bility of the root medium; otherwise if levels are
greater than 80 ppm it can cause an increase in
pH (Styer and Koranski, 1997). Critical levels of
alkalinity depend on the time required for trans-
plant development, cell size, and crop tolerance
limit. When using alkaline water, cumulative
quantity of carbonates and bicarbonates in-
creases over time causing an upsurge in pH. The
management of alkalinity in the growing media
is challenging due to the small cell volume used
for vegetable transplants. Generally, irrigation
water with pH of 5 to 7 is desirable for producing
healthy transplants (Boyhan and Granberry,
2010). Crops sensitive to high pH conditions are
also less tolerant to water alkalinity. If the pH
starts rising, it should be managed using acidify-
ing fertilizers containing ammonium (NH,) up
to 20% or neutralizing acids added to the irriga-
tion water such as nitric, phosphoric, sulfuric,
and citric acid (Biernbaum and Versluys, 1998).
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Electrical conductivity is the measure of all sol-
uble salts present in the irrigation water. The
upper acceptable EC limit for young transplants
is 0.75 dS m™! (Nelson, 2003), however values
depend on the species. For fertigation, a typical
range of EC used for vegetable seedlings may be
between 1.5 and 2.5 dS m™. Excess application
of fertilizers or high level of salts in the irrigation
water leads to a buildup of salts in the root me-
dium, limiting water uptake through osmotic ef-
fects. As salt concentration in the root medium
exceeds the solute concentration in the root
cells, water stops moving into roots and plants
may start wilting even though enough water is
present in the root medium. Sodium absorption
ratio (SAR) of the irrigation water is defined as
the ratio of the sodium (Na*) to the combination
of calcium (Ca*?) and magnesium (Mg*?) ions.
High concentration of Na* replaces Ca*? and
Mg*?ions which are responsible for stable aggre-
gates. The mechanism is that Na* disperses soil
particles, leading to a destruction of air-filled
pores, reducing infiltration and causing the
media to hold more water, and consequently
oxygen concentration is reduced, which in turn
results in poor root growth. The SAR of the irri-
gation water should be less than 2.0 and sodium
ion concentration should be less than 40 ppm
(Styer, 1996). Higher values of SAR and/or so-
dium limit the availability of calcium and mag-
nesium. Certain elements generally found in
irrigation water can be phytotoxic at very low
concentration. Boron and fluoride are the two
most common elements found in excessive
amounts when they reach levels greater than
0.5 and 0.75 ppm, respectively. Excess of calcium
(40-100 ppm) and magnesium (30-50 ppm)
with carbonates may also cause plugging of the
spray nozzles and may settle as residue on trans-
plant leaves (Biernbaum and Versluys, 1998).

Water availability in transplants

In containerized transplants, the available water
is more important than the total water retention
capacity of the root medium. Available water is
the amount of water a transplant can extract
between the time an irrigation event ends (rep-
resenting the total retention capacity of the me-
dium in the transplant cells) and the time of the
next irrigation (before wilting starts). Container
capacity (comparable to field capacity) is the
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total amount of water present in the container
after excess amount of water has been drained
after saturation. Seedlings require optimum
levels of oxygen and water to be maintained
throughout the growing period (Boyhan and
Granberry, 2010); however, balancing aeration
and water retention is challenging. In an ideal
root medium, 90% of the total cell volume
should be occupied by pore space, with 65 and
25% of this pore space occupied by water and
air, respectively (de Boodt and Verdonck, 1972).
Factors affecting air, water and solid particle dis-
tribution in the container medium are porosity
of the root media, particle size, cell volume and
cell depth.

Total pore space present in a root medium is
directly influenced by the bulk density of the me-
dium. There is an inverse relationship between
the pore space and bulk density; for example in
soilless root media, 7 to 15% is solid space and
93 to 85% of the container volume is occupied
by pore space, respectively (Argo, 1998). Pore
space in the root media comprises two types
of pores, capillary (< 3 mm) and non-capillary
(> 3 mm). Capillary pores retain most of the
available water after drainage, whereas, non-
capillary pores hold very small amounts of
water as a thin lining of water along the edges of
the pores, which are important for providing
aeration to the roots. Particle size of the media
also influences porosity of the medium and in-
directly the ratio of air and water present in the
medium after drainage. If the particle size is very
small (< 0.01 mm), capillary diameter also be-
comes too narrow which increases the water
tension to such a level that it becomes unavail-
able to transplant roots. Further, smaller par-
ticles come so close that water films adhering to
the surfaces unite and leave no space for gas ex-
change. As a result roots do not get sufficient
oxygen for respiration and the carbon dioxide
produced may remain in the medium and conse-
quently slow down root growth.

Particle size and pore diameter determines
the force by which the water is held by the
media particles (moisture tension expressed in
positive numbers). The proportion of the stored
water in the root medium that is easily available
to the plants is generally held at 1 to 5 kPa. The
proportion of water held at 5 to 10 kPa is
termed as water buffering capacity (de Boodt
and Verdonck, 1972), while the water held at more
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than 30 kPa moisture tension is unavailable to
the plants (Milks et al., 1989). Cell depth and vol-
ume characteristics also affect the proportion of
air and water in the root zone of containerized
vegetable transplants. For example, coarse media
in deeper cells may improve aeration but create a
problem of reduced water holding capacity. Gen-
erally, the plug volume ranges from 2 cm? (800
plug tray) to 25 cm? (128 plug tray). The depth
of a plug cell has also an impact on air porosity,
since deeper cells have a large percentage of air
porosity (Fonteno, 1989). As the height of the
water column increases, there is an increase in
gravitational drainage. In shallower cells, the
gravitational pull is limited by adhesive forces of
the water being held in the medium.

Irrigation scheduling

In the nursery, automatic seeding is done in
trays filled with pre-moistened growth media,
which are then kept in a germination chamber at
high relative humidity and above 21°C. The me-
dium should be moist enough to allow uniform
radicle emergence of the seeds, but preventing
excess moisture that reduces the oxygen levels in
the growing media. For example, seedless or trip-
loid (3x) watermelon seeds are hard to germin-
ate under high moisture conditions, while seeded
or diploids (2x) watermelons are less sensitive to
high or low moisture levels (Grange et al., 2000).
After radical emergence, watering is decreased
to promote root growth, with irrigation applied
when 50 to 75% of the available water has been
lost. Under hot and dry weather conditions
transplants are usually irrigated two to three
times a day or even more when using small cell
volumes. Irrigation is scheduled during the early
part of the day so that foliage becomes dry before
night, otherwise remaining moisture on the
leaves may encourage the development of dis-
eases. Growers learn by experience to schedule
irrigation depending upon container size, type
of media, growth stage, and prevailing weather
conditions. One strategy used in the nursery to
harden off and increase tolerance to drought
stress is to gradually reduce medium moisture
levels as the seedlings advance towards maturity.
This practice is commonly used to increase the
survival rate and reduce transplant shock after
field transplanting, especially when harsh field
conditions are expected.

Irrigation methods

Vegetable transplants are irrigated with either
overhead irrigation or subirrigation (floatation)
through the ebb and flow system. Above over-
head irrigation, also known as boom watering or
rail system, delivers water to particular areas or
sides of the greenhouse, while keeping others
dry. The plug trays are supported in benches by
a T-rail system or suspended by a set of wire rail-
ings (Fig. 2.3). Due to simplicity and cost, it is the
predominant irrigation method used by the
vegetable industry (Leskovar, 1998). This sys-
tem, if properly maintained, applies water and
fertilizer uniformly, and saves labor. In addition,
it can better control salt accumulation in the
container because excess water can leach out
salts and prevent buildup in the growing me-
dium; however, nutrient deficiency and low
water use efficiency are still concerns.

The subirrigation system was developed by
Speedling Inc. (Todd, 1988) as an alternative to
overhead irrigation, and has been used initially
to grow bell pepper and tomato transplants in
Florida and California (Fig. 2.4). It utilizes re-
cycled stored or collected water, and generally
uses less water, fertilizer, and pesticide as com-
pared with the traditional overhead systems. In
subirrigation water moves up through capillar-
ity action until plugs are saturated. The major
advantage is in disease control as it keeps leaves
dry, and in the reduction of potential ground-
water contaminants. A report indicates an 85%
reduction in water use, 50% in fertilizer use,
and 50 to 60% in pesticide use (Thomas, 1992)
as compared to overhead irrigation. However,
the subirrigation system could increase
water-borne diseases such as Phytophthora sp.
and Pythium sp., thus requiring chlorination of
the recycled water/nutrient solution with chlor-
ine rate up to 20 mg'L™! as reported for the pro-
duction of five-week-old tomato transplants
(Saha et al., 2011). Subirrigation proved to be an
effective system to produce uniform and
high-quality transplants in several species. For
example, tomato transplants grown with subir-
rigation had a better root system with more lat-
eral roots and higher root:shoot ratio than those
grown with overhead irrigation (Leskovar et al.,
1994); while subirrigated pepper transplants
had more laterals but less basal roots than those
grown under the overhead system (Leskovar and

Al'l use subject to https://wmv. ebsco. conlterns-of-use



EBSCChost -

38 D.l. Leskovar

Fig. 2.3. Overhead irrigation system for greenhouse vegetable transplant production. Watering nozzle
arms attached to a semi-automatic assembly are suspended on trellis in the center of the greenhouse.
Production system with a T-rail benches (top) and wire railings (bottom) for tomato transplants.

Cantliffe, 1993). Similarly, jalapefio pepper trans-
plants grown with subirrigation maintained a
uniform lateral root development and promoted
hardiness (Leskovar and Heineman, 1994).
Muskmelon transplants fertigated through a sub-
irrigation system had better adaptation to hot
and dry weather conditions, showing a trend of
increased yield when compared with those ferti-
gated through overhead irrigation (Franco and
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Leskovar, 2002). In lettuce, subirrigation pro-
moted basal root number, and leaf, root, and
total dry mass, resulting in improved transplant
quality as compared to those grown under
overhead irrigation (Nicola et al., 2004). A most
recent study comparing overhead and subirriga-
tion systems in artichoke transplants growth did
not reveal benefits for the subirrigation sytem
(Leskovar and Othman, 2016). Noteworthy is
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Fig. 2.4. Subirrigation (ebb-and-flow) system for greenhouse vegetable transplant production in Speedling,
Florida. Celery transplant trays are suspended on metal wire frames 20 cm above the concrete ground level.

that subirrigation may promote root growth be-
yond the bottom of the trays, potentially requir-
ing root pruning, a practice that is not practical
(Biernbaum and Versluys, 1998) or if in excess,
can be detrimental during the transplant recov-
ery after field transplanting, as earlier reported
in tomato by Leskovar and Cantliffe (1992). In
spite of so many advantages, the subirrigation
system failed to gain extensive popularity com-
mercially (Cantliffe and Soundy, 2000) possibly
due to the complexity in the design, operation of
the system and higher cost as compared to the
simplicity, including complete automation of the
overhead irrigation system (Leskovar, 1998; Liu
etal.,, 2012).

Control of Transplant Size

In containerized transplants, root confinement
is the major factor regulating the transplant size,
through interactive and complex processes.

Techniques aimed at modifying transplant root
and shoot morphology and physiology have
been developed in the nursery to control or sup-
press plant height or stem elongation, enhance
plant compactness or robustness, and condition
or “harden” transplants to better adapt to the
post-transplanting stress. Practical methods of
keeping plants short and stocky before trans-
planting have been the subject of numerous re-
search papers published between the mid-60s to
mid-90s and nicely reviewed in the first edition
of this book (Wien, 1997). These include mech-
anical stress, water stress, nutrient conditioning,
transplant pruning, and manipulating day—
night temperature. Another stage to control or
maintain growth is when transplants have
reached the ideal final size. This is important for
nurseries to increase the marketing ability over a
longer period and to minimize the damage dur-
ing shipping and field transplanting in order to
enable a successful establishment in the field
(Agehara and Leskovar, 2015, 2017). However,
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transplants can quickly outgrow the optimal
size, producing overmature plants with spindly
stems and excessive leaf growth, whereas their
root growth is limited because of the small root-
ing volume of high-density plug trays (Marr
and Jirak, 1990; Nishizawa and Saito, 1998).
Such transplants are susceptible not only to
damage during shipping and transplanting
(Shaw, 1993; Garner and Bjorkman, 1996) but
also to wind lodging in the field (Latimer and
Mitchell, 1988; Garner and Bjorkman, 1999).
The following section will discuss manipulation
strategies to control transplant growth (size) by
plant growth regulators, water, nutrition and
light quality.

Plant growth regulators

In the last decade, plant growth regulators
(PGRs) or biorational products have become po-
tential tools to reduce or eliminate the risk of
stressing young seedlings to the point of physio-
logical injury as observed with some water or
nutrient stress techniques. A main challenge
when applying exogenous natural or synthetic
compounds is the lasting response of the treat-
ment, either short and rapidly reversible, or long
and slowly reversible. Special attention should
be given to synthetic growth retardants such as
uniconazole (currently the only one registered
in the United States for use in vegetable trans-
plants) acting as gibberellin inhibitor with po-
tent suppressive growth effects. Most synthetic
PGRs such as daminozide, paclobutrazol, and
uniconazole are commonly used in ornamental
plug production to improve plant compactness,
marketable value, and shelf life (Gibson and
Whipker, 2001, 2003; Blanchard and Runkle,
2008; Currey et al., 2012). Early work has dem-
onstrated the beneficial effects of foliar applied
abscisic acid (ABA) acting as a physiological
antitranspirant, through the regulation of leaf
transpiration by decreasing stomatal conduct-
ance in pepper (Berkowitz and Rabin, 1988;
Leskovar and Cantliffe, 1992; Goreta et al.,
2007). In muskmelon transplants, exogenous
ABA improved the maintenance of leaf water
potential and relative water content, while redu-
cing leaf electrolyte leakage (Agehara and Lesk-
ovar, 2012). The authors concluded that stress
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mitigation was also attributed to the ABA-
induction of stomata closure. Since then, foliar
applications of ABA have gained interest in the
chemical industry as a method to control
growth. However, the efficacy of ABA or other
PGRs in general is not consistent since growth
and physiological responses are dependent on
multiple factors such as cell size, volume applied,
time and frequency of applications, stage of
development, environmental conditions of the
nursery, crops and even cultivars. For example,
the response to control pepper seedling growth
during development was age-dependent, with a
more effective growth suppression when ABA
was applied at the cotyledon stage (Biai et al.,
2011; Agehara and Leskovar, 2014a, 2014b).
In tomato, paclobutrazol reduced the internode
length by 30% when applied to four-week-old
seedlings as compared to 18% reduction when
applied to six-week-old seedlings (Dikshit et al.,
2004). In recent studies ABA and uniconazole
were evaluated as growth holding agents to pro-
long the marketability of mature bell pepper and
tomato transplants. The study in bell pepper con-
cluded that ABA applied at 3.8 mM (1000 mg L)
3 days before maturity was most effective as hold-
ing agent with a reversible growth response
7 days after maturity, while that of uniconazole
applied at 34 uM lasted until 16 days (Agehara
and Leskovar, 2015). In tomato transplants the
growth suppression by ABA was maximal when
applied between 5 to 7 days, indicating the age-
dependent sensitivity of tomato seedlings to
exogenous ABA, while uniconazole produced a
more compact plant with a 17% reduction in
stem length (Agehara and Leskovar, 2017).

A more recent study with a pre-plant
treatment of 1-MCP (1-methylcyclopropene),
an inhibitor of ethylene action, has shown the
effectiveness in suppressing ethylene-induced
stress responses in tomato seedlings, accelerat-
ing the post-planting growth of tomato trans-
plants and improving fruit yield by up to 25%
(Agehara, Florida, 2017 personal communica-
tion). However, the response of tomato trans-
plants to 1-MCP application appears to be cultivar
and environment dependent, since 1-MCP im-
proved shoot growth components across seven
tomato cultivars at 30/20°C day/night; but only
two cultivars exhibited positive responses at
stress temperatures of 34/24°C (Leskovar and
Othman, 2018).
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Manipulating water and nutrition

Adequate irrigation and levels of N, P, and K are
necessary for uniform growth and improved
transplant quality in containers, thus both irri-
gation and fertilization, particularly N, are the
most important strategies affecting the relative
growth rates, and root/shoot dry matter parti-
tioning in vegetable transplants. The frequency
and level of irrigation and fertilization depends
on the production season, with significant vari-
ances in the fall and winter versus spring and
summer (Vavrina et al., 1998). A review over a
58-year period on transplant nutrition, particu-
larly N, has been nicely described by Dufault
(1998). About 40% of the papers recommended
N rates in the order of 300-400 mg L, while
10% recommended N rates less than 100 mg L.
However, with improvements in root media
components (e.g. peat, vermiculite), most nur-
series currently use lower N (as well as P and K)
levels applied at moderate to high frequencies as
fertigation. In tomato transplants grown in the
fall and spring season over a N range of O to 75 mg
L1, plant size increased with 75 mg L' but total
yield was best at 15-45 mg L™! N in the fall and
45-75 mg L' in the spring (Vavrina et al.,
1998). A study conducted in iceberg lettuce
transplants fertigated via a floatation system
with 0 to 60 mg L' N, showed an increase in
shoot:root ratio in response to N (Soundy and
Cantliffe, 2001), resulting in bigger plants and
larger head size at harvest when grown with 60
mg L' N. A following study in lettuce grown in a
floatation irrigation system under Florida condi-
tions suggested that best root growth necessary
to achieve the highest pulling success rate from

the trays, and subsequent yield and head quality,
were obtained with a fertigation using N at 60 or
90 mg L™! and applied two to three days apart
(Soundy et al., 2005). If transplants are over-ir-
rigated or over-fertigated with increased levels of
N they will produce long shoots which upon
transplanting may tend to fall over the plastic
mulch, resulting in scorching of leaves, broken
shoots and losses in plant stands (Cantliffe and
Soundy, 2000). Increasing the level of P and K in
the transplant has led to less marked increases in
plant growth as compared to N. Research in let-
tuce has demonstrated the need to apply P during
production, but 15 mg was enough to obtain
high quality and compact transplants, increasing
shoot and root components (Table 2.1), pulling
success, maturity, and field head weight (Soundy
etal., 2001a) (Table 2.1). Similarly, melon and to-
mato transplants showed little response to in-
creasing K levels from 10 to 250 mg L™ (Dufault,
1986; Melton and Dufault, 1991). This was also
confirmed in lettuce grown with floatation irriga-
tion, where K applied at 15 to 60 mg L' 2 or 4
days apart did not influence shoot and root
growth components (Soundy et al., 2001b). The
authors concluded that pre-transplant K is not
necessary if the peat+vermiculite media mix con-
tains a minimum of 24 mg L! of extractable K.
To regulate the growth rate of transplants
by nutrient management, especially N, opposite
approaches have been advocated. The first is to
keep transplants with a steady and slow growth
during development using low nutrient levels,
and then increasing just before transplanting.
Under this scheme, it takes longer to produce a
marketable transplant size with possible plant
size regulation problems if field conditions are

Table 2.1. Shoot and root characteristics of lettuce transplants as affected by phosphorus (P) and
nitrogen (N) nutrition 28 days after sowing (adapted from Soundy et al., 2001a; by permission of ASHS).

Phosphorus Dry Root Root Root
applied Leaf area (cm?) Dry shoot wt (mg) rootwt  length area diameter
(mg-L-) N,? N, N,? N, (mg) (cm) (cm2) (mm)

0 4.2 4.2 12.7 121 8.6 94 8.4 0.28
15 48.4 68.1 82.1 104.7 24.5 282 26.7 0.30
30 50.3 70.6 83.5 105.6 23.9 276 26.0 0.30
60 55.0 69.9 82.8 104.4 24.4 306 29.5 0.31
90 49.0 70.6 810 101.6 25.4 292 270 0.29
Response Q**y Q** Q** Q** Q** Q** Q** Q**

N, = 60 mg-L~"; N, = 100 mg-L~".YQ = quadratic; **Significant at 1% levels.
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not optimum or ready for transplanting. The se-
cond and most common approach is to provide
adequate nutrient levels during early growth,
and then reduce the supply before transplanting.
This practice promotes transplant “hardening,”
but caution should be noted since low levels of N
can result in a small plant size, with significantly
lower growth rates after field setting, delaying
harvest and even reducing yields (Widders, 1989;
Garton and Widders, 1990; Garton, 1992). A
modification of the last approach was proposed
by Dufault and Schultheis (1994) who developed
the concept of pretransplant nutrient condition-
ing (PNC) in muskmelon and tomato. Here, N
levels can be as high as 400 mg L™! and then re-
duced to “harden off” the plants just before the
transplants are ready for field planting. While
the application of PNC in watermelon improved
early but not total yield or fruit size (Graham
et al., 2000), these authors did not advocate this
concept.

Light quality

Light is a nonchemical alternative that affects
stem elongation through photoreceptors (pro-
tein pigments) such as phytochrome that sense
red light (Pr) and far-red light (Pfr). During day-
time, the phytochrome receptors are in the
physiologically active Pfr form, resulting in the
down regulation of elongation responsive genes;
while at nighttime, the phytochrome receptor
Pfr converts to the inactive form Pr, which in-
creases the expression of elongation responsive
genes (Nozue et al., 2007; Soy et al., 2012).
Seedlings grown in plug trays at high density
are exposed to mutual shading from neighbor-
ing plants causing a decrease in the ratio of red
light (R) to far red light (FR), a shade avoidance
response that results in the promotion of stem
elongation, reduced leaf area, and branching.
The morphological and physiological influences
of supplemental artificial light intensity and
photoperiod on seedling production have been
well documented in winter production of con-
tainerized transplants, especially during mid-
November to mid-February in northern regions
of North America (Dorais and Gosselin, 2002).
For example, supplemental light (100 pumol m™2s™!
PPFD, 16-h photoperiod) increased shoot dry
weight of celery, lettuce, broccoli, and tomato
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field transplants by 19 to 40%, and root dry
weight by 21 to 97% as compared to control
light (Masson et al., 1991a, 1991b). Research
using photoselective plastics that intercept FR
wavelengths has demonstrated reductions in
plant height on vegetable transplants. Li et al.
(2000) evaluated R:FR ratios from 1.1 to 3.7
and obtained a 30% height reduction after
four weeks of treatment with R:FR of 2.2. Under
a structure with clear film and two FR-light
absorbing films, stem elongation of cucumber,
tomato and bell pepper transplants was reduced,
promoting compactness (Cerny et al.,, 2004).
Similar effects were induced in tomato trans-
plants using FR-light filtering as compared to
clear plastic or no plastic (Evans and McMahon,
2004).

In the past, most supplemental artificial
light has been provided by fluorescent light (FL)
either single or in combination with incandes-
cent light. Thereafter, high-intensity discharge
(HID) lamps were introduced and became the
standard for supplemental light. The most re-
cent application of supplemental light with
light-emitting diodes (LEDs) technology in the
red (625-730 nm), green (500-560 nm), and
blue (450-495 nm) spectrum is rapidly gaining
attention in the nursery industry, especially for
indoor closed production systems also known
as plant factories. The high efficiency con-
trolled closed system that uses multi-shelves
and recycling watering technology was devel-
oped in Japan in the 1990s (Kozai, 2007) and
expanded rapidly to other regions for growing
compact transplants at high plant density in
species like tomato, pepper, cucumber, lettuce,
and herbs.

Because of the small size and narrow beam
angles, LEDs can target light distribution which
can be applied with combinations of spectral
blends such as red:far-red or red:blue ratios (R:FR,
R:B, respectively) to modulate selective photo-
morphogenic responses in seedlings. For ex-
ample, pepper seedlings were shorter under a
combination of red LED (660 nm) and blue
fluorescent light or metal halide lamps (99:1 R:B
photon flux ratio) at a PPFD of 300 pmol m=2s™*
for 12 h day™! as compared to longer seedlings
grown under red or a combination of red and
far-red (735 nm) LEDs (Brown et al., 1995).
Similarly, tomato seedlings grown under a
red:blue or R:B:G (green, 520 nm) at a PPFD of
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320 pmol m™2 s7! for 12 h day™! showed higher
health index values and with shorter hypocotyls
than those grown under red LEDs alone (Liu
et al., 2011). Leaf area and shoot fresh weight
reduction responses were also confirmed in to-
mato seedlings when using a combination of red,
green, and blue LEDs at a PPFD of 160 umolm™s™!
for 18 h day™! (Wollaeger and Runkle, 2014).
A study with six tomato cultivars by Gomez and
Mitchell (2015) using three R:B LED treatments
(100:0; 95:5; and 80:20; with 627 and 450 nm
for red and blue LED, respectively) as supplemen-
tal light (5.1 mol m™ day™') across a daily light
integral (DLI) of 0.4-19.1 mol m™ day~! found
an increase of leaf area and stem diameter for all
cultivars with the addition of blue light. How-
ever, plant responses to supplemental light are

18

species- or genotype-specific as found by Liu
et al. (2011) who reported an increase in dry
mass of cherry tomato seedlings when exposed
to blue LED as compared to either a combination
of red, blue, and green LEDs, or monochromatic
red LEDs. In cucumber seedlings, Hernandez
and Kubota (2016) reported decreases in seed-
ling height and hypocotyl length, and increases
in photosynthetic rate and stomatal conduct-
ance (Fig. 2.5) when the spectral ratio changed
from 100R:0B% to OR:100B% in phton flux (PF).

In rapeseed transplants, leaves grown under
high blue photon flux (i.e. 50R-50B to OR:100B%)
had higher photosynthetic abilty (higher P__ ) to
utilize high photon flux (Chang et al., 2016). Other
studies comparing monochromatic LEDs and broad-
spectrum white LEDs on lettuce and pepper
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Fig. 2.5. Effect of light quality (increase of % blue photon flux) on plant height (top) and stomatal conduct-
ance (g,) (bottom) responses of cucumber seedlings (Hernandez and Kubota, 2016; with permission from

Elsevier). Circles represent treatments containing B

and R PF. Triangle represents the treatment

containing green light (20B:28G:52R). Dotted line represents significant linear regression.
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confirmed that blue light (lower photosynthetic
quantum efficiency than red light) responses are
species-specific and that the photobiological
sensitivity changes with plant age (Cope et al.,
2014). Another factor that can modulate hypo-
cotyl elongation rate is the end-of-day (EOD)
lighting with red (reduction) or far-red (promo-
tion) LEDs (Chia and Kubota, 2010) or night
break with red LED light. For example, tomato
seedlings exposed to 10 min night break treat-
ment with red light at an intensity of 20 umol
m~ s~ every 1 h, exhibited a decrease (32%) in
plant height, a decrese in indole-3-acetic acid
(IAA) and gibberellin 3 (GA,) contents in the
leaf and stem, an increase in stem diameter, and
a delay in flowering, resulting in improvements
in early yield (Cao et al., 2016). The state of
knowledge of LED technology and physiological
benefits of spectral combinations of LED lightning
for vegetable seedlings and horticultural crop pro-
duction are thoroughly discussed by Mitchell
etal. (2015). With the gradual cost reduction of
LEDs, it is highly possible that light quality
management in vegetable nurseries will become
a specialized activity to trigger and increase desir-
able photomorophogenic (e.g. compactness) and
photochemical (e.g. antioxidants) responses to
improvetransplantquality and post-transplanting
stress adaptation.

Grafted Transplants

The successful integration of vegetable grafting
into current production practices has opened
new opportunities for the vegetable industry
worldwide to exploit vigorous rootstocks for ef-
fectively managing biotic and abiotic stresses.
The science of vegetable grafting started in
Japan and Korea in the 1920s. The first commer-
cial use was reported for grafting watermelon
onto gourd rootstocks in the 1930s in Japan.
Since then the technique has been rapidly ex-
panded into a commercial scale in eggplant in
the 1950s (Oda, 1999), and tomato and cucum-
ber in the 1960s (Lee and Oda, 2003), and ever
since, its use has been consistently on the rise es-
pecially in the cultivation of vegetables in green-
house and high tunnel production systems (Lee
et al., 2010). Currently several nurseries in the
United States and Canada are involved in vege-
table grafting.
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Grafting involves merging two independent
genotypes to create a new composite plant or
“grafted transplant” with desired traits from the
scion (top) and rootstock (bottom). Because of
the nature of a composite plant, the genotypic
and phenotypic variability of grafted transplants
depends on hydraulic and chemical signals
through the xylem (root to shoot) or the phloem
(shoot to root) and is due to the rootstock x scion
X environment interaction (Venema et al., 2017).
It is well known that signaling molecules in-
volved in uptake, synthesis, transport, and me-
tabolism can be synthesized in both root and
shoot tissues. Superior rootstock traits are dis-
ease resistance, improved root vigor and archi-
tecture, and efficient nutrient and water uptake;
while superior scion traits are taste, flavor, and
yield. Due to the large genetic diversity within
the Cucurbitaceae and Solanaceae families, and
the existence of gene bank collections, breeders
can now select potential best rootstocks for spe-
cific scions (Belén Pico et al., 2017). As a result,
vegetable seed companies now offer specialized
scion and F| hybrid rootstock combinations with
desired traits of importance. A database of com-
mercial vegetable rootstocks is available and up-
dated annually in a vegetable grafting portal
(USDA, 2016).

The production process and methods used
for grafted vegetable transplants have been re-
viewed in a recent book edited by Colla et al.
(2017). In short, the grafting method involves
four steps: a) selection of compatible rootstock
and scion cultivars; b) coordination of produc-
tion of seedlings of rootstock and scion to graft
transplants either manually or mechanically;
c) healing of the graft union and recovery of the
grafted plant at high humidity, moderate tem-
perature and reduced light; and d) acclimation
of grafted transplants (Lee et al., 2010) (Fig. 2.6).
The most popular grafting methods are: splice,
cleft, pin, hole insertion, and tongue. The scion
can be cut above or below the cotyledon, mak-
ing sure there is a match in the stem diameter
with the rootstock. However, in tomato, the
rootstock is typically cut below the cotyledon
(Rivard and Louws, 2011) to avoid shoot re-
growth or “suckering” from adventitious axial
bud outgrowing the scion (Bausher, 2011).
This practice is commonly used in the United
States (Plug Connection, CA, personal commu-
nication). However, in other countries where
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Fig. 2.6. Creating a grafted tomato transplant: (a) a grafting clip is positioned half-way on the rootstock
stem cut below the cotyledon node; (b) rootstock and scion stems cut at 45° angle; (c) scion stem is
aligned to rootstock with attention to match both stem diameters; (d) variation of grafting clipping and
grafted above the cotyledon node; (e) acclimation at high humidity and low light; (f) grafted transplant
below the cotyledon node; (g) grafted transplant above the cotyledon node with high root vigor for
greenhouse production.
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grafted transplants are utilized for greenhouse
production (Korea, Spain) the graft is also per-
formed above the cotyledons. A potential prob-
lem is the development of adventitious roots
from the scion which in production fields could
bypass the disease resistance of the rootstock
(Meyer et al. 2017). Adventitious root forma-
tion is linked to the basipetal movement of
auxin from the shoot meristem and young
leaves to the graft union, which also promotes
xylem tissue regeneration (da Costa et al.,
2013). A study in tomato suggested that 50% to
90% leaf removal during grafting was effective
to reduce adventitious roots, and was suggested
as a valuable technique to produce high-quality
transplants for small-scale operations (Meyer
etal., 2017).

The main purposes for using grafted trans-
plants are to overcome soil-borne diseases such
as Fusarium wilt (Fusarium oxysporum {. sp. Iyco-
persici), bacterial wilt (Ralstonia solanacearum),
Verticillium wilt (Verticillium dahliae) and root-
knot nematode (Meloidogyne spp.) (Louws et al.,
2010), and to increase plant tolerance to abiotic
stresses such as salinity (Colla et al., 2010),
heavy metals (Savvas et al., 2010), cold (Venema
etal., 2008), lack or excess of water (Nilsen et al.,
2014), and organic pollutants (Schwarz et al.,
2010). Enhancement in water and nutrient use
efficiency, as well as increase in yields in com-
parison with non-grafted plants have generally
been reported across various environments
(Djidonou et al., 2013). Grafted transplants are
five to ten-fold more expensive than ungrafted
transplants, therefore a challenge for nurseries
is to consistently produce uniform quality and
safely transport to growers to use them success-
fully based on their local soil and environmental
conditions. On-farm and high-tunnel economic
research studies provided strong evidence of
positive returns of tomato grafting under some
conditions (Rivard and Louws, 2011).

Storage and Transport
of Transplants

In the United States, most containerized large
commercial vegetable nurseries are located in
the southern states of California, Georgia,
Florida, and Texas. Others that specialize in
grafted tomato transplants are in Canada,
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California, and North Carolina. Local shipments
near nurseries (200 km or less) transport trans-
plantsin the growing returnable trays (Cantliffe,
2009). This is in contrast to growers in nor-
thern, southern, and central states which often
purchase transplants that are pulled and packed
in boxes and shipped by truck from distant nur-
series (200 to 2,000 km) from two to four days,
risking deterioration in transplant quality such
as depletion of starch reserves and stem elong-
ation, and thus causing potential delays in
stand establishment, and subsequent growth
and yield. This is more pronounced when ship-
ment occurs at a combination of ambient tem-
perature and darkness. In an early study with
young tomato transplants, the interaction of
storage time (up to 8 days) and storage tempera-
ture (5 and 15°C) significantly affected trans-
plant quality and yield (Leskovar et al., 1991).
Low temperatures and dim light (1-5 pmol m= s
PPF) have been reported to extend the stora-
bility of vegetable transplants (Kubota, 2003).
During storage of six days at 10°C in darkness,
less starch depletion and leaf water potential
was reported for cabbage transplants that were
preconditioned with water stress by withhold-
ing water for one day before storage (Sato et al.,
2004). A follow-up study simulated transporta-
tion air temperatures (6, 13, and conventional
19°C) combined with two light intensities
(darkness or 12 umol m™ s™! PPF) and evalu-
ated tomato transplants with visible flower
trusses over a four-day period (Kubota and
Kroggel, 2006). The study concluded that
6 to 13°C temperatures and illumination sig-
nificantly maintained the photosynthetic ability
and overall transplant quality, while seedlings
at 19°C were of poor quality, showing signifi-
cant stem elongation in darkness (Fig. 2.7) and
later on had flower abortion, delay fruiting of
the first truss, and reduced yield. Under high
transport temperature of 18°C, it has been
suggested that ethylene accumulates in the
containers, and is the main cause in delaying
fruit development (Kubota and Kroggel, 2011).
That study also showed that the ethylene in-
hibitor 1-MCP (1-methylcyclopropene) applied
prior to 18°C transport temperature was as ef-
fective in reducing the percentage of the first
tomato truss showing a delay in fruit develop-
ment as lowering the transport temperature
to 12°C.
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Fig. 2.7. Effects of air temperature (6, 13, and 19°C) and light intensities (darkness and 12 ymol m2 s~
PPFD) on stem elongation (% increase) during simulated transportation of tomato seedlings. Means with
the same letter are not significantly different by Turkey HSD test at P < 0.05. Means with a single asterisk
(*) are significantly different from the nontreated control by Dunnett’s test at P < 0.05. (Kubota and

Kroggel, 2006; with permission by ASHS).

Field Conditions
Transplant shock

After transplanting, plants are exposed to biotic
and abiotic stresses that may reduce the root ab-
sorption area which is important for successful
stand establishment. Until proper soil-root contact
is established, transplants often experience transi-
ent drought/heat stress even under well-watered
conditions. This sudden and severe water deficit
results in “transplant shock” (Nitzsche et al.,
1991) mostly through the imbalance between
transpiration demand and water uptake capacity.
Transplant shock is very common in vegetable
crops grown in semi-arid regions of the United
States, where high air temperatures and drought
stress typically delay root and shoot growth, with
significant reductions in marketable yield. Produc-
tion management strategies such as water and N
deprivation during the final stages of growth, ap-
plication of foliar antitranspirants and PGRs, or
exposure to outdoor conditions for three to five
days, have been used to pre-condition transplants
or as “hardening” to increase field stress tolerance
and reduce transplant shock. Exposing trans-
plants to direct sunlight and wind conditions

induces thickening of the leaf cuticle and thus can
prevent excessive loss of moisture. Hardening also
varies with the irrigation system used. For ex-
ample, transplant hardening was obtained by
growing them with the subirrigation system,
which promoted a higher root:shoot ratio as re-
ported for pepper (Leskovar and Heineman,
1994), tomato (Leskovar et al., 1994), muskmelon
(Franco and Leskovar, 2002) and lettuce (Nicola
et al., 2004 ). Most techniques that control growth,
increase compactness, and reduce excessive stem
elongation (described previously) will promote
hardening and stress tolerance. Comprehensive
studies on mechanical stress (brushing) have been
published (Latimer, 1990, 1991; Latimer and Bev-
erly, 1993) and reviewed ( Wien, 1997; Cantliffe,
2009) and will not be repeated here. In the follow-
ing section, conditioning methods with PGRs, irri-
gation, nitrogen, and cold temperatures to mitigate
drought, heat, and chilling stress will be presented.

PGR conditioning for drought
and heat stress

Unbalanced plant water status caused by heat,
drought, and wind stresses may lead to sudden
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and severe water deficits resulting in temporal
wilting, leaf yellowing, burning, abscission,
and/or apical de-topping (Nitzsche et al., 1991;
Leskovar, 1998). Transplants can perceive en-
vironmental stresses and use this information to
modulate their regular patterns of growth and
development. Altered responses to abiotic stress-
es are referred to as acclimation or hardening
(Bruce etal., 2007). To mitigate transplant shock
and avoid wilting in the field, the application of
PGRs and compounds named “anti-transpirants”
has been investigated as a way to reduce stomatal
conductance and prevent transpirational losses
(Laurie et al., 1994; Plaut et al., 2004), and thus
improve plant water status and turgidity. Early
work in pepper by Leskovar and Cantliffe (1992),
showed the efficacy of foliar ABA applied at
0.1 mM 28, 32 and 37day after seeding as an
alternative for drought stress to control trans-
plant growth in the nursery. Similar results were
reported in tomato when using ABA analogs, es-
pecially as root dip applications (Sharma et al.,
2005a, 2005b). In those studies, tomato trans-
plants improved their tolerance to transplant
shock by reducing wilting through the main-
tenance of higher leaf water content. Leskovar
et al. (2008) compared the effect of ABA,
amioethoxyvinylglycine (AVG) and some com-
mercial antitranspirants in mitigating trans-
planting shock on globe artichoke, tomato, and
peppers. Artichoke is a species highly sensitive
to heat and drought stress which cause mortal-
ity and lower stands. When ABA was foliarly

applied at 1000 mg L' it provided drought
tolerance, maintaining shoot water status via
stomatal closure and improved leaf gas ex-
change during a dehydration period (Table 2.2)
Conversely, film-forming antitranspirants were
not effective to mitigate drought stress (Shino-
hara and Leskovar, 2014).

A dehydration-recovery study on pepper
demonstrated the capacity of ABA applied at
low concentration (0.1 mM) during a five-day
exposure time to condition transplants through
morpho-physiological responses (Goreta Ban
et al., 2017). ABA enabled the maintenance of
water potential, reduced shoot growth, pro-
moted lateral root branching, and developed ad-
equate leaf anatomy for gas exchange. The
authors suggested that ABA induced a “stress
imprint” stimulus in plants facilitating a fast
and protective response to recurrent stressful
events.

Other molecules or signal hormone-like
substances such as salicylic acid (SA) and jas-
monic acid (JA) have been shown to have im-
portant roles in the regulation of seedling
growth under water and drought stress. In bean
and tomato plants exposed to stresses, SA modu-
lated the membrane redox balance, mitigating
the negative effect of reactive oxygen species
(ROS) which are known to cause lipid peroxida-
tion in membranes (Senaratna et al., 2000; Yang
et al.,, 2004). Cucumber seedlings pre-treated
with SA (0.50 mM) as seed soaking or as foliar
prior to exposing them to a 14-day drought stress

Table 2.2. Relative water content, electrolyte leakage, water potential, photosynthetic rate, and leaf
stomatal conductance of artichoke transplants in response to antitranspirant foliar application after four
days of dehydration (Shinohara and Leskovar, 2014; with permission from Elsevier).

Relative

water Electrolyte Water Photosynthetic Stomatal

content leakage potential rate conductance
Antitranspirants' (%) (%) (MPa) (umol-m-2.s71) (mol-m-2.s7")
Control 413b 31.0ab —3.00 b 0.7b 0.01 b
ABA 83.9a 11.1b —0.75a 3.0a 0.05a
Antistress 413b 441 a —2.96 b ND? ND
Transfilm 415b 31.1ab —2.64b 0.79b 0.02b
Vapor Gard 36.8b 42.8 ab —3.38b ND ND

Relative water content, electrolyte leakage, leaf water potential, photosynthetic rate and stomatal conductance at day of

transplanting were 80.7, 8.6, 0.48, 13.0 and 2.30, respectively.

" Antistress (a.i. acrylic polymers) at 2.2%; Transfilm (a.i. polymeric terpenes and oxidized polyethylene) at 3.8%; Vapor

Gard (a.i. di-1-p-menthene) at 2.2%.
2ND: data not detectable.

Means within columns followed by different letters are significantly different (LSD test, p = 0.05).
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period, had improved physiological (chlorophyll
content, chlorophyll fluorescence ratio) and
growth parameters (shoot and root weights),
increasing proline content in shoots and prevent-
ing increases in electrolyte leakage (Baninasab,
2010). Benzimidazole, an N-containing phenol
(such as in the product Ambiol, Toronto, ON) is
considered a plant growth regulator. When
Ambiol was applied to tomato seeds at 10 mg L™,
and seedling roots were then exposed to water
stress, it significantly improved leaf area, shoot
and root mass, and leaf photosynthesis (Mac-
Donald et al., 2010). Other authors hypothe-
sized that Ambiol is involved in phytohormonal
changes, since when applied to potato it de-
creased ABA concentrations by 50% while it in-
creased IAA fivefold and zeatin threefold (Kirillova
etal., 2003).

Irrigation and N conditioning

In order to reduce the transplant shock period,
nursery growers adjust irrigation strategies (fre-
quency and time of irrigation) during develop-
ment with typically less irrigations in the last
week of the production cycle. Transient water
stress has been used to control shoot growth and
increased compactness in vegetable transplants
in the greenhouse, a practice that alters dry-matter
partitioning, seedling water status, and stomatal
behavior (Liptay et al., 1981; Berkowitz and
Rabin, 1988; Leskovar and Cantliffe, 1992; Le-
skovar and Heineman, 1994). In muskmelon
(Cucumis melo L.), it has been shown that pre-
conditioning transplants with effective N supply
using floatation irrigation in the nursery can
modify root growth (Liptay and Nicholls, 1993),
providing adaptive mechanisms to withstand
microclimate shock in the field (Franco and Le-
skovar, 2002). Earlier work in jalapeno pepper
transplants, supported the benefits of floatation
fertigation in maintaining a uniform lateral
root development and promoting transplant
hardiness (Leskovar and Heineman, 1994).
A study in globe artichoke addressed the impact of
pre-transplant management of N and fertigation
system on transplant quality and subsequent
growth and physiology (Leskovar and Othman,
2016). Transplants fertilized with 75 mg'L ™! N
(low N) had improved root components com-
pared to those with 150 mg L™ N (high N). Low

N promoted root surface area, root length, root
branching and thinner roots, and less shoot area
than high N. In addition, transplants in the low
N regime were shorter and more compact, re-
sulting in seedlings more tolerant to early field
stresses.

Transplant conditioning
for chilling stress

Chilling stress, particularly in chilling-sensitive
species such as solanums or cucurbits, occurs
when plants are exposed to suboptimal temper-
atures, typically night temperatures below 10°C
and above 0°C for several hours. Chilled plants
begin to lose turgor of the stem and leaves caus-
ing wilting, followed by death and drying out of
the leaf tissue (Rikin et al., 1976). Wilting and
desiccation are exacerbated by wind causing se-
vere stem damage on flaccid seedlings that may
be twisted around repeatedly until the stem is
severed. The underlying physiological processes
occurring during chilling stress involves a re-
duction of water flow through roots, impair-
ment of stomatal control and decrease in plant
water status (Wien, 1997). Chilling injury can
be further intensified under short exposures of
direct sunlight causing photo-oxidation and the
generation of superoxide anion radicals (Wise
and Naylor, 1987; Peeler and Naylor, 1988).
Exposing transplants to a period of non-freezing
temperatures is known to cause cold acclima-
tion, a process that involves morphological,
physiological, biochemical, and gene expression
changes. Some reported responses include:
growth inhibition, increase in leaf thickness,
increase in concentrations of cryoprotective
osmolytes such as proline and carbohydrates;
production of phytohormones ABA and brassi-
nosteroids; putrescine, a free radical scavenger
(Kagale et al., 2007) and root 2,3,5-triphen-
yltetrazolium chloride (TTC)-reducing activity
(Kagale et al., 2007; Cuevas et al., 2008; Jiang
et al., 2012). However, cold stress acclimation
by exposing watermelon transplants to 2°C
from 3 to 81 h was negative to vegetative and
reproductive growth, reducing yield by 10%
(Korkmaz and Dufault, 2001). In broccoli,
when four- to eight-week-old transplants were
kept at 2 °C for one or two weeks, there was a
variable response in the antioxidant enzymes,
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with an increase in peroxidase (POD) activity
which was maintained throughout the growing
period until harvest, while the increase of cata-
lase (CAT) and phenolics were only observed
at the transplant stage (Dlugosz-Grochowska
et al., 2012). That study showed no direct cor-
relation on how CAT and POD functions in
terms of their affinity and removal of hydrogen
peroxide.

There is increased evidence that high levels
of signal transducer molecules such as ABA, SA,
JA, polyamines, and calcium can protect plants
against chilling (Klessig and Malamy, 1994;
Korkmaz, 2005). For example, in a chilling sen-
sitive tomato genotype, two applications of ex-
ogenous ABA (1 mM), putrescine (0.1 mM), or
2 4-epibrassinolide (0.02 pM) when transplants
reached three fully expanded leaves and five days
later, provided cold tolerance by reducing the de-
cline of photosynthesis and chlorophyll, and in-
creasing proline, soluble sugar content, and root
TTC-reducing activity (Jiang et al., 2012). A
three-year study in Poland (Kalisz et al., 2015)
evaluated chilling stress acclimation and the
lasting “stress imprint” effect on young broccoli
transplants subjected to 6, 10 and 14 °C for 7
and 14 days before planting. Broccoli seedlings
recovered after chilling treatments, and two
months after planting all treatments exhibited
an increase in fresh weight as compared to the
non-chilled 18°C control. Pokluda et al. (2016)
evaluated coriander (Coriandrum sativum) trans-
plants exposed to 6°C (chilling stress) or 18°C
(control) following two foliar biostimulant treat-
ments applied 44 to 51 days after seeding.
Biostimulants positively increased stress bio-
markers in chilled plants, such as transpiration,
stomatal conductance and maximum quantum
yield of PSII as compared to non-chilled trans-
plants. In cabbage seedlings, freezing tolerance
has been provided by simultaneous exposure of
plants to water stress and low temperature (5°C)
for seven days, which induced an increase in
sugar accumulation (Sasaki et al., 1998).

Concluding Remarks and Prospects

For the past 40 years, the use of containerized
transplants has transformed the vegetable
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industry worldwide. Two main drivers for the
fast increase in the volume of transplants pro-
duced presently are attributed to the switch
from open pollinated to hybrid cultivars and to
the development of innovative plug tray systems
(Cantliffe, 2009). Growing high-quality trans-
plants will continue to require a thorough
knowledge of the seed quality factors affecting
germination and emergence under diverse
nursery conditions and a broad understand-
ing of the physiological processes underlying
transplant growth and morphology in a “root-
confinement” environment and subsequent
growth and development after field transplant-
ing, especially in stressful environmental condi-
tions. Seed enhancement technologies such as
coating and priming with growth promoting
agents have proven effective to increase the
speed and synchrony of emergence and seedling
vigor in numerous species used by the trans-
plant industry. Similarly, nurseries are becom-
ing highly experienced in the use of multi-cell
trays with different cell volumes that are appro-
priate and cost effective for each crop species.
However, despite the significant technological
advances made by the seed and transplant in-
dustries during the last two decades, vegetable
nurseries will continue experimenting and adapt-
ing major growing factors (irrigation and fertil-
ization) affecting the rate of seedling development
(root growth and transplant height) especially for
the newly developed hybrids and novel crops.
Dramatic genetic improvements have been
achieved through conventional and modern
breeding and now hybrid cultivars present “tar-
get” traits that may have the potential to modify
the phenotype through improvements in re-
source use capture (water, nutrient, light), and
indirectly modify their stress tolerance mechan-
ism. These advances will create challenges and
opportunities to nurseries to design specialized
methods to enhance traits aimed at producing
high quality transplants. The transient control
of seedling growth will remain the main task for
nurseries. Research on the application of single
PGRs or bioactive compounds that have the cap-
acity to modulate seedling growth has not been
consistent and practical due to complex inter-
actions with the crop species, developmental age
and environmental conditions. Future research
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combining the knowledge of signal transducer
molecules and their synergy with nutrients
such as N, and other non-chemical methods
such as light control with species-specific spec-
tral blends appear attractive for their effective-
ness in the control of seedling elongation and
stress acclimation to withstand transplant
shock after field establishment.

A transformational practice that is gaining
fast popularity in the United States is the use of
grafted transplants, especially in solanaceous
and watermelon crops. Despite the higher cost,
up to ten-fold compared to non-grafted trans-
plants, grafted seedlings provide growers alter-
native production systems to effectively manage
soil-borne diseases and abiotic stresses such
as temperature, salinity, and drought. Grafting
has also been shown to enhance fruit yields and
quality under protected culture and conven-
tional and organic open field environments.
Grafting combinations can be intraspecific (root-
stock and scion belonging to the same botanical
species) or interspecific (rootstock and scion be-
longing to different species of the same genus).
Because there are multiple rootstock options to
select, it is critical to expand research and nur-
sery applications to better understand manage-
ment factors affecting root and shoot growth
(such as canopy vigor) of commercially avail-
able scion/rootstock combinations, or when us-
ing landraces and wild relatives known for their
stress adaptive traits.

Finally, the current vegetable transplant
production system in nurseries and field es-
tablishment in fields are very costly and high-
labor intensive operations (Fig. 2.8), therefore
automation is the key driver in the near fu-
ture. Despite advances in mechanization for
the plug technology in ornamental species
and robotic systems used in the grafting tech-
nology as in Japan and Korea), automation of
the transplant production system and mech-
anization of small-cell transplants continues
to lag behind for vegetable nurseries and
growers. In the future, the development of
partial to full integrated robotic systems that
control fertigation and light quality, and auto-
matic field transplanters with vision system
technology will be expected for the most de-
manded and expensive crops such as tomato,

pepper, and watermelon. However, in addition
to economic considerations and labor, the
unique developmental pattern of each crop
species and cultivar, and time to reach the tar-
get maturity will remain challenges. Very re-
cently an automatic system (Fig. 2.9) has
been developed in Spain and acquired by Tan-
imura & Antle in 2014 for commercialization in
the United Staes (PlantTape®; http://www.
planttape.com/). The system is completely inte-
grated from sowing seeds into a tape, to germin-
ation, nursey growing and field transplanting, and
has been used to harvest more than 1000 acres
with broccoli, iceberg, and romaine lettuce in
California in 2016. PlantTape® appears very
attractive for large-scale growers using less
growing materials, faster speed and more flexi-
bility to plant at various stages of transplant
development, which has important implica-
tions for planting schedules. However, this
production system requires a complete change
in components such as trays, greenhouse
seeders, and transplanting, therefore small to
medium growers may not afford to buy the
entire system. In terms of transplant quality,
this system ultimately will modify and poten-
tially improve root and shoot growth balance
(including taproot) as compared to growing in
traditional trays imposing a more root-restricted
environment. This new technology is an excit-
ing opportunity for a variety of crops and trans-
plant size and may constitute a new paradigm
shift in transplanting.
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Fig. 2.8. Mechanical and manual transplanting operations: (a) tomato in California, and (b) lettuce in
Spain.

EBSCChost - printed on 2/13/2023 12:28 PMvia . Al use subject to https://ww.ebsco.conterns-of -use



Transplanting 53

Fig. 2.9. Integrated PlantTape® System: (a) lettuce transplants growing in a tape; (b) automatic discharge;
(c) transplanting with multi-row capacity; and (d) field establishment.
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3 Regulation of Flowering in Crop Plants
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e.V,, D-14979 Grof3beeren Germany

The transition from vegetative to reproductive
growth is a key developmental decision in the
plant life cycle. Plants have evolved sophisticated
mechanisms and pathways to flower within a
narrow seasonal window every year to maxi-
mize their reproductive success, and similarly
the yields of grain crops depend upon optimizing
flowering time to the climate. Plants are particu-
larly reliant on day length (photoperiod) and
temperature as seasonal indicators, and they in-
tegrate this information with endogenous sig-
nals such as hormones, carbohydrate status and
age. In this way, plants are able to control flower-
ing time to maximize their chances of repro-
ductive success. Wheat, rice and maize account
for about two thirds of the energy in human
diets, and these crops are themselves the direct
result of flowering. Flowering time has therefore
been a key trait during domestication that has
enabled crops to become adapted for growing in
different climates. Furthermore, we shall see
that in wheat and barley, for example, the archi-
tecture of the spikelet and number of fertile
florets — traits that are strongly influenced
by the underlying genetic network controlling
flowering — play a major role in determining
yield. In breeding programmes, the time between
generations is a major rate-limiting step in the
generation of new varieties, and we shall see
how applying an understanding of the molecu-
lar pathways controlling flowering can enable
the acceleration of breeding programmes.

In addition to its agronomic relevance,
flowering time serves as a paradigm for under-
standing how developmental programmes are
controlled in plants, and so the analysis of
flowering time in crops contributes to a funda-
mental understanding of processes relevant to
multiple areas of biology from evolution and
comparative biology and population genetics
through to understanding molecular mechan-
isms. While much has been learnt about funda-
mental processes in plant biology in the model
system of Arabidopsis thaliana, this only repre-
sents a small proportion of the diversity of
mechanisms and lifestyle strategies that plants
have adopted. The elucidation of flowering path-
ways in more distant monocot crops has been
particularly valuable in increasing our under-
standing of how plant development can evolve —
for example, to exploit different cues to trigger
flowering. Since humans have been cultivating
crop plants for about 15,000 years, there is ex-
tensive scope to study which genes have been se-
lected for in the process of domestication and
how these have contributed to favourable traits.

While the major influences of temperature
and photoperiod on different crops have been
appreciated at a phenological level for hundreds
of years, it is only recently that the underlying
genes controlling the responses of crops to their
environment have been identified and their
mechanisms begun to be understood. As with
many areas of plant science, the exploitation of
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the model plant Arabidopsis thaliana has been
instrumental in establishing fundamental net-
works and mechanisms underlying the control
of flowering. Recently, the expansion of genomic
sequencing and genome editing are enabling
progress directly in crops themselves. This is key
since, while it is highly tractable, Arabidopsis is a
model dicot, and so it will always be important to
assess how relevant it is to crop plants. Never-
theless, because it is the most well understood
plant for studying flowering time, we will begin
with a survey of the major concepts that have
been found in Arabidopsis. We will then examine
what is known for key crops including tomato,
wheat and barley. Finally, we shall discuss key
agronomic challenges and areas of promise.

Arabidopsis

Arabidopsis thaliana is a highly tractable model
system having a small genome, excellent genet-
ics and a rapid life cycle, and being easy to trans-
form (Somerville and Koornneef, 2002). This
has enabled the discovery of many pathways
and mechanisms controlling flowering, many
components of which appear to be broadly con-
served in crop plants. Pioneering genetic screens

by Maarten Koornneef identified sets of mutants
that could be attributed to different environmen-
tal sensing pathways, and their subsequent
cloning revealed insights into the underlying
mechanisms. Major pathways influencing the
floral transition in Arabidopsis include the ver-
nalization, photoperiod and ambient tempera-
ture pathways. These pathways converge on
signals that activate flowering (Fig. 3.1).

Florigen

The presence of a signalling molecule that trig-
gers flowering was proposed more than 80 years
ago, and it was shown that leaves grown under
inductive conditions are able to trigger flowering
when grafted onto plants grown in non-inductive
photoperiods (Kobayashi and Weigel, 2007). FT
was identified as a gene necessary for accelerat-
ing flowering in Arabidopsis that is sufficient to
induce very early flowering when overexpressed
(Kardailsky et al., 1999; Kobayashi et al., 1999).
FT encodes a small globular protein that is ex-
pressed under inductive conditions in leaves,
and is transported via the phloem to the shoot
apex. At the apex, FT activates floral meristem
identity genes that specify floral fate (Abe et al.,
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Fig. 3.1. Genetic pathways towards flowering in Arabidopsis, tomato and cereals.
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2005; Wigge et al., 2005). The identification of
FT, which appears to be universally conserved as
a floral activator in higher plants, provided a
major unifying concept to understand how
plants activate flowering. Despite considerable
diversity in the cues and signals that activate
flowering, with the same cue sometimes having
opposite effects on flowering in different species,
the regulation of FT-like genes as activators of
flowering appears to be universal among the
main crop plants studied.

Vernalization

Many Arabidopsis natural accessions show a re-
quirement for a period of prolonged cold (typic-
ally around six weeks at 4°C) before they become
responsive to inductive flowering signals. This
enables plants to overwinter as vegetative ros-
ettes, when they are more resistant to cold stress
and do not have floral buds (Greenup et al.,
2009). This inhibition of flowering is controlled
by a MADS-box transcription factor, FLOWER-
ING LOCUS C (FLC), which binds to and re-
presses the expression of key genes required for
flowering. Prolonged cold results in the stable
silencing of FLC expression via repressive chro-
matin marks. The sensing mechanism by which
cold triggers FLC repression is still not clear. It
has been proposed that the protein FRIGIDA
(FRI), which is required for FLC expression, is
destabilized by cold, and this leads to a reduc-
tion in FLC expression (Hu et al., 2014). The FLC
locus is also targeted by non-coding RNAs, and
the expression of these in response to cold likely
plays a role in shutting down FLC expression
(Tetswaart et al., 2012). Genetic screens have
uncovered a set of genes that are required for ef-
ficient silencing of FLC by cold (Whittaker and
Dean, 2017). VERNALIZATION INDEPENDENT 3
(VIN3) is a plant homeodomain (PHD)-
containing transcription factor that is expressed
in response to cold and recruited to the FLC
locus early on during vernalization. Subse-
quently, VERNALIZATIONS5 (VRN5), also a PHD
protein, binds the FLC gene body and contrib-
utes to its silencing via the recruitment of a re-
pressive polycomb complex. This repression of
FLC by epigenetic marks is very stable, and per-
sists until the next generation.

Photoperiod pathway

Arabidopsis is a facultative long-day plant, and
long photoperiods (typically 16 hours) accelerate
flowering compared to short days (eight to ten
hours of light). A number of mutations eliminate
the acceleration of flowering in long days, reveal-
ing the existence of a pathway to sense long
photoperiods. Among the first of the photoperiod
regulators identified and cloned was the gene
CONSTANS (CO). COloss of function alleles are in-
sensitive to photoperiod, and flower as late as
plants grown in short days. CO encodes a tran-
scription factor with a zinc finger motif that dir-
ectly binds the promoter of FT and activates its
expression (Andrés and Coupland, 2012). The ex-
pression of CO peaks about 16 hours after dawn,
and CO protein is stable in the light but degraded
in the dark. In this way, CO protein accumulates at
the end of each long day, enabling the activation
of flowering (Searle and Coupland, 2004).

Ambient temperature

Warmer ambient temperatures accelerate flower-
ing in Arabidopsis, and at 27°C under short days,
plants flower almost as early as plants in long
days at 22°C (Balasubramanian et al., 2006).
This acceleration of flowering is dependent on
the up-regulation of FT gene expression. Mul-
tiple mechanisms have been proposed to ac-
count for this. Two transcriptional repressors,
the MADS box proteins SHORT VEGETATIVE
PHASE (SVP) and FLOWERING LOCUS M (FLM)
both repress FT expression and it is proposed that
warm temperature reduces their activity, enab-
ling a commensurate increase in FT expression
(Lee et al., 2013; Posé et al., 2013). A bHLH tran-
scription factor, PHYTOCHROME INTERACTING
FACTOR4 (PIF4), is also necessary for increasing
FT expression in response to warm temperature
(Kumar et al., 2012), and PIF4 activity is increased
both transcriptionally and post-translationally in
response to warm temperature (Box et al., 2015;
Raschke et al., 2015; Jung et al., 2016).

Flowering control in other brassicaceae

A number of important crops are closely related
to Arabidopsis, including Brassica rapa, Brassica
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oleracea and Brassica napus. In these cases, strong
conservation at the sequence and functional
level can be directly observed for many key regu-
lators such as FLC, enabling the relatively direct
transfer of knowledge of the flowering pathways
from Arabidopsis into these important crop spe-
cies (Bliimel et al., 2015).

Tomato

Tomato is a day-neutral plant that was origin-
ally cultivated in Central and South America.
Tomato has a perennial growth habit and tends
to be grown as an annual. Unlike Arabidopsis, the
vegetative and reproductive phases of tomato al-
ternate regularly along the compound shoots.
This is referred to as sympodial growth. The pri-
mary shoot terminates in an inflorescence after
about 612 leaves and subsequent shoots form
from axillary meristems immediately below the
terminal inflorescence. While the flowering of
tomato is largely unresponsive to photoperiod,
flowering is accelerated when seedlings are grown
at lower temperatures (10—15°C) compared to
27°C (Samach and Lotan, 2007). The other en-
vironmental variable having a strong effect on
flowering time is light intensity, with high light
accelerating flowering. Because of the sympo-
dial growth, genetic mutations that perturb the
floral induction pathway in tomato have par-
ticularly dramatic effects on plant architecture,
and mutations in a floral repressor, SELF-PRUNING
(SP) were identified early last century and ex-
ploited in commercial breeding since they cause
premature and synchronized termination of
shoots into flowers, facilitating the mechanical
harvesting of the crop in one pass. Cloning of SP
revealed it to be the homologue of TFL1, and it
interacts with an FD-related bZIP transcription
factor SPGB (SP associated G-box) and 14-3-3
adapter proteins, suggesting that, as in Arabi-
dopsis, SP can antagonize flowering by repress-
ing the targets that are normally activated by the
FT-FD complex (Pnueli et al., 2001). Consistent
with this, the tomato homolog of FT, SINGLE
FLOWER TRUSS (SFT) accelerates having the re-
cessive form of the gene flowering when overex-
pressed, and sft mutants are late flowering. It is
believed that the balance of activity between SP
and SFT is particularly important in controlling
the growth pattern of tomato, and by balancing
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the reproductive versus vegetative balance it is
possible to adjust plant architecture. Little is
known about the pathways by which environ-
mental signals such as temperature and light in-
tensity influence flowering in tomato. Likewise,
the direct targets of SFT and SP are not known.
A likely candidate is the LEAFY homolog FALSI-
FLORA (FA), and fa mutants are significantly
late flowering, and when inflorescences do form
they are devoid of flowers, but have leaf-like
structures instead (Samach and Lotan, 2007).

Although cultivated tomato varieties are
largely insensitive to photoperiod, some lines dis-
play a residual short-day behaviour. By looking
at the closest wild relatives of domesticated to-
mato, Solanum pimpinellifolium, Solanum cheesma-
niae and Solanum galapagense, it was observed
that many accessions flowered considerably earl-
ier in SD compared to LD. Subsequent QTL map-
ping identified two major QTL containing the
genes SFT and SELF PRUNING 5G (SP5G, a SP
paralog) (Soyk et al., 2017). SP5G is a potent re-
pressor of flowering, and mutations in the pro-
moter are believed to have resulted in plants
becoming largely photoperiod insensitive, which
is thought to have facilitated the adaptation of
these varieties to the longer summers in Europe
when introduced in the 16th century. SP5G ex-
pression is controlled through the activity of
phytochrome signalling, and it has been shown
that night break experiments with red light cause
a considerable increase in SP5G expression, sug-
gesting that the phytochromes play a role in
perceiving day length and transmitting this in-
formation to the flowering pathway via SP5G
(Cao et al., 2018). While SP and SP5G both con-
trol the vegetative to floral transition in different
shoot systems, creating double mutants between
these two genes results in plants that show dra-
matically early flowering and an improved har-
vest index of yield (Soyk et al., 2017). The ability
to directly target multiple genes of interest in a
given crop background using CRISPR-Cas9 tech-
nology illustrates the potential of this approach
to directly increase crop productivity.

Wheat and Barley

Wheat and barley are facultative long-day
plants, and their ancestral wild progenitors have
a vernalization requirement (Gol et al., 2017).
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Some varieties have lost the vernalization re-
quirement, and these show spring growth types:
flowering in the summer when planted in spring.
The loss of the vernalization requirement as well
as the selection of early maturity varieties that
flower precociously are thought to have been im-
portant events in the adaptation of these crops
to northern latitudes (Gol et al., 2017). While
the photoperiod and vernalization pathways
have significant differences compared to what is
known in Arabidopsis, both these pathways con-
verge on FT-related genes to control flowering
(Fig. 3.1).

While the floral transition is rapid and con-
tinuous once activated in Arabidopsis, the floral
transition in wheat and barley is extended and
occurs in two distinct phases that can be separ-
ated by several weeks (Gol et al., 2017). Both
these phases respond somewhat differently to
environmental signals, and have different major
genes regulating them. Furthermore, yield is a
complex outcome of these two stages, depending
on the total number of fertile florets that give rise
to grain (Fig. 3.2). In the first transition, spikelet
initiation occurs on the flanks of the shoot apical
meristem and spikelet primordia are specified,
marking the transition from vegetative to repro-
ductive identity. During the second transition,
floral morphogenesis and emergence (heading)
of the spike occurs. This complex system there-
fore provides considerable plasticity and adapt-
ability of flowering in wheat and barley.
Vernalization primarily influences the vegetative
toreproductive transition, while the photoperiod
pathway has a large effect on the outgrowth of
the spike and floret formation, a major determin-
ant of yield. The short branch, or spikelet, has
many florets, and if these are fertile they lead to
seeds. The number and viability of fertile florets
specified during the floral transition is therefore
an important determinant of yield.

Vernalization

Winter wheat and barley have a vernalization
requirement controlled by VERNALIZATION2
(VRN2). VRN2 is a strong floral repressor that
likely represses gene expression directly as it has a
duplicated zinc finger and CCT domain (Yan et al.,
2004). Following vernalization, the expression of
VRN2 is repressed by VRN1, a gene encoding a
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Fig. 3.2. Schematic representation of the
development of the shoot apical meristem in
response to different environmental cues in barley.
The effects of environmental factors on spikelet
primordia initiation and floret survival are given on
the left-hand side. The effects of major genetic
components on the timing of spikelet initiation and
on floret survival are indicated on the right-hand
side of the diagram (Gol et al., 2017).

MADS box transcription factor related to AP1 and
FRUITFULL in Arabidopsis (Shimada et al., 2009).
VRN1 probably plays an additional role in the
floral transition, since as well as repressing VRN2
in the leaf, it is expressed in the shoot apex. VRN2
acts to repress the expression of wheat florigen,
encoded by the FT-related gene VRN3. Once the
vernalization requirement has been met, VRN3
gene expression becomes responsive to inductive
cues such as photoperiod, in a similar way to FT
in Arabidopsis.
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Long days

Long days promote the expression of VRN3, a
homologue of Arabidopsis FT, and flowering in
wheat and barley. The precise molecular mech-
anism is not clear, but many key genes have
been identified through genetic screens and
homology approaches. Particularly important
is the transcription factor Photoperiod1 (Ppd1),
which encodes a pseudoresponse regulator
(PRR) related to the clock genes PRR3 and 7 in
Arabidopsis. The ancestral dominant forms of
Ppd1 accelerate flowering, while recessive mu-
tants in barley such as ppd-H1 have been se-
lected in spring cultivars to delay flowering
(Digel et al., 2015). Similarly in wheat, a ppd1
mutant series show delayed flowering time
(Shaw et al., 2013), while insertions and dele-
tions in Ppd-Ala and Ppd-Dla gene pro-
moters show an acceleration of flowering
(Wilhelm et al., 2009; Seki et al., 2013). Expres-
sion of Ppdl is regulated by members of the
evening complex: EARLY FLOWERING3 (ELF3)
and LUX ARRYTHMO (LUX). Loss of activity of
these genes in barley and wheat result in photo-
period-independent early flowering (Faure
et al., 2012; Campoli et al., 2013). In both
wheat and barley, mutant alleles in phy-
tochromeC (phyC) result in a reduction in Ppd1
expression and delayed flowering (Chen et al.,
2014; Pankin et al., 2014).

Maize

Maize, Zea mays, was domesticated about 9000
years ago from the wild grass Teosinte (Matsuoka
et al., 2002). Like many tropical plants, Teosinte
is a short-day plant. Domestication and adapta-
tion to more temperate climates was facilitated
by the acquisition of a day-neutral flowering
habit in Zea mays. The vegetative shoot meristem
stops leaf initiation upon the induction of
flowering and switches to a floral fate. The entire
meristem is then consumed in formation of the
tassel and inflorescence primordium. Maize has
a wide range of flowering times from 35-120 days,
indicative of the considerable genetic diversity
in this trait (Colasanti and Muszynski, 2009).
Compared to the other major crops, less is
known of the underlying genes controlling

printed on 2/13/2023 12:28 PMvia .

flowering. Sequence analysis has revealed maize
has a large number of florigen related genes
(Danilevskaya et al., 2008), with ZmZCN7 and 8
being the strongest candidates for having the
main FT floral promoting role (Lazakis et al.,
2011). In short-day tropical maize, the expres-
sion of ZmZCNS8 is promoted under inductive
daylengths, and this FT-related protein is able
to interact with the bZIP transcription factor
7ZmDLF1 that promotes flowering. This is likely
under the control of the homolog of CO,
7ZmCONZ1, which is differentially expressed in
response to photoperiods (Miller et al., 2008).
In day-neutral plants, it appears that nearly all
the floral promoting activity is provided by the
autonomous pathway. The key gene in the path-
way is indeterminatel (id1) (Coneva et al., 2007);
id1 expression in leaves through an unknown
mechanism promotes the flowering pathway via
7ZmZCN8 and ZmDLF1. While much remains to
be discovered, and there are likely more regu-
lators, it is striking that maize shows significant
conservation of many of the central components
in the flowering pathway such as FT and FD.

Other vegetable crops

This review has focused on the major crops
where flowering time is most well understood. A
major theme emergent from these and other
studies is that despite considerable diversity in
the balance of environmental signals and their
effects on flowering, key components appear to
be universally conserved, most prominently FT
and related genes. Many of the components have
been found in major fruit crops including apple
(Malus x domestica), grapevine (Vitis vinifera),
lemon (Citrus sp.), onion (Allium cepa), pepper
(Piper nigrum) and woodland strawberry (Fragaria
vesca). Interestingly, FT and related florigen genes
are conserved in all these plants (Bliimel et al.,
2015). As well as flowering time regulation, the
flowering pathways have large effects on crop
yield. This has been directly demonstrated by
gene editing the tomato inflorescence architec-
ture gene SELF-PRUNING (SP), a homolog of the
Arabidopsis gene TERMINAL FLOWER1, which is
related to FT. SP acts to counteract florigen sig-
nalling in tomato, and a mutation in SP was a
key step in creating bushy tomato plants as loss of
SP results in the conversion from indeterminate
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to determinate growth (Pnueli et al., 1998). By
targeting the promoter of SP, it has been possible
to create an allelic series for continuous variation
in SP expression, and therefore architecture-re-
lated traits, demonstrating the value of combin-
ing genome engineering technologies with
fundamental insights derived from model sys-
tems (Rodriguez-Leal et al., 2017).

Outlook

As described above, flowering is a key trait enab-
ling plants to adapt to different climates, and
influences yield. Studying the floral transition in
crops directly provides the opportunity to advance
fundamental knowledge of how developmental
programmes are regulated in plants as well as the
chance to enhance crop resilience to the environ-
ment and accelerate plant breeding programmes.
This is particularly relevant during a period of an-
thropogenic climate change, where it has been es-
timated that crop yields are likely to drop by about
10% for every 1°C increase in mean temperature
(Battisti and Naylor, 2009).

Speed breeding

Field grown crops can typically only yield one or
two generations per year. By extending the photo-
period to 22 h, with just 2 h of night, it has been
possible to achieve up to six generations per year
of barley and spring wheat (Watson et al., 2018).
This is a considerable acceleration, and offers
the opportunity to increase the rate of plant
breeding programmes for many crop plants.

Ectopic FT expression to accelerate
flowering

The conserved role of FT as florigen makes it an
ideal candidate to express ectopically to trigger

early flowering. This is particularly relevant in
trees, where the juvenile non-flowering phase
can take many years, and was first demonstrated
in poplar. For example, Trifoliate Orange (Ponci-
rus trifoliata) flowers within 12 weeks of transfer
to the greenhouse following transformation
with FT. Cassava is a key crop where flowering is
often the rate-limiting step for breeding as it is
often either late and non-synchronous. Ectopic
overexpression of the Arabidopsis thaliana FT was
sufficient to greatly accelerate flowering in cas-
sava. In a related approach in rice, Hd3a, a flori-
gen, was placed under the control of a chemically
inducible promoter. In this way, flowering in
these rice lines can be triggered upon demand in
the field by the application of an agrochemical
(Okada et al., 2017).

Effects of climate change on phenology

Plants are remarkably sensitive to temperature,
and this is reflected in the observation that wild
plants and crops have already shown an altered
phenology in response to climate change. For ex-
ample, the flowering time of wild plants in the
UK has advanced in the last few decades (Fitter
and Fitter, 2002). The existence of extensive
genetic variation in the responsiveness of the
flowering pathways to temperature suggests
that within a certain range, farmers and breed-
ers may be able to continue selecting lines best
adapted to a new climate. For example, there are
indications that particular wheat varieties are
being grown increasingly further north, and
these changes in range are resulting in a corres-
ponding change in seasonal reaction to photo-
period, a major regulator of flowering behaviour.
The issue of climate change is particularly com-
plicated by the observation that increased vari-
ability will also occur, leading to the proposal
that it will be necessary for farmers and breeders
to develop a ‘climate-smart’ food system (Wheeler
and Braun, 2013).
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4 Abiotic Stress Effects on Vegetable Crops
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Evidence that global climate is changing, and
that this change is accelerating, has become a
leading topic in science and international news
in recent years. The United Nations’ Intergov-
ernmental Panel on Climate Change (IPCC,
2018) has summarized these findings: air and
sea temperatures are at present 1°C higher than
pre-industrial levels and predicted to rise by
1.5°C by 2030 (Fig. 4.1). The rise in average
temperatures has been accompanied by an in-
creasing frequency of heatwaves, and incidence
of extreme events such as periods of drought,
flooding, and violent storms (Wuebbles et al.,
2017). It is to be expected, therefore, that vege-
table crops will be increasingly exposed to heat,
drought, flooding, and salt stress, and an under-
standing of the effects of these stresses on these
plants will be vitally important. Knowing how
abiotic stress can be avoided or overcome by cul-
tural practice and genetic means is the subject of
this chapter.

General Stress Effects

The exposure of plants to abiotic stress, whether
caused by drought, heat, cold, or high salinity,
leads initially to quite similar reactions by the
plant. At the cellular level, these stresses pro-
duce osmotic stress and cell dehydration (Wang
et al., 2003) and oxidative stress, leading to de-
naturation of functional and structural proteins

(Fig. 4.2). The common stress response involves
the perception of the stress factors, activation of
transcription factors, and the mobilization of
stress response mechanisms. Stress perception
can occur at the level of the cell among organelles
(Zhu, 2016), such as the endoplasmatic reticulum,
the chloroplasts, mitochondria, or the cell walls.

The common response to the different
stresses is complex in the number of genes that
could be involved, but also presents opportun-
ities to create plants that are capable of toler-
ance to multiple stresses.

Osmotic stress leads to rapid activation of
multiple mitogen activated protein (MAP) kinases
(Fig. 4.3), although how these produce the
physiological actions in response to abiotic stress is
not yet clear (Zhu, 2016). Similarly, salt, drought
and osmotic stress treatments rapidly activate the
SnRK2 family of protein kinases, that are linked to
accumulation of abscisic acid (ABA) (Zhu, 2016).

The generation of reactive oxygen species
(ROS) such as hydrogen peroxide due to abiotic
stress (reviewed by Driedonks et al., 2015) can re-
sult in membrane damage, but also lead to forma-
tion of transcription factors (Fig. 4.3), which in
turn stimulate the formation of ROS scavengers.

Transcription factors such as heat stress
transcription factors (HSFs) regulate the expres-
sion of stress-responsive genes such as heat
shock proteins (HSPs). Transcription factors
have been characterized in many plant species,
and are activated by other abiotic stresses in
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Fig. 4.1. Surface temperature change (in °F) for the period 1986-2015 relative to 1901-1960 from the
NOAA National Centers for Environmental Information’s (NCEI) surface temperature product. For visual
clarity, statistical significance is not depicted on this map. Changes are generally significant (at the 90%
level) over most land and ocean areas. Changes are not significant in parts of the North Atlantic Ocean,
the South Pacific Ocean, and the southeastern United States. There is insufficient data in the Arctic Ocean
and Antarctica for computing long-term changes (those sections are shown in gray because no trend can
be derived). The relatively coarse resolution (5.0° x 5.0°) of these maps does not capture the finer details
associated with mountains, coastlines, and other small-scale effects (source: Wuebbles et al., 2017).

addition to heat (Guo et al., 2016). These tran-
scription factors are found in three major classes
in crops like tomato, and have both stimulatory
and inhibitory roles (Fragkostefanakis et al., 2015)
in response to heat and other stresses. Overex-
pression of one HSF in tomato resulted in en-
hanced high temperature tolerance (Mishra et al.,
2002), but their specificity to particular species
will make common approaches for enhanced
stress resistance difficult to achieve.

Heat shock proteins can be separated into
six groups according to their molecular weight
(Yu et al., 2016). The most abundant in vege-
table crops like tomato is the HSP20 family,
which has a protective function when plants are
exposed to abiotic stresses such as heat, drought,
or salt stress (Yu et al., 2016), preventing the mis-
folding of proteins exposed to stress. In potato,
48 HSP20 genes were identified, 14 of which
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were up-regulated by several abiotic stress fac-
tors (Zhao et al., 2018).

Sensitization to one stress, such as heat,
could ready cell mechanisms in the plant so that
the impact of another stress following the first
one would be lessened in a process called cross-
protection or priming (Hossain et al., 2018)
(Fig. 4.4). For instance, exposure of tomato and
pepper transplants to 20 hours at 38°C hard-
ened them to resist up to six days of 30° heat
stress (Javanmardi et al., 2014 ). Similarly, expos-
ure of tomato seedlings to mild drought stress or
temperature near freezing, or low doses of the
herbicide paraquat, hardened the plants to
higher levels of the same stresses (Zhou et al.,
2014). The sensitization treatments elicited pro-
duction of hydrogen peroxide, and stimulated
antioxidant enzymes (Fig. 4.4). When genes pro-
viding this cross-protection were silenced, the
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Fig. 4.2. Plant response to abiotic stress. Primary stresses such as drought, salinity, cold, and heat are
often interconnected, and cause cellular damage and secondary stresses, such as osmotic and oxidative
stress. The initial stress signals trigger the downstream signaling process and transcription controls which
activate stress-responsive mechanisms to re-homeostasis and protect and repair damaged proteins and
membranes. Inadequate response at one or several steps in signaling and gene activation may ultimately
result in irreversible changes of cellular homeostasis and in destruction of functional and structural
proteins and membranes, leading to cell death. GlyBet: glycinebetaine; Hsp: heat shock protein; LEA: late
embryogenesis abundant protein; PX: peroxidase; SOD: superoxide dismutase; SP7: stable protein 1

(source: Wang et al. 2003).

tomato plants were damaged by the stress fac-
tors, indicating that the production of hydrogen
peroxide and stimulation of antioxidant enzymes
played key roles in cross-protection.

The role of exogenous agents and stimu-
lants to generate tolerance to abiotic stresses in
plants has become an active area of research
and commercial development in recent years
(reviewed by Beckers and Conrath, 2007; Calvo
et al., 2014). Early work focused on the role of
salicylic acid in moderating effects of plant
pathogen attack, but also revealed that this com-
pound in low concentrations could lessen the
effects of drought, salinity, and cold stress (Miu-
ra and Tada, 2014). In support of these findings,
processing tomatoes treated with a synthetic
source of salicylic acid showed lower levels of
blossom end rot and higher yields under mod-
erate drought stress than untreated plants
(Giuliani et al., 2015).

Plant biostimulants include microbial in-
oculants, humic acids, fulvic acids, protein hy-
drolysates, and seaweed extracts (Calvo et al., 2014).

The microbial inoculants may facilitate phos-
phorus solubilization in the soil, reduce ethylene
levels in plant roots and improve drought resist-
ance. Beckers and Conrath (2007) pointed out
that priming can also occur between species
growing next to each other, through the gener-
ation of volatile organic compounds when
plants are damaged. A list of plant biostimulants
available in Europe was recently published (Le
Mire et al., 2016).

Hydrogen sulfide is another compound that
is generated at low levels in plant cells (Li et al.,
2016) in response to many abiotic stresses.
When applied at low concentrations in the form
of synthetic S donors, it produces some stress re-
sistance. Melatonin plays a similar role in serv-
ing as an antioxidant that scavenges ROS and
also reactive nitrogen species (RNS) (Wang et al.,
2018). Supporting this role, transgenic plants
with higher levels of melatonin had higher total
antioxidative capacity.

Plant hormones play a central role in the
perception and mitigation of abiotic stress
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Fig. 4.3. Model describing the connections between heat shock transcription factors (HSFs), the production
of heat shock proteins (HSP) and the generation of reactive oxygen species (ROS) in the heat stress
response. In addition to directly activating transcription factors, high temperature leads to the accumulation
of ROS. This, in turn, leads to a further activation of HSFs, either directly or indirectly via activation of a
MAPK (mitogen-activated protein kinases). The HSFs bind to HSE in the promoter region of HSF, HSP,
miRNA398, and ROS scavenging genes. The miRNA398-dependent down-regulation of a subset of SOD
(superoxide dismutase) scavengers might play a role in the rapid ROS accumulation upon exposure to heat.
This would support the activation of HSFs and thereby boost the induction of the heat-stress response in
the short term. In the longer term, the induction and stabilization of other scavengers would start to
suppress ROS levels to avoid excessive cellular damage (source: Driedonks et al. (2015). APX: ascorbate
peroxidase; CAT: catalase; miRNA398: microRNA398; POD: peroxide dismutase.

(Kohli et al., 2013) (see also Chapter 6). When
plants are exposed to growth-limiting condi-
tions due to drought or salinity stress, abscisic
acid (ABA) and ethylene build up and modulate
GA, auxin, and cytokinin action through the ac-
tion of the repressor protein DELLA (Kohli et al.,
2013). Salicylic acid and jasmonates are also in-
volved in these hormonal interactions in ways
that are so far poorly understood (Verma et al.,
2016).

Because of the vast array of environmental
conditions and plant compounds, both plant-
generated and exogenous, contributing to miti-
gation of the effects of abiotic stress, it is tempting
to think that stress effects are easily dealt with.
That is of course far from the truth for several
reasons. First, stress may affect the plant at vari-
ous times, often when the plant is particularly
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sensitive (see below). Secondly, stimulating the
plant to develop cross-protection may not be
feasible at specific plant stages. Fortunately,
priming seedlings to harden them to field condi-
tions before transplanting can be practical (Zhou
et al., 2014) (see Chapter 2). Thirdly, the meta-
bolic cost of producing defense-related com-
pounds by the plant exposed to abiotic stresses
must also be calculated. Few such accounting
studies have been made to date, but Hulten et al.
(2006) have shown that priming Arabidopsis
against pathogen attack does not slow the
plants’ relative growth rate compared to un-
treated plants, but direct induction of plant de-
fenses significantly reduced plant growth.

The other important method of increasing
tolerance of plants to abiotic stresses is to alter
the genetic steps involved in stress response
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Fig. 4.4. Mechanisms underlying cross-stress tolerance in plants. Priming by heat- or cold-shock or
chemical priming (H,O, and MG) directly or indirectly triggers the production of endogenous signaling
molecules like H,0,, MG, Ca?* and NO. These compounds modulate gene expression and induce the
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acquisition of cross-tolerance/stress tolerance by modulating membrane fluidity and by stimulating the
synthesis of osmolytes (Pro, GB, sugars, etc.), antioxidants (SOD, APX, GSH, etc.) and glyoxalases (Gly |
and Gly Il), as well as stress proteins (HSP, dehydrins) (modified from Li and Gong, 2011). GB: glycine
betaine; GSH: reduced glutathione; Gly I: glyoxalase |; Gly II: glyoxalase Il; HSP: heat-shock protein; MG:
methylglyoxal; SOD: superoxide dismutase; APX: ascorbate peroxidase; Pro: proline; NO: nitric oxide;
ABA: abscisic acid; SA: salicylic acid. Source: Hossain et al. (2018).

(Kotak et al., 2007; Sanghera and Sharma,
2011; Nguyen et al., 2018). Although the re-
sponses to several stresses involve similar mech-
anisms, there are many genes involved which
are often specific to particular crops. The review
by Nguyen et al. (2018) provides examples, fre-
quently for Arabidopsis or major crop species. At-
tention has been focused on regulatory genes,
and genes involved in regulating the levels of
compounds such as antioxidants, protective pro-
teins, and metabolites (Figs 4.3, 4.4). The new,
more precise gene editing tools such as CRISPR/
Cas9 appear to promise faster progress in devel-
oping more stress-tolerant crops (Rodriguez-
Leal et al., 2017; Haque et al., 2018).

The severity of the impact of abiotic stress-
es on individual vegetable crops depends import-
antly on the life stages at which they are most
susceptible to stress. In general, seedlings will be
most sensitive to growth inhibition and death,
with little capacity to resume normal growth

after stress has been relieved. As plants get older,
the time when reproductive tissues are being
formed is a very sensitive period in vegetable
crops that form fruits as the harvested product
(see individual chapters on tomato, pepper, the
Cucurbits, Phaseolus, peas, and sweet corn)
(Zinta et al., 2016). For head-forming vegetables,
the period of head formation requires stress-free
conditions if adequate yields are to be achieved
(see chapters on lettuce, the Brassicas). The stress-
sensitive period for root-forming and bulb-forming
species is generally broader and less tied to a par-
ticular period of growth.

Temperature Effects

The many plant species that are eaten as vegetables
originated in areas where temperatures are either
temperate to tropical, and hence the temperatures
at which they grow best also cover a wide range
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Table 4.1. Approximate monthly temperatures for best growth and quality of vegetable crops.

(source: Maynard and Hochmuth, 2007).

Temperatures, C

Optimum Minimum Maximum Vegetable

13-24 7 29 Chicory, chive, garlic, leek, onion, salsify, scorzonera, shallot

16-18 4 24 Beet, broad bean, broccoli, Brussels sprouts, cabbage,
chard, collards, horseradish, kale, kohlrabi, parsnip,
radish, rutabaga, sorrel, spinach, turnip

16-18 7 24 Artichoke, cardoon, carrot, cauliflower, celeriac, celery,
Chinese cabbage, endive, Florence fennel, lettuce,
mustard, parsley, pea, potato

16-21 10 27 Lima bean, snap bean

16-24 10 35 Sweet corn, cowpea, New Zealand spinach

18-24 10 32 Chayote, pumpkin, squash

18-24 16 32 Cucumber, cantaloupe

21-24 18 27 Sweet pepper, tomato

21-29 18 35 Eggplant, hot pepper, okra, roselle, sweet potato

(Table 4.1). Thus, optimum temperatures for rad-
ish would prevent okra from growing, and few
Brassica oleracea vegetables would grow well in
areas where sweet potato is well adapted. Never-
theless, heat stress and chilling stress effects will
have similar expression in specific vegetables,
even if the temperatures at which they occur dif-
fer among species.

High temperatures

The rise in global temperatures (Fig. 4.1) brings
with it increases in heat stress, but also provides op-
portunities to expand production of vegetable
crops on a national and regional level as warmer
conditions lengthen frost-free periods (Bisbis et al.,
2018). In Europe, for instance, an earlier start of
the growing season could permit production of
longer-season crops, or more successive crops in a
longer season. Similarly, Potopova et al. (2017) es-
timated that fruit-bearing vegetables grown in the
Czech Republic have shown a 5 to 12% yield in-
crease per ‘C temperature increase over the last 54
years, presumably because growing season tem-
peratures had moved farther into the optimum
range. Rising temperatures in current South
American potato production areas may require de-
velopment of better-adapted lines, and shift the
cultivation to higher elevations (Schafleitner et al.,
2011). At the currently cooler sites, increased frost
tolerance may be needed as cold spells would likely
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still occur. Predictive modeling of changes in tem-
perature in Australia over the next 50 years has
shown which current tomato production areas
may be endangered, and where future cultivation
of the crop might be feasible (Silva et al., 2017).

The impact of heat on vegetable growth
can be mitigated by focusing on a whole-plant
perspective. For instance, it may be possible to es-
cape the effect of high temperatures by fostering
deep rooting to maintain leaf cooling (Fig. 4.5).
Similarly, in leafy radish, heat tolerance was re-
lated to high stomatal density (Chen et al.,
2014). Under high temperature growing condi-
tions, providing shade may lessen leaf temperat-
ures (Diaz-Perez, 2013; Hernandez et al., 2015).
Heat stress protection mechanisms involving
membranes and protecting against oxidative
and osmotic stress were covered in the general
section, above.

A major strategy to lessen the impact of heat
stress is to identify stress-tolerant genotypes. For
instance, plantings of leaf lettuce during seasons
and locations warmer than normal identified
lines better adapted to those conditions (Lafta
et al., 2017). Similarly, selecting tomato lines
under hot field conditions in India revealed con-
siderable genetic diversity in heat stress tolerance
(Manish et al., 2017; Rajiv et al., 2017). The same
strategy has been employed with the other major
vegetable crops (see crop-specific chapters).

Selection for heat stress tolerance can be en-
hanced by use of a greenhouse, where interfering
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Fig. 4.5. Physiological and biochemical mechanisms relevant to crop productivity in heat-prone environ-

ments. (source: Xue and Mcintyre 2011).

factors such as drought can be more easily con-
trolled than in the field (Rainey and Griffiths,
2005). A comparison of heat stress response of
snap beans selected in a greenhouse showed that
the tolerant lines were also heat-tolerant in high
temperature field conditions (Wasonga et al.,
2012). A further focus on processes most suscep-
tible to disruption may speed progress: for peas, in
which heat stress adversely affects pollen germin-
ation, timing of heat exposure to bud formation
and flowering identified lines that produced pods
in spite of the stress (Nikolova et al., 2008). See
also pollen heat stress research with tomato
(Chapter 7).

Low temperatures

Anyone gardening in a temperate environment
is familiar with chilling injury to tomato, beans,
or cucumber following the first cool nights of
fall: as the sun emerges, the leaves of these spe-
cies wilt and collapse. Species grown as veget-
ables differ markedly in the low temperatures
that they can endure without injury (Table 4.2).
The classification must remain somewhat loose,
however, since the process of hardening can

lower the temperature at which plants are in-
jured (see below).

As reviewed by Lukatkin et al., (2012), the
exposure of chilling-sensitive plants to temperat-
ures below about 15°C leads to a loss of leaf tur-
gor, with a reduction in hydraulic conductivity
and a failure of stomata to close. In Phaseolus
beans, if plants survived the initial dehydration,
leaf and root ABA levels built up, and led to sto-
matal closure and resumption of normal growth
(Pardossi et al., 1992). Application of ABA to the
roots prior to chilling prevented chilling damage.
The important role of ABA in chilling stress tol-
erance was also supported by Ntatsi et al., (2012),
who found that grafting of tomato seedlings unto
rootstocks unable to produce ABA made the
plants more susceptible to chilling temperatures.

Temperatures that subject vegetable crops to
chilling injury range from just above freezing to
15°C, and are exacerbated by high light and air
movement (Lukatkin et al., 2012). Vegetable crops
most sensitive to chilling include those of tropical
origin (Tables 4.1, 4.2). Damage may occur in the
seedling stage, to growing plants and to harvested
products, and most often consists of loss of turgor
and associated disorders. Postharvest damage due
to chilling is outside the scope of this review, but
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Table 4.2. Classification of cold hardiness of annual vegetable species. The process of hardening will
shift temperature reaction of species among the frost-hardy species to the right.

Tender Slightly hardy Moderately hardy Very hardy Extremely hardy

+5t0 0°C? -5°C -5t0-10°C —10to —20°C <-20°C

Cucurbits Crucifers Garlic, onions Dried tissues, e.g. seeds
Solanaceous Celery, carrot Spinach

Legumes¥ Lettuce

“Temperatures at which injury to tissue occurs.

ySensitivity to injury may vary among plant parts: e.g. pea flowers more sensitive than leaves.

can be seen in Aghdam and Bodbodak (2013). A
broad range of physiological processes are in-
hibited in affected plants, including water and
mineral nutrient uptake, respiration, and photo-
synthesis. Fundamentally, chilling damage in-
jures both the lipid and protein components of
cell membranes (Lukatkin et al., 2012).

Growth inhibition of seedling plants varies
with species and the length of the seedling root
(Rab and Saltveit, 1996a). Okra is sensitive to
chilling with seedling roots of 1 to 7 mm, while
tomato and cucumber are most susceptible
when roots have extended to 7 mm. Chilling in-
jury in cucumber roots is greatest in the root tip,
thus inhibiting root extension in cold soils (Rab
and Saltveit, 1996b). Smeets and Wehner (1997)
confirmed these findings, showing that cucumber
seedling susceptibility was higher at the first true
leaf stage, compared to earlier. There is evidence
both among cucumber and watermelon for culti-
var differences in chilling temperature tolerance
at the seedling stage (Kozik and Wehner, 2014).
Part of the seedling growth inhibition of cucum-
ber may be due to reduction of water and min-
eral uptake in cold soils (Dong et al., 2017). If
the growing medium was treated with salicylic
acid, level of unsaturated fatty acids in the root
cell membranes was increased to those found
at normal temperatures, thus improving root
membrane stability (Dong et al., 2017).

Chilling-sensitive plants can be hardened to
resist injury by exposure to mild stress by high or
low temperatures (Lafuente et al., 1991; Pardossi
etal., 1992), or to drought (Lukatkin et al., 201 2).
Applications of ABA (Pardossi et al., 1992), sili-
con (Liu et al., 2009), cytokinins, GA inhibitors
and antioxidants (Lukatkin et al., 2012) also pro-
vide protection. The cross-protection mechan-
isms reviewed by Hossain et al. (2018), involve
generation of ROS, which at low concentrations
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stimulate antioxidant production (see Fig. 4.4).
For instance, genetically elevating the level of
superoxide dismutase gene in winter squash
(Cucurbita moschata) increased chilling tolerance
(Chiang et al., 2014).

The convenience of using young plants
to detect genetic differences in susceptibility to
chilling was used with tomato to screen seed-
lings at the five-leaf stage (Cao et al., 2015).
Accessions differed in leaf electrolyte leakage,
chlorophyll content and chlorophyll fluores-
cence parameters after exposure to chilling for
eight days and nights of 4°C temperatures. Dif-
ferential wilting indicated the importance of
damage to cell membranes and to the photosyn-
thetic apparatus by chilling injury.

When temperatures drop below freezing,
the reaction of plant cells to freezing stress must
be considered. Depending on the rate at which
temperatures decline, freezing leads to the for-
mation of ice crystals in the tissue. At cooling
rates of more than 3°C per hour, ice crystals may
form inside the cells, leading to physical damage
of membranes (reviewed by Guy, 1990). At
slower cooling rates, the ice crystals form in the
intercellular spaces, and liquid water from inside
the cell moves to the extracellular solution and
to the ice crystals (Guy, 1990). Temperature
drop rates in nature are nearly always slow
enough to prevent intracellular freezing, so the
freezing process is one of cell dehydration and
rehydration upon thawing. The cell acts as an
osmotic system, with the state of the plasma-
lemma determining if the plant survives the cold
shock or is damaged (Rodrigo, 2000).

The process of acclimation to cold can occur
in exposure to low temperatures over several
days. As a result, plants become hardened to be-
low-freezing temperatures, and over a week, the
lethal temperature declines significantly (Fig. 4.6)
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Fig. 4.6. Change in temperature at which 50% of leaves are killed as a result of freeze-hardening at
exposure to 5/2°C (day/night), and deacclimation at 20/17°C (source: Fennel and Li 1985).

(Fennell and Li, 1985). The process of deacclimation
can proceed even more rapidly if the plant is
exposed to warm conditions. Hardening resulted
in decreased permeability of thylakoid mem-
branes in the spinach chloroplasts as well as in-
creased capacity for vesicle expansion during the
thaw cycle (Hincha et al., 1987; Bailey-Serres
etal., 2012 etal., Rao et al., 2017).

The hardening process to increase freezing
tolerance can also be achieved by exposure to
drought stress in cabbage seedlings (Sasaki et al.,
1998). In addition to reducing electrolyte leakage
after cold stress, cold acclimation combined with
drought increases the levels of hexose sugars and
sucrose in the plant cells. Presumably, the add-
itional sugars contribute to protection of cell
membranes during stress. The hardening agents
discussed in the section on chilling, above, can
also play a role in increasing freezing tolerance.

The avoidance of freezing injury in field-
grown crops relies on a knowledge of the physics
of air and plant temperature in a cooling envir-
onment (Perry, 1998). Especially on cool, calm
nights with a clear sky, radiative cooling lowers
air temperature. Since that cold air collects in
the lowest areas, selecting field locations that
avoid such “frost pockets” is an important first
step. The fact that frost formation generates heat
that can protect the tissue being covered by ice
has fostered use of sprinkler irrigation during
freeze events (Perry, 1998). Physical protection
of vegetable crops with frost blankets or low tun-
nels is also often used.

The role of nucleating agents around which
ice forms has provided other means by which
freezing injury of plant tissues may be avoided

(Skirvin et al., 2000). Ice crystals form on plant
surfaces around nuclei such as bacteria, espe-
cially if the leaf surface is wet (Wisniewski et al.,
2003). For these ice crystals to damage the
plant, however, they must penetrate through the
cuticle into the tissue. Coating the plant surface
with hydrophobic materials prevents that pene-
tration and can allow for significant super-cooling
(Fuller et al., 2003). Other approaches, such as
flooding the plant environment with bacteria
that are non-nucleating, have not succeeded
and aroused alarm among environmentalists
(Skirvin et al., 2000). It may be possible, how-
ever, to breed supercooling plants with waxy
cuticles and/or containing “antifreeze proteins”
(Duman and Wisniewski, 2014). Progress to de-
velop transgenic plants from transfer of genes
from insects conferring supercooling properties
has been slow, however, achieving only 1 to 3°C
protection (Duman and Wisniewski, 2014).

Moisture Effects

An adequate moisture supply during the grow-
ing period is a prerequisite for satisfactory pro-
duction of vegetable crops, since the harvested
product in most cases is high in water content.
Both lack of water, and excess water in the root
zone, can have detrimental effects on growth
and yield, and are stresses common to vegetable
production. It has been estimated that 70% of
crop losses to abiotic stress were due to drought
and flooding in 2000-2011, and that in 2011,
flooding accounted for 70% of that loss (Bailey-
Serres et al., 2012).
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Lack of moisture

Lack of moisture during part of the growing sea-
son is a common occurrence in the production
of vegetables in the field. Drought stress can
occur anytime, but it most often affects plants
during the main part of the season, when plants
are large enough to significantly deplete the soil
water resources. Initial effects of a drought
stress event are a reduction in expansion of leaf
and stem, closure of stomata, reduced relative
water content, and wilting of leaves (reviewed
by Farooq et al., 2009). In addition, leaf display
to the sun may be reduced through leaf rolling
(Blum, 1996).

As drought is prolonged, insufficient mois-
ture adversely affects production of assimilates
through reduced photosynthesis due to stomatal
closure (Fig. 4.7), leading to reduced respiration
rates and changes in assimilate allocation pat-
terns (Farooq et al., 2009). While translocation
of carbohydrates declines during water stress,
allocation to root systems is relatively less

Drought stress

Rublsco binding

inhibitors

ROS
production

inhibited in some species such as maize and cas-
sava (Robertson et al., 1990; Leach et al., 2011;
Duque and Setter, 2013). An increase of ABA in
the actively growing root tips coincides with this
root growth, and with the stomatal closure dur-
ing drought (Sharp et al., 2004).

The effect of drought stress can be most
damaging to plants at specific stages, adversely
affecting yield formation. For instance, low
water potential imposed on maize around pol-
lination allowed embryos to form, but caused
abortion and thus reduced kernel numbers
(Zinselmeier et al., 1999; Setter et al., 2001). Al-
though sucrose was translocated to the ovaries,
it was not converted to starch due to inhibition
of invertase activity.

Mitigating the adverse effects of drought
stress involves several factors. Some mechanisms
involve the escape from drought stress, such as
early flowering, deep rooting, or increased effi-
ciency of water use (Fig. 4.8) (Xue and McIntyre,
2011; Fang and Xiong, 2015). Others improve

Lower tissue water
potential

Lower Rubisco
activity

Lower activities of
PEPcase, NADP-ME,
FBPase, PPDK

Attack on
membranes

Down-regulation of non-
cyclic e-transport

Obstructed ATP
synthesis

Reduced
photosynthesis

Fig. 4.7. The regulation of photosynthesis under drought stress. As available water is reduced, plants
close stomata (plausibly through ABA signaling), which decreases CO, influx. Reduction in CO, not only
reduces carboxylation directly but also directs more electrons to form reactive oxygen species (ROS).
Severe drought conditions limit photosynthesis due to decrease in the activities of ribulose-1, 5-bisphos-
phate carboxylase/oxygenase (Rubisco), phosphoenolpyruvate carboxylase (PEPCase), NADP-malic
enzyme (NADP-ME), fructose-1, 6-bisphosphate (FBPCase) and pyruvate orthophosphate dikinase
(PPDK). Reduced tissue water content also increases the activity of Rubisco binding inhibitors (source:

Farooq et al., 2009).
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Fig. 4.8. Physiological and biochemical factors influencing crop productivity under drought stress (source:

Xue and Mclintyre 2011).

plant tolerance to the imposed stress through os-
motic protection and production of antioxidants.
In the area of stress protection, strategies to deal
with drought are quite similar to those that miti-
gate other abiotic stresses such as heat and chill-
ing temperatures (see Figs 4.2—4.5).

Avoidance of drought stress through graft-
ing onto adapted rootstocks has shown promise
recently for fruit-bearing vegetables (reviewed
by Kumar et al. 2017). In tomato, selection of
rootstocks for drought tolerance resulted in the
most drought-adapted grafted plants, regardless
of scion drought response (Altunlu and Gul,
2012). “Beaufort” and “Maxifort” were identi-
fied as most drought-tolerant of the rootstocks
tested. Vigorous root growth and nutrient up-
take was the basis of improved performance
under drought stress for tomato (Rouphael et al.,
2008; Sanchez-Rodriguez et al., 2014) and
watermelon (Rouphael et al., 2008). In pepper,
rootstocks selected for improved growth under
drought and also salt stress improved scion fruit
yield under both these stresses (Penella et al.,
2017). Stress tolerance coincided with higher
levels of leaf proline and a maintenance of
photosynthetic rates. Other grafting studies with
pepper resulted in variable top growth and yield
under drought stress conditions, depending on

the rootstock used, with some lines fostering
maintenance of fruit yield despite reduced foli-
age, and others the opposite (Lopez-Marin et al.,
2017). These studies emphasize that selection of
rootstocks and scions needs to be done under the
stress conditions.

Exploiting genetic differences in response to
drought stress is a strategy common to dealing
with other abiotic stresses considered in this
chapter. Where the stress factor can be routinely
imposed, selecting among contrasting lines can
be productive (e.g. Beebe et al. 2008 with com-
mon bean). In common bean, seed yield in dry
environments was correlated with efficient par-
titioning of assimilates to the developing seeds,
such as the pod harvest index (seed weight/pod
plus seed weight *100) (Assefa et al., 2013; Rao
etal., 2017). Although bean plants with strong,
vigorous roots tended to have higher yields
under drought stress, the practicalities of select-
ing for root type would be an obstacle (Polania
etal., 2017).

A comparison of drought tolerant and sus-
ceptible genotypes at the biochemical level has
indicated the importance of an active antioxi-
dant system to prevent oxidative stress damage
(Kusvuran and Dasgan, 2017). In addition,
accumulation of secondary metabolites and
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osmolytes such as proline were also part of plant
tolerance (reviewed by Kaur and Asthir, 2017).
Nair et al. (2008) made similar findings with two
cowpea cultivars differing in drought stress tol-
erance. The research shows that genetic changes
in key processes may provide ways of developing
lines with improved drought tolerance. Farman
et al. (2017) identified two groups of genes in-
volved in drought stress tolerance: those regulat-
ing the production of products that directly
protect against stress, such as late embryogen-
esis active proteins (LEAs), water channel pro-
teins and osmoprotectants, and those that
regulate the expression of other genes such as
transcription factors. They provide a table of
successful manipulations of such drought-
responsive genes in Arabidopsis, cereals and
other field crops, and thus indicate the promise
of such approaches for vegetable crops.

There has been some success in reducing
drought stress damage by application of exogen-
ous agents that counteract oxidative stress. For
instance, salicylic acid and acetyl salicylic acid
improved growth of Ctenanthe setosa (a tropical
foliage plant) (Kadioglu et al., 2011), reduced
stress of muskmelon seedlings (Korkmaz et al.,
2007) and counteracted drought, chilling and
heat stress in bean and tomato (Senaratna et al.,
2000). Similarly, application of salicylic acid or
the osmolyte glycinebetaine lessened drought
stress symptoms of sunflower at the flowering
stage (Hussain et al., 2008, 2009).

Flooding

Predictions of global climate change foresee ris-
ing sea levels, and increased incidences of severe
storms with excess water (Wuebbles et al., 2017),
so scientists working on vegetable crops can an-
ticipate more frequent encounters with flooding
stress. In addition, the need to use land for more
than one crop per season will require converting
rice fields that are commonly flooded, to produc-
tion of upland crops in the off-season (Lafta et al.,
2017), and thus will expose those crops to an-
aerobic conditions.

Research on the response of plants to flood-
ing has focused primarily on crops such as rice
that are grown in flooded soils (reviewed by Col-
mer and Voesenek, 2009; Jackson et al., 2009,
Bailey-Serres and Voesenek, 2010). The existence
of Oryza species that can grow in flooded condi-
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tions has provided genetic mechanisms of flood-
ing and submergence tolerance that are less
relevant to vegetable crops that are grown in
aerobic conditions. Flooding effects on field
crops and vegetables were reviewed by Rao and
Li (2003). In general, flooding resulted in stoma-
tal closure, reduction in elongation growth and
lower photosynthesis rates. Among vegetables,
only a few studies have been made to find species
differences in response to lack of oxygen in the
root zone. For instance, in an experiment with
potted plants, Cucurbita pepo was most flooding-
tolerant, followed by tomato and cucumber
(Walter et al., 2004 ). Bean was most susceptible
in the study. Jackson (1979) described the severe
growth inhibition of pea plants in flooded soils
after two to four days of flooding.

The degree to which adventitious roots
form and the rate of their formation on flooded
plants predicted recovery from flooding in to-
mato (Aloni and Rosenshtein, 1982). Adventi-
tious roots form in tomato in response to lack of
oxygen around the root system (Bradford and
Dilley, 1978), and the production of the ethylene
precursor ACC (1-aminocyclopropane-1-carboxylic
acid). Ethylene formation increased the trans-
location of auxin to the flooded part of the plant
and stimulated the growth of preformed root ini-
tials on stem and hypocotyl (Vidoz et al., 2010).
The translocation of ACC to the shoots of flooded
plants increased ethylene formation in the tops
and caused the epinastic curling of the tomato
leaves (Bradford and Yang, 1980). The closure
of stomata that was an early sign of flooding
was accompanied by an increase in ABA, but
was not affected by the ethylene build-up (Brad-
ford, 1983). Flooding resulted in a decrease of
cytokinin and gibberellin translocation from the
root system (Jackson and Campbell, 1979; Brad-
ford, 1983; Atkinson et al., 2008), and is likely
the cause of reduction of elongation growth.
Foliar sprays of cytokinins partially reopened
stomata in some experiments (Jackson and
Campbell, 1979; Bradford, 1983), but not in
others (Atkinson et al., 2008), and will require
additional research.

The formation of an anoxic root zone with
flooding implies that mineral nutrient uptake
will be directly affected (Rao and Li, 2003). For
legumes, depending on nitrogen fixation, flood-
ing deprives the plants of nitrogen gas, and
oxygen for respiration. For plants dependent on
inorganic N uptake, lower leaves develop nitrogen
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deficiency (Reed and Gordon, 2008), which can
be counteracted by N fertilization after stress re-
lief (Nakano et al., 2018). In peas, plant nitrogen
content was most decreased by flooding, whereas
the other major nutrients were less affected
(Jackson, 1979).

A major factor in the impact of flooding on
crops is the incidence of soil-borne diseases as a
result of anaerobic conditions in the root zone.
Pathogens such as Pythium, Rhizoctonia, and
Phytophthora occur frequently in flooded soils
and can adversely affect crop survival (Rao and
Li, 2003). For tomatoes grown in the tropics,
grafting tomato scions onto rootstocks resistant
to bacterial wilt disease (Ralstonia solanacearum)
such as eggplant has been essential to overcome
frequent plant death during the hot, wet grow-
ing season (Palada and Wu, 2007). Selection for
flooding resistance among pepper species identi-
fied lines of Capsicum baccatum, C. frutescens and
C. chacoense that improved bell pepper yields
when used as rootstocks in the hot, wet season
in the tropics (Palada and Wu, 2008). Shima-
mura et al. (2007) described the formation of
aerenchyma in the hypocotyl and adventitious
roots of sponge gourd (Luffa cylindrica) when
flooded, which suggests that this species may be
suitable as a rootstock for cucurbit vegetables in
flood-prone environments.

For many years, avoidance of flood-prone
soils has been a standard cultivation technique
among vegetable growers. When wet, low-lying
fields cannot be avoided, forming high beds that
aerate at least part of the rootzone is advisable, al-
though these plantings will be more drought-
prone if the anticipated wet season does not occur.

Salt Stress

While irrigation is often used to avoid the effects
of drought, the quality of soil and of the water
can reduce the efficacy of irrigation. It is esti-
mated that a third of irrigated lands are affected
adversely by salinity (Marschner, 2005), and that
3% of the earth’s surface has salt-affected soils
(Panta et al., 2014). The high sodium content of
many saline soils may also lead to destruction
of soil structure and reduced drainage, and
increases in waterlogging, which compounds the
severity of the salinity effect (reviewed by Singh,
2017). In addition, rising sea levels have sub-
jected more agricultural areas to flooding by

seawater, especially in southern Asian countries
such as Bangladesh and Pakistan.

The degree of soil salinity is measured by
the electrical conductance of a soil paste, in de-
ciSiemens per m (dS.m™!) (Marschner, 2005;
Scudiero et al., 2017). Soils can vary from non-
saline (0-2 dS.m™), through slightly (2—4), mod-
erately saline (4-8) to severely saline (>16 dS™!)
(Scudiero et al., 2017). For reference, it is useful
to know that seawater typically varies from 44—
55 dS.m™!, and only a few species of plants,
termed halophytes, can grow well at that salin-
ity level (Flowers and Colmer, 2008). Most veget-
ables show growth inhibition at low soil salinity
levels (Table 4.3), and attempts to improve salt
tolerance among vegetable and other crop spe-
cies has had limited success (Flowers, 2004). In
the following paragraphs, plant reaction to sal-
inity stress will be described, and progress
achieved among vegetables in overcoming this
stress factor is documented.

In addition to differences in salt sensitivity,
plant species differ in the threshold level of salin-
ity that begins the yield decline, and the slope
of the yield/salinity curve (Fig. 16.21 in Mar-
schner, 2005). Some halophyte species show
growth and yield increases as salinity rises,
while moderately salt-sensitive crops such as
beets have a gradual downward slope, in con-
trast to Phaseolus beans, that show steep decline
as the soil increases in salinity. Only a few crop
species used as vegetables would be considered
to be halophytes, and most are not grown or used
widely, such as quinoa (Chenopodium quinoa),
which can tolerate salinity levels up to 40 dSm™.
Others include the leafy vegetables New Zealand

Table 4.3. Salinity tolerance of vegetable crops
(Stepphun et al., 2005).

Crop Part harvested  Soil salinity?
Asparagus Spears 28.5
Bean, common Seeds 3.34
Beet, red Root 9.19
Cabbage Head 6.62
Carrot Root 4.26
Cucumber Fruits 6.02
Lettuce Leaves 4.83
Potato Tubers 5.54
Tomato Fruits 721

zSoil paste conductivity in dS.m™" that reduces yield of the
harvested part by 50% below that of the same crop grown
in a non-saline soil.
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spinach (Tetragonia tetragonoides), seaside purs-
lane (Sesuvium portulacastrum) (Panta et al.,
2014) and purslane (Portulaca oleracea) (Teixeira
and Carvalho, 2009). But the majority of vege-
table species would grow poorly in soils con-
sidered moderately saline (Table 4.3), and such
areas are common in areas of low rainfall. For
instance, in the dry western San Joaquin Valley
of Southern California, soil salinity surveys have
indicated that 45% of the 0.75 million ha of
agricultural land has salinity values of more
than 4 dS.m™ (Scudiero et al., 2017).

Plants grown in saline medium are affected
by salt in three major ways: i) water deficit in-
duced by low water potential of the rooting me-
dium, producing osmotic stress; ii) toxic effects
of Na* and CI ions, causing ionic stress; and iii)
induced deficiency of major nutrients such as
Ca?*, K* or Mg** (Marschner, 2005). The dehy-
dration effect is similar to effects of drought and
heat stress described above (Fig. 4.2), eliciting a
sequence of plant reactions to protect plant
membranes and restore growth (Wang et al.,
2003). The most immediate effect is a reduction
in leaf expansion, stomatal closure and lower
photosynthetic rate (Greenway and Munns,
1980). In non-halophyte species that try to ex-
clude salt from the root system (termed glyco-
philes), adaptation to counter the osmotic effect
requires the accumulation of organic solutes
such as sugars in the root system, and a reduc-
tion of above-ground surface area by increase in
leaf succulence (Greenway and Munns, 1980).
In halophytes, tissue tolerance of high levels of
Na* and CI allows these ions to accumulate to
assist in turgor maintenance.

The toxic effects of Na* and CI ions stems
from the inability of susceptible plants from pre-
venting uptake of these ions by the root system,
and from translocating them to the leaves via
transpiration (Munns, 2005). Lower leaves are
first affected, turn yellow and abscise, followed
by leaves higher on the plant. If the rate of leaf
death exceeds rate of new leaf formation, the
plant dies before the reproductive stage (Munns,
2005). Sodium ion translocation into above-
ground parts is via the xylem, where, if isolated
in leaf cell walls, it can accumulate to concen-
trations that again can cause dehydration of leaf
cells (Tester and Davenport, 2003). If taken up
into the cytosol, Na* exerts toxic effects by sub-
stituting for K* ions needed for the action of
many enzymes. Few of the accumulating Na*
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ions are removed from leaves through transfer
into the phloem, and translocation to growing
points in the shoot and root would cause further
toxic effects (Munns, 2005). It is thus apparent
that a key attribute of salt tolerant plants is to
exclude Na* from plant leaves. An inverse rela-
tion of leaf Na* concentration and salt tolerance
has been found in tomato (Hajibagheri et al.,
1987) and durum wheat (Munns, 2005). Up-
take of Na* and K* into the plant root system
and transport within the plant is controlled by
about 13 different gene systems, and thus would
be difficult to alter (reviewed by Munns, 2005).
While much research on the tolerance of
plants to salinity has focused on the influence of
Na*, the toxic effects of Cl™ ions are also import-
ant (Teakle and Tyerman, 2010). Sensitivity to
Cl is particularly great in some legume species
such as soyabean, but in Phaseolus vulgaris, shoot
Na* concentrations correlated inversely with
salt tolerance (Dasgan and Koc, 2009).
Differences in salt tolerances within species
may include characteristics of both salt exclu-
sion and inclusion. For instance, a study of six
tomato cultivars showed one relatively salt toler-
ant line to have low Na* and Cl- accumulation
in the leaves at 7 dSm™, while another allowed
higher levels of these ions in leaves without
damage (Alfocea et al., 1993). A salt-susceptible
cultivar was stunted by the same high ion levels.
The toxic effects of sodium chloride in the
soil on plant growth can be made worse by a lack
of uptake of other essential ions needed for
plant growth, especially Ca*? and K* (Marschner,
2005). Thus addition of gypsum (CaSO,) ameli-
orated growth of potato and beans growing on
saline soils. On the other hand, irrigation with
saline water increased Ca*? disorders such as tip-
burn of lettuce and of Chinese cabbage (Mizrahi
and Pasternak, 1985; Marschner, 2005), and
blossom-end rot of tomato. Providing additional
K* in the nutrient solution in order to reduce Na*
uptake may also be counter-productive by indu-
cing increased BER in tomato (Fan et al., 2011).
Changes in root and shoot hormone levels
when plants are exposed to salinity have increased
understanding of salt-induced injury, and sug-
gested adaptation mechanisms. In tomato, shoot
ABA levels increased within 24 h of exposure
to 10 dSm™ salt stress (Albacete et al., 2008),
whereas cytokinin levels decreased markedly in
the tops. In a similar study, senescence of lower
leaves of tomato seedlings was correlated with a
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decrease in zeatin and zeatin riboside content
(Ghanem et al., 2008). The important role of
cytokinin production by roots in protecting
against salinity was further supported by trans-
genic and grafting studies (Ghanem et al., 2011)
that increased root cytokinin levels and increased
tomato shoot growth in saline conditions.
Grafting tomatoes onto salt-tolerant root-
stocks has alleviated yield reductions from growth
at moderate levels of salinity (Estan et al., 2005,
Martinez-Rodriguez et al., 2008). Choosing root-
stocks that excluded Na* and CI from transloca-
tion to the tops boosted fruit yields by about 80%
compared to non-grafted plants of the same cul-
tivar when grown at 50 mM salt levels (7.3 dSm™).
A broader study to identify rootstock character-
istics associated with fruit yield under saline
stress indicated however that quantitative trait
loci that minimized changes in water status of
the tops were most important (Asins et al.,
2010). Sodium ion, phosphorus and copper con-
centration of scion leaves, as well as the propor-
tion of root weight were also positively associated
with performance in salt stress conditions, indi-
cating the multi-genic nature of salt tolerance.
Grafting studies with cucumbers also found
that rootstocks that reduce transport of Na* to
the shoot lessen the impact of moderate salt level
(6.7 dSm™) on yield (Colla et al., 2012). A com-
mercial cultivar of cucumber was grafted on a
Cucurbita maxima x C. moschata root, and grown
in either Na,SO, or NaCl solution (Table 4.4).
Yields, plant dry weights and elemental compos-
itions showed clear detrimental effects from the
two salt types. The rootstock reduced leaf Na*
concentration with both salt treatments, but
failed to prevent a buildup of Cl ions in leaves of
both grafted and ungrafted plants grown in NaCl
solution. The results indicate that Na* -excluding

roots can help cucumber performance at moder-
ate salt stress levels. A similar study by Zhen
et al. (2010) confirmed the efficacy of rootstocks
that exclude Na* from cucumber tops, but also
showed that oxidative damage played a role in
salt stress. Tolerance of salt stress was linked to
low hydrogen peroxide levels and high levels of
superoxide dismutase, peroxidase and catalase
enzyme activity in the roots.

Although the negative aspects of salinity
on plant performance have been emphasized in
this section so far, considerable recent research
has highlighted the positive effects of mild salt
stress on quality of the harvested vegetables
(reviewed by Rouphael et al., 2018). In general,
enhanced dry matter content, improved sugar
content, soluble solids (TSS) of fruits from salt
stressed tomato plants have been widely reported
(Leonardi et al., 2004; Krauss et al., 2006). In
some cases, Vitamin C, lycopene and f-carotene
were also increased (Krauss et al., 2006), while
in other studies, these were not affected (Leonardi
etal., 2004). Studies with melons (Cucumis melo)
showed similar improvements in fruit TSS (Botia
et al., 2005) when irrigated with water with an
EC of around 6 dSm™".

The timing of salt stress can in some cases in-
fluence the impact on yield and product quality.
With melons, Botia et al. (2005) found that re-
stricting salt stress to the fruit formation period al-
lowed fruit yields to be maintained, while TSS and
titratable acidity were enhanced. A similar experi-
ment with cauliflower decreased curd yields no
matter when salt stress was imposed, but in-
creased the level of some curd glucosinolates
(Giuffrida et al., 2017) (see also Chapter 15).

To take advantage of such productivity im-
provements would require production systems in
which salt water can be applied at will, such as

Table 4.4. Yield, plant dry weight and leaf elemental composition of cucumber grown on its own roots or
grafted on a Cucurbita maxima x C. moschata rootstock (Colla et al. 2012).

Element conc.

Market yield Dry weight, g.plant™ in shoot, mg.g™
Salt Graft
treatment treatment Kg.plant Shoot Root N Na* Cl-
Control None 3.76a 914a 79 41.6 0.57e 20.6
Grafted 3.82a 95.3a 8.3 40.6 0.52e 24.0
Na,SO, None 2.20cd 571c 6.8 38.5 22.8a 28.2
Grafted 2.66b 67.9b 7.7 38.9 8.4c 30.1
NaCl None 2.09d 50.0d 5.9 33.1 14.4b 58.8
Grafted 2.33bc 57.8¢ 7.3 35.5 4.3d 54.3
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in greenhouse hydroponic operations. For field
plantings, sources of saline water, as from wells,
would need to be available (Botia et al., 2005), but
abuild-up of salinity in fields where such methods
are used would be a concern. In general, achiev-
ing the salinity level that minimizes yield depres-
sion but maximizes product quality in fluctuating
climatic conditions is likely challenging.

Breeding and selection for improved salt tol-
erance has been a research objective for many
years, but has had only limited success, given the
multi-genic nature of stress (Flowers, 2004). As
shown in the first section of this chapter, several
stresses trigger similar responses in the plants
(Wang et al., 2003, and Fig. 4.3). For instance, to-
mato plants have been genetically engineered to
increase the glycinebetaine content under salt
and drought stress and thus confer greater toler-
ance to these stresses (Deepa et al., 2011). Simi-
larly, tomatoes expressing high levels of osmotin
have shown greater tolerance to these stresses
(Goel et al., 2010). A third approach introduced a
cell wall extension and reconstruction gene from
hot pepper (xyloglucanendotransglucosyl-ase-/
hydrolase) into tomato and improved both salt
and drought stress tolerance (Choi et al., 2011).

Concentrating on genes that regulate Na*
compartmentalization in vacuoles, Zhang and
Blumwald (2001) developed salt-tolerant tomato
lines that accumulated Na* in leaf vacuoles but
not fruits, and enabled plant growth in 200mM
NaCl. The overexpression of a vacuolar Na*/H*
antiport gene from Arabidopsis markedly increased
salt tolerance. Gouiaa and Khoudi (2015)
achieved similar results with an overexpressed
antiport gene from tobacco. Work with squash
often used as rootstocks for cucumber identified a
high affinity K transporter that is important in
Na* transport in roots. When transgenically ex-
pressed in cucumber, the CmHKT1;1 gene facili-
tated the transport of Na* out of root xylem cells,
reducing Na* transport to the tops (Sun et al.,
2018). When these transgenic plants were used as
rootstocks for cucumber, salt tolerance was en-
hanced. This focus on transporter genes summar-
ized by Zhang et al. (2004 ) appears promising, and
will hopefully result in crops tolerant to salt stress.

At the cellular level, plants deal with salt
stress by the expression of several SOS (salt-overly-
sensitive) protein kinases in the roots, that regu-
late extrusion of Na* into the soil solution, and the
loading into the xylem stream (Zhu, 2016).

The wider-ranging approach of comparing
gene expression of plants either grown under
non-saline or saline conditions has resulted in
identification of many gene systems involved in
salt stress response in radish (Sun et al., 2015,
2016), broccoli (Tian et al., 2014) and melon
(Wang et al., 2016). These studies emphasize the
complexity of genes involved in salt stress re-
sponse, and hint that lasting salt-tolerance may
be a distant goal in vegetable crops.

Concluding Remarks

The stress factors impacting vegetable crops re-
viewed in this chapter can be grouped into those
that can be avoided or moderated by physical
structures, such as covers to mitigate cold, and
irrigation to overcome drought. Heat, flooding,
and salt are more difficult to avoid, and threaten
to occur more frequently in this era of rapid cli-
mate change. It is fortunate that all these stres-
sors have an effect in common: they subject the
plant to dehydration and water loss, and thus
elicit common reactions such as stomatal clos-
ure, osmotic adjustment, and the production of
antioxidants. The similarity of responses thus
produces the opportunity to cross-protect the
plant from one stress by preceding that stress
with a mild form of the same or another stress.
This priming process has often been used, for in-
stance in hardening transplants before exposing
them to a harsher field environment. It is also
possible to develop, through plant breeding,
plants that are “pre-primed,”or more resistant to
abiotic stress factors, but the cost of having
higher levels of osmotic substances in place on
plant productivity needs to be considered. It is
apparent that considerably more effort is needed
to translate our understanding of fundamental
reactions of plants to abiotic stress into improved
plant productivity under field conditions.
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Modern science is characterized by a rapid in-
crease of new knowledge, revealing more of the
details of our natural systems. Inevitably, as the
scope of our scientific understanding gets nar-
rower, the deeper we get into detail. In the 17"
century, René Descartes (1596—1650) proposed
to study complex problems by splitting them up
into smaller parts. This reductionism has led sci-
entists to “know more and more about less and
less until they know everything about nothing”
(Konrad Lorenz). Thus, modern science faces the
problem to integrate all the bits and pieces of
knowledge in order to solve problems in complex
systems. This is the background of the develop-
ment of systems science and systems modeling
during the course of the 20" century. In crop
physiology, the challenge is to predict the physio-
logical response to soil, climate, and manage-
ment interventions on the crop level from our
knowledge on the process level.

Vegetable Systems and Models

Vegetable crops are complex biological systems
exchanging matter and information with their
physical, biological, and human environment.
Their complexity results from the multitude of
structural units interacting with each other. The
plants, the atmosphere, and the soil surrounding
it, the other organisms around (pests, weeds, etc.),
and the human interference are also a system of

its own kind. This could be called a cropping
system or an agro-ecosystem, of which the crop
system—composed of the crop plants, which
mutually affect each other, for example, by
competition, protection, facilitation of disease
transmission etc.—is a part. This illustrates that
systems can be defined on various hierarchical
levels, and each level has “emergent” proper-
ties, i.e. characteristics, which are unique for
the particular hierarchical level (Trewavas,
2006). For example, leaf area index is a trait
that is specific for the crop level, whereas photo-
synthetic capacity is typically expressed on the
leaf level.

The vegetable crop system can not only be
considered a component of a cropping system,
it can also be subdivided into its components,
which are the individual plants (Fig. 5.1). The
plant system consists of different organs, i.e.
leaves, stems, flowers etc. These are composed of
various tissues, the latter of cells containing
organelles, etc. In short, systems are composed
of subsystems which are systems on their own.
The hierarchical structure of systems means
that a system can be decomposed to study its
individual components (= subsystems), and the
components can be reassembled to the system,
provided that the relationships between them
are known. In biological systems, these relation-
ships are fluxes of matter and information, but
also structural and geometric relationships like
vascular connections or the position in space.
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Fig. 5.1. Layers of organization of biological models across temporal and spatial scales. The y-axis
represents real-time in which changes occur at each biological level; the x-axis represents the relative
size or space which the biological level encompasses. The arrows indicate possible direct interactions
among scales. Organ level image from Kim et al. 2001 (Marshall-Colon et al., 2017).

The complexity of (biological) systems is due
to the potential of splitting them up into their
components over and over—as Augustus de
Morgan in A Budget of Paradoxes (second edition,
ed. D.E. Smith, 1915) has put it:

Great fleas have little fleas upon their backs to bite 'em,

And little fleas have lesser fleas, and so, ad infinitum.

Models are simplified representations of
reality. Simplification helps us to distinguish
the more important from the lesser important
features of a system. What is important and
what not lies, however, to some degree in the
judgment of the modeler. Models are therefore
subjective. But the adequacy of the model
structure and the importance of certain com-
ponents also depends on the purpose of the
model. Therefore, there is no “universal” model.
In their review of crop modeling in horticul-
ture, Gary et al. (1998) distinguish between
models for plant production, research models,
decision and policy analysis models, and
models for teaching. While these categories ap-
pear somewhat arbitrary, it is obvious that
there is a great diversity in concepts which will
be highlighted in this chapter. As a matter of
fact, almost all existing mathematical vege-
table crop models can be categorized as research
models—with little direct impact on practical
vegetable production, probably with the exception

of the “growing degree day” models used ac-
tively in predicting harvest scheduling. The
purpose of research models is not only to
better understand crop growth and develop-
ment by integrating process descriptions,
but also to identify gaps in our understand-
ing which become evident when model pre-
dictions and (experimental) reality diverge.
Of course, no model can be better than our
understanding of its underlying physiology.
In this chapter, we therefore focus on models
that aim at improving systems understand-
ing at the crop level. We will evaluate ap-
proaches for process description as well as
model concepts.

Mathematical Models of Crop
Development

Temperature and daylength are the driving vari-
ables for plant development. For many develop-
mental processes, linear relationships between
the daily developmental rate r, (d') and tem-
perature have been observed:

n=a,T-T,) (1)

where T is the ambient temperature and T, is

the base temperature, i.e. the temperature below
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which the developmental rate is 0, and a, is a
coefficient. For a, often the reciprocal of the
thermal time required to reach a certain stage is
used. For example, if a temperature sum of 200°C-d
is required for the expansion of aleaf and T, = 0,
then a mean temperature of 20°C would result
in =555 (20-0)°C=0.1d". Eqn.1 holds
only for temperatures above T,, and below the

optimum temperature, T, theb temperature at
which r, is maximal. Below T, the development
rate r, = 0. For example, the rate of progress to
ripening of tomato fruits (Adams et al., 2001)
and maturity of snap beans (Jenni et al., 2000)
has been modeled as a linear function of tem-
perature, with base temperatures of 5.7°C for
fruits of tomato cultivar “Liberto” and 0°C for
the snap bean cultivars “Goldrush,” “Teseo,”
“Labrador,” and “Flevoro.” A compilation of
base temperatures for various vegetable species
can be found in Maynard et al. (2007).

In vegetable crops, models of development
can be used for the prediction of harvest time
or for scheduling planting dates. In peas it has
been standard procedure to estimate harvest
time that is cultivar-specific with temperature
sums. Using different base temperatures for the
pre- and post-emergence phases was found to
increase accuracy of prediction compared to
utilizing one base temperature throughout (Friis
etal., 1987). Nevertheless, temperature sums for
optimal harvest may vary with seasons, which

makes tenderometer measurements indispens-
able (Fallon et al., 2006). To estimate the prob-
ability of bolting in celeriac, Alt and Wiebe
(2001) developed a transformed logistic func-
tion of temperature to calculate vernalization
and de-vernalization (= negative vernalization)
rates. Accumulated vernalization rates were re-
lated to bolting frequency in a saturation-type
function.

In reality, the development rate r, decreases
above T until a ceiling temperature, T, above
which the development rate r, = 0. To also de-
scribe the decreasing development rates above
T, Yin et al. (1995) developed a model based on
the beta function:

ry=a,(T~T,)"(T, ~1)° (2)

where a and p are parameters. Figure 5.2
shows as an example the temperature de-
pendence of the development rate of cassava
from sowing to emergence. Yin et al. (1995)
also present applications of the same function
to leaf extension and vegetative development of
maize. A similar approach based on the beta
function has been proposed by Zhou and Wang
(2018) and applied for predicting wheat and
maize development:

0
~To

Tp
— =Ty \( 1T \ 11
rd - rdnulx [T ,ll,] ][ﬁ) To~Tp
oIy J\Ue=lo

o T>T
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Fig. 5.2. Rate of development from sowing to emergence in two cassava cultivars as a function of
temperature as modeled with a beta function (Yin et al., 1995).
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where r, isthe maximum rate of develop-
ment. Combined exponential relationships yield-
ing similarly shaped curves have been used to
describe temperature response of germination
and storage root growth of Brassica species
(Andreucci et al., 2016).

Often development is not only temperature
driven, but also influenced by daylength. To com-
bine photoperiodic and temperature effects, the
concept of photothermal time as the accumulated
product of temperature and relative daylength
is used (Masle et al., 1989; Brachi et al., 2010).
Extending eqn. (1) by the relative daylength I, i.e.
the daylight hours as a fraction of the 24 hours
yields the photothermal development rate r =

1y =, (T=T,) (4)

When calculating photothermal develop-
ment rates, Masle et al. (1989) propose to give
the temperature of the daylight hours greater
weight than nighttime temperatures. Some pro-
cesses occur only above a certain minimum
(base) photoperiod P,. The relationship

ry=max 0, | (P=R)+ [TLAp-k)] |1 (5)

-1

was shown to give a good description of bulbing
in onions (Searle and Reid, 2016).

If development is limited by water availabil-
ity, as may be the case in germination, develop-
ment rate can be expressed as the product of
effective temperature and effective soil water
potential (Gummerson, 1986; Rowse and
Finch-Savage, 2003). Similar to the thermal de-
velopment rate r,in eqns. 1-5, the hydrothermal
development rate r,, can be written as:

Iy =y (¥ =¥)(T-T,) (6)

Rowse and Finch-Savage (2003) have used
this concept to quantify the germination rates of
onions and carrots (Fig. 5.3).

A critical point of using temperature sum for
prediction purposes is that the recorded tempera-
ture, often the air temperature, is not always
equal to the plant temperature. The difference be-
tween air and plant temperature strongly depends
on the factors related to the light environment
and the transpirational demand of the plants
(Maes and Steppe, 2012), and should be taken
into account when modeling crop growth (Parent
etal., 2018).

Artificial neural networks (ANN) are self-
learning structures that may also be employed

(b)
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Fig. 5.3. The effect of temperature and water potential on the germination rate (1/T50) of carrot (a) and
onion (b) seeds. T, and ¥, are 1.9°C and —0.84 MPa, respectively, a, (egn. 6) is 1/48.2 (MPa °C d)".
Closed circles ¥,=0; open circles ¥,=0.18; closed squares, ¥,=0.28; open squares ¥,=0.39; triangles,
¥,=0.51 MPa, respectively (Rowse and Finch-Savage, 2003).
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to predict plant development. In peas, a maturity
index for harvest planning was predicted with an
ANN using radiation, rainfall, temperature (heat
units), and an early/late plant indicator. With a
lead time of seven days, the ANN produced an
error lower than with the conventional manual
method with a lead time of only two days, mean-
ing that the ANN gave much more time for har-
vest planning (Higgins et al., 2010).

Mathematical Models of Crop
Growth

The description of plant growth with mathem-
atical models has its roots in the 19" and early
20" century with attempts to quantify growth
as dependent on the most limiting growth factor
(e.g. by Liebig’s law of the minimum or Blackman'’s
optima and limiting factors—El-Sharkawy, 2011).
While these early models could be considered stat-
istical or empirical, improved physiological under-
standing and computing power has led to the

development of more mechanistic models and
the incorporation of genetic information.

Empirical crop models

A straightforward way to quantitatively describe
the growth of vegetable crops or organs is the
use of growth functions. These allow quantify-
ing the dry or fresh weight W as a function of
time t. The derivative of this relationship at any
point in time yields the actual growth rate.
Therefore, growth functions can be developed
from equations for growth rate by integrating
them over time (Hunt, 1982). For example, if
the growth rate g of a plant or crop is constant,
the integral yields a linear function of weight W
depending on time t (Table 5.1). The assumption of
a constant relative growth rate leads to the expo-
nential growth function, and if the growth rate is
proportional to the “growth still to be made’,” i.e.
the difference between the actual and the final
weight, we obtain the monomolecular function.

Table 5.1. Some common growth functions for weight W as a function of time ¢

Growth rate Growth function Parameters
. aw
Linear growth = - g =const. W=W,+gt g: growth rate
. aw 1t .
Exponential growth ot rw W=We r: relative growth rate
aw at ) .
Monomolecular o =aW, -w) W=W,(1-be™™) W,: final weight
growth a: parameter describing the
intensity of resource acquisition
b =1-W/W,
Logistic growth aw _aW; W), __W — W;: final weight
at W 1+be a: parameter
o b=W/W-1
Richards aw _aW Wiy oy W W, final weight
a c W (1+be ™) a, b, c: parameters
aw peat ) .
Gompertz gt =a(-inWw)w W=We W, final weight
a,b: parameters
Weibull aw _ abt™' (W, -w) W=w(1-e*) W, final weight
dt a: scale parameter
b: shape parameter
Expo-linear % =rW W= C;—’”In(1 + e’m“"‘))) c,: max. growth rate

r.: max. relative growth rate
t,: “lost time”

Sources: Hunt (1982), Goudriaan and Monteith (1990).
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The logistic growth function combines both as-
sumptions, the proportionality of the growth
rate to the existing weight and to the growth still
to be made.

In plants or plant organs, linear, exponen-
tial, or monomolecular growth of crops can be
observed only for limited periods of time. Expo-
nential growth occurs when the size of the
growing organ or organism is more limiting
than the resources necessary for growth, which
is the case during early phases of growth. In
contrast, monomolecular growth takes place to-
wards the end of the growing period of an organ

or organism, and between exponential and
monomolecular phases growth is often nearly
linear for some time. The sigmoidal growth func-
tions (e.g. the logistic, Gompertz, Weibull, and
Richards function) allow us to describe such
situations.

Application examples include the use of the
logistic function for describing fruit production
of zucchini and sweet pepper (Lacio et al., 2015);
the Gompertz function proved to be a good model
to predict growth of lettuce (Tei et al., 1996a)
and to describe fruit growth of tomatoes at dif-
ferent temperatures (Fig. 5.4).

(A) 100
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E

35—
3.0~
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2.0
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0.5
/

Absolute growth rate (cm? per day)

s 1/ ; N
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60 80 100

Days from flower opening

Fig. 5.4. The effect of heating or cooling individual trusses on growth (A) and absolute growth rates (B) of

tomato fruit grown at 15(e,

), 20(0,- - -), and 25°C (m,— - —). Points represent the mean volume of ten

fruits calculated assuming fruits are spherical. Lines represent a Gompertz function (Adams et al., 2001).
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The Gompertz function was also applied to
describe the cumulative yield of Phaseolus beans
grown as a winter crop under different climatic
conditions in Spain (Lépez et al., 2008). The func-
tion parameters could be related to the mean
daily air temperature and the radiation integral
over the harvest period. The Richards function was
used for various processes of matter accumula-
tion in vegetable systems, for example, to quantify
fruit growth of tomato (Heuvelink and Marcelis,
1989) or nitrogen uptake by a number of vege-
table crops (Feller and Fink, 1996). In addition
to the above, Faridi et al. (2015) presented four
novel sigmoid growth functions, namely Pareto,
extreme value distribution, Lomolino, and cumu-
lative p-P distribution, which so far have not been
used in applications with (vegetable) crops.

Vegetables are often harvested during their
linear growth phase, i.e. they go only through the
exponential and linear growth phases and do not
reach the phase of decreasing growth rates as, for
example, cereals that are harvested at physio-
logical maturity. This combination of exponential
and linear and growth phases is represented by
the expolinear growth function (Goudriaan and
Monteith, 1990; Monteith, 2000), which has
been used for growth prediction of peas and faba
beans (Dennett and Ishag, 1998), pak-choi (Cho
et al., 2015), onions and red beet (Tei et al.,
1996a), lettuce and cauliflower (Aikman and
Scaife, 1993), sweet pepper (del Amor et al.,
2008; Kim et al., 2013), cucumber (Gémez-Lopez
etal., 2004), and potato (Yuan and Bland, 2004).

The simplicity of empirical crop models is
advantageous for rough prediction but often
raises criticism of lacking physiological and
mechanistic insights. Although the parameters
of an empirical crop model may be physiologic-
ally interpretable (Table 5.1), they incorporate
the effects of the environmental conditions, in
which they are determined, on the physiological
functions. This means that the model parameters
can be only applied to a restricted range of envir-
onments and parameter differences between
genotypes can be the result of complex inter-
actions between genotype and environment.

Mechanistic crop models

Mechanistic crop models describe the processes
of crop growth and development at various
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levels of detail. Process-based simulation model-
ing of crop growth became possible by the end of
the 1960s when computer power allowed the
synthesis of crop physiological processes (Bou-
man et al., 1996). The early models described
growth predominantly on the level of “poten-
tial,” i.e. not limited by water and nutrients, nor
reduced by pests, weeds, or diseases. Dry matter
production as the result of photosynthesis and
respiration, and dry matter partitioning as a
function of light and temperature were the main
processes (Fig. 5.5). From about the 1980s on,
limiting factors such as water or nitrogen were
given increasing attention by modelers. Evapo-
transpiration and nitrogen uptake and parti-
tioning had to be coupled with soil processes
such as water transport and nitrogen mineral-
ization. More recent developments comprise ef-
fects related to climate change (CO,, heat) and
genetic effects.

Light interception and light use efficiency

Light energy is the driving force of plant growth.
Models of light distribution in plant canopies
provide the information necessary to calculate
dry matter production or photosynthesis. In
principle, light can either be absorbed, transmit-
ted, or reflected by the green surfaces in a plant
canopy. A major contribution to our under-
standing came in 1953 from the finding by Mon-
si and Saeki (2005) showing that light behaves
in homogeneous canopies according to Beer’s
law (Beer, 1852), meaning that the fraction T of
light being transmitted through a canopy de-
pends on leaf area index penetrated, L, and the
light extinction coefficient k:

T=—=¢" (7)

where I and I, are the light intensities below and
above leaf area index L.

The light extinction coefficient is an empir-
ical dimensionless factor characterizing the up-
take efficiency of a unit of leaf area, and typically
ranges between 0.5 and 0.8 in vegetable crops,
for example, 0.66 and 0.68 have been found for
lettuce and red beets (Tei et al., 1996b), 0.71 in a
young tomato canopy and 0.45 in a closed to-
mato canopy (Chen et al., 2014b), and 0.55 for
cauliflower (Kage and Stiitzel, 1999). Ignoring
light reflection from the canopy surface, the sum
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Fig. 5.5. Diagram of the relations in a typical “School of de Wit” crop growth model (SUCROS) for potential
production. Boxes indicate state variables, valves indicate rate variables, circles auxiliary variables, solid
lines (arrows) the flow of matter and dotted lines the flow of information (Bouman et al., 1996).

of relative light transmission, T, and relative light
interception, Q, equals 1, thus T and Q may as-
sume values between O and 1. This simple ap-
proach of calculating light interception holds for
most field vegetable crops, as their canopies, at
least in later stages of development, meet the as-
sumption of a homogeneous medium. For dis-
tinct row crops or other heterogeneous canopies,
however, complex radiation transfer models that
are based on separation of the canopy into small
elements are more appropriate (Chelle and
Andrieu, 1999; Rohrig et al., 1999).
Multiplication of Q with the radiation inte-
gral over a certain period of time, S, results in
the light interception integral which together

with light use efficiency ¢ is in many models used
to calculate dry matter production of a canopy
over a given period (Monteith, 1977):

w =€e0S (8)
dt

Light use efficiency is an empirical value,
ranging typically between 2 and 4 g dry matter
per MJ photosynthetically active radiation inter-
cepted (eg. for cauliflower-Kage and Stiitzel,
1999). This corresponds to the 5-8 g CO, fixed
MJ™! reported by Warren Wilson et al. (1992) for
ambient CO, concentrations. Gallardo et al.
(2011) report light use efficiencies as high as 5g
MJ! PAR for the vegetative phase of muskmelon
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in Spain, which decreased to 3.2 g MJ™! in the
generative phase. For greenhouse cucumbers
and tomatoes grown under 1200 ppm CO,, light
use efficiencies of 5-8 and 7-10 g CO, MJ™" are
reported under ambient and enriched (1200 ppm)
CO, concentrations, respectively (Warren Wilson
et al., 1992). Light use efficiencies also tend to
increase with decreasing light intensity. For
cauliflower crops growing under mean PAR in-
tensities between 5 and 9 MJ m d!, calculated
light use efficiencies ranged between 3 and
4.2 g MJ! (Kage et al., 2001). Differences in
mean PAR between experimental sites can be
the reason for large variations of the reported
¢ values in one and the same crop species (Chen
et al., 2019). Van Oijen et al. (2004) derived a
simple relationship relating light use efficiency
to light intensity I,

oy
—_— 9
1+ okl ©)
P.0

max:

E=

where a is the quantum efficiency of photosyn-
thesis, y is the conversion efficiency from CO, to
dry matter, k is the light extinction coefficient,
P the photosynthetic capacity and 6 the
photoperiod duration. Differences in mean PAR
between experimental sites where ¢ is estimated
can be the reason for the large variations of the
reported € values in a crop species.

A model for the prediction of harvest date
of broccoli simulates the growth of individual
plants as a function of light interception and
light use efficiency (Lindemann-Zutz et al.,
20164, 2016Db). To estimate the start of inflores-
cence growth it utilizes an optimum function of
temperature to predict vernalization. Above-
ground dry matter produced is partitioned into
stems, leaves and inflorescences. Harvest begin
is defined to occur when the fresh weight of
inflorescence and a 10 cm stem section reach
a total weight of 500 g. Harvestability of a plant
ends when the inflorescence fresh weight ex-
ceeds 500 g. The variation in head weight is
generated in the model by assuming a normal
distribution in vernalization rates.

Photosynthesis

Photosynthesis is usually measured as CO, up-
take with gas exchange equipment such as the
Li-Cor 6800 (Stinziano et al., 2017) on the leaf
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level. Net photosynthesis rate P, can be ex-
pressed as a function of the limiting factors, light
intensity I incident on the leaf, and ambient CO,
concentration C. A simple function easy to par-
ameterize is the rectangular hyperbola (Acock
etal., 1978):

P, :LCH,RL{ (10)
ol +1C,

where a is the light utilization efficiency, 7 is leaf
conductance to CO, transfer and R, is day respir-
ation rate. However, crop physiologists are often
interested in the performance of the entire can-
opy and therefore single leaf photosynthesis
needs to be integrated over the leaf area of the
canopy to obtain canopy photosynthesis rate P :

7C, okl +(1-m)C,

P=—"4In

) -R
k

oke™ +(1-m)C, (1)
Io here describes the light intensity incident on
the canopy surface, k is the canopy light extinc-
tion coefficient and m is the leaf transmission
coefficient (Acock et al., 1978). A major short-
coming of this approach is the assumption that
all leaves in the canopy have the same proper-
ties, for example, the same photosynthetic
capacity which is clearly not realistic. The fact,
that (photosynthetic) protein concentration
decreases from canopy top to bottom leaves, to-
gether with the assumption that photosynthetic
protein concentration is proportional to photo-
synthetic capacity is represented in the canopy
photosynthesis model of Johnson et al. (2010).
Recently, a mechanistic model describing the
protein turnover (synthesis and degradation)
has been proposed to simulate the concentration
of photosynthetic protein into the canopy depth
(Pao et al., 2019). In this model, protein synthe-
sis rate of a leaf depends on the light energy re-
ceived by the leaf and the nitrogen availability.
For simulating C, photosynthesis on the
basis of biochemical processes, the model of Far-
quhar et al. (1980), often referred to as the FvCB
model, has become a standard. It considers CO,
assimilation rate A to be the result of the two pro-
cesses catalyzed by Rubisco, carboxylation and
oxygenation, and day respiration, taking place at
rates V, V and R, respectively (Table 5.2).
Photosynthesis rate is considered limited by ei-
ther Rubisco (RuBP saturation), RuBP electron
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Table 5.2. Additional equations of the FVvCB model for C, photosynthesis (Caemmerer, 2013).

Assimilation rate

Ratio of oxygenation to carboxylation ¢:

Chloroplast CO, concentration for A = 0 (when R, = 0), I'* (¢=2):

Photorespiration F (=0.5 oxygenation):

RuBP saturated rate of Rubisco

RuBP saturated rate of CO, assimilation:

A=V, 0.5V, -R,
A=V, (1-0.5¢)-R,

A [112_‘/%“ K. O

(P B V B CC KO chax 070

transport (RuBP limitation), or triose phosphate.
Actual rate of photosynthesis A is the minimum
of the three rates:

A:min{AC, Aj,Ap} (12)
with
Rubisco limited A:

A -G R, (13)

C.+K, 1+£
KO

Electron transport limited A:
C, —I'x

=30 7s0e) R (14)

Triose phosphate limited A:
A, =3T,-R, (15)

where C, and I'* are the chloroplastic and com-
pensatory (when A = 0 if R,=0) CO, concentra-
tions, O is the chloroplastic oxygen concentration,
K, and K are Michaelis-Menten constants for
carboxylation and oxygenation, respectively, Tp
is the rate of inorganic phosphate supply to the
chloroplast, and ] is the potential electron trans-
port rate:

12 + ]max - \/(12 + ]mux )2 - 4912]mux
J= 20 (16)

where I, is the light absorbed by photosystem II
(ca. 36% of the incident irradiance), ] is the
maximum electron transport rate and € is a
curvature factor. For details of the model see
Caemmerer (2013). This model can be also ex-
tended for C, plants (Massad et al., 2007). Gas-
exchange in combination with chlorophyll
fluorescence measurements have become a
standard to estimate the parameters of the FvCB
model. Despite the large number of methods
proposed (e.g. Su et al., 2009; Bellasio et al.,
2016; Moualeu-Ngangue et al., 2017), it
seems to exist neither a golden standard of
measuring procedures nor for model parameter-
ization.

Stomatal control

Since internal CO, concentration crucially de-
pends on the opening of stomata, models pre-
dicting stomatal conductance are a prerequisite
for biochemical photosynthesis models. Stomatal
control is one of those fields where substantial
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biophysical process knowledge is available, but
the “control strategy” on the plant level is still
speculative. A widely used approach is the
semi-empirical Ball-Berry-Leuning model (Ball
etal., 1987; Leuning, 1995):

@A
gu=9ot——— 7 (17)
(c, —r*)[1+sj
‘ D

0

where g_ is stomatal conductance for CO,, A is
the assimilation rate; D, and C_are the humidity
deficit and the CO, concentration at the leaf sur-
face, respectively; g, is the conductance as A—0,
and D, and a, are empirical coefficients. Under
drought stress, stomata close under the influence
of root signals (Davies and Zhang, 1991). Of three
model approaches tested to estimate the effects of
drought stress on cauliflower crops, a simple em-
pirical approach based on a linear-and-plateau
relationship between stomatal resistance r, and
soil water potential y in the root zone resulted
in the best model efficiency (Kochler et al., 2007):

rs,min WS Z WSI‘S
Fo =T T Mg J02(|Ws ) W > W > Yoy,
¥ min Vs SVpyp
(18)
wherer. andr _denote minimum and max-

s,min s,max

imum stomatal resistances, respectively, v de-
notes the soil water potential threshold at which
stomata begin to close,and mg =r_ /log( |y, |)-
More than 35 empirical stomatal models have
been proposed, as summarized in Damour et al.
(2010).

To overcome the empirical part of present
approaches, research tries to combine process-
based and goal-directed “optimality” approaches
(Buckley, 2017). An example of this is the model
of Sperry et al. (2017) that calculates stomatal
conductance from the maximum difference
between photosynthetic “gain” and hydraulic
“cost” functions.

Dry matter partitioning

In most models, dry matter partitioning is the
process which distributes the dry matter from a
dry matter or assimilate pool into the individual
organs. Many models partition dry matter with
empirical factors, often dependent on ontogeny
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(eg. Pearson et al., 1997; Soltani and Sinclair,
2011) or based on allometric relationships
(Stiitzel et al., 1988; Kage and Stiitzel, 1999;
Stiitzel and Aufhammer, 1991). A more func-
tional approach is the concept of source- and
sink-driven partitioning. Assuming that fruit
growth is sink limited, dry matter partitioning to
individual cucumber fruits was modeled by
multiplying the total available assimilate flux
with a partitioning factor for each fruit (Heuve-
link and Marcelis, 1989; Marcelis, 1994). Parti-
tioning factors f, were calculated as the fractions
of the individual fruit’s sink strength to the total
sink strength of all growing organs. The sink
strength S, of an organ i can be defined as its po-
tential, i.e. not source limited, growth rate:

S,(t)

ﬁ(t):Zéi(t)

(19)

Experimentally, this source-unlimited growth
rate has been determined by pruning competi-
tive sinks, for example by leaving only one fruit
per truss in tomato (Li et al., 2015) to make sure
that assimilate supply is not limiting. The poten-
tial growth rates for each organ can then be
modeled over (thermal) time deriving a sig-
moidal function like the Richards (Heuvelink
and Marcelis, 1989; Marcelis, 1994) or the
Gompertz (Li et al., 2015) function. Wiechers
et al. (2011) obtained more realistic results for
dry matter partitioning in cucumber when they
included fruit abortion and the dominance of
older (bigger) fruits over younger (smaller) ones.
Abortion was modeled to occur when the ratio
A, between the assimilates available for fruit
growth and the sum of the sink strengths fell
below a certain threshold. Likewise, dominance
was assumed when the above ratio fell below a
threshold D,. Simulations obtained best results
with thresholds D,= 80% and A,=30% (Wiechers
etal., 2011).

In asparagus, length growth of individual
spears was modeled as a function of soil tem-
perature around the spear tip, the spear length,
and the soluble carbohydrate concentration of
the storage root system (Graefe et al., 2010). To
include the effects of local growing conditions
of individuals plant organs and their spatial
relationships, the source-sink concept for par-
titioning has been incorporated into functional-
structural plant models (FSPM, see below). This
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has been shown for example in kiwi (Cieslak
etal., 2011) and peach (Allen et al., 2005).

Nutrient dynamics

Estimating nitrogen fertilizer requirement to im-
prove fertilizer application has been the objective
of several models. The N_ABLE model (Green-
wood, 2001) calculates a potential maximum
nitrogen uptake rate based on the plant growth
rate (modeled with a temperature sum function)
and a critical nitrogen concentration, i.e. the
plant N concentration necessary for optimal
growth (Fig. 5.6). For these critical nitrogen con-
centrations N, empirical power functions of
plant dry weight W are common:

where a, and b are empirical coefficients
(Table 5.3).

This potential actual nitrogen uptake rate is
reduced as dependent on the available soil N con-
centration, which is the sum of the nitrogen
released through mineralization of soil organic
matter and fertilizer application. A significant
part of the model deals with root growth and soil
processes like N mineralization and transport.
The N_ABLE model has been extended and re-
vised with respect to routines for root develop-
ment, N mineralization and water dynamics in
the soil to model nitrogen dynamics in vegetable
crop rotations (Rahn et al. 2010). This EU-
Rotate_N model has been tested for various condi-
tions (Guo et al., 2010; Rahn et al., 2010; Nendel
et al., 2013). While nitrogen uptake was usually

N, =aW™ (20)  predicted with sufficient accuracy, mineralization
Soil Distribution
oraanic Crop Fertilizer- of water
9 debris N down the
matter - )
soill profile
} 1
> Distribution of < + A A
- mineral-N down the <
> soil profile and nitrate %
A out of it
\ 4
Soil . Root A
properties | distribution <
A +
. Increment in N- Daily
uptake by plant weather
A 4 A A
Total N R %N Eotentlal max <
in plant > in plant —» incrementin <
plant dry wt.
A +
- Actual
" | incrementin <
<4 plant dry wt.
< Plant dry weight >

Fig. 5.6. Simplified flow diagram of the processes in N_ABLE. Boxes represent variable quantities or
groups of quantities; lines and arrows represent the interdependence of the variables (Greenwood, 2001).
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Table 5.3. Values for a_ and b in eqn. (19) to
estimate critical nitrogen concentrations in some
vegetable crops.

Species a, b Source

Pea 51 0.32 Neyetal 1997 in
Lemaire et al., 2008

Tomato 45 0.33 Teietal, 2002

Muskmelon 755 0.126 Gallardo et al., 2011

Maize 3.4 0.37 Plénet and Lemaire,

2000

appears to be a challenge so that measurements
of mineral soil N still are recommended (Nendel
et al., 2013). The N_ABLE model is also the basis
for the fertilizer recommendation model WELL_N
(Rahn et al. 1996). The nitrogen fertilization
model N-Expert (Fink and Scharpf, 1993; Feller
and Fink, 1996) calculates fresh matter accumu-
lation curves of a wide variety of vegetable species
on the basis of empirical data and yield expect-
ations provided by the user. Together with an em-
pirical function of plant nitrogen concentrations,
nitrogen requirements are calculated. Mineral N
supply by the soil, either measured or simulated,
is subtracted to give nitrogen fertilizer require-
ments. For simulating the nitrogen dynamics
in greenhouse tomatoes and cucumbers, the up-
take functions of N_ABLE were combined with
the field soil-crop system model “Water Heat
Carbon Nitrogen Simulator” (WHCNS) (Liang
et al., 2018). Interestingly, sensitivity analyses
indicated that the model had a higher sensitivity
to soil hydraulic than to nitrogen turnover
parameters.

Modeling spatial aspects
of plant growth

Most plant growth models assume the whole
canopy consisting of one leaf and do not expli-
citly consider plant morphology and the het-
erogeneity of environment and physiological
function in the canopy (Fourcaud et al., 2007).
The sunlit-shaded model improves this assump-
tion by separating a plant canopy into two parts,
one of which, shaded by the other, intercepting
low light and having less photosynthetic pro-
teins. This approach motivates the use of a multi-
layer model, where the canopy is divided into an
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arbitrary number of leaves with physiological
properties similar to the gradient observed
along the canopy depth. Structural plant
models, however, describe the three-dimension-
al structure of a plant, thus allowing the repre-
sentation of interactions between individual
plant organs (or parts thereof), for example, with
respect to carbon partitioning and apical domin-
ance (Cieslak et al., 2011), and with their indi-
vidual physical environment, such as single-leaf
photosynthesis (Chen et al., 2014a, 2014b).
These combinations of structural plant models
with models for physiological processes of
growth and development are referred to as func-
tional-structural plant models, FSPM.

The basis for modeling plant structures is
the definition of the morphological units, such
as the organs, and their connections, the topo-
logical body plan of a plant (Vos et al., 2010). A
powerful approach to model plant structures is
the use of Lindenmayer systems (L-systems), a
mathematical formalism introduced by Aristid
Lindenmayer (1968). Briefly, L-systems are
based on so-called production rules, which de-
fine what happens during each step of plant
growth. The initial stage is called an axiom. For
example (Diaz-Ambrona et al., 1998), if we start
with an apical bud as an axiom and apply the
production rules at each time step that each ap-
ical bud A forms an internode I, a leaf to the left
+F and a leaf to the right —F, as well as a new
apical bud, after 1, 2 and 3 time steps a plant
would result as shown in Fig. 5.7.

I[+F]I[-F]A
I[+F]I[-F]I[+F]I[-F]A

I[+F|I[—F]I[+F]I[-F]I[+F]I[-F]A

In a parametric L-system, each individual
component is assigned with a list of parameters
or variables. This allows one to specify conditions
for and intensities of morphological changes. For
example, to model the phototropic movement of
greenhouse cucumber leaves, differences in the
red to far-red (R:FR) ratio between the two halves
of a leaf were taken, as driving force and leaf
movement was to occur until the difference in
R:FR ratio between both halves was zero (Kahlen
et al., 2008). That way, an important morpho-
logical adaptation influencing light interception
could be simulated (Fig. 5.8).
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I+FII[-FIA

I[+FII[-FII[+F]I[-F] A

I+FIN=FI+FI=FI+FII[-FIA

Fig. 5.7. Visualization of a development sequence generated by an L-system. The images shown
represent from left to right steps 1 to 3 of the main stem. The character below the pictures show the
L-system description with | denoting an internode, F a leaf, and A an apical bud; square brackets denote
that the element branches off the main axis, and + or — denote a turn to the left or right, respectively

(Diaz-Ambrona et al., 1998).

Fig. 5.8. Simulation of a cucumber canopy with the option for leaf tropism. The center plant is colored
individually because it represents a typical canopy plant. Lower (older) leaves have aligned towards the
inter-row space, whereas upper (younger) leaves are still in the process of aligning (Kahlen et al., 2008).

The construction of FSPM has several com-
ponents (Fig. 5.9): to parameterize the architec-
ture model, 3D data have to be obtained which
may be through optical scanning or digitizing in
an electromagnetic field (Kahlen and Stiitzel,
2007). The virtual canopy is then set up with

graphical software like L-studio (Prusinkiewicz,
1998; Prusinkiewicz et al., 2000) or Grolmp
(Kniemeyer and Kurth, 2008). With raytracing,
light interception is simulated, which is the basis
for modeling matter production, for example,
photosynthesis with the FvCB model. Comparison
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Fig. 5.9. A work flow for construction of a 3D plant model, calculation, and validation of whole plant
photosynthesis rate for sweet pepper (Kim et al., 2016).

of simulated and measured photosynthesis
shows whether the modeling efforts gave a good
picture of reality.

Root growth and architecture

Modeling water and nutrient uptake under
limited supply requires information on root dis-
tribution. A widely used empirical model (Ger-
witz and Page, 1974) describes the percentage
of roots P above a certain depth x:

P=100(1-e") (21)
where fis a parameter. A two-dimensional model
distributing roots with a diffusion equation
showed good correspondence with measured
data for tomato grown in a rockwool substrate
(Heinen et al.,, 2003). However, the rooting
depth investigated was only ca. 12—-14 cm.
Similar to shoot morphogenesis, root archi-
tecture can also be described three-dimensionally
with models like ROOTMAP (Diggle, 1988),
SimRoot (Lynch et al., 1997), RootTyp (Pages
etal.,2004), SPACSYS (Wuetal., 2007), R-SWMS
(Javaux et al., 2008) or RootBox (Leitner et al.,
2010). Root elongation, direction and branching
in the three-dimensional space are modeled as
dependent on soil temperature, impedance, water,
and nutrient content (Dunabin et al., 2013). It is
not trivial to determine the time step of a root
growth model. Whereas the concept of thermal
time is widely adopted in shoot models, root growth
rates of many existing root models are described
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as length per day, without considering tempera-
ture effects on root growth (e.g. SimRoot and
RootBox). Due to the difficulties in root meas-
urements, the responses of root growth rate to
temperature remain largely unexplored and
impede temperature-driven approaches to root
growth modeling.

Genomic models

Parameters of crop models may be valid irre-
spective of crop species, or they may be species- or
even genotype- (cultivar-) specific. Experimen-
tal determination of genotype-specific param-
eters over a range of cultivars is tedious and
time consuming. Therefore, it appears logical to
use the increasingly available genetic informa-
tion for model parameterization. This is the
background of what is generally referred to as
“genomic modeling.”

A good example to illustrate this is a model
for leaf expansion rate dL/dt in maize as a func-
tion of meristem temperature T above a base tem-
perature T, air vapor pressure deficit VPD and

soil water potential ¥ (Reymond et al., 2003):

d—L:(T—Y‘())(a+bVPD+c‘IJ)

" (22)

For model parameters a, b and ¢, 9, 6 and 7
quantitative trait loci, QTL (Miles and Wayne,
2008), respectively, were identified, and the val-
ues for the effects of these QTL on the parameter
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values were estimated. Then, the model param-
eters for individual genotypes were calculated
based on presence or absence of QTLs and their
effect values, and leaf expansion rate was mod-
eled with almost the same accuracy as with the
original parameters. Similarly, flowering time of
the lines of a Brassica oleracea population could be
predicted based on nine QTL for three parameters
of a QTL-based model (Uptmoor et al., 2008).

In addition to providing more efficient ways
for parameter estimation, genomic modeling is ex-
pected to improve the understanding of genotype x
environment interactions (Bertin et al., 2010).
The basic idea is that QTL information describes
the genotype including its reaction pattern to en-
vironmental factors, whereas environments are
described by varying soil and climate inputs. It is
important to keep in mind that genetic parameters
in a QTL-based model are assumed to be intrinsic-
ally independent of the environment and the gen-
otype-by-environment interactions are emergent
properties of the process-based model. This as-
sumption does not always hold true, especially for
those parameters involved in complex physio-
logical processes (Tardieu et al.,, 2018). For
example, the allelic effects of QTL of stomatal con-
ductance have been considered a function of

environmental variables (Alvarez-Prado et al.,
2018). The virtue of computer-based crop models
is to allow the simulation of a wide range of geno-
types and environments, for example, as a basis for
adaptation studies.

Functional-structural plant models can also
be used to estimate growth parameters on the
organ and plant level. Determining these param-
eters for a (large) number of genotypes allows the
estimation of QTL through a genome-wide asso-
ciation study (GWAS). Recent examples for such
a combination of FSPM and GWAS (Fig. 5.10)
are the TraitCapture platform (Brown et al., 2014)
and the Phenomenal pipeline (Chen et al., 2019).

Modeling produce quality

In vegetables, important external quality traits
are size, shape, sugar content, color, or surface
damage of the marketed organs. Mechanistic de-
scriptions of organ growth comprise biophysical
processes like cell division, cell extension, water
and dry matter transport, as in models of fruit
growth (Fishman and Génard, 1998). Color of
tomatoes after harvest was simulated with a
first-order kinetic function of color and color

@ (~ h
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099 /--Q. .
o \i?" Y = ) Environment
bbgs nr Sy (light quallity

N C].& : and quantity,
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_Q, % \OpenAIea / radiosity models / ADEL-maize: Intercepted PAR computation/
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Fig. 5.10. (a) Functional plant models such as OpenAlea incorporate environmental factors as input
along with (b) Structural models that include plant architecture to predict phenotype from environment
and genetic variation. Figure adapted from Fournier and Andrieu (1999); (Brown et al., 2014).
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precursor content at harvest and storage time;
likewise, firmness was considered a function of
firmness and age at harvest and storage time
(Schouten et al., 2007).

Respiration and transpiration are import-
ant processes determining produce quality post-
harvest. For chemical processes like respiration
and fermentation, a Michaelis-Menten approach
as shown for tomato and chicory is obvious
(Hertogetal., 1998). Respiration can be described
without inhibition by CO,, with competitive,
uncompetitive, or non-competitive (a 1:1 com-
bination of competitive and uncompetitive)
inhibition (Hertog et al., 1998).

Glucosinolate synthesis can be modeled,
subdivided into the biosynthesis of the core glu-
cosinolate structure and methionine chain
elongation using a Michaelis-Menten approach
(Knoke et al., 2009). Glucosinolate breakdown in
broccoli could be predicted using exponential
decay functions with rate constants for the for-
mation of myrosinase and the decay of glucosi-
nolates (Schouten et al., 2009). The model was
coupled with a gas exchange model (O, con-
sumption and CO, production) and parameter-
ized for varying CO,/0, ratios in order to quantify
the effects of modified atmosphere packaging.

Conclusion and Outlook

Over the past five decades, crop modeling has
become an established field in crop science with
activities on virtually all major crops and over all

scales from molecule to ecosystem. A major def-
icit is incompatibility and incomparability of most
models due to differences in model philosophies
which translate into model structures, scale,
and programming technology. A standardized
framework of connectable tools and modules as is
attempted in the “crops in silico” initiative (Mar-
shall-Colon et al., 2017) could therefore increase
the power of modeling in answering biological
questions on different systems levels. While it has
been demonstrated that similar approaches
on the cellular level in “systems biology” have
facilitated the collaboration within the commu-
nity, the challenge remains whether these ap-
proaches will leave the “biology ivory tower” and
enter the sphere of agriculture and horticulture.
Only by including processes of human interfer-
ence and control models can the widening gap
between scientific understanding and application
in practical production be overcome.

From a practical point of view, larger pro-
duction scales, increasing precision require-
ments for all operations in vegetable production
and increasing complexity of the production
chains call for better prediction instruments.
The enormous progress in genetics and micro-
electronics, on the other side, generates more
and more genotypic and phenotypic informa-
tion which can be used in predictive modeling.
The large quantities of sensor data gathered, for
example by drones, need to be transformed into
information. Making sense of “big data” requires
models as tools to order and make practical use
of complexity.
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Herbaceous annual vegetables grow by the alloca-
tion of carbon compounds to their organs through
the processes of photosynthesis and respiration,
primarily carried out in leaves, supported by up-
take of water and mineral nutrients through the
root system. The mechanisms by which the allo-
cation of resources from these sources takes
place, and how growth of the organs is regu-
lated, can be termed “correlative growth.”
Given the complexity of interactions that
occur among leaves, roots, stems, and fruits,
which act as sources in one instance, and sinks
in another, it is difficult to study such an inter-
acting system without introducing many arte-
facts. For instance, although partial leaf removal
gives insight into the effect of leaves as sources,
increases in the photosynthetic rate of the re-
maining leaf area may lead to erroneous as-
sumptions of how many leaves are needed for
optimum growth and yield (Wareing et al.,
1968). Feedback effects of sink removal may result
in stomatal closure, accumulation of assimilates
in leaves, and reduced productivity (Neales and
Incoll, 1968; Plaut et al., 1987). Fortunately,
recent advances in top-root grafting (Venema et al.,
2017), and genetic manipulations of some vege-
table plants and model plants like Arabidopsis
thaliana, have greatly increased our understand-
ing of how growth is controlled (Ruan, 2014;
Ljung et al., 2015). In this chapter, the inter-
action of plant parts above- and below-ground
will be covered, followed by relations among

vegetative and reproductive plant parts above-
ground. Throughout, although examples will be
taken from all over the plant kingdom, the em-
phasis will be on processes and mechanisms that
may help improve productivity of vegetable crops.

Whole Plant Interactions

Our understanding of the regulation of plant
growth, emphasizing the production, transloca-
tion, and use of carbohydrates, and root uptake
of minerals and water, has grown significantly
in recent years, aided by molecular tools (re-
viewed for tomato by Osorio et al., 2014). In gen-
eral, growth is directed by the interaction of
sugars and plant hormones, influenced by envir-
onmental factors (Fig. 6.1) (Ljung et al., 2015).
Light, temperature, and other environmental
factors are sensed by the aerial parts of the plant.
This affects photosynthesis and the production
of sugars, in turn regulating the levels of auxin
(TAA) and the functioning of phytochrome
interacting factors (PIFs). The latter are
light-sensitive control factors also involved in
sensing of circadian rhythm events (Ljung et al.,
2015). Cytokinins (CKs), gibberellins, and ab-
scisic acid also affect growth, and these signal-
ing pathways are linked with sugar and nutrient
status. Cytokinins, TAA, and sugars function as
long-distance signals, affecting for example,
lateral root development and shoot branching.
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Fig. 6.1. Schematic diagram of the regulation of
growth by sugars and growth hormones in plants.
Abbreviations: ABA: abscisic acid; CKs: cytokinins;
GAs: gibberellins; IAA: auxin, indole acetic acid;
PIFS: phytochrome interacting factors (source:
Ljung et al. 2015, with kind permission from
Elsevier Science).

Auxins and sugars can be transported from shoot
to root, inducing lateral root development to in-
crease the uptake of water and nutrients from
the soil, in turn increasing the growth capacity
of the shoot. Signaling from root to shoot is also
important for coordination of growth and devel-
opment of the whole plant.

The central role of sucrose, the primary
product of photosynthesis and chief compound
translocated from source to sinks in the plant,
has received significant attention (reviewed by
Ruan, 2014). The activities of enzymes involved
in sucrose metabolism play important roles in
sugar partitioning and translocation, and their
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manipulation by molecular means has enhanced
our understanding of ways in which crop prod-
uctivity can be improved. For instance, by silen-
cing a sugar partitioning protein in tomato
leaves that reduces invertase activity, tomato
fruit number and fruit weight was significantly
increased, without altering plant biomass
(Bermudez et al., 2014).

In the following paragraphs, examples of
how plant organs interact, and our knowledge
of how sugars and hormones are involved in
growth regulation, will be given. In many cases,
the examination of these interactions has led to
realizations of the complexities involved.

Control of Branch Growth

In contrast to higher animals, plants begin post-
embryonic life in a very rudimentary state (Leyser,
2009). While animals develop before birth in a
protected and relatively constant environment,
higher plants are born with little of their final
shape determined, and exposed to a changing
environment that they cannot escape, lacking
the capability to move. Adaptation in plants thus
requires them to fit into that environment. The
primary plant organs that bring about the plant’s
adaptation to above- and below-ground condi-
tions are the shoot and root apical meristems.
The shoot apical meristem has evolved to direct
growth through stem extension and branching to
optimize exposure to favorable light conditions,
for instance. The root apex shifts growth toward
water and nutrient sources, and to avoid phys-
ical obstacles.

Stem growth in the seedling stage of broad-
leaf plants is controlled by the vegetative apex,
which forms a succession of phytomers, each
consisting, in principle, of a node, an internode,
a leaf, an axillary bud, and a root bud. It is not
yet clear how the axillary meristems are formed,
but recent research has indicated that they arise
from quiescent zones between apex and leaf ini-
tials where cell division rates are low, and low levels
of growth hormones exist (Wang et al., 2016).

The initiation of active growth of these dor-
mant axillary buds has intrigued researchers for
many years, for it allows the plant to more fully
exploit the area in which it is growing, or to escape
unfavorable growing conditions (Franklin, 2008;
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Holalu and Finlayson, 2017). Bud growth is  bud growth control will now be briefly described,
thus influenced by environmental factors such and the way in which some of these environ-
as the quantity and quality of light, and the mental factors influence these mechanisms.

amount of water and of the major mineral nu- It has been known since the 1930s that con-
trient elements. The hormonal mechanisms of  trol of the growth of dormant buds involves the
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Fig. 6.2. Schematic representation of the relationships between CKs, ABA, IAA, and sugars in the regula-
tion of bud outgrowth by PPFD (photosynthetic photon flux density or light) in an intact rose plant. Low
PPFD reduces stem CK content, which appears to be a key limiting factor of bud outgrowth. The level of
CKs transported from the stem to the bud, where they stimulate outgrowth, is likely to be dampened under
low PPFD. The CK stimulation of bud sugar sink strength, shown in decapitated rose plants (Roman et al.,
2016), may also be lowered. Low PPFD maintains a high stem ABA content, ABA presumably enters the
bud where it inhibits outgrowth, antagonizing the effects of CKs. Low PPFD also reduces photosynthesis
and stem sugar content. However, stem sugar content is not the main limiting factor for bud outgrowth
since sugar supply is not able to override bud outgrowth inhibition under low PPFD. The reduced bud
sugar sink strength under low PPFD may prevent the use of sugars by the bud for outgrowth. Although
IAA is known to dampen stem CK content, low PPFD effect on CK is not mediated through changes in
stem IAA content (source: Corot et al. 2017, by permission of Frontiers in Plant Science).
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hormone auxin exuding down from the apical
meristem (Thimann and Skoog, 1934) in a rela-
tionship termed “apical dominance.” If the apex
is removed, the buds start to grow, and can be
inhibited again by applying auxin to the apical
stump. Cytokinins can be applied directly to in-
hibited buds to stimulate their growth, but auxin
application to growing buds does not stop their
growth (Sachs and Thimann, 1967), implying
that some other agent or condition is causing the
inhibition. Bangerth (1994 ) showed that cytoki-
nins produced by the roots are transported in the
xylem stream to the rest of the plant, and pro-
vide the stimulus for bud growth when the polar
auxin stream has been reduced after decapitation.
When the apex is intact, cytokinin production is
inhibited by the auxin (Muller et al., 2015), and
it is the absence of cytokinin at the bud that pre-
vents bud growth.

Plants growing in the shade cast by others,
or situated next to other plants at close spacing
are exposed to light that is enriched in far-red
wavelengths (725 nm) compared to red (650 nm)
(low R:FR ratio). This change in light quality trig-
gers a shade avoidance response characterized in
part by an inhibition of branch growth (Tucker,
1977,1981;Ballare et al., 1991; Franklin, 2008;
Holalu and Finlayson, 2017), and is another
process regulated by the photoreversible com-
pound phytochrome. In tomato, this bud growth
inhibition was accompanied by an increased
level of ABA in surrounding leaves and stem
(Tucker, 1977). Tucker later found (1981) that
a tomato variety with reduced branching ten-
dency had higher stem ABA content than a nor-
mally-branching related line. ABA levels in buds
of Arabidopsis transferred from low R:FR to high
R:FR ratio decreased within three hours of the
transfer (Holalu and Finlayson, 2017). In some
species such as rose, the balance of ABA and cyto-
kinins in the bud appear to control the initial
growth of dormant buds (Corot et al., 2017).

Another root-produced hormone has been
found to inhibit bud growth. Strigolactone (SL)
appears to act by inhibiting polar auxin trans-
port in the plasma membrane of vascular-asso-
ciated cells (Kohlen et al., 2011; Shinohara et al.,
2013; Waldie et al., 2014; Brewer et al., 2015).
By inhibiting auxin flow from inhibited buds,
strigolactones also prevent the flow of cytokinin
and growth compounds that would stimulate
growth.
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The complex interaction of stimulating and
inhibiting factors in bud growth is illustrated
by recent work with roses (Roman et al., 2016;
Corotetal., 2017) (Fig. 6.2). Bud growth in roses
is inhibited by darkness and stimulated by white
light. The inhibition is accompanied by a rise in
ABA and SL levels in the bud. Treatment with
cytokinin overcomes the dark inhibition, but
supplying sugars does not, indicating that sugar
acts secondarily as an energy source. Other work
with rose, and confirmed on peas (Pisum sativum)
and Arabidopsis, indicated that sucrose acts as
a signaling compound to stimulate bud growth
in rose explants (Barbier et al., 2015). Several
non-metabolizable analogs of sucrose had simi-
lar effects. The finding that bud sucrose levels in-
creased within two hours in pea plants that had
just had their apex removed supports the im-
portant role of sugars in bud growth (Mason
etal., 2014).

Root-Shoot Relations in the
Vegetative Stage

The growth of annual herbaceous plants after
emergence and before flowering consists of the bal-
anced development of above- and below-ground
structures. The aerial parts consist of the leaves
which form the main photosynthetic organs,
borne by the stems and petioles. The plant is an-
chored by the roots, which also take up water
and nutrients essential for growth. The roots de-
pend on assimilates translocated from the leaves
to supply the energy and carbon skeletons for
growth and uptake of water and nutrient elem-
ents. Plant growth thus requires that both the
above- and below-ground parts are developed in
a balanced fashion, and that mechanisms exist
to maintain that balance despite alterations in
either or both environments.

Studies of the partitioning of assimilates to
tops and roots early in the vegetative stage have
commonly found that at a specific shoot/root
temperature, allocation to shoots and roots is
nearly constant (Brouwer, 1962a; Aung, 1974)
(Fig. 6.3). If the balance is disturbed by leaf or
root removal, growth of the affected part is accel-
erated, with the result that the balance is restored.
Thus, defoliation leads to preferential growth of
young leaves, rather than roots (Brouwer, 1962a;
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Shishido et al., 1993). Similarly, root pruning re-
sults in a cessation of top growth, and a stimula-
tion of new root formation (Vuksani et al., 2012).
These temporary alterations in root:shoot ratio
also occur when plants are subjected to short-
ages of essential inputs necessary for growth, as
will be described below. The mechanisms gov-
erning the relative growth of the above-ground
parts and the roots may differ depending on the
nature of the disturbance, and are in most cases
still poorly understood.

Brouwer (1962a) postulated a “rule of
thumb” that helps to predict how the plant will
react to perturbations of top or root environ-
ments. He stated that in situations of limited
supplies of resources, the part of the plant near-
est the source will be relatively stimulated, and
growth of the part farthest from the source will
be relatively inhibited. Thus, for instance, when
a plant is transferred to low light conditions,
growth of the tops (closest to the light source) is
relatively less decreased than root growth, and
root:shoot ratio decreases (Shishido et al., 1993;
Minchin et al., 1994). In lower radiant flux dens-
ities, leaves become thinner (increased leaf area
ratio), and thus maximize the capacity for light
interception per unit plant biomass. Under con-
ditions of limiting light, the relatively low amounts
of assimilates produced may be used preferentially

by the relatively stronger sinks, the apical meri-
stem and developing leaves and stem tissue
(Shishido et al., 1993).

Growth of root systems is closely linked to
sucrose supply, regulated by light intensity
(Nagel et al., 2006). Recent work by Spiegelman
et al. (2015) with tomato showed that in add-
ition to the translocation of sucrose from the
shoot to the roots, a phloem-mobile protein cy-
clophilin (SICyp1) stimulates root xylem devel-
opment and secondary root growth. Transport
of SICypl1 is directly influenced by the light in-
tensity under which the plants are growing,
and thus increases root:shoot ratio with higher
irradiance.

There is evidence from some plants that light
quality can influence partitioning of assimilates.
In soyabean, Kasperbauer (1987) demonstrated
that end of the day exposure to far-red light
resulted in enhanced stem and reduced root
growth. It is possible that the stem elongation
was mediated by gibberellins (Morris and Arthur,
1985). Similar examples of light quality effects
on partitioning have been elucidated for storage
root-bearing crops such as radishes and beets
(Hole and Dearman, 1993). The example of
light quality effects on root:shoot ratio fits less
readily into the resource limitation scheme pos-
tulated by Brouwer.
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Fig. 6.3. The relationship between leaf and root fresh weight of bean seedlings grown in nutrient solution,
as influenced by partial root or leaf removal (Brouwer, 1962a).
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A common below-ground factor that alters
root:shoot ratios is moisture supply. As soil water
level is reduced from that optimum for plant
growth, root elongation is less curtailed than
shoot growth, and in some cases even slightly
stimulated (Brouwer, 1962a; Creelman et al.,
1990). The relative growth of roots compared to
shoots in dry conditions may be mediated by ABA
in some plants. Although originally the source of
the ABA was thought to be the roots (Hartung
etal., 2005), more recent work indicates that ABA
is synthetized in leaves (Thompson et al., 2007)
as well as in roots and transported to the root
system in peas and tomatoes (Manzi et al., 2015;
McAdam et al., 2016). Other factors such as in-
creases in pH of the xylem fluid during drought
may also contribute to root-to-shoot signaling
(Schachtman and Goodger, 2008).

Deficiencies of some mineral nutrients also
produce an increase in the root:shoot ratio (Brou-
wer, 1962b). This phenomenon has been most
closely studied with regard to nitrogen. Given
the complex changes that occur as a plant be-
comes deficient in nitrogen, it has been difficult
to determine which of these adjustments are
primarily responsible for the root:shoot ratio
change. In the early stages of nitrogen deficiency,
leaves stopped expanding, and carbohydrates ac-
cumulated in leaves (Rufty et al., 1988) and in
the root system (Chapin et al., 1988). The nega-
tive effects of nitrogen deficiency on photosyn-
thetic rate were not apparent until later, so the
plants temporarily had a surplus of carbohy-
drates, available perhaps to continue root growth.
Induced nitrogen deficiency led to increases in
leaf ABA levels within two days in tomato (Daie
etal.,, 1979; Chapin et al., 1988), and may be re-
sponsible for the decrease in leaf expansion. In-
creased levels of ABA in the leaves may also be
responsible for the reduced stomatal conductance
prevalent in nitrogen deficient plants (Chapin et al.,
1988). Work with nitrate reductase-deficient to-
bacco plants has substantiated the role of root
sugar levels in root growth (Scheible et al., 1997).
As these mutants accumulated nitrate in the
leaves, leaf starch synthesis was inhibited and
root sugar levels and root growth declined.

A suppression of stem growth may also be
part of the alteration of root:shoot relations;
de Jong et al. (2014 ) found that Arabidopsis sub-
jected to low N conditions had enhanced auxin
export from apical meristems and increased stem
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auxin content, leading to an inhibition of branch
growth.

In phosphorus-deficient seedlings, shoot
growth is more inhibited than root growth, re-
sulting in an increased root:shoot ratio (Fredeen
et al., 1989; Cakmak et al., 1994a; Yoneyama
et al., 2012) (Table 6.1). As with nitrogen defi-
ciency (above), the reduced leaf growth may
make assimilates available to the roots, allowing
their continued development (Fredeen et al.,
1989). In agreement with these results, Cakmak
et al. (1994b) found that sucrose export from
primary leaves of P-deficient beans was not in-
hibited in comparison to seedlings grown on
adequate P levels.

The recently-discovered plant hormone
strigolactone has been shown to stimulate root
elongation and root hair formation, especially
under low phosphorus conditions in the soil (Yon-
eyama et al., 2012; Kapulnik and Koltai, 2014).
Strigolactone production is increased under low
phosphorus levels in many species, and under
nitrogen deficiency with crops such as lettuce
(Yoneyamaet al., 2012) (Table 6.1), even though
strigolactone exudation rates correlated only
weakly with changes in root length.

The changes in root morphology stimulated
by strigolactones can also be enhanced by plant
selection. Strock et al. (2018) identified bean lines
having roots with reduced secondary growth
and enhanced root length, that more efficiently
explore the soil for the immobile phosphorus
under low P conditions. Beans with reduced sec-
ondary growth had roots that were a third longer,
and top growth with nearly 68% more P. With-
out secondary thickening, the root systems fa-
cilitated the growth of mycorrhizae that help in
P uptake.

The response of bean seedlings to potassium
and magnesium deficiencies contrasts sharply
with the reactions to —N and —P explained above.
Potassium deficiency, and more drastically, mag-
nesium deficiency, inhibited assimilate export
out of leaves and curtailed growth of the root
system (Cakmak et al., 1994a, 1994b) (Fig. 6.4).
More recently, research with tomato has found
that inhibition of sink strength is one of the first
changes that occurs on imposition of low potas-
sium stress (Kanai et al., 2012).

The use of top-root grafts combined with
culture in hydroponic solution have increased
understanding of the role of root and plant factors
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Table 6.1. Plant growth and strigolactone exudation from the root system, ten days after treatment
imposition, with plants growing in hydroponic conditions (source: Yoneyama et al., 2012).

Fresh weight, g/plant

Shoot/root Leaf Root

Species Treatment ~ Shoot Root ratio number length,cm  SL exudation®
Lettuce Control 324 80 4.05 4.6 12.1 10

-N 106 39 2.72 2.0 13.1 770

-P 195 61 3.20 3.0 13.7 760
Tomato Control 818 286 2.86 3.2 18.0 9

-N 157 80 1.96 2.0 39.5 10

-P 328 201 1.63 2.6 26.0 10,000

*Strigolactone exudation rate, pg.g='.24 h.

aside from root foraging ability in coping with
low nutrient stress situations. For instance, some
commercially-used rootstocks for greenhouse-
grown tomatoes allow better plant growth in low
K nutrient solution than the same cultivars on their
own roots (Schwarz et al., 2013). A comparison
of 16 rootstocks with various tolerances for
growth under low K conditions indicated that
poor performance was related to high levels of
the ethylene precursor ACC in the transpiration
stream (Martinez-Andujar et al., 2016). Similar
work under low P conditions indicated that
xylem exudate levels of the cytokinin trans-
zeatin correlated positively with plant growth,
while ACC again had a negative influence
(Martinez-Anddjar et al., 2017). Interestingly,
the efficient P foraging rootstock lines also had
higher levels of Ca in the transpiration stream.
The research indicates the advantage of using
suitable rootstocks for low nutrient situations,
but also indicates that breeding new lines with
these root traits could lead to plants adapted to
low nutrient conditions.

The practice of grafting vegetable cultivars
onto rootstocks that provide resistance to soil-
borne diseases, or provide a means of reducing
stresses from excess salts and adverse soil tem-
peratures, has become commonplace is Asia and
Europe, and is becoming popular in North Amer-
ica (reviewed by Lee et al., 2010 and Huang
et al., 2015). The search for rootstocks with bet-
ter stress adaptation has led to a greater under-
standing of the signals that pass from roots to
shoots (reviewed by Aloni et al. 2010 and Vene-
ma et al. 2017). To the hormones that are at
least partly synthesized in the root system such
as abscisic acid (ABA), cytokinins, and the pre-
cursor of ethylene ACC, have been added such

factors as strigolactones, mentioned above, and
jasmonic acid, involved in formation of mycor-
rhizal associations. More recently, salicylic acid
(SA) has been shown to build up in response to
soil-borne pathogens, and to abiotic stress fac-
tors. Atlow levels, SA has been shown to enhance
stress tolerance. This growing list of signaling
agents, which in many cases interact, emphasize
the complexity of root:shoot interactions.

Root-Shoot Relations in the
Reproductive Stage

After flowering, the reproductive structures dom-
inate demand for assimilates compared to vegeta-
tive structures and roots. Typically, in fruit-bearing
crops such as tomatoes, cucumbers and eggplant,
growth of shoots and roots are reduced in rate
after flowering (Cooper, 1955; Van der Post, 1968;
de Stigter, 1969). On the other hand, if fruits are
removed, or when their growth is decreased at
ripening, root growth rate increases again (Claus-
sen, 1976) (Fig. 6.5). Fan et al. (2011), confirmed
that root health of muskmelon is maintained
during fruiting only if there is a balance in the
number of vines and fruits per plant, and this
number varies with the cultivar.

In crops in which the leaf canopy maintains
photosynthetic activity over the reproductive
period, root systems continue growing in propor-
tion to the above-ground vegetative portion of
the crop as successive flushes of fruits develop on
the plants. For instance, Hurd et al. (1979) found
in a glasshouse tomato crop that the root:shoot
ratio of the vegetative parts of the plant was main-
tained at around 0.22 for most of the fruiting
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Fig. 6.4. Change in shoot and root weight of bean plants grown in full nutrients, or in solutions lacking
phosphorus, potassium, or magnesium (Cakmak et al., 1994a, by permission of Oxford University Press).

period. The ratio was also not significantly al-
tered if flower clusters were only allowed to set
three fruits each. Similar results were obtained
by Richards (1981), when tomato plant size was
varied by growing the plants in containers of dif-
ferent root volumes. Pepper plants on which no,
one or three fruits were allowed to develop also
showed a constant relation of vegetative above-
and below-ground growth (Nielsen and Veierskov,
1988). In muskmelon, continued root growth in
the fruiting period was achieved by fruit and vine
pruning (Fan et al., 2011). In all these cases, it
is assumed that the demands of the developing
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fruits for assimilates and nitrogen compounds
can be met by current photosynthesis, and does
not require the dismantling of leaf proteins. Re-
stricting fruit numbers by pruning, keeping fruit
growth rates low by low temperatures, and by
optimizing growth conditions with regard to
nutrients, absence of disease and insect pests all
serve to maintain photosynthesis and lessen the
demand of the dominant reproductive sink.

In other instances, however, presence of
fruits had a variable effect on root weight, and
on the ratio of root to vegetative shoot weight.
For instance, when fruit load was varied on a
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Fig. 6.5. Effect of presence of fruits on root growth in eggplant (Claussen, 1976).

glasshouse cucumber crop grown at 18°C, pro-
portion of root growth decreased with increas-
ing fruit numbers (Marcelis, 1994). The same
variation in fruit load resulted in a constant but
lower ratio of roots to vegetative shoot weight
when the experiment was repeated at 25°C.
In another experiment, glasshouse peppers re-
sponded to increased CO, in the atmosphere by
increasing root growth only if the plants were
defruited, but not if four or eight fruits were
allowed to remain on the plants (Daunicht and
Lenz, 1978). It is difficult to see how partitioning
of assimilates to the roots in these cases could be
determined by a priority system, in which roots
were supplied only if there were surplus assimi-
lates available.

Part of our difficulty in understanding the
relation between shoots and roots in plants may
be that dry weight changes in these organs do
not correspond well with the changes in func-
tion of shoots and roots. Hurd et al. (1979) noted
in glasshouse tomatoes, grown in nutrient film
culture in which the roots could be viewed, that
roots turned brown and stopped growing about
30 days after anthesis of the first flowers. This
change was not apparent from the dry matter
data. Similarly, Richards (1981) noted a close
correlation between the leaf area growth of to-
mato plants and the number, rather than the
weight of roots on the plants. He inferred that

hormone production by the roots would be more
closely related to the number of growing roots,
with functioning root tips, where cytokinins, gib-
berellins, and ABA are manufactured (Itai and
Birnbaum, 1991), than to the mass of the root
system. Van Nordwijk and De Willigen (1987)
similarly suggested that the functional equilib-
rium between roots and shoots should depend
more on the relationship between root area and
leaf area, than the ratios of their dry weights.
More recently, techniques for describing root
system architecture and functionality have been
developed (reviewed by Zhu et al. 2011). For in-
stance, use of clear tubes into which a camera
can be lowered, termed minirhizotrons, showed
that a bell pepper, grafted on a high-temperature
tolerant pepper rootstock (S101), continued to
grow and provide nutrients and water to the tops
in a hot greenhouse (Aidoo et al., 2018). Func-
tion of the root system was described by changes
in root volume (Fig. 6.6), but was also reflected in
the number of roots and root tips.

Transferring the tops of plants from their
own root systems to those of others has been a
common way of overcoming the adverse effects
of soil pathogens or cold root zone temperatures
(Lee, 1994; and Chapter 2). Research by Tachib-
ana (1982, 1987, 1988) indicated that the root
system of fig-leaf gourd (Cucurbita ficifolia) main-
tained water and phosphorus uptake in cold soils,
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and showed continued cytokinin production, even
when grafted to shoots of cucumber, that were
not capable of such cold soil activity on their own
roots. Detached roots of fig-leaf gourd main-
tained higher rates of respiration in low temper-
atures than cucumber, and may allow active
mineral uptake in cool soils (Tachibana, 1989).
Thus, the properties of the roots per se contrib-
uted to plant performance independent of the
shoot. The improved vegetative growth was sus-
tained into the reproductive period with higher
fruit yields in cold soils (den Nijs, 1980). Choice
of the rootstock species could confer tolerance to
high temperatures in a similar manner. Li et al.
(2014) found that Luffa cylindrica rootstock al-
lowed growth of cucumber at 36/31°C, while
grafting onto Cucurbita ficifolia roots aided
growth at 18/13°C. In both cases, production of
reactive oxygen species was reduced by the root-
stocks under both extreme temperature condi-
tions. The identity of the signal(s) transmitted
from roots to tops in these experiments was not
determined.

A similar improvement in cold weather
growth was achieved by using the cold-adapted
Solanum habrocaites as stock for tomato (Ntatsi
et al., 2014). Again, the level of reactive oxygen
species produced by the leaves was decreased
compared to the plants growing on their own
roots, or on roots from a cultivar not adapted
to cold c