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Sustainable Crop Production
Systems and Human Nutrition

Daniel P. Roberts*† and Autar K. Mattoo*†

Sustainable Agricultural Systems Laboratory, Agricultural Research Service, United States Department of Agriculture,

Beltsville, MD, United States

There is a pressing need for redesigning agriculture to achieve sustainability and for

utilizing modern genetic tools, including genetic engineering, to add nutritional value

to crops for the benefit of the diverse human population. Collectively, plant foods

contain most minerals, macronutrients (calories), and micronutrients essential for human

nutrition. These plant foods also contain a range of bioactive compounds that can

play important roles in the prevention of chronic diseases including heart disease,

cancer, stroke, diabetes, Alzheimer’s, cataracts, and age-related functional decline.

However, these bioactive nutrients are often present at marginal concentrations in edible

plant tissues in regard to human nutrition/prevention of disease. The quantity of these

nutrients in edible plant tissues is primarily dependent on crop genetics and regulated by

complex and overlapping mechanisms in response to developmental and environmental

cues. Environmental cues are naturally occurring—temperature, light intensity, and

other stressors, or result from crop production system components—fertilizer, tillage

operations, etc. One strategy for sustainable, next-generation crop development is

to design cropping systems that have minimal or lesser impact on the environment

and to use genetic approaches to enhance crop nutritional content. This strategy

is appealing since crop genetics is the primary driver of plant nutrient content and

because purely managing crop production fields to optimize crop nutrient content is

extremely challenging if not impossible. As an example we present the development of a

next-generation sustainable tomato production systemwith beneficial impacts on tomato

physiology and nutritional quality of the tomato fruit. Our analysis of the metabolomes of

tomato cultivars in this and other cropping systems highlights the need for robust cultivars

that consistently express nutritional and other desirable traits across cropping systems

and under differing environmental conditions.

Keywords: human nutrition, sustainable agriculture, crop production system, vitamins, minerals, phytochemicals

INTRODUCTION

The increasing human population confronts agriculture with unprecedented challenges. More food
of higher nutritional content will be needed to feed the anticipated world population of 8–10 billion
by 2050 (Foley et al., 2011; Martin, 2013; Mattoo, 2014; Martin and Li, 2017). This is particularly
challenging given a decline in crop yields and increasing water shortages in many regions of the
world (Rosegrant and Cline, 2003). Crop production systems need to be modified to decrease
the impact of crop production on the environment and for sustaining heightened levels of food
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production (Roberts and Mattoo, 2018). Additionally, there is
a need to change the way we develop crop cultivars, and to
focus on novel crop cultivar development if we are to meet
these food production and quality challenges. The agricultural
industry needs to strive toward meeting the nutritional needs of
the human population and toward protecting the soil, water, and
air needed to produce nutritious food.

In the past, development of crop production systems focused
onmaximizing yield through use of irrigation, synthetic fertilizer,
and synthetic pesticides (Triplett and Dick, 2008; Reganold
and Wachter, 2016; Roberts and Mattoo, 2018). Such strategies
increased crop yield but often led to soil erosion, decreased soil
fertility, and negative impacts on ground water, lakes, rivers,
and coastal ecosystems (Matson et al., 1997; Tilman et al., 2001;
Foley et al., 2011). More sustainable cropping systems for crop
production are being developed to protect and improve soil
and water resources. These next-generation cropping systems
focus on building soil health and minimizing inputs of synthetic
fertilizers, pesticides, and water (Mattoo and Teasdale, 2010;
Fatima et al., 2016; Roberts and Mattoo, 2018).

More recent efforts for increasing cropping system
sustainability have involved the use of cover crops and other
biologicals (Mattoo and Teasdale, 2010; Roberts and Mattoo,
2018). Cover crops are non-cash crops used for a variety of
ecosystem services including enhancement of soil nitrogen
fertility, soil carbon, water infiltration, and weed control as
well as prevention of soil erosion and controlling plant disease
(Mattoo and Teasdale, 2010). Biologicals such as plant-beneficial
microbes are being used for plant disease control, plant growth
promotion, and as biological fertilizers to enhance availability of
nutrients such as nitrogen, and phosphate to plants (Finkel et al.,
2017; Backer et al., 2018). Other efforts include reducing tillage
to build soil health and decreasing inputs of synthetic fertilizers
and pesticides through big-data driven precision agriculture
(Gebbers and Adamchuk, 2010; Mattoo and Teasdale, 2010;
Balafoutis et al., 2017; Roberts and Mattoo, 2018; Weersink
et al., 2018). A growing body of evidence indicates that crop
management strategies can impact crop nutritional quality (Zhu
et al., 2007; Hirschi, 2009; Fatima et al., 2016; Vasconcelos et al.,
2017). As we develop new sustainable crop production systems,
we must also pay attention to their impact on crop physiology
as well as crop nutritional content, in order to develop future
environmentally friendly cropping systems that also increase
nutritional quality of food wherever possible.

The primary focus of past crop breeding strategies has been
to increase yield of calorie-rich food crops. For example, prior
breeding programs focused on increasing disease resistance, fruit
set and size, and grain fill (Grusak andDellaPenna, 1999; Borlaug,
2000; Lei et al., 2007; Wang et al., 2008; Kyriacou and Rouphael,
2018). Such crop cultivars contained calorie-rich macronutrients
such as fat, protein, and carbohydrate but not necessarily
adequate vitamins, minerals, and other phytochemicals to meet
human nutritional needs. Today there is a need to expand crop
cultivar development so that both yield and nutritional quality
are maximized, together with resistance to biotic and abiotic
stresses, and efficient water and soil nutrient use (Martin, 2013;
Mattoo, 2014; Martin and Li, 2017).

Herein, we present background information on human
nutrition, essential metabolic pathways, and impact of cropping
system management on nutritional quality of food. We also
highlight an example of a sustainable next-generation tomato
production system and its impact on tomato physiology and
nutritional attributes of tomato fruit.

PLANT-DERIVED NUTRIENTS FOR HUMAN

NUTRITION AND MAINTENANCE OF

HUMAN HEALTH

Plants are an integral part of the human diet and provide a
good dose of minerals required for human nutrition (Graham
et al., 2001). They also are a good source of energy-
providing macronutrients: carbohydrate, protein, and lipids.
The micronutrients for human health include: vitamins A, B
complex, C, E, and K; essential lipids; and essential amino
acids, which in plants are variable in amount and, in instances,
insufficient to provide a nutritional dose. These vitamins cannot
be synthesized by humans and must be obtained from dietary
sources. The essential fatty acids, linoleic acid, and linolenic acid,
also cannot be synthesized by humans (Grusak and DellaPenna,
1999; Martin and Li, 2017). Likewise, the amino acids histidine,
isoleucine, leucine, lysine, methionine, phenylalanine, threonine,
tryptophan, and valine must be obtained from ingested protein
in dietary sources. Insufficient quantities of these essential
micronutrients and minerals in the diet can have long-term
negative impacts on human health and lead to classical
micronutrient deficiency diseases (Grusak and DellaPenna, 1999;
White and Broadley, 2009; Oliver and Gregory, 2015; Díaz-
Gómez et al., 2017; Vasconcelos et al., 2017).

Fruits and vegetables provide beneficial phytonutrients that
are bioactive but not sufficient to positively and globally
impact human health. These phytonutrients show promise in
protection against many diseases (Grusak and DellaPenna, 1999;
Martin and Li, 2017). Correlations exist between increased
consumption of phytonutrients and decreased chronic diseases
such as heart disease, stroke, diabetes, Alzheimer’s, cataracts,
and age-related functional decline (Martin et al., 2011; Liu,
2013; Martin, 2013; Martin and Li, 2017). Data on health
benefits of these phytonutrients is largely epidemiological but
persuasive (Grusak and DellaPenna, 1999; Liu, 2013; Martin,
2013). The most important groups of these phytochemicals
are phenolics (phenolic acids, flavonoids, stilbenes, coumarins,
tannins), alkaloids, organosulfur compounds, phytosterols, and
carotenoids (Liu, 2013; Martin and Li, 2017).

For maintenance of good human health, a complex diet
consisting of a high dose of several plant foods is necessary.
However, plants and plant parts vary in quantity and quality
of these vitamins and minerals, and all major food crops lack
certain essential micronutrients (Grusak and DellaPenna, 1999;
Zhu et al., 2007; Hirschi, 2009;Martin and Li, 2017). For example,
rice, wheat, and maize, major food crops worldwide, are calorie-
rich but contain levels of several micronutrients insufficient to
meet human minimum daily requirements (Hirschi, 2009). The
endosperm of these cereal staples–rice, wheat, andmaize, provide
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∼ 23, 17, and 10% of total calories for humans globally.Moreover,
endosperm tissue lacks sufficient vitamins (particularly vitamins
A, C, E, and the B vitamin folate), and minerals (particularly
Fe, Zn, and Se) (Zhu et al., 2007; Goméz-Galera et al., 2010;
Rawat et al., 2013). Seed foods are sources of macronutrients and
lipid-soluble vitamins but tend to have low concentrations of Fe
and Ca. Leafy vegetables are sources of most minerals and some
vitamins but are less nutrient dense in macronutrients protein
and carbohydrate. On the other hand, fruits are a resource of
carbohydrate and water-soluble vitamins but minimally provide
protein and minerals (Grusak and DellaPenna, 1999). Most plant
crops are also limiting in one or more essential amino acids for
the human diet (Wang et al., 2003; Hirschi, 2009).

Carotenoids, Provitamin A and Plants
Plants synthesize different carotenoids that have functional roles
in growth processes as well as in providing defense against
extreme environments. Plant carotenoids are also central to
the human diet for providing provitamin A and carotenoids.
Humans generate vitamin A from carotenoids containing
at least one β-ionone ring (e.g., β-carotene, α-carotene, β-
cryptoxanthin). Carotenoids are synthesized in whole or in part
from the plastidic isoprenoid biosynthetic pathway and comprise
a large family consisting mostly of C40 tetraterpenoids derived
from phytoene (DellaPenna and Pogson, 2006). Plants cope
with their environment through multiple important roles of
carotenoids, for instance in photosynthesis as components of
the photosystem assembly, increasing photosynthetic efficiency,
thereby extending the range of wavelengths absorbed (Frank
and Cogdell, 1996; DellaPenna and Pogson, 2006; Fanciullino
et al., 2013). Certain carotenoids, such as β-carotene, play a
photoprotective role in photosynthesis by quenching excited
chlorophyll molecules and as protectors of the photosynthetic
machinery through scavenging of oxygen radicals (Mozzo et al.,
2008; Gracía Plazaola et al., 2012). Carotenoids play roles in
plant-environment interactions; as general antioxidants, believed
to protect membrane surfaces from hydrophilic oxidants; and
as intermediates in the synthesis of plant hormones such as
abscisic acid and strigolactones involved in plant adaptation to
abiotic stress (Rolland et al., 2012; Fanciullino et al., 2013). Also,
the carotenoids lycopene and β-carotene serve as visual cues
attracting pollinators and seed dispersers after they accumulate
in flowers and fruits (DellaPenna and Pogson, 2006; Fanciullino
et al., 2013; Esteban et al., 2015).

Not surprisingly, due to these roles of carotenoids in plant
metabolism, carotenoid biosynthesis is under developmental
control and influenced by a variety of environmental conditions
(Liu et al., 2015b). For example, carotenoid biosynthesis is tightly
coordinated with plastid development and differentiation
of fruit. During tomato fruit ripening, total carotenoid
concentration increases more than 15-fold, mainly due to
lycopene accumulation (Fraser et al., 1994). Carotenoids
also increase during the development process of pepper
and citrus fruit (Hugueney et al., 1996; Kato et al., 2004).
It is thought that the increase in carotenoid concentration
and resultant color change of the fruit is a signal directed
at seed dispersers when seeds are ready for dissemination

(Fanciullino et al., 2013). Consistent with the antioxidant
role of carotenoids, key regulatory points in the carotenoid
biosynthetic pathway are sensitive to environmental conditions.
Phytoene synthase is a key regulatory enzyme in the synthesis
of phytoene, a condensation product of two molecules of
geranylgeranyl pyrophosphate. Phytoene synthase activity is
impacted by abiotic factors such as high light, salinity, CO2,
drought, photoperiod, and salt. A second key regulatory
point is downstream in the carotenoid biosynthetic pathway
where the bifurcation between cyclization of lycopene toward
the α- or the β-carotene pathways occurs. Under low light
conditions, selective accumulation of α-carotene derivatives
occur while under high light β-carotene derivatives accumulate
(Esteban et al., 2015).

B Vitamins
B vitamins are a set of eight water-soluble vitamins that function
as enzyme cofactors, or their precursors, for enzymes that
function in core metabolic processes. These enzyme cofactors
complement the innate chemistry provided by enzyme’s amino
acid functional groups (Roje, 2007; Smith et al., 2007; Gerdes
et al., 2012). All B vitamins except cobalamin (B12) are
synthesized by plants. There is evidence that thiamine (B1) and
riboflavin (B2) protect plants from pathogen infection, and that
vitamin B6 (pyridoxine) contributes to their photoprotection
as well as tolerance to osmotic and oxidative stresses (Roje,
2007). Synthesis of some of these B vitamins is developmentally
regulated and subject to environmental signals (Smith et al.,
2007). For example, thi1 in Arabidopsis, a gene functioning in the
synthesis of thiamin, is developmentally regulated and regulated
by light. Expression of thi1 is also influenced by stress conditions,
including high salinity and sugar deprivation (Hanson et al.,
2016).

Vitamin E
Tocochromanols are lipid soluble antioxidants essential to
human nutrition as vitamin E. These compounds are composed
of a hydrophobic polyprenyl side chain synthesized from
the plant plastidic isoprenoid biosynthetic pathway and a
polar chromanol ring derived from the shikimate pathway.
Tocopherols (α, β, γ, δ) are tocochromanols with phytyl-
derived side chains while tocotrienols (α, β, γ, δ) have
geranylgeranyl-derived side chains. The various forms (α,
β, γ, δ) of tocopherols and tocotrienols vary only in the
degree of methylation of the respective polyprenyl side
chain (Mène-Saffrané and DellaPenna, 2010). The two major
tocopherols found in plants are α- and γ-tocopherol with
α-tocopherol being the primary form found in green leaves
and γ-tocopherol the primary form in seeds, fruits, and nuts
(Lushchak and Semchuk, 2012). Tocotrienols are present at
significant levels in monocot seeds but not in photosynthetic
tissue (Mène-Saffrané and DellaPenna, 2010). Tocochromanols
are strong antioxidants that protect polyunsaturated fatty
acids from lipid peroxidation. Enrichment of α-tocopherol in
chloroplast membranes protects the photosynthetic apparatus
from oxidation and lipid peroxidation due to its ability to
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scavenge singlet oxygen and lipid peroxyl radicals (Mène-
Saffrané and DellaPenna, 2010; Lushchak and Semchuk, 2012).

Like carotenoids and B vitamins, tocochromanol biosynthesis
changes during plant development and is impacted by
environmental stressors (Mène-Saffrané and DellaPenna,
2010; Lushchak and Semchuk, 2012). For example, tocopherol
levels are known to change during leaf development and
increases during aging. Environmental stressors such as high
light intensity, low temperature, drought, high salinity, and heavy
metal ions increase tocopherol levels in plants (Poiroux-Gonord
et al., 2010; Lushchak and Semchuk, 2012).

Vitamins C and K
Ascorbate (vitamin C) is the predominant antioxidant in
plant cells, found in all subcellular compartments including
the plant apoplast. Ascorbate can be oxidized by oxygen,
superoxide, singlet oxygen, and hydrogen peroxide to the
monodehydroascorbate (MDHA) radical (Smirnoff, 2000)
detoxifying these compounds. Ascorbic acid is also a cofactor
for many enzymes, notably ascorbate peroxidase (Smith et al.,
2007). Like other vitamins, ascorbate biosynthesis is responsive
to light intensity and highly sensitive to environmental stress.
Vitamin K1 (phylloquinone) is an essential component of
electron transport in photosystem I. It is present in leaves, and
to a lesser extent in certain seeds. Vitamin K1 has antioxidant
properties but its role in plant antioxidant defense remains to be
determined (Asensi-Fabado and Munné-Bosch, 2010).

Phenolics
Phenolic compounds play important structural roles in plants,
providing most of the mechanical strength of cell walls.
Moreover, a diverse array of plant phenolics has important
roles in plant growth and survival (Cheynier et al., 2013;
Liu et al., 2015a). Synthesis of phenolics is catalyzed by
phenylalanine ammonia lyase, cinnamate 4-hydroxylase, and
p-coumaroyl coenzyme A ligase, referred to as the general
phenylpropanoid pathway. Phenolic compounds include the
structurally diverse monolignols, flavonoids (anthocyanins,
proanthocyanidins, flavonols, flavones, flavanones, isoflavonoids,
phlobaphenes), various phenolic acids, and stilbenes. This
enormous array of secondary metabolites is generated from a few
core intermediates via the activity of a combination of reductases,
oxygenases, and transferases (Vogt, 2010; Liu et al., 2015a).

Monolignols function as precursors to lignin, a heteropolymer
derived from the monolignols p-coumaryl, conferyl, and sinapyl
alcohols. Lignin provides much of the mechanical strength of
plants but also provides protection against wounding, pathogen
attack, and UV light. Flavonoids function as pigments in flowers
and fruits to attract pollinators and seed disseminators. They
are also involved in regulation of auxin transport, signaling
(such as nodule formation in legumes), determination of male
fertility, and defense against biotic and abiotic stress. Flavonoids
accumulate in leaf epidermal cells, waxes, and trichomes, where
they act as protectants against UV light and complex with DNA
for protection against oxidative damage. Phenolic acids are highly
antioxidative and several are known to be active againstmicrobes.
The phenolic acid, salicylic acid, plays an important role in

signaling/activating systemic plant defense responses. Stilbenes
are produced in response to pathogen attack, wounding, and
exposure to UV light (Hichri et al., 2011; Davies et al., 2012;
Liu et al., 2015a). In general, plant phenolics contribute to plant
defense against biotic stress, can accumulate in response to
pathogen attack, and most exhibit antimicrobial and pesticidal
properties (Dixon et al., 2002; Chong et al., 2009). Accumulation
of phenolic compounds contributes to a general reduction
of reactive oxygen species (ROS), protecting plant processes
sensitive to redox effects (Cheynier et al., 2013).

As with vitamins and carotenoids, regulation of phenolic
biosynthesis involves a matrix of potentially overlapping
regulatory signals. For instance, phenolic biosynthesis is
responsive to developmental signals for lignification of plant
tissues, for production of flavonoids during fruit and flower
development; and environmental signals for protection against
abiotic and biotic stresses (Cheynier et al., 2013; Roy, 2016).
A number of regulatory proteins, such as MYB proteins,
regulate the synthesis of phenylpropanoid metabolism-derived
compounds (Liu et al., 2015a; Roy, 2016; Allan and Espley,
2018). MYB proteins have been identified in Arabidopsis,
rice, maize, and soybean, as well as numerous fruits and
vegetables, and shown to be involved in regulating flower
development, berry ripening, and biotic and abiotic stresses
(Stracke et al., 2001; Dubos et al., 2010; Cheynier et al.,
2013; Roy, 2016). Studies involving several plant species
provide evidence of the involvement of MYB proteins in
regulation of synthesis of monolignols, anthocyanins, flavonols,
proathocyanidins, and phenolic acids in response to sucrose,
nitrogen, light, high and low temperature, drought stress, salt
stress, biotic stress, and plant hormones (Liu et al., 2015a;
Roy, 2016; Allan and Espley, 2018).

Mineral Uptake and Translocation Within

Plants
The minerals N, P, K, Mg, Ca, S, Fe, Mn, Zn, Cu, B, Mo, Cl,
and Ni are essential for plants and must be obtained from the
external environment (Grusak, 2002; Bindraban et al., 2015).
These minerals are mostly mined as inorganic ions from the soil
environment by the plant. Plants can also obtain N and S from
amino acids and other organic molecules in soil while P, available
to plants as phosphate, can be obtained from organic sources
such as nucleic acids, nucleotides, and phospholipids (Grusak,
2002). Most minerals enter cells as inorganic ions via protein
transport systems to get across the hydrophobic cell membrane.
Transport systems consisting of high and low affinity transport
proteins and permeable ion channels into the cell are known
(Hell and Hillebrand, 2001; Palmgren et al., 2008; White and
Broadley, 2009). Once within the root symplast, long-distance
mineral transport in the plant is via the xylem. Complex and
intricately regulated processes are used by the plant to make these
minerals available in soil for uptake, transportation into the root,
distribution throughout the plant, and maintenance within cells
at physiologically required concentrations (Hell and Hillebrand,
2001; Grusak, 2002; White and Broadley, 2009; Dimpka and
Bindraban, 2016). As with plant vitamins and phytonutrients,
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there are significant impacts of environmental conditions on
plant mineral content (Hell andHillebrand, 2001; Palmgren et al.,
2008; White and Broadley, 2009).

IMPACT OF CROPPING SYSTEM

MANAGEMENT ON NUTRITIONAL

QUALITY OF FOOD

Plant Micronutrient Content
The enormous number and variety of plant-derived nutrients,
the variety and intricacy of regulation of biosynthesis of these
nutrients, the difficulty in controlling environmental cues in
production fields, and interactions among environmental cues
that influence the synthesis of these nutrients, make it challenging
to consistently manipulate crop nutrient content solely through
current crop management techniques. Environmental factors
that influence production of plant nutrients such as soil fertility,
soil water availability, soil salinity, light intensity, ambient
temperature, and pathogen infection are difficult to control
and vary spatially within, and among production fields and
temporally over growing seasons (Poiroux-Gonord et al., 2010;
Roberts and Kobayashi, 2011). Even with more focus on
sustainable crop production systems, it will be increasingly
challenging to manage, and enhance crop nutritional quality.
This is because management of biologicals such as cover
crops and beneficial microbes used in more sustainable crop
production systems is more challenging tomanage than synthetic
fertilizers and pesticides used in most current, conventional
production systems (Mattoo and Teasdale, 2010; Roberts and
Kobayashi, 2011).

The impacts of conventional cropping system management
practices have been investigated in terms of fruit and vegetable
micronutrient content (Poiroux-Gonord et al., 2010; Beauvoit
et al., 2018). In general, there is no known clear-cut impact of
N fertility on the phytonutrient levels of fruits and vegetables.
The impact of N fertility on phytonutrient content varies across
fruit and vegetable types (Crespo et al., 2010; Poiroux-Gonord
et al., 2010; Lester and Saftner, 2011). Thus, positive, negative
and no effects have been reported based on the amount of N
supplied, the type of N supplied, the cultivar/species of crop
studied, and the phytonutrient studied. As with N fertility, the
impacts of temperature, light intensity, salinity, and drought on
crop nutrient content vary with the degree of the environmental
condition, cultivar/species of crop, and phytonutrient studied
(Poiroux-Gonord et al., 2010; Albornoz, 2016). Other factors
that impact phytonutrient content include cultivation methods,
elevation of the grower field, and postharvest management
(Crespo et al., 2010; Poiroux-Gonord et al., 2010; Muñoz
et al., 2011; Catín et al., 2012; Manganaris et al., 2014).
Differential impact of environmental conditions on different
phytonutrients within the edible portions of crops further
complicates and restricts manipulation of agronomic practices to
enhance fruit and vegetable phytonutrient content. For example,
in a greenhouse tomato study, increased fruit temperature led to
increases in the level of the flavonoid rutin, while the carotenoid
lycopene, and ascorbate levels were reduced (Gautier et al., 2008).

There may be unique situations, however, where crop
production systems can be manipulated to enhance crop
nutritional quality (Kyriacou and Rouphael, 2018; Rouphael and
Kyriacou, 2018; Rouphael et al., 2018). Abiotic stress factors
such as drought, salinity, and temperature extremes, cause
unfavorable physiological conditions that disrupt the balance
between ROS generation and ROS scavenging in plant tissues
(Tripathy and Oelmüller, 2012; Das and Roychoudhury, 2014;
Czarnocka and Karpinski, 2018; Foyer, 2018; Noctor et al., 2018).
The net result is the induction of these phytoprotective enzyme
systems together with production of more other compounds
(carotenoids, tocopherols, ascorbic acid, phenolics) important
for human health. Careful manipulation of certain of these
plant stressors can increase phytoprotective compounds without
significantly sacrificing yield of certain crops (Kyriacou and
Rouphael, 2018). For example, water availability in the root
zone is an agronomic factor that can be modulated to positively
impact nutrient quality in certain fruit crops (Kyriacou and
Rouphael, 2018). Water-saving irrigation strategies can optimize
water use and impose moderate stress on deep-rooted fruit
trees and vines such as apples, olives, and grapes. It is known
that water deficit influences the expression of genes involved
in the phenylpropanoid, isoprenoid, carotenoid, amino acid,
and fatty acid metabolic pathways in grapes (Deluc et al.,
2009). Thus, water deficit led to higher expression of transcripts
associated with glutamate and proline biosynthesis and some
committed steps of the phenylpropanoid pathway, increasing
anthocyanin concentrations in Cabernet Sauvignon grape.
The same condition activated parts of the phenylpropanoid,
carotenoid, and isoprenoid pathways in Chardonnay grapes
and contributed to increased concentrations of the carotenoid
antheraxanthin, flavonols, and aroma volatiles. However, it is
also known that vegetable crops are negatively impacted in
yield by water deficit since they tend to be shallow rooted
(Costa et al., 2007).

Plant Mineral Content
There is substantial evidence that application of inorganic
micronutrient fertilizers increases the mineral levels in edible
portions of crop plants with the impact of the fertilizer
application dependent on the fertilization practice, the mineral,
and the edible plant part studied (Hirschi, 2009; White and
Broadley, 2009; Khoshgoftarmanesh et al., 2010; Martínez-
Ballesta et al., 2010; Dimpka and Bindraban, 2016). For
example, soil and foliar application of Zn fertilizers increase
Zn concentrations in some plants and some soils (Shuman,
1998; Rengel et al., 1999; Cakmak, 2009; Joy et al., 2015). Fe
fertilizers increase Fe concentrations in edible portions of plants
(Loneragan, 1997; Shuman, 1998; Rengel et al., 1999), and Fe-
chelates applied to soil and elemental S applied to acidify soil
makes Fe more available. Foliar applications of Fe fertilizers are
used, but repeated applications are necessary because Fe is not
otherwise readily translocated within plants. Application of other
micronutrient fertilizers such as those containing Cu, Ca, andMg
can also increase the concentration of the respective elements in
plant tissues (White and Broadley, 2009; Dimpka and Bindraban,
2016). Unfortunately, these strategies may not be ideal or
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practical for other reasons as the application of fertilizers can
enrich mineral levels in the environment and aquatic ecosystems,
sometimes to toxic levels. Also, overfertilization with the plant
macronutrient N can negatively impact micronutrients in crops:
for example, significant reductions in Ca have been reported
in tomato, cucumbers, and some fruits. Additionally, the long-
time availability of mineral feedstocks needed to produce some
of these micronutrient fertilizers (Hirschi, 2009; White and
Broadley, 2009; Albornoz, 2016; Dimpka and Bindraban, 2016).

Sustainable crop production approaches such as legume
cover crops and phosphate-solubilizing microbes, respectively,
increase N and phosphorous in soil (Mattoo and Teasdale, 2010;
Sashidhar and Podile, 2010; Shen et al., 2011). Legume cover
crops capture leftover N in soil, fix N from the atmosphere, covert
this N to biomass, and release N into soil upon decomposition of
the cover crop (Abdul-Baki et al., 1997). Phosphate-solubilizing
microbes excrete organic acids into soil, thereby decreasing soil
pH. Some phosphate-solubilizing microbes also excrete enzymes
such as acid phosphatase and phytase that liberate phosphate
from soil organic compounds (Cosgrove et al., 1970; Pradel
and Boquet, 1988; Rodriguez and Fraga, 1999). However, the
impact of these sustainable approaches on crop mineral content
is not well-established.

CROP GENOTYPE AND CROP NUTRIENT

CONTENT

The most important factor determining crop nutritional content
is crop genotype (Lei et al., 2007; Khoshgoftarmanesh et al.,
2010; Poiroux-Gonord et al., 2010; Manganaris et al., 2014;
Kyriacou and Rouphael, 2018). Manipulation of crop genotype
through traditional breeding approaches, as well as advanced
biotechnology techniques, have been used to increase crop
macro-, and micronutrient content in crops. Modern day
cultivars of all major crops have diminished capabilities for
uptake and incorporation of minerals or synthesis of other
phytonutrients due to the almost singular emphasis of modern
breeding strategies on improving crop yield (Newton et al.,
2010; Rawat et al., 2013). Plant breeders have examined crop
landraces and wild crop germplasm for genetic variability in
phytonutrient content for use in biofortification strategies (White
and Broadley, 2009; Rawat et al., 2013). These crop landraces have
developed mostly in environments with low nutrient availability
and represent a potential source of genetic variation for breeding
for varieties adapted to poor soil nutrient status (Newton
et al., 2010). Apart from traditional approaches advanced
tools of biotechnology have contributed to crop improvement
(Zhu et al., 2007).

A growing list of crops fortified with enhanced nutritional
attributes has emerged (Mehta et al., 2002; Newell-McGloughlin,
2008; Shukla and Mattoo, 2009; Fatima et al., 2013; Zhang
et al., 2015; Bouis and Saltzman, 2017; Low et al., 2017;
Martin and Li, 2017; Strobbe and Van Der Straeten, 2017).
Nutritional improvement strategies have led to an increase in
the concentration, or quality, of the desired macronutrient or
micronutrient, and compounds that enhance nutrient availability

and decrease antinutrients (Bouis, 2000; Newell-McGloughlin,
2008; Khoshgoftarmanesh et al., 2010; Rawat et al., 2013). Classic
examples of improving amino acid profiles in crops to meet
human nutritional needs include high lysine maize, canola,
and soybean cultivars via introduction of a bacterial gene that
is insensitive to lysine feedback inhibition (Falco et al., 1995;
Eggeling et al., 1998; O’Quinn et al., 2000). A second approach
involved introduction of genes for a synthetic protein, or
heterologous protein from another crop species, which elevated
levels of methionine and lysine (Beauregard et al., 1995). Also, the
heterologous storage protein legumin from pea, containing high
levels of lysine, was introduced into rice, and wheat grains (Sindu
et al., 1997; Stoger et al., 2001; Le et al., 2016). The proportions
of individual fatty acids have been increased in several oilseed
crops using conventional selection, mutagenesis, and tools of
biotechnology (Yuan and Knauf, 1997; Zou et al., 1997; Fatima
et al., 2013).

Biofortified crops have also been developed to increase
delivery of vitamins and minerals in edible plant tissues.
Traditional breeding strategies were used to develop orange
maize and cassava with enhanced levels of provitamin A. Human
consumption of orange maize effectively improves total body
vitamin A stores (Bouis and Saltzman, 2017). Another good
example is the orange corn with elevated zeaxanthin and leutein
levels (Burt et al., 2010, 2011). Genetic engineering approaches
led to large increase in β-carotene levels in rice (Zhu et al.,
2007)—a strategy that utilized phytoene synthase from daffodil or
maize combined with phytoene desaturase from Erwinia. Similar
approaches were developed to enhance β-carotene (provitamin
A) in yellow potato, orange cauliflower, and carrots (Zhu
et al., 2007); other carotenoids (phytoene, lycopene, zeazanthin,
lutein) in rice, potato, canola, and tomato; choline in tomato;
vitamin C in corn and lettuce; polyphenolics (flavonol, isoflavone,
resveratrol, chlorogenic acid, anthocyanin) in tomato and potato;
and α-tocopherol in soybean, lettuce and potato (Mehta et al.,
2002; Butelli et al., 2008; Shukla and Mattoo, 2009; Mattoo et al.,
2010; Fatima et al., 2013; Zhang et al., 2015). Crops biofortified
with folate (vitamin B9) in edible plant tissues have also been
developed. Sufficient genetic variation in folate levels is available
in milled rice, potato, spinach, and dry bean folate to pursue
traditional breeding approaches (Strobbe and Van Der Straeten,
2017). Metabolic engineering approaches have resulted in desired
levels of folate in tomato fruit and rice endosperm. Introduction
of a bovine folate binding protein improves folate stability in rice.
Plants have also been engineered for increased concentrations
of minerals such as Fe and Zn (Zhu et al., 2007; Bouis and
Saltzman, 2017; Martin and Li, 2017). Molecular engineering also
enabled reduction in the levels of the offending protein glutelin in
rice, offering a new beginning for the development of super-low
glutelin rice for people suffering with celiac disease.

SUSTAINABLE CROPPING SYSTEM FOR

TOMATO PRODUCTION

Information about the overall impacts of sustainable production
systems on crop nutrient levels is scarce; however, some of
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the component practices such as reduced tillage, crop rotation,
and soil moisture management have been studied. Tillage can
significantly influence yield, mostly through impacts on soil
moisture, nutrient availability, soil temperature, and aeration
(Wang et al., 2008). Zero tillage reduces yield and protein
content of wheat and barley (Malhi and Nyborg, 1990; Malhi
et al., 2001), perhaps a result of reduced N mineralization and
increased N immobilization in soil (Wang et al., 2008). Rotation
of cereals with grain legumes such as chickpea, lentil, and dry
pea can result in increased yield and protein (Gan et al., 2003).
However, there is almost no literature on the impact of biological
components (cover crops, beneficial microbes) of sustainable
cropping systems on crop physiology or micronutrient quality of
food (Neelam et al., 2008; Mattoo and Teasdale, 2010). Impacts of
plant beneficial microbes on crop gene expression and physiology
have been extensively reported but these reports typically are
focused on plant pathogen defense mechanisms (VanWees et al.,
2008; Pieterse et al., 2014). Our work with a sustainable, next-
generation tomato production system indicates that impacts of
these biologicals (cover crop) on crop physiology and nutrient
content (fruit metabolome) can be profound (Neelam et al., 2008;
Fatima et al., 2012, 2016).

Sustainable, Next-Generation Tomato

Production System
Conventional, field-grown tomato production systems typically
consist of raised soil beds and synthetic fertilizers, black
polyethylene plastic mulch, and tillage. Synthetic fertilizer is
essential to maintain N fertility levels while black polyethylene
plastic and tillage are used to control weeds (Abdul-Baki et al.,
1996). Some growers apply excess N to maximize yield as N
recovery by the tomato plant from synthetic fertilizer is low,
potentially contributing to surface, and groundwater pollution
(Abdul-Baki et al., 1996). To increase sustainability of field-
grown tomato production, a hairy vetch cover crop production
system was developed to reduce the need for synthetic fertilizer
inputs such as N, reduce soil erosion, and increase soil water
holding capacity (Abdul-Baki and Teasdale, 1993). The use
of black polyethylene plastic was omitted. In this production
system, the legume is planted into raised soil beds in the fall,
then in early spring hairy vetch is sprayed a light herbicide dose,
and finally tomato seedlings planted with no-till into the killed
hairy vetch mulch. Notably, tomato yield, and economic return
are typically greater with this hairy vetch production system than
the conventional tomato production system (Kelly et al., 1995;
Abdul-Baki et al., 1996).

One advantage of this sustainable tomato production system
is reduction in requirements for synthetic fertilizer N input.
Minimum N fertilizer rates necessary to achieve maximum
tomato yield are reduced to 80 lb/acre compared to 170 lb/acre
associated with the conventional black plastic system (Abdul-
Baki et al., 1997). Soil erosion and water runoff are also reduced.
Additionally, pesticide loads released from fields are substantially
reduced (Rice et al., 2001, 2002). Further, the sustainable tomato
production system reduces the need for fungicide application
because development of tomato early blight disease caused by

Alternaria solani is delayed (Mills et al., 2002a,b). There is also
greater resistance of the crop to invasion and damage by the
Colorado Potato Beetle (Teasdale et al., 2004). The results for
weed competition and herbicide use were mixed.

Impact of Next-Generation Tomato

Production System on Tomato Physiology
The broader impact of the no-till hairy vetch cropping
system on tomato plant physiology is clear. In field and
greenhouse experiments, gene transcripts and proteins involved
in diverse biological processes are differentially up-regulated
in leaves of hairy vetch-grown tomato plants relative to
control plants grown with black plastic (Kumar et al., 2004,
2005; Mattoo and Abdul-Baki, 2006). Up-regulated genes
include ribulose bisphosphate carboxylase/oxygenase (Rubisco),
important for carbon fixation; nitrogen-responsive glutamate
synthase, regulating carbon/nitrogen signaling; nitrogen utilizing
and nitrite toxicity reducing nitrite reductase; stress-defense
related protein glucose-6-phosphate dehydrogenase; chaperone
proteins (HSP70 and ER protein BiP) that stabilize native
proteins; cytokinin- and gibberellin-related regulatory proteins;
and plant defense anti-fungal proteins chitinase and osmotin.
Up-regulation of these plant defense genes may increase disease
resistance of the tomato crop (Mills et al., 2002a,b; Kumar et al.,
2004). Other genes/proteins that promote senescence and aging,
the ethylene biosynthesis gene ACC synthase and the senescence-
regulated SAG12 gene, are more down-regulated in leaves from
hairy vetch-grown tomato than those grown with black plastic.
Consistent with this, hairy vetch-grown tomato has higher levels
of the cytokinin indicator gene, cytokinin receptor protein kinase
(CRK) (Papon et al., 2002; Kumar et al., 2004), together with
upregulation of defense-related genes including basic chitinase
(Memelink et al., 1987), and osmotin (Thomas et al., 1995).
The delayed senescence is likely due to a continued supply of
cytokinin from the roots to the upper parts of the plant (Noh and
Amasino, 1999).

To determine if the N released from decomposing hairy
vetch impacts the physiology of hairy vetch-grown tomato has
also been investigated in a field pot experiment (Fatima et al.,
2012). Tomato plants were grown either in soil taken from fields
where hairy vetch had been previously grown (as the winter
cover crop) and soil surface supplemented with vetch residue,
or in bare soil without any hairy vetch residue. In addition,
the bare soil and hairy vetch treatments were supplemented
with varying amounts of inorganic N fertilizer. The plants
grown with the hairy vetch residue produced higher tomato fruit
yield, biomass, and photosynthesis compared to plants grown
in bare soil. Total average tomato fruit yield in the absence of
supplemental N was 213 g plant−1 and 1,108 g plant−1 for bare
soil and soil plus hairy vetch, respectively (Fatima et al., 2012).
Importantly, a parabolic response is evident for tomato growth
and photosynthesis in response to inorganic N in the bare soil
treatments, which suggests N toxicity in pots with the highest
rates of supplemental N. Notably, the parabolic response to
supplemental inorganic N is mitigated in the hairy vetch-grown
plants, where higher photosynthetic rates are maintained even at
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high supplemental inorganic N application rates. Further, hairy
vetch also mitigated the decline in the expression of nitrogen and
carbon metabolism genes (Fatima et al., 2012). These findings
suggest that physiological cues released from the decomposing
cover crop, other than N, have beneficial impacts on tomato
plants. The source and composition of N fertilizer influences gene
expression in tomato and other crops (Lu et al., 2005; Mattoo
and Handa, 2008; Neelam et al., 2008). Thus, N management
with hairy vetch in sustainable cropping systems offers added
advantages over cropping systems utilizing synthetic N fertilizer
(Fatima et al., 2012).

Impact of Agroecosystem and Crop

Genotype on the Tomato Metabolome
The agroecosystem environment discussed above also impacts
the metabolome of transgenic tomato lines that were constructed
to vary in the abundance of the plant growth regulators ethylene,
methyl jasmonate, and polyamines (spermidine, spermine)
(Fatima et al., 2016). The metabolites central to primary
metabolism were analyzed for the second moment (covariances)
networks (Fukushima et al., 2011) and depicted changes in
correlations of paired metabolites (Fatima et al., 2016). These
metabolite relationships in the tomato fruit metabolome were
genotype (hormone) and environment specific, suggesting that
the fruit primary metabolome is highly plastic in nature (Fatima
et al., 2016). It is not surprising that modification of the
agroecosystem impacts the fruit metabolome. Black plastic used
in the conventional tomato cropping system results in higher
soil temperature and stimulates growth and fruit development.
The hairy vetch cropping system has relatively lower soil
temperatures, different N fertility, and an altered soil microbial
community (Teasdale and Abdul-Baki, 1997; Buyer et al., 2010).
Consistent with these findings, when three tomato cultivars were
grown in a conventional production system at two field locations
that varied in environmental conditions (average air temperature,
soil texture, soil pH, soil mineral content) reprogramming of
transcription and the metabolome occurs in a genotype-specific
manner (D’Espito et al., 2017).

These data on metabolic changes indicate the need to account
for agroecosystem effects on “novel” and other engineered
crop genotypes for variables like fruit yield, metabolite/nutrient
content, and longevity. They also indicate the need for careful
selection of crop genotypes that have robust agronomic,
and other desirable traits, under different agroecosystems
(Grobkinsky et al., 2015); that is, crop genotypes that result
in consistent expression of traits across agroecosystems and
environments. Metabolic networks across genotypes and
agroecosystems highlight differences in the structure of primary
metabolic networks and reveal the fluidity of plant metabolic
networks; in agreement with the recent discussion on differential
networks of plant metabolism (Omranian et al., 2015; D’Espito
et al., 2017).

Moreover, hormonal involvement in the regulation of
metabolomics appears to be both, specific, and complex.
Transgenic tomato fruit genotype deficient in ethylene
production is severely limited in the concentration of Krebs cycle

metabolites under field conditions relative to when grown in
the greenhouse (Sobolev et al., 2014), likely an effect of different
levels of UV radiation. Furthermore, greenhouse-grown methyl
jasmonate-deficient tomato line bear fruit that are remarkably
deficient in several amino acids compared to another transgenic
tomato line which over-accumulates polyamines (Mattoo and
Abdul-Baki, 2006; Kausch et al., 2012). Conversely, methyl
jasmonate-deficient fruit accumulate higher levels of ALA, VAL,
ASP, and GLU under field conditions. Under field conditions,
even when the energy metabolites–ATP/ADP–are higher in
both ethylene- and methyl jasmonate-deficient fruits, fruit from
these lines have lower amounts of Krebs cycle intermediates as
compared to the same fruit genotypes grown in the greenhouse.

Comparative analysis of the double transgenic fruit (Sobolev
et al., 2014) provides additional insights regarding the cross-
talk between the high polyamine trait and that of the ethylene-
deficiency or methyl jasmonate-deficiency traits (Fatima et al.,
2016). The ethylene-deficient trait is dominant over the high
polyamine trait. In contrast, the high polyamine (Spd/Spm) trait
is dominant in the background of methyl jasmonate deficiency
in maintaining higher levels of several amino acids (GLN, ALA,
TYR, and GABA) under field conditions. Similarly, the high
polyamine trait is dominant for Krebs cycle intermediates—
citrate, succinate, and fumarate—and energy-related metabolites
(ATP/ADP) under field conditions but not under greenhouse
conditions. The conversion of glutamate to succinate catalyzed
by glutamate decarboxylase, GABA transaminase, and succinic
semialdehyde dehydrogenase have been related to GABA shunt,
an alternative pathway for glutamate to enter the Krebs cycle
(Michaeli and Fromm, 2015; Takayama and Ezura, 2015), while
GABA is emerging as a signaling molecule in stress pathways
in plants (Xing et al., 2007; Moschou et al., 2012; Shelp et al.,
2017). Catabolism of the polyamine putrescine to GABA has
been associated with prevention/delay of senescence (Mattoo and
Sobieszczuk-Nowicka, 2019).

Thus, agroecosystem environment can impact the fluidity
of metabolite networks while specific interactions between a
particular metabolite pathway and growth environment are
genotype-specific and influence the metabolite quality of a crop.
Future research is needed to define how expression of these traits
is modified by agroecosystem environment.

POSSIBILITIES FOR THE FUTURE

It has become apparent that diets consumed by the world
population for the past 50 years are nutrient-limited and
have added to erosion of natural biodiversity (Robinson, 2013;
Lucas and Horton, 2019). Nutrition studies have established
that diet and human health are inter-related for human
wellness. Nutritional molecules including vitamins (B, C, E,
and β-carotene), folates, lycopene, flavonoids, isothyocyanates,
glucosinolates, polyphenols, glutathione, andminerals contribute
to the antioxidative capacity of vegetables, fruits, nuts, and
various herbs. Increased consumption of fruits, green vegetables,
and foods rich in phytonutrients, protein, and fiber are beneficial
to human health. However, the available level of phytonutrients
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in commonly grown crops including vegetables is below the
recommended daily allowance (RDA) when consumed as a
common serving size and likely a function of how and where
these crops are grown. Also, it is noted that the levels of
phytonutrients present in horticultural crops are low and
significantly influenced by genotype/cultivar, growth condition
and developmental stage. In this regard, genetic engineering has
become a refined tool to increase the antioxidant and nutrient
capacity of economically important crops including fruits and
vegetables to levels favorable not only for a highly nutritional diet
but also to enable in-depth studies on the relationships between
diet, genetics and metabolism.

Maladies such as hypertension, diabetes, osteoporosis and
cancer, along with age/lifestyle-related diseases are intertwined
with the diet (Mattoo et al., 2010). The possibility that dietary
intervention via nutrition-enriched food may significantly
decrease incidence of diet-related diseases has catalyzed scientific
efforts to understand this relationship. Multiple and synergistic
interactions among nutrients influence antiproliferative activity
compared with an isolated antioxidant. The true potential of
a supplemental antioxidant or crop nutrients in human health
benefits is in their accessibility, bioavailability, and biological
potency. Deciphering the transcriptome–proteome–metabolome
of the new transgenics should provide new knowledge to
mitigate societal concerns and open markets for genetically
engineered crops, as is apparent from higher sales of Hawaii-
grown transgenic papaya in the USA.

Dr. Richard Horton, Editor-in-Chief at The Lancet, wrote:
“Poor nutrition is a key driver and risk factor for disease.
However, there has been a global failure to address this.
It is everyone’s and no-one’s problem.” Research based on
personalized medicine has become prominent in recent years to
design patient-based diet prescriptions utilizing an individual’s
health metrics and relevant information harnessed through
technologies including genomics, epigenetics, systems biology,
and others (Minich and Bland, 2013). The conceptual bases for
personalized nutrition include biological evidence specific to an
individual’s response to foods/nutrients and how these relate
to an individual’s genotypic/phenotypic characteristics (Ordovas
et al., 2018). It is anticipated that personalized nutrition will
have tremendous impact on humanity but it is still in infancy.
Like human genetics, plant genetics has to provide answers that
categorize what keeps plants growing well and what is responsible
for their short life span. In this regard, it has been recognized
that crop genomes undergo constant changes based on evolution
and human intervention. Thus, there is an important need and a
huge task to map and sort out available and new crop genomes
(Kresovich, 2019).

Other reports view sustainability as a bridge between
robust agricultural practices (productivity) and healthy human
populations focusing on economical and quality-of-life value
to human society (Adams et al., 2016). Breeding strategies
for developing food for consumption inadvertently led to
modern day cultivars that are richer in carbohydrates (starch
and sugar) and deficient in nutrients such as antioxidants,
vitamins, minerals, and fiber (Robinson, 2013), as alsomentioned
above. Adams et al. (2016) opine that intensive agricultural

practices lead to foods deficient in nutritional quality and cause
increased human risk of chronic diseases and disorders linked
to foods high in glycemic index, saturated fat, and lower ratios
of omega-6 to omega- 3 fatty acids. Intake of omega-3 and
omega-6 fatty acids regulates the immune system; omega-6-
derived hormones stimulate the immune response while omega-
3-derived hormones are anti-inflammatory (Teng et al., 2014;
Adams et al., 2016). A balanced ratio of dietary omega-6 to
omega-3 oils has been recommended to be lower than 10:1,
to as low as 2:1 or 1:1 (Simopoulos, 2008, 2011). Notably, the
modern Western diet provides a ratio exceeding 10:1, due largely
to high ratios found in mass-produced vegetable oils (corn,
sunflower, soybean, and cottonseed oil). The plant species used
as feed for livestock and food production conditions both affect
nutritional quality. Thus, redesigning agriculture for achieving
sustainability and utilizing modern genetic engineering tools
have an immense advantage in enhancing crop production with
an added nutritional dose.

CONCLUSIONS

Plants provide a diverse collection of essential vitamins, amino
acids, fatty acids, and minerals essential in the human diet. Plants
also provide a diverse collection of phytonutrients that are not
essential but implicated in enhancing human health (Martin and
Li, 2017). These nutrients play a variety of roles in plants and
are subject to developmental and environmental cues for their
synthesis. Crop production systems, and often uncontrollable
environmental conditions in agricultural production fields,
impact synthesis and uptake of these nutrients. The number of
different nutrients in plant foods, and potential for a differential
response to these production system and environmental cues,
make it challenging to manipulate crop production systems
to produce food that is consistently dense in all desired
nutrients. The impact of sustainable cropping systems on crop
nutrients is essentially unknown. The use of biologicals (cover
crops, beneficial microbes) makes them harder to manage than
conventional systems (Mattoo and Teasdale, 2010; Roberts and
Kobayashi, 2011). Therefore, it is unlikely if not impossible,
to produce foods dense in the desired nutrients solely by
management of sustainable production systems.

There is a clear need to increase production of nutritious
food while making food production more sustainable (Roberts
and Mattoo, 2018). One strategy to do this, as outlined
above with the next-generation tomato production system,
is to direct crop production system development toward
diminishing the substantial impact of the production system
on the environment and the development of advanced crop
cultivars toward increasing yield and nutritional density of
edible portions of the crop. Our work with this sustainable
tomato production system demonstrates the ability to develop
a crop production system with decreased impact on the
environment while at the same time having positive impacts on
fruit attributes. This production system substantially influences
tomato physiology, shelf-life, longevity, and defense against
disease (Mills et al., 2002a,b; Kumar et al., 2004, 2005; Neelam
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et al., 2008; Mattoo and Teasdale, 2010). Therefore, production
of sustainable production systems may provide opportunities to
further enhance nutritional quality of food beyond that provided
by advanced crop germplasm. However, analysis of the impact of
crop agroecosystem and crop genotype (in this case, variation in
hormone levels) on the tomato metabolite profile indicates that
genotype, agroecosystem, and agroecosystem × crop genotype
interactions influence tomato metabolites (Mattoo and Abdul-
Baki, 2006; Neelam et al., 2008; Fatima et al., 2016). This is
consistent with other studies demonstrating the importance of
crop genetics, cropping system, and cropping system × crop
genotype interaction on plant metabolite (nutrient) content
(e.g., reviewed in Poiroux-Gonord et al., 2010). There is,
therefore, a serious need to thoroughly test newly generated
crop cultivars in different cropping systems and, likewise, the

impact of newly developed cropping systems on crop cultivars
regarding nutritional quality of the resulting foodstuff. Robust
crop cultivars are needed that consistently express traits across
agroecosystems and environments. Likewise, techniques/ideas
that result in increased robustness of crop genotype need to be
developed and tested (Mattoo, 2014; D’Espito et al., 2017).
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