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Preface

Plants are important organisms providing food for humans and animals. They are the basis
of life on earth. There is a clear progression in plant science. Plant science has several disci-
plines working together to understand the structural, functional, and evolutional features of
plants. Plant species have been adapted to different environmental conditions and respond
to various biotic factors to survive. During these adaptive processes, their genetic systems
have been shaped and rearranged. Changing environmental conditions and a rapidly in-
creasing world population have further increased the importance of developing new variet-
ies in plant production and hence plant breeding.

In accordance with the latest improvements in molecular biology techniques, transgenic ap-
plications, nanotechnology, and omic technologies, it became necessary to discuss applica-
tions on these aspects. In this book, we present new technologies having applications on
breeding and molecular genetic analysis of plants. Each chapter summarizes current knowl-
edge on different fields of new-generation molecular techniques.

This book is organized into three sections. Section I, Molecular Plant Breeding, describes the
molecular marker technologies and transgenic approaches in breeding studies. Section II,
Plant Omics, shows the importance and usage of transcriptomic, proteomic, and metabolo-
mic analysis in plant science technologies. Section III, Nanotechnology in Agriculture, sheds
light on the use of nanotechnology in agricultural applications.

After commercialization of transgenic plants, biotechnological improvements have pro-
gressed. Technological improvements produce genome-scale data to use in breeding stud-
ies. The use and processing of plant genome-related data have led to significant
improvements in terms of gene expression and the identification of its relationship. Integra-
tion of molecular marker analysis systems into marker-assisted selection applications has
evolutionary importance in agriculture. The rapid accumulation of sequence resources guar-
antees that genetic applications will progress with comparative genomics. In this sense,
omic technologies have become important. Also, improvements in analytical methods and
analysis of metabolites create an insight into the responses of plants against several stress
factors. Multi-omics-based systems help to understand the pathways or molecules that have
a role in certain plant functions. Genomic information obtained by next-generation sequenc-
ing techniques needs to be organized and analyzed. The integrative improvements of multi-
ple omic technologies and computational tools will be helpful in plant biotechnology
studies. Besides computational techniques, nanotechnology is a new research area for agri-
culture. Usage of nanotechnological products as pesticides is gaining favor for new studies.
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Introductory Chapter: New Age Molecular Techniques
in Plant Science
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1. Introduction

Plants are valuable research objects. Their life spans can reach up to 5000 years, and their
survival potential under extreme conditions makes them more interesting. Knowledge about
plants has maturated and deeper research areas have been generated.

After commercialization of first transgenic plant, agricultural revolution has been started.
Biotechnological improvements have been rapidly integrated into agricultural technologies in
response to the global needs.

Plant breeding is an application that changes the plant genetics to thousands of genes, crossing
varieties and then selecting the new varieties (and genes) that are desired. In this intertwined
event, the plant breeder crosses to ensure that the desired traits are gathered in sufficient
numbers, taking into account the preferences for genetic backgrounds. Breeding studies are
based on Mendelian genetics. There are several breeding objectives for each cultured plant
species. These objectives are possible to alter suddenly. Therefore, new breeding programs
should be adapted. At this point, the breeders must be in a close relation with the market and
agricultural technologies. Breeding can be described as the continuous period of mating and
selection. The only difference is the breeding methods preferred by the breeders.

In practice, biotechnology is often combined with plant breeding to develop plants. In this
context, genetic markers mapped near genes responsible for important agricultural features
are used to select the desired plant. New age molecular techniques can be easily adapted for
plant system. Therefore, a new wide door opened to new possibilities for discoveries in plants.

Releasing the data of plant genomes, it is important to determine the relation between
interconnected network of genes and gene products. The requirements of new approaches for
analysis and interpretation of the results cannot be denied.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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2. Molecular marker analysis

Molecular markers can be expressed as a DNA sequence or gene expression product that
represents differences in genomic level in relation to a gene or a property. Molecular markers
are markers that can be used to monitor differences at the DNA level and for a gene that is
being investigated. DNA markers are also DNA regions in which polymorphism in individ-
uals within a species can be determined [1, 2] .

Molecular markers are nontissue-specific DNA regions that are reliable, repeatable,
standardizable, capable of identifying multiple regions in the genome, capable of identifying
more than one region in the genome, independent of environmental conditions, dominant
and codominant [2—4].

Molecular markers are classified as dominant and codominant markers. Heterozygous indi-
viduals cannot be distinguished from homozygous dominant individuals, since dominant
markers are not suitable for identification of heterozygous individuals when related to domi-
nance between alleles is dominated by dominant markers. Thus, three different individuals
(AA, AA and AA) can be distinguished for any marker at any point [2, 4].

The use of molecular marker systems based on this meta-analysis has become more prevalent
in genetic studies conducted by the discovery of the polymerase chain reaction (PCR). The
rapid development of technology and the accompanying needs, the facilities of the laboratories
where the applications will occur, the biological properties of the species and the abundance of
markers in the genome have contributed to the development of DNA markers [5]. Restriction
fragment length polymorphism (RFLP), randomly amplified polymorphic DNA markers
(RAPD), amplified fragment length polymorphism (AFLP), sequence labeled sequences (STS),
microsatellites (SSR), cleaved polymorphic sequence (CAPS), single strand such as comple-
mentary polymorphism (SSCP), amplicon length polymorphism (ALP), interspecific sequence
repeat polymorphism (ISSR), expressed sequence tags (EST) and single nucleotide polymor-
phism (SNP) [1, 6-11].

Molecular marker techniques have some advantages and disadvantages as compared to each
other, but their reasons for preference vary according to the purpose of the study and the
technical possibilities of the laboratory in which the study will be conducted. SSR and SNP
markers are frequently preferred because of the high level of polymorphism nowadays [11, 12].

3. Marker-assisted selection (MAS)

Marker-assisted selection (MAS) accelerates the process of developing a new improved variety.
Instead of choosing a character (which is a result of many genetic studies), the MAS is based on
the genes that provide the desired character. This is called the quantitative feature locus (QTL)
the choice of specific alleles in the marker locus is dependent [13, 14]. To summarize the
theoretical advantages of MAS:
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1. Avoid errors that are caused by environmental changes.
2. Applicability in a juvenile phase without leaving a character.

3. In order to be effective, a single plant may be applied here, while the phenotypic selection
of some characters requires many seeds or tissues.

4. Phenotypic selection may be more economical. Although the MAS paternal choice does
not take the place of sexual recombination and breeding strategies, it can greatly increase
the selection effect of a superior genotype.

Therefore, MAS is considered to be an important technique for improving general plant
regeneration. The advantages of MAS may not always be meaningful, and it is often discussed
that phenotypic selection for many characters is faster and cheaper than MAS. Some of the
factors that may affect the success of MAS in the negative are as follows:

1. Some breeding facilities are inadequate in terms of technical infrastructure and expertise
required for the implementation of MAS.

2. Decreasing the influence of the MAS between the marker and the target QTL.
3. Marker must be polymorphic on parents.

4. MAS is only effective if the selected alleles are more important than the other alleles in the
population. This last factor is the key to success or failure of every MAS application [13, 15, 16].

As can be seen clearly, MAS is based on the ability to predict the value of alleles. This
prediction depends on a number of factors, but it is essentially an allele, the behavior of other
alleles in existence and other physical environmental conditions that have not yet been tested.
For example, a breeder may determine that the A1 allele at its locus is a positive effect on yield.
However, this prediction is made in a limited environment and with a limited number of gene
sources. A breeder who crosses a parent with allele A1 and a new parent with the allele A4 and
selects the allele Al as the bound marker will never know that the allele A4 is better than the
allele A1, but not in the absence of the allele Al, plants may be susceptible to a disease. For
these reasons, MAS should never be applied separately from phenotypic selection. The most
successful applications of MAS arise in situations where it is used to improve it rather than
applied to phenotype selection [5, 13-15].

4. Genetic linkage mapping

DNA marker technology is used in herbal organisms to study diversity and kinship levels,
fingerprint studies, genomic and physical maps, genomic regions associated with various
stress factors, and genomic information. Fingerprint analysis aims to identify similarities or
differences among genetic materials. Based on the assumption that the variation in genetic
markers represents a variation in genes, the use of markers in fingerprint analysis has been
conceived. In the fingerprint analysis, markers are widely used to provide information on
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many of the genomes at the same time. As a result, the proportion of loci that differs between
genetic materials is determined. This type of analysis is used to select materials to be imported
into the plant rehabilitation program, and with the use of lines with a high variation, the
breeder has the choice of choosing what he wants from a wider variation. Fingerprint analysis
is also used for various diagnoses. Fingerprint analysis based on genetic markers also has a
widespread use in forensic envy. Genetic markers are used in genomic analysis, in evolution-
ary development, in the identification of structural changes in chromosomes, in genetic
resources and in the protection of varieties and in genetic variation. DNA markers are the most
trusted and preferred systems because they are not affected by any condition, and because
they allow the whole of the genome to be narrated or done [17, 18].

Link maps can determine the position and genetic distance between the markers along the
chromosome. A genetic linkage map is formed by determining how often the marker moves
together. A good genetic map has many markers on the whole genome without big gaps. The
rate of production of genetic maps increased as the rate of use of this information in plant
breeding programs increased. Both simple and complex inherited genes can be easily identi-
fied by DNA markers [1]. Many characters (such as resistance to certain diseases) that are
simply governed by a single gene have been transferred to different genotypes in a very short
time, thanks to DNA markers provided that genetic maps are first made. The most effective
use of molecular markers has been the refinement of quantitative characters possessing com-
plex inheritance and governed by multiple genes. Many characters such as plant height,
flowering time, brooding, yield and yield elements, quality, endurance against certain diseases
and harms are being quantitatively controlled and have considerable prospects for plant
breeding trials. Since quantitative characters are governed by multiple loci (QTLs), the degree
of effect of each locus is different, and because they are highly affected by environmental
conditions, it is difficult to determine and transfer in traditional breeding trials [19, 20].
However, due to detailed genetic maps made with molecular markers, the degree of effect of
each locus can be determined by locating homozygous populations in different environmental
conditions, and probable locations of these loci have been identified on chromosomes. The
most important use of link maps is to identify chromosome regions that contain the locus of
interest and the quantitative feature locus associated with the feature of interest. These types
of maps are called QTL maps or genetic maps. The QTL mapping is based on the presence of
markers and genes that open up through chromosomal recombination during meiosis and
allow them to analyze this expansion in their offspring [12, 21-23].

Generally, the rate of polymorphism in plant species that can be tolerated is higher than that of
self-fertilized plant species. For this reason, partly distantly related rootstocks/parents are
selected in the mapping studies carried out on self-fertilized plants [19]. The choice of DNA
markers to be used in a mapping study depends on the availability of the currently existing
and characterized markers or the suitability of the specific markers for the organism being
studied. When polymorphic markers are identified between parental/parent, these markers
need to be screened in the entire mapping population. This process is called as marker
genotyping [14, 20].
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Link analysis can be done manually for several markers, but the use of computer programs is
required to perform link analysis for a large number of markers. When genetic maps were
constructed to cover a large number of plant species, researchers believed that the genes could
be in similar order and in similar sequences in close-up car species. This observation called
genetic and collinearity in terms of chromosome organization among species reveals the
existence of hundreds or even thousands of common molecular markers that could be geneti-
cally mapped in different species. The use of co-markers in mapping studies allows genome-
wide comparative analysis of different species [23].

Most DNA markers are selected from nonrepetitive regions in the genome. This means that
repetitive DNA is included in the genetic markers as empty and large regions. Along with not
being observed much in dicotyledonous plants, while high-order cholinergic activity is
observed in monocotyledons, it is observed among some species of synthetic dicotyledonous
plants as well as the reason. The strain between species reveals a number of meaningful
results. Simply, the genetic information obtained for a species can be transferred to another
species by eliminating experimental barriers [14, 24].

The rapid accumulation of sequence resources guarantees that genetic applications will pro-
gress with comparative genomics. The linkage of these genomic sources with close relatives
and even farther relative species greatly facilitates the exploration of evolutionary narratives.
This clarifies the exploration and exploration of important orthologous loci, the restructuring
of phylogeny and other biological questions.

5. Omic technologies

The omic technologies makes the interactions understandable between the genes, proteins and
the biochemical pathways by using several molecular and analytical methods such as bioin-
formatics and computational analysis methods. The main focus of omic technologies is the key
traits of interest known as genomics, transcriptomics and proteomics. Improvements in instru-
mentation and analytical methods have driven the major data sources of omic technologies
such as genomics, transcriptomics and proteomics forward [25, 26].

Technological improvements produce genome-scale data to use in breeding studies. In relation
to the improvements in analytical methods, analysis of the metabolites becomes important.
Profiling of the alterations of the metabolite accumulation provides an insight into the responses
of the plants against several stress factors. A new omics research field “metabolomics” was born.
Nontarget metabolome analysis is also useful to evaluate the tissue specific metabolites and
secondary metabolites. It has been reported that significant progresses in metabolite quantitative
trait locus (mQTL) analysis have been used in several plant species [27, 28].

The main issue in omic technologies is to combine the heterogeneous data sets. High-throughput
quantitative omic data are the best option to describe the different levels of the information of a
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biological system. Computational tools are effective to overcome this problem. An integrative
analysis of the genome-scale data, comparative analysis of the genomes, phytochemicals, and
biosynthetic pathways can be easily and successfully performed. Multi-omics-based systems are
demonstrative to understand the pathways or molecules having role in certain plant functions
[29, 30].

Epigenomics is one of the latest tools to understand a gene function regulation in an organism.
The newest technologies have opportunity to enable the data to resolve the mechanisms.
Epigenomics provides us ability to define phenotypic variations via DNA-protein interactions,
chromatin modifications and RNA technologies. Also, usage of chromatin immunoprecipitation
(ChIP) techniques with next generation sequencing (NGS) technologies can gain epigenomic
data from plant species [31-33].

6. Next-generation sequencing (NGS)

The improvements in sequencing technologies, an important era in plant genomic researches
have been started. In a short time, cost-effective sequencing technologies have been developed.
Next-generation sequencing (NGS) platforms give opportunity to plant genomic studies for
several breeding strategies [34-36]. It is available to work with the plant genome and the whole
transcriptome by using NGS platforms without resequencing. HeliScope™, SMRT™, RNAP™
and Nanopore DNA sequencer are classified as 3rd generation sequencing technologies. Recent
advances in DNA sequencing technologies produce new analyze methods to define the exact
mechanisms of the traits. Genome-wide association studies known as GWAS are effective to
discriminate the complex features in plants. GWAS can scan the molecular markers among the
DNA, gene or genome rapidly, and it can be possible to find the genetic variation which is in
relation to an agronomic trait. GWAS uses the NGS data to find genetic variations [30, 37, 38].

NGS technology is also effective for characterization of transgene constructs such as flanking
regions and other element combinations [39]. NGS technology is more sensitive than qPCR GMO
detection to find out the existence of unknown GMOs. Integration of NGS to other new age
molecular methods such as DNA walking opens a new window in GMO screening [30, 3942].

7. Bioinformatic analyses

Genomic information obtained by new-age molecular biology techniques is required to be
stored, organized and analyzed. Bioinformatic methods have progressed rapidly and exchanged
the status of the research. The use of bioinformatics tools is crucial for the processing of large-
scale data in detail.

The important point is to process and analyze plant genomics data. NGS technology is the
main challenge. In recent years, the increase in the number of sequenced plant genomes and
the need for tools are obvious. The heterogeneous nature of the plants and innovative
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bioinformatic tools have become mandatory. The German Federal ex situ Gene Bank of Agri-
cultural and Horticultural Crops (GCBN), GIBS (Genebank information system), EURISCO,
LAILAPS, PGP&e!DAL, PlantsDB, IPK blast server, Plabi PD are recent platforms for plant
genomic resources [43].

The integrative improvements of multiple omic technologies and computational tools are
helpful in plant biotechnology studies. Interdisciplinary collaborations are important to enable
the network between different fields of life sciences. This must be the most important mission
for the researchers working on plant biotechnology to provide new insights on agricultural
problems. Otherwise, it will be a big challenge to solve the upcoming problems and to define
the requirements of plant breeders.
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Abstract

Nitrogen (N) and phosphorus (P) are the most important nutrients for crop production.
The N contributes to the structural component, generic, and metabolic compounds in a
plant cell. N is mainly an essential part of chlorophyll, the compound in the plants that is
responsible for photosynthesis process. The plant can get its available nitrogen from the soil
by mineralizing organic materials, fixed-N by bacteria, and nitrogen can be released from
plant as residue decay. Soil minerals do not release an enough amount of nitrogen to sup-
port plant; therefore, fertilizing is necessary for high production. Phosphorous contributes
in the complex of the nucleic acid structure of plants. The nucleic acid is essential in protein
synthesis regulation; therefore, P is important in cell division and development of new
plant tissue. P is one of the 17 essential nutrients for plant growth and related to complex
energy transformations in the plant. In the past, growth in production and productivity
of crops relied heavily on high-dose application of N and P fertilizers. However, continue
adding those chemical fertilizers over time has bad results in diminishing returns regard-
ing no improvement in crop productivity. Applying high doses of chemical fertilizers is a
major factor in the climate change in terms of nitrous oxide gas as one of the greenhouse
gas and eutrophication that happens because of P pollution in water streams. This chapter
speaks about N and P use efficiency and how they are necessary for plant and environment.

Keywords: nitrogen use efficiency, phosphorus, yield, phosphorus and agriculture

1. Introduction

Crop nitrogen use efficiency (NUE) in world cereal production has been estimated to be inef-
ficient with only an average of 33% of fertilized N being recovered during production [1].
Denitrification caused by excessive amount of rainfall and nitrate leaching are the leading
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causes of N loss in the soil. Loss of N to ground and surface water has resulted from ongoing
fertilizer management processes in the Corn Belt region of the USA [2—4]. Insufficient coordi-
nation between N applications and the requirement of the crops, applying excessive amounts
of N before planting as an example, has been cited as one of the primary reasons for the low
NUE of ongoing fertilizer management processes [5, 6]. According to the USDA, for the last
two decades, close to 150 kg ha™ has been the usual N application amount in the Corn Belt
region of the USA [7], and around 75% of N applications, including the previous fall, was
applied before planting [6]. The usual consumption rate of mineral N in the soil for corn for
the first 3 weeks after emerging from the ground is less than 0.5 kg ha™ a day. N consumption
then increases exponentially to around 3.7 kg ha™ a day after the first 3 weeks until the corn
plant reaches the tasselling stage [8]. A recorded consumption of 6 kg ha™ a day has been the
highest rate recorded (J.S. Schepers, personal communication). Early season leaching of pre-
plant N applications to areas below the crop-rooting zone before the plant reaches its peak N
uptake phase is reliant on present soil and weather conditions [9]. The introduction of high
amount of available N in the soil profile is risky as it is in danger of being lost to leaching, and
the plant can take up denitrification over a period of several weeks before it during its active
uptake phase. As the rate of N fertilizer applied in a single pre-plant N application increases,
the efficiency of the N application will decrease [10]. However, NUE has been observed to
increase when applied in-season as opposed to being applied pre-planting [11]. It has been
suggested [12] that N should be applied when required by the crops to increase NUE. Farmer
support of the practice of applying N in-season in the corn growing region is low, despite the
improved NUE application strategies being supported by ample research [13]. Farmers are
likely rejecting the practice of in-season applications in favor of the simpler strategy of apply-
ing pre-plant N applications due to the cost and practicality of the labor and equipment asso-
ciated with in-season applications [6]. Despite the presence of spatial and temporary variables
in different landscapes, N is applied in a uniform pattern onto the landscape, ignoring the
variables and studies that have proven the economic and environmental benefits of spatially
variable N applications, contributing to low NUE in the corn regions [14]. Due to the spatial
variabilities in the interior of fields, different sections have varying levels of soil N content,
different rates of crop N uptake, and different N responses [15]. Therefore, it is a risk to apply
large uniform N pre-plant applications in ignorance of this variability within the field as N in
the over-applied areas, or at-risk soils could be lost to environmental factors. Over application
of N recommended by out of date N recommendations has been cited as another source of low
NUE. Analysis of nitrate in the soil before planting and yield expectations is used as the basis
for determining the recommended rate of N application for corn in North Dakota. However,
corn will only benefit from these recommendations if they follow a rotation and if manure
had been recently used [16]. About 30-60% N loss [17], sometimes N losses could go beyond
70% [18], have been proven by a handful of studies. In North Dakota, the different regional
climates, the experience of farmers, and cultural practices are not taken into consideration
when developing N recommendations for corn. N availability for corn and the rate of mineral-
ization for residues and organic matter in the soil are dependent on regional climate variables
such as the temperature and precipitation. N loss via leaching, the rate of N mineralization, or
from denitrification caused by periods of excessive precipitation is affected by different soils
in a field with variable traits such as soil texture, pH levels, and organic matter content (OM).
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In regard to phosphor the green revolution that followed World War 2, the use of chemical fertil-
izers increased to increase yields but at the expense of the environment [19]. The common usage
of P fertilizers has led to P pollution in the waterways of the USA due to lack of preventative
measures to prevent the erosion of P in bodies of water. As a result, wildlife and the environ-
ment are at risk. Studies carried out by the Environmental Protection Agency (EPA) has reported
and confirmed the presence of P pollution in the Northeastern USA [20]. The application rates
of major fertilizers containing N, P, and K have increased in all crops grown in the USA [21].
After 1989, consumption of P temporarily decreased after reports of P erosion in lakes and rivers
were released [22] until consumption rates started to increase again in 2010, despite govern-
ment regulations. Historically, the potato industry in the Northeastern USA was the primary
source of P pollution. P fertilizer was applied when not needed, and the potato crops would
only recover low amounts of P. It was recently discovered that P concentrations are increasing in
lakes and rivers in the Northeast [20], raising concerns about the amount of P currently applied
in the agricultural industry in the Northeast. In comparison to potato cultivation in other major
potato growing regions, it was found that state-wide P consumption in Maine has declined. This
could be attributed to a drop in land dedicated to potato growth over the last 20 years. Despite
this, average yield has increased, with the last 2 years of potato production reaching record
highs and growing still every year despite declines in P application. However, it was found
that this decrease in P application had a nonsignificant reduction. Despite decreasing from 198
to 182 kgha™ (Figure 1), it is still very high. When low levels of P are found, the University of
Maine Soil Testing Laboratory recommends 50 kgha™. In the agricultural industry, potato grow-
ers apply the maximum amount of fertilizers, making them a prime suspect of being the prin-
cipal source of P pollution. P pollution in the St. Johns River in Florida has been directly linked
to P loss in potato cultivation [23]. The United States Geological Survey found that 71% of the
cropland in the USA had at least one of the four contaminations responsible for water quality
degradation. Dissolved nitrates, fecal coliform bacteria, suspended sediments, and total P are
the four contaminants. A total of 20,000 ha of agricultural land is dedicated to potato cultivation
which has a production rate of 44 kg ha™ [21]. The EPA in Maine has raised concerns over the
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Figure 1. The trend of average P (kg ha™) used under potato in the key potato-growing states. The polynomial regression
analysis was utilized to a potential relationship between years and P use. USDA, National Agricultural Statistics Service,
and New England Ag Statistics.



16 New Visions in Plant Science

nonpoint source of P that is increasing P pollution in water bodies; 14,407 ha of land has been
impaired by P pollution [24]; 3350 t, with an average of 182 kgha™, of P, was applied to potatoes
in 2014. Potatoes have a low P uptake at an average of ~28 kgha™ [25]. Only 10% of P applications
are available to potatoes, resulting in a lowered efficiency and loss of P to erosion [26].

In Maine, out of ~3600 t of P that was applied, only 612 t was taken up by potatoes with only
1.12 kg ha of it mineralized (fertility and fertilizer book). In Maine, there is P efficiency of
~17%, with applied P only has an efficiency of 16%. P can enter the water via run-in, runoff,
or leaching. Water quality degradation is primarily caused by P pollution [66]. Soil runoff
and leaching cause an estimated 10-40% of P pollution from agricultural land [46]. Severe
eutrophication of water can occur if P concentrations exceed 0.02 ppm [27, 28]. Need for P
management to mitigate eutrophication was brought to attention after high levels of P were
recorded in the river and lakes of Maine [29]. Despite growers, receiving specific recommenda-
tions from soil testing, P pollution is still rising; suggesting growers are still applying excessive
P. Because of different parent material, various soil types have different abilities when it comes
to releasing available P in soil. Available Ca, Al, and Fe affect the soil ability to hold moisture
and the availability of P in soil [30]. There is no clear answer to P requirements, especially in
the case of potatoes, despite several studies had been carried out since the 1940s [30-37].

2. Soil and plant analysis

A few studies [38, 39] with the goal of applying the amount of N needed with spatial variables
in mind, recommended marking spatial variable management zones (MZ) as part of a soil-based
method for variable N applications and for bettering NUE. MZs are defined here as areas within
a field with homogeneous characteristics in regard to soil conditions and landscapes. Traits
within an MZ such as similar crop yields, electrical conductivity (EC), and producer-defined
areas make zones homogenous [40]. Impact of fertilizers on the environment, input-use effi-
ciency, and yield potential are some of the similarities that the attributes have. To define borders
for MZ’s, a range of methods were put forth by researchers as viable approaches. Geo-referenced
data layers (i.e., soil color, electrical conductivity, yield, and topography) are statistically clus-
tered or combined using geospatial statistical analyses within geographic information systems
(GIS) to delineate zone boundaries [41]. Soil mapping units [42], remote sensing [41, 43], topog-
raphy [44], yield maps, and soil EC [45] have been successfully used to delineate the MZ. Static
and inconsistent (because of effects of temporal variations on yields) sources is what the MZ
relies on for much of the delineation [14]. Because of their static and inconsistent nature, they are
likely inappropriate in accounting for all the variability of N requirement within a field.

3. Use of tissue analysis for N management

N concentrations in critical states can be used as an indicator of crop N status. Critical N is the
minimum amount of N required to provide the maximum amount of growth at a particular time
[46]. The concentration of N is high when the corn plant first starts to grow and develop but
eventually decreases as the corn plant matures. Critical N dilution is the graphical depiction of
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this process [47]. The ratio of actual N in the plant to the critical N set by experiments in the past
is called the N nutrition index (NNIN) [58]. The value of NNI more or less than 1 relates to a non-
limiting growth or deficient situation of the crop, respectively. Wheat (Triticum aestivum L.) [48],
grain sorghum (Sorghum bicolor L.) [49], rapeseed (Brassica napus L.) [50], Rice (Oryza sativa L.) [51],
and grasses [52] have been used in the NNI approach. Suggested to be the result of competition
between corn plants [53] at the early stages of growth, the advent of critical N does not contrib-
ute to a solid estimate of crop N status [54]. In what is referred to occasionally as “dilution,” an
increase in crop biomass will lead to a decrease in N concentrations [53].

4. Spatial variation

Variations in traits such as soils, soil management techniques, production history, movement
of water and nutrients, and spatial variation are to classify types of fields for commercial corn
production. Because of the spatial variations, changes in N requirements of plants, vulnerability
to stress, and productive plant variations across a landscape can occur. Slope changes in the
interior of landscape and soil depth and drainage can have huge impacts on grain yield variabil-
ity and corn grain yield, respectively [55]. Because of the flow of water and deposition of soils
containing clay and organic matter into depressions and foot slopes in the landscape in areas of
commercial corn production, these landscape features have a high level of N fertility in compari-
son to the rest of the landscape. The downward shift of these nutrient-rich materials has a notice-
able effect on the soil in the upper landscape positions as they have been found to be low in OM
[56]. This downward movement also affects P and potassium (K) concentrations as they can be
found in higher levels of availability in footholds and depressions. High levels of crop produc-
tion history naturally lead to higher rates of crop removing, potentially resulting in P and K that
are lower than anticipated [44]. This suggests that unlike OM, the redistribution and deposition
of soil P and K may not be as strongly related to variations in slope, suggesting a resistance to
movement [62]. A loss in growth and yield could be a reaction to crop stress. In some different
landscapes, seasonal weather conditions exert an influence on crops. Variations in yield caused
by differences in landscape position during dry or wet growing seasons are amplified. High
levels of OM or a high water holding capacity can increase the resilience of a landscape to the
extreme conditions caused by droughts in comparison to upland areas [56]. Yields can drop if
large amount of precipitation causes ponding to occur in depressions in the landscape [56].

5. Fertilizer placement and timing

N application can guarantee the high level of N availability that the crops with high NUE
need are required. Injected UAN (urea-ammonium nitrate solutions) has better yield results
than the yields that are a result of broadcasting UAN, especially on landscapes with surface
residue [58]. Utilizing broadcast UAN applications can result in N loss a variety of ways,
including the volatilization of ammonia in the urea portion of the UAN and N immobiliza-
tion with the surface residue of the landscape [59]. Because of this, the application of fertilizer
beneath the surface of the soil may be more efficient. The V7 growth stage in modern corn
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hybrids accounts for around 15% of total N uptake, as well as 5% of the total dry matter build
up [60]; 40% of the total dry matter build up and 60% of the total N uptake have happened by
the time the corn plant reaches its silking phase. This means that the period of 30 days between
the V7 stage and the VT stage accounts for 40% of the corn plants total N uptake. With no risk
of a reduced yield, N synchronization can be enhanced by holding off on in-season applica-
tions of N until the V7 stage [61, 62]. At 28 locations with a variety of soils in which timing of
N fertilizer application was the experimental variable experimented. At the planting stage,
V7 stage, V14 stage, and the silking stage, a single application of ammonium nitrate was put
down at a rate of 180 kg N ha™'. At most, of the sites, there was a positive response in corn
yield to the N fertilizer. Out of all 28-study sites, only one site experienced slight yield loss
when the application of N was held off until the V14 stage. With delayed N applications, there
is a possibility that the climate could affect the relative risk of yield loss. Maximum yield was
achieved in many locations during dry years by withholding N surface applications until the
V14 stage in water-stressed corn. However, the amendment of many of the study sites with
animal manure, the use of soybeans as an earlier crop, and the implementation of a variety of
tillage systems across the sites have complicated this study. Two locations will be included
where corn sites were tilled with the application of manure. The severity and timing of N
deficiency due to N mineralization rates and soil N-supplies were affected by the previous
crops that were used, manure management, and tillage management. In contradiction to the
conclusions in [57, 62], unchangeable yield loss was experienced after N was applied during
or after the V6 stage at one of the sites, implicating that at the location, N availability has to
be sufficient before side dressing to guarantee that the maximum yield is achieved. There was
a decrease in the yield response of the grain to N as N deficiency decreased the longer delay
in side-dress N applications, implying that the N deficiency levels were positively interacting
with the corn yield at the time of N application.

6. Leaf area index

The ration of the leaf surface area to the ground surface area is called the Leaf Area Index
(LAI) [66] and is a direct depiction of the photosynthetic capacity of vegetation [63]. LAI has
a direct link to the productivity of vegetation in some species and communities; however, for
some, the link between productivity and LAI is dependent on variables such as the canopy
extinction coefficient, light, NUE, and the amount of light cut off by the canopy top [64]. C4
plants growing in thick stands having higher NUE and higher leaf area production than C3
plants that are in the same environment is an example of this [64]. Remote sensing has been
used to develop approaches for determining LAI Inversions of canopy radiative transfer
models [65] and the empirical relationships between spectral vegetation indices and LAI [66].
A short-coming of algorithms based on vegetation indices is the difficulty in extrapolating
their results to larger regions or different canopy types [67]. Vegetation index predictions
are often confounded with atmospheric and background effects, canopy architecture, solar-
target-sensor geometry, and to lack of spectrum difference when measuring moderate to
high levels of LAI [65].
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7. Environmental interaction

Environmental stress is the primary influence on crop productivity. Corn yields can drop
up to and over 70% under negative environmental conditions [68]. Corn hybrids created by
breed programs today have shown the ability to withstand environmental stresses, as well
as higher plant densities [69]. It is important to note that only 50% of the increases in yield
during the modern age of breeding can be attributed to genetic improvements in corn [68],
as the other half is a result of better management practices. Corn yield results drop sharply
when available soil moisture at depths of 40 cm drops below 25% [70]. Yield can be doubled,
however, with the introduction of water via irrigation. During the silking stage, barren ears
can occur during drought conditions [71]. Crop yield can drop up to 20% if drought condi-
tions occur after the silking stage [72]. Another study found that moisture stress before silking
can cause yield to drop up to 25% and can drop 50% if moisture stress is present during the
silking stage [73]. There can be a 21% reduction in yield if soil moisture stress is still present
after silking [73]. Moisture stress can cause a plethora of negative symptoms in corn plants
such as reduced grain yield, reduced cob length, reduced leaf area, and reduced stem elonga-
tion [73]. High temperatures are another source of crop stress. At temperatures of 45° Celsius
(113° F), the rate of photosynthesis in corn can be restricted up to 95% during these extreme
conditions [74]. Tassel initiation can be postponed by corn stress caused by excessive heat
[74]. An increase in high air temperatures to around 32-27°C from a more moderate range
of 22-17°C can, respectively, reduce the rate of photosynthesis and the rate of total biomass
production by 11 and 32% [75].

8. Spectral response

The spectral properties of leaves can change because environmental stresses [76] observed
similar changes in spectral responses across multiple species with changes in plant competi-
tion, disease interaction, insufficient ectomycorrhizal infection, senescence, herbicide dam-
age, increased ozone, dehydration, and presence of saline soils. The basis of these responses
was that stress reduces chlorophyll content. In regard to the red and green spectrums, chlo-
rophyll a has a low rate of absorbency. Even small changes in chlorophyll concentration can
cause increased reflection at these wavelengths [77]. Zhao et al. [78] found more than a 60%
reduction in chlorophyll A in leaves after 42 days of emergence, resulting in increased reflec-
tance near 550 and 710 nm. Stress caused by deficiencies in micronutrients is similar to stress
caused by N deficiencies. After an evaluation of deficiencies of Fe, S, Mg, and MN, Masoni
et al. [79] discovered that decreasing the concentrations of micronutrients caused a decline in
chlorophyll concentrations in corn leaves. Chlorophyll a concentrations were 22% less, when
Fe, Mg, and Mn were deficient in comparison to unstressed plants. Chlorophyll a concen-
trations dropped up to 50% when there are deficiencies in sulfur. Because of the decreased
concentrations of chlorophyll, there is a decrease in light absorbency, increasing reflectance to
around 555 nm and 700 nm [79].
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9. Use of spectral properties of plants

The total photosynthetic pigment in a leaf is linked directly to the total amount of solar energy
that is absorbed the leaf surface [80]. The photosynthetic potential is directly related to chloro-
phyll content [81]. Total chlorophyll content changes in response to plant developmental stages
or stress. Therefore, measuring chlorophyll content can be a tool for evaluating the physiological
health of plants. Gitelson and Merzlyak [82] assessed vegetative indices of a variety of species,
leading to a conclusion that the absorption and reflectance of light in the 530-6300 nm and near
700 nm wavelengths were related to chlorophyll content. The light reflectance of plant tissue
at the specific wavelengths of 700 and 550 nm was highly correlated with chlorophyll content
(r2 > 0.97). Wavelengths in the near infrared spectrum (750-900 nm) were relatively insensi-
tive to chlorophyll content. The ratio of the 750 nm light reflectance to the 550 nm wavelength
was used to create an index to be used for predictive measurements [82]. A similar study was
conducted on corn [83]. Individual leaves were sampled every 2 weeks. To determine the total
chlorophyll content (1> > 0.94), the red wavelength was used. Crop reflectance is defined as the
ratio of the amount of incident light as the denominator to the amount of light reflected back as
the numerator [9]. In-season N management was done with active optical sensors by [13] and
in the winter wheat fields. During the approach, the NDVI was divided by the growing degree
days accrued between planting and sensing. This value was defined as the in-season estimate
of yield (INSEY) and was related to the growth rate of the plant. In comparison to solitary sen-
sor readings, INSEY is a better indicator of plant health [13]. To be valid when just using the
instrument reading, readings must be done at the same growth stage every year. For develop-
ing improved relationships for readings done within a year and over a period of years, time
differences between seasons are normalized by INSEY during readings. Blue and red spectra
have weaker penetrative properties than green and red-edge spectra when it comes to the capa-
bility of light to penetrate into leaves. Eighty percent and higher incident leaf absorption occur
in the range of 400700 nm during the process of photosynthesis [84]. There is a set or range of
values, which are not high and narrow in range, in the absorption coefficient in the green and
red-edge spectra called saturation, allowing the light in these spectra to be more responsive
to changes in the chlorophyll content, especially more than any other wavelength [85]. The
ability of leaves of some plant species to absorb light from the visible spectrum increased as
plant leaves change their tint from a lighter green to a darker green [80]. The minimum rate
of absorption by chlorophyll is 550 nm, while the maximum is 680 nm. Radiation absorption
is also influenced by the angle of incident light on the leaf. The comparison of the amount of
red light to the amount of near-infrared light absorbed underneath the plant canopy is the
most commonly used method of spectral plant analysis [86]. As LAI increases, the amount of
light absorbed in the red spectrum and light reflected in the near-infrared [86] increases. LAI
could indirectly determine by using a light ratio (675/800) not over but beneath the canopy of
the forest. Despite being able to estimate LAI remotely, the authors came to the conclusion
that measurement accuracy could be affected by environmental conditions like the angle of
incident sunlight and cloud cover. In the evaluation of grass canopies, like approaches have
been used [87]. The absorption rate of incident light in spectra (630-690 nm) increases when
green biomass increases. Irradiance near the infrared spectrum is defined as lack of absorp-
tion or reflection of chlorophyll [87]. Several ratios of the red and near-infrared spectrum are
related to the mass of plant greenness [87]. There is a group of ratios that are responsive to
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physiological parameters and environmental parameters called vegetative indices. Common
spectral vegetative indices include chlorophyll indices (Clgreen = (RNIR/R green)™) for estimat-
ing chlorophyll content [88] and the soil-adjusted vegetation index (SAVI = (RNIRRred) (I + L)/
(RNIR +Rred + L)) for LAI estimation [89]. The normalized vegetative index (NDVI) is a widely
used vegetative index [13]. Chlorophyll a and b are the most active in the process of photosyn-
thesis, absorbing light (in the red and the blue spectra) and reflecting green spectra [90]. There
is more reflectance in the near infrared (700-1400 nm) spectrum of light [90]. Biomass measure-
ments and nutrient deficiencies can be found using these traits in plant leaves [91]. Specialists
and researchers prefer to use the Normalized Difference Vegetation Index (NDVI) when they
are predicting plant biomasses [91]. NDVI is the ratio of in the red wavelength to NIR light [92].
NDVI = (NIR - red)/(NIR + red), where “NIR” is the reflectance in the near infrared region of
the spectrum and “red” is the reflectance in the red region of the spectrum. Because of its usage
of the two light spectra and the easiness of its calculations, researchers embrace the NDVI [93].

10. Estimation of vegetative indexes

10.1. Nutrient status

After developing active sensors, the impact of factors such as environmental constraints and
ambient light on sampling has been reduced. A plethora of techniques such as destructive plant
analysis and soil testing have been used in the past to determine the nutritional status of plants,
but recent developments have introduced nondestructive sensors as an alternative [94]. Much
of the work done with nondestructive sensors is used to determine the N status of crops [95].
Leaf photosynthesis is negatively impacted and reduced when there is a deficiency of N. Low N
availability in corn affects overall production by reducing all components of the corn yield such
as kernel dry weight [96]. Crucial for determining the N status of corn, there is a group of wave-
lengths associated with the N status of corn [97]. Shanahan et al. [98] proposed using NDVI
and Green NDVI (GNDVI). In the GDV], the two spectrums used were NIR, and the other
was in the range of 500-600 nm. The light in this spectrum is green; therefore, it was named as
green NDVL The basis for their finding was an experiment of four corn hybrids under irriga-
tion using 5 N rates. Active-optical sensors emitted light in four bands: blue (460 nm), green
(555 nm), red (680 nm), and NIR (800 nm). Differences in NDVI were related to N rate and sam-
pling date. N was correlated to increased chlorophyll content (R? > 0.96). Also, Ref. [99] found
that NDVI could be used successfully in evaluating growth and development of small grains.

10.2. Yield estimation

Kitchen and Goulding [104] found it hard to use sensors to establish estimations of yield,
even with the established links between green leaf biomass and vegetative indices. In wheat,
sensor readings at Feekes growth stage 5 tended to be more correlated with grain yield than
any other stage of development [100]. Raun et al. [13] found that sensor-based estimated grain
yields were able to explain 83% of grain yield variability. The relationship between sensor
reading and yield may be variable over space and time [101]. Inconsistencies have been found
in hybrid variations, sampling, seasonal changes, dates, N fertilization, and spatial differ-
ences, when determining an estimation of yield [101].
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10.3. Nitrogen management using site-specific technologies

Destruction of an area or object is avoided when data are measured via remote sensing meth-
ods such as the use of satellite imagery, ground-based active-optical sensors, ground-based
reflective sensors, leaf chlorophyll sensors, and aerial imagery or photography [100]. In the
agricultural industry, the estimation of land use, land cover, and crop biomass has been done
using remote sensing [102]. The in-season status of spatial crop N is now determined using
remote sensing [91]. The link between spectral reflectance, crop N status, and chlorophyll
content has been better developed as a result of a few studies [91]. Canopy reflectance/color
photography, SPAD®(Konica-Minota Americans, Ramsey, NJ), and chlorophyll meters were
some of the very first methods of remote sensing used in studies [103]. A plethora of geospa-
tial technologies have been accessible since the mid-1990s for the agricultural market and
industry. Crop reflectance, color photography, and GBAO sensors have been successfully
used to measure spatial variability in crop canopies.

10.4. Use of sensors and NDVI

When preparing N applications, many farmers use factors such as previous crop, soil man-
agement, and soil drainage properties when determining the optimal N rate. However, they
commonly do not use in-season tools during these determinations [85]. Farmers apply exces-
sive amounts of N fertilizer in an attempt to guarantee that they will get maximum yield in
their fields [105]. Excessive N application leads to problems such as the loss of unused N
in the form of nitrate to surface and groundwater, causing environmental problems [105].
Use of proximal plant canopy sensors offers an opportunity for corn producers to adjust N
requirement according to the crop requirement. The optimal N rate for any variety of corn
and fields is challenging to determine. In order to diminish environmental impact of excess
nitrate originating from the production of corn, Schepers et al. [106] suggested that sensing
tools to determine to exact amount of N needed instead of applying excessive amounts of
N. By estimating crop N status against a standard, the SPAD chlorophyll meter measurement
method can help farmers apply N as needed. As a result, farmers still get their maximum
yields while using less N fertilizer [107]. However, the SPAD approach requires a laborious
process of compiling data from a large number of leaves and then finding a way to standard-
ize N deficient plants from ones that are not deficient with a more significant number of
varieties. Active optical sensors are utilized by the SPAD chlorophyll meter to measure two
different wavelengths of light (NIR and RED) through the plant leaf. Then, as determined
by the manufacturer, a value is computed. The SPAD chlorophyll meter assesses the sta-
tus of N/nutrition of the plant by analyzing leaf tissue in a nondestructive manner. A posi-
tive correlation between chlorophyll content and SPAD chlorophyll meter readings has been
proven in multiple studies [108]. However, measurements are done on a one-leaf-at-a-time
basis, requiring large of amounts of time to take multiple readings in a field with the SPAD
chlorophyll meter. Bullock and Anderson [109] discovered a lack of correlation between V7
stage yields and chlorophyll. An improved correlation between yield and N concentrations
in leaves, however, was found at the more advanced stage of R1 and R4. Chlorophyll meter
readings at the R1/R4 stages were more closely linked to grain yields than they were to N
concentrations in leaves. Correlation coefficients between leaf N and meter readings in the



Improving Nitrogen and Phosphorus Efficiency for Optimal Plant Growth and Yield
http://dx.doi.org/10.5772/intechopen.72214

early stages of corn were initially positive (r* = 0.23), but as the crops grew, there was a drop
in value (r2=0.20). N recommendations for irrigated corn systems that use irrigation water as
a method of N delivery have been successfully made using relative chlorophyll meter read-
ings made by comparing sensor readings from normal farmer fields to readings from plots
with high N. Continuous examination of the N status of corn with the chlorophyll meter
enabled the additional low N applications when the readings of the chlorophyll meter indi-
cated that N levels had fallen below a set value that determined to be critical [110]. Relative
recommendations using the chlorophyll meter require a location where nonlimiting rates
of N were applied. Corn grain yield predictions were more accurate when made with rela-
tive chlorophyll meter readings rather than predictions using absolute meter readings [105].
Corrective N applications can only be made in a single application in a dryland corn pro-
duction system, and there are no simple relationships between the application of N that the
crop needs and the chlorophyll meter readings [105]. In comparison, low fixed amounts of N
can frequently be applied when required in irrigation systems, while guiding N application
rates are only active when done with a chlorophyll meter if the meter is the basis for a single
N application recommendation [105]. Sripada et al. [113] have analyzed active optical sen-
sors and their possible use at a field scale to determine irrigated corn N status. Variations of
growth were manipulated by altering time applications and the rate or amount of N applied.
A chlorophyll index (CI) at 590 nm and a NDVI at 590 nm were the two evaluated vegetative
indices. Both indices were related to N rate, hybrid, and growth stage. The chlorophyll con-
tent during the vegetative growth stages had a stronger relationship to sensor readings than
the vegetative reproductive stages. A group of studies has evaluated two available commer-
cial active optical sensors and their efficiency. The two sensors studied were the GS Model
505 (Trimble Inc., Sunnyvale, CA) and the CC ACS-210™ (Holland Scientific, Inc., Lincoln,
NE), and they were both used to predict corn yield. The two sensors were differentiated by
the wavelengths that they used to calculate NDVI. Both sensors utilized visible and near-
infrared wavelengths but the GS Model 505 utilized reflectance measurements from 660 nm
and 770 nm, while the CC ACS-210 emitted and detected light at 590 nm and 880 nm. Both
sensors are sensitive to crop growth differences (r* > 0.89). The GS Model 550 exhibited satu-
ration at later stages of growth in comparison to the CC ACS-210, as the different wavelength
used by the CC ACS-210 to predict yield reduced its sensitivity and allow usage at the later
stages of growth [92]. The GS was also found to be sensitive to the rate of the sensor move-
ment and row spacing [111]. Once again, the CC ACS-210 outperformed the GS by displaying
stability during the early and late stages of growth, as well as over multiple row spacing and
speed of sensor movement [112]. Therefore, while choosing an appropriate sensor variable
N management, the red-edge (680-730 nm) and green wavelength (590 nm) provide a better
estimation of canopy development [111]. The hand-held GS 505 is a GBAO sensor, which,
unlike the chlorophyll meter, measures reflected light. Satellite imagery, chlorophyll meters,
and aerial photography have disadvantages in comparison to the GS when it comes to corn
N nutrient management on a field scale regarding speed and labor intensiveness. Ultra-high
resolution and fully canopies are needed for aerial photography, while it is not necessary for
the GS [113]. Deficiencies of N in plants result in decreased photosynthetic activity, resulting
in a higher reflectance of the visible segment of the spectra (400-700), while the stress caused
by the N deficiency results in reduced leaf surface area, causing a decrease in NIR (>700 nm)
reflectance [114].
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10.5. Materials and methods for phosphorus

Three approaches for the study were considered. For the first approach, the last 10-year nutri-
ent analysis data from UMaine Soil Testing Laboratory (UMSTL) were used. Loam, gravelly
loam, sandy loam, and silty loam with a parent material of glacial outwash are the soils present
in Aroostook County, Maine. Soil testing procedures recommended for the Northeastern USA
with publication n0.493 by 1:1 method were followed. Modified Morgan soil extracts with
inductively coupled plasma (ICP) were used to measure P, Mg, K, Al, and Ca. Using 2874 mL
glacial acetic acid mixed with 40 L carboy containing ~ 20 L of distilled water, a modified
Morgan extractant (0.62 N NH4OH + 1.25 N CH3COOH) was prepared. Most laboratories did
not do bulk density measurements to make it easier for farmers to understand as they convert
PPM to pounds/acre. The formula for this is PPM x 2. For all soil testing, the universal assump-
tion/conversion is 2 million pounds or 1000 tons dried and sieved soil per “acre plow layer.”
Fixed volumes were obtained by scooping rather than weighing by the laboratories to calculate
PPM by volume (mg/dm?) and multiplied by 2 to get a pounds/acre volume. A 1-year N and
P study done in 2016 was used for approach 2. A farmer’s field in Easton, Aroostook County,
was used as the research site for this method. Isotic, frigid Aquic Haplorthods and gravelly
loam, fine loamy, isotic, frigid Typic Haplorthods were the soil types used for this study. The
Russet Burbank potato cultivar was utilized for this study and was planted 10 cm deep and
with row spacing of 91 cm. At planting on the study plots, 6 N treatments, 0, 56, 112, 168, and
280 kgha!, was done for each of the N fertilizers that are being used in the study, ammonium
nitrate (AN) and calcium ammonium nitrate (CAN). The Univ. of Maine Soil Testing Lab.,
potassium (KCI), gives following recommendations, and P applications were implemented.
In the study plot, P was found at a sufficient range (4549 kgha™) out of a required range of
24-56 kg ha™ needed which eliminated the need of additional P application. However, the
farmer still applied 224 kg ha™ of P on his field leaving the study plot. A UMaine study done in
1996 found no response on the soils, with high P tests (>40 kg ha™) was cited as the reason for
no P applications. The location site was 46 x 46 m and was divided into 3.7 x 9 m subplots. Four
replications within a complete randomized block design were used, see Table 1.

Two 10 foot potato rows were harvest from each subplot, and each collected bag was graded. The
P study from the 1999 master thesis and an article from [115] were reviewed with permission for
the third approach (Table 2), as well as data from other studies. Maine P study recommendations
were developed and critically examined in and near areas in the Northeastern USA and Canada.
The Hochmuth study was done in Maine on 12 research locations in farmers in 1995 and 1996.

Location/Soil Sample OM pH P K Ca Mg N S B Cu Fe Mn Zn
Depth

% PPM
Easton/0-15 cm 34 54 18 386 1065 125 26 133 05 125 49 54 1.0
Easton/0-15 cm 31 55 20 459 1062 114 18 167 04 119 46 61 1.0

Soil samples were collected from 0 to 15 cm deep and 15-46 cm deep from the study using a standard soil probe.

Table 1. Before planting at the Easton site, a comprehensive soil test was conducted.
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Medium to high P levels was found at all the sites. Diammonium phosphate was applied at 5 P rates,
0, 56, 112, 168, 224 kg PO, ha™, using a randomized complete block design with five replications.
The “Atlantic” potato cultivar was used for the experiment. All fertilizer was applied at planting.
Only one site responded positively to an increase in P rates. To determine the correlation between
several parameters of soil that changed with time, the coefficient of correlation (R?) was used. SAS
for Windows 9.2 using PROC REG was used to conduct regression analyses. To compare the N
treatments with farmer field yield data and potato yield for approach 2, SAS GLM was used. The
relationship between time and P levels was from the UMaine Soil Testing Laboratory who averaged
the 10-year data set. The simple percent calculation method was used to calculate the percentage of
P samples that were at or above sulfficient P levels. The simple percent calculation method is as fol-
lows: X =number of samples with P levels above 35 kg/ha and Y = total number of samples.

11. Results and discussion

Of the total Maine soil samples in approach 1, 85% were found to have sufficient P (Table 2
and Figure 2) in the range between 24 and 56 kgha™. However, farmers still applied P in the
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Figure 2. The AL and soil P levels in Aroostook County, Maine. The Univ. of Maine Soil Testing Laboratory has been
receiving soil samples since 2006. (a) represents the change in phosphorous levels with time (p = 0.03), (b) represents the
relationship between Al and P (p = 0.01), (c) accounts for the change in AL levels with time (p = 0.2), (d) represents the
relationship between Ca and pH (p = 0.02), (e) represents the relationship between Ca and P(p = 0.2), and (f) represents
the relationship between pH and P (p =0.6). The polynomial model was used in 2 (f) because it was best suited. The trend
was positive and properly depicted the significant association of soil P buildup with successive years.
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range of 180200 kg ha™. Since 2006, growers have been ignorant of recommendations and
have been applying significant amounts of P, when the application is not needed, causing P
pollution. About 5% of soil samples had more than 56 kgha™ of P, and 10% were P deficient.
There may have been a steady build-up of P in the soil over the years ([116, 117]) due to steady
P application. In 2016, 85% of the soil samples were found to have a higher range of I> in com-
parison to ~70% in 1996. Growers apply excessive P to protect themselves from P deficiencies
caused by soil fixation and erosion in an attempt to ensure that a sufficient supply of P is avail-
able to their crops. The low cost of P makes it easier to over apply P. Soil reactive aluminum
(Al) that potentially fixes P has a great presence in soil with pH’s of around 5-6 pH [118] and
is cited by growers as an additional reason to apply excessive P. Maine soil has a general pH
range between 4.9 and 6 pH. Al reacts with P to form Al phosphate, a crystalline structure that
can transform again to form amorphous Al phosphate [118]. P is also lost to erosion.

The possibility that P might potentially be fixed in high amounts in Maine’s soil was confirmed
by a gradual increase of Al levels with a coefficient of correlation (R?=0.41) over time in the soils
of Aroostook County. Despite a strong correlation, the relationship between P, Ca, P, and pH was
not significant. However, it was found that P and Al had a very strong relationship with serious
correlations (R? = 0.72). The maximum yield obtained in approach 2 where no P was applied was
59 t ha ! in comparison to the average Maine potato yield of 44 t ha™ [97] with an average P rate
of 182 kgha™. Compared with the zero P application at the experimental plot, the farmer applied
P at the rate of 224 kgha™ but got a maximum yield of ~53 t ha™. This confirmed that many farms
in Maine potentially have enough P for maximum optimal potato yield. Due to crop and live-
stock production and high fertilizer applications, soil fertility in Maine may have improved [113].
Another source of improvement in soil fertility is manure application and organic agricultural
practices. Over 50% of the annual soil tests in the Northeast States had results that showed high
levels of plant-available P [110], indicating that the large P soil reserves could lead to excessive
P application as many of the states in the Northeast have not calculated soil P tests results sat-
isfactorily due to P sites that were nonresponsive. Consequently, they were not able to find the
optimum P rate for optimal yield. The necessity of developing recommendations for different
regions and crop to account for the effects of multiple soil types, climate, crop growth habits, and
crop requires has increased the amount of work needed. A study on the effect of residual P in
Northeast Florida on the Sebago potato by [107] discovered that soils with P levels greater than
20 mg P kg (Mehlich I method) produced about the same yield as soils without P fertilizer. The
experiments carried out by [107] were performed on acidic soils with a pH range of 4.5-6, similar
to soil pH levels in Maine. Other differences (such as soil types and climate) make it unreasonable
to use the results of their study as a basis for P recommendation revisions in Maine. P fertility
experiments in the early 1800s in Northern Maine revealed results similar to Rhue’s. P applica-
tions could potentially be reduced or eliminated without yield reduction on soils that have high
amounts of plant-available P (modified Truog method). Potatoes require ~39—45 kg ha™ of P for
optimum yields [119, 120]. As potatoes do not use P in soil aggressively, fields with high P con-
centrations may not need an application of P for several years [121]. However, the variability in
P in soil may cause yield to decrease across larger fields. As such, growers may not want to risk
nonapplication of P in the soil as it may affect their profits. A study in Florida in 2002 determined
that even though P was applied at rates of 0, 12, 24, 49, and 74, yields were not impacted signifi-
cantly. This may have been due to P fixation in the soil that releases P during plant growth by
mineralization or other means [120]. Only one site out of five showed a decrease in yield with a
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higher P concentration, but it was not significant. The P concentration in the leaves was highly
correlated with yield, and only one site found to have an inverse relationship. When graphing all
combined outcomes, they are weakly correlated, but individually, they show a strong correlation.

Several studies have indicated that variations in soil type could have an impact on P response
regarding crop yield [122, 123] as demonstrated in the introduction. This deems it necessary
to study the varying soil types in Maine and Aroostook County, Maine. There are 21 mapping
units in Maine, and of these, 15 mapping units are located in Aroostook County, which is a
major potato growing area. The soil behaves differently P response of crop yield, P supplying
ability, and P retention, and they may vary further in P distribution throughout the landscape.
Table 2 explained that there are soils containing gravel and stones with loam to silt loam. The
higher drainage portions of the gravel infused soil may move P into groundwater and nearby
streams, whereas silty loam may retain more P. The primary soil order in Maine is Spodosols,
susceptible to P deficiency with the third minimum distribution of P among the 12th order
after Andisols and Vertisols [124]. A University of Kentucky study on P showed that testing
soil P changed under different soils with the same rate of P application [123]. This study
explained that different soils have varying rates of P absorption, which results in different
levels of P soil tests despite the same rate of application, making it crucial to consider soil type
when testing for P levels and recommending P rate for agronomic crops. Figure 3 explains the
rate of change of P concentration in soil depending on the initial test, showing variations in P
soil tests with increasing P rates of 16 soil mapping units of large agronomic crops.

Soil pH is a key factor that regulates soil P in soil solutions. The pH range for maximum P avail-
ability is between 6 and 7 [112]. At pH levels lower than 6, the available P is fixed by Al and Fe
ions and fixed by Ca at a pH higher than 7. Changes in pH were in the study due to its influ-
ence. The approach I was used to determine that change in pH over time. Other studies were
also discussed to find the answer of the impact of P recommendation and pH on P pollution.
Shaver et al. [112] concluded an experiment in Maine to develop P recommendations which
proved that there was sufficient P available in Maine soils when only one site (R? = 0.66) out of
12 was found with positive P response, and the sites with no P response had high to too high
P availability. There were not sufficient data to develop P recommendations, so researchers
recommend a minimum of ~56 kgha™ when the P value is between 22 and 56 kgha™. Moreover,
while the application is not too high, it may have an impact on P erosion to Maine’s water
sources. Soil pH rates in Maine have improved over the last 10 years (Figure 4), mostly after P
recommendations were developed. Maine’s potato soils have increased after the variety switch
from round whites to scab resistant Russet Burbank potatoes and due to grains and other rota-
tion crops that require a higher pH level. The current emphasis on growing grains has led to the
increase in soil pH from 5 (20 years ago) to ~6 presently and is expected to continue to improve.

Crop response to an application of P depends on the P availability and crop uptake ability.
The soil P can be slowly replenished, but it still depends on the uptake speed and overall
crop behavior [125]. Once the crop has absorbed the P from the soil solution, the unavailable
or stable form of P can slowly replenish it. The uptake ability also depends on root distri-
bution [125]. P application in potatoes as a banded application that comes in direct contact
with the roots ensures P availability later in the season. However, the rainfall before uptake
could cause the P to move deeper into the soil or become fixed in unavailable or marginally
available forms. In contrast, less movement of P could result in less availability in a banded
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Figure 3. Representing the change in P levels with seven P rates under 16 different soil mapping units in Kentucky,
United States. Source: Data adopted from Hochmuth et al. [115].

application as compared to a broadcast application. The potato planting in Maine happens in
late May and early June, making the P application more susceptible to erosion due to rainfall.
With rainfall in consideration, it is wise to apply P in high doses that are close to first of second
hilling (tuber initiation), as the different soil moisture could severely affect the P uptake by
the crop plants [122]. Several studies have documented the improvement of crop yields with
P application [126]. However, the economic return and response were found only in places
with low soil [127]. Inefficiency in soil P application leads to P build up in the soil, particularly
when potatoes are used in crop rotation [127]. There is a gap between the rate of P application
and the rate of P removal. Potatoes have a relatively high P requirement but a low P uptake
behavior [128]. Water can be used as an extracting of P, but due to lack of major leftover undis-
solved P and analysis difficulties of water as an extracting, several other varieties of extract-
ants have been suggested to extract forms of P in soils used by plants. The Truog Method
(1930) is to dilute H SO, buffered to pH 3.0. The Bray Method is a combination of HCL and
NH,F used to extract acid soluble P forms (mostly Al and Fe bound P [129]) in North Central
states. In 1953, another combination (Mehlich 1), HCL and H,SO, acids were introduced to
extract P and other nutrients in Southeastern soils. In 1984, Mehlich further expanded on his
earlier extractants to Mehlich 3, a combination of acetic acid [HOAc] and nitric acids [HNO,],
salts (ammonium fluoride [NH,F] and ammonium nitrate [NH,NQO,]). The standard soil test
for P is modified Morgan in Northeastern states due to its acidic soils and low (less than 20)
cation exchange capacity (CEC). Modified Morgan used 0.62 M NH4OAc +1.25 M CH3COOH
at pH 4.8. Soil tests show an increase in soil pH in Maine overall with an average P application
of ~32 kgha™. The average application of P is between 20 and 50 kgha, but farmers still apply
P to their soils making the excess erode into local water systems. P recommendation studies
and their results have never been published making it difficult for growers and researchers
alike to amend their practices for better P guidelines.
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Figure 4. The trend of change in the soil pH and calcium level over time in Aroostook County. (a) The change in pH, and
(b) a shift in calcium level with time.

12. Conclusion

Soils in Maine are highly variable and may already possess sufficient P to support the
maximum yields of crops. Therefore, the recalibration of the recommendation equation is
necessary, by newly inserting low, medium, and high P yield sites. While developing P rec-
ommendations, it is important to differentiate between soil types and regions, such as North
Dakota State for sunflower, corn, and wheat [130-135]; because soil variability and soil mois-
ture are a driving force toward plant, growth, and nutrient movement among plant roots.
The study found that P recommendation needs revision to account for soil variability and a
recalibration of the soil P test. The average soil P test has increased showing a buildup of P in
Maine soils. Due to unnecessary applications of P, the study recommends a more robust rec-
ommendation from low, medium high, and above excellent P level sites. The study also found
that types of growers need to be taken into consideration, e.g., table stock growers (not con-
cerned with frying quality), seed producers (no concern of high yield or frying quality), and
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processing growers (need excellent frying quality with maximum yields) when developing
P recommendations. It was also found that an examination needs to be done on the banded
application according to the crops root system development as banded applications stay here
are applied to the roots that grow beyond the reach of the application.
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Abstract

The human population has reached 7 billion by 2015 and is estimated to exceed 10
billion by the end of 2050. As such, crops which are the main food source must be
produced at a higher pace in order to cater in tandem with the food demand. In the
past, traditional plant breeders practice classical breeding techniques to propagate
plants with desirable traits. However, traditional breeding technique lies in that only
individuals of the same or closely related species can be crossbred. Moreover, tradi-
tional breeders will not be able to obtain traits which are not inherent within the gene
pool of their target plants through classical breeding. With recent advancements in
the field of genetic engineering, it is now possible to insert beneficial genes from a
completely different species or even kingdom into a target plant, yielding transgenic
plants with multiple ideal traits. To develop a transgenic plant, parameters such as vec-
tor constructions, transformation methods, transgene integration, and inheritance of
transgene need to be carefully considered to ensure the success of the transformation
event. Hence, this chapter aimed to provide an overview of transgenic plants” develop-
ment, its advantages and disadvantages, as well as its application for the betterment
of mankind.

Keywords: genetic engineering, genetic-modified organism (GMO), selectable marker,
traits” improvement
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1. Introduction

Transgenic plants are plants that have had their genomes modified through genetic engineer-
ing techniques either by the addition of a foreign gene or removal of a certain detrimental gene
[1]. A foreign gene inserted into a plant can be of a different species or even kingdom. The
first transgenic plant was developed through the insertion of nptll bacterial antibiotic resis-
tance gene into tobacco [2]. Since then, with the rapid development in plant molecular biol-
ogy and genetic engineering technology, a wide variety of transgenic plants with important
agronomic traits such as pest resistance and drought tolerance have been developed, ranging
from dicots to monocots that are amenable to genetic modifications. The main purpose in the
production of transgenic plants is to produce crops, which have ideal traits, quality, and high
yield. Besides being beneficial to the agriculture sector, the plants are found to be able to act
as the factory for pharmaceutical protein production [3].

2. Application of transgenic plants

2.1. Resistance to biotic or abiotic stresses

Biotic stresses occur naturally as a result of stress exerted from other living organism within
the same ecosystem. These include bacteria, viruses, herbivores, or native plants [4]. Crop
plants are incorporated with disease resistance gene to confer resistance toward these
pathogenic diseases that are caused by pest, bacteria, and viruses; this includes tolerance to
herbicides. The introduction of genetic modification technology could reduce the usage of
expensive pesticides and herbicides in agriculture. The removal of natural pests will lead to
a greater yield and better quality of crops. As such, insecticidal toxin genes from a bacterium
can be introduced into the plant of interest’s genome, thus providing protection to the plant
against insect pests [5, 6]. Bacillus thuringiensis (Bt) crops are an example of transgenic plant
produced through this method. In addition, virus-resistant plants can be achieved through
the introduction of viral coat proteins into plants [7, 8].

Development of transgenic plants resistant to abiotic stresses is important in this “Global
Warming's Terrifying Era”. The world climate in the past few decades has changed tremen-
dously culminating in changes to soil composition, humidity, water, sunlight availability, and
many other agricultural problems that led to reduction in the crop yield [9, 10]. Hence, genetic
engineering technology is needed as a tool to solve these problems by providing the plants
with enhanced stress tolerant ability or protection. The manipulation of transcription factors
(TFs), late embryogenesis abundant (LEA) proteins, and antioxidant proteins had successfully
produced plants tolerant to drought and salinity [11, 12]. Overexpression of the proline bio-
synthesis enzyme (P5C), which allows the accumulation of osmoprotectant during drought
season provides transgenic plants with osmotic stress resistance [13, 14].

2.2. Improving crop yield and nutritional value

Malnutrition is a major health concern that is prevalent especially in the underdeveloped
and developing countries due to limited access to nutritious food [15]. Genetic engineering
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of staple crops has become one of the more effective solutions in addressing this problem. To
date, a variety of crops had been successfully modified for better yield as well as for higher
nutritional value. Biofortification is a technique used in agriculture to increase the nutritional
value of crops. A well-known example would be the golden rice, a variety of Oryza sativa,
produced to biosynthesize beta-carotene through genetic modification. The golden rice was
developed by adding two beta-carotene synthesis genes: phytoene synthase (psy) and lyco-
pene B-cyclase (3-Icy) (originated from Narcissus pseudonarcissus). These genes were driven
under the control of the endosperm-specific glutelin promoter together with a bacterial phy-
toene desaturase (crtl, from Erwinia uredovora) [16].

2.3. Transgenic plants as bioreactors for recombinant proteins

Plants had been used as a biofactory in the production of the first recombinant human protein
in 1989. Product yields from recombinant proteins using mammalian expression systems are
low and expensive [17], while bacteria system is incapable of post-translational modification
in complex protein formation. Due to this, the production methods had shifted to plant cell
systems, which provide cheaper and better alternative sources for recombinant proteins pro-
duction [18, 19]. The recombinant proteins produced in transgenic plants include antibodies,
metabolites or catabolites, proteins, and vaccines [20, 21]. Antibodies and vaccines against
gastrointestinal tract diseases, cholera, and malaria are known to be produced in transgenic
plants such as potato, banana, algae, and tobacco [22, 23]. An anticancer antibody that rec-
ognizes the cells of lung, breast, and colon cancer had also been successfully expressed in
rice and wheat seed [24]. However, despite a lot of successful plant-produced antibodies and
vaccines, it is difficult to commercialize them and to date, the only plant-produced Newcastle
disease vaccine had been approved by the United States Department of Agriculture for poul-
try farming with several vaccines in clinical trials [25].

3. Gene constructs

A simple functional gene construct consists of a promoter region, gene coding region, and
terminator/stop region. In addition, certain gene constructs may contain special sequences
such as an enhancer, silencer, or reporter sequences depending on the nature of study. Plant
transformation always starts with the transgene construction. Transgene construct generally
has similar elements other than the inclusion of the gene of interest and selectable markers. A
proper gene construct is crucial for the success of producing ideal transgenic line.

3.1. A typical plant gene

A typical plant gene consists of the regulatory and structural genes [26]. Regulatory genes
are usually located at the 5’ upstream of a gene, with its own promoter, enhancer, or silencer
region. Structural genes, on the other hand, begin with a catabolite activator protein (cap) site,
followed by a leader sequence, start codon, exons, introns, terminator, and a polyadenylation
site (poly-A tail). These elements are responsible for DNA transcription. The transcribed pre-
mRNA, then undergoes RNA splicing, producing mature mRNA without the introns (non-
coding region). This mature mRNA is delivered to the cytoplasm for translation initiated by

43



44 New Visions in Plant Science

the binding of ribosomal subunits to the promoter. Translation then begins at the start codon
(ATG), with the ribosome moving downstream to the next codon creating a peptide chain
with the help of tRNAs and ends once it reaches the chain terminator (stop codon, TAA/TAG).

3.2. Promoters/enhancers

The promoter region is typically located at the 5’ upstream of a gene. Promoters are known for
their function in governing gene expression, likened to an on/off switch. In DNA transcrip-
tion, the promoter sequence is recognized by transcription factors. These transcription factors
bind to the consensus region of the promoter and recruit the RNA polymerase. Formation of
the RNA polymerase transcription complex marks the beginning of DNA transcription.

The promoters can be categorized into three main groups: constitutive promoters, tissue-spe-
cific promoters, and inducible promoters [27]. The constitutive promoters are active at most of
the developmental stages, and they directly participate in maintaining moderate and constant
level of gene expression. Tissue-specific promoters provide restricted gene expression to cer-
tain tissues or gene expression involves in developmental-specific stages. Gene expressions
associated with the inducible promoters are greatly affected by environmental stimuli, which
allow for the regulation of genes through external factors. Table 1 shows selected promoters
used in plant transformation.

Enhancers are short (50-1500 bp) regions in a gene that can be recognized and bound by acti-
vator proteins. These proteins, also referred to as transcription factors, bind to the enhancer,
forming an enhancer-bound transcription factor complex, which will later on interact with
the mediator complex (TFIID) ultimately aiding in the recruitment of RNA polymerase
II. The enhancer-bound transcription factor complex forms a loop and toward the interven-
ing sequence and comes in contact with the promoter region, thus increasing the accessibil-
ity of the promoter to the transcription proteins [39]. In contrast, silencers function as the

Promoter Source Activity References
CaMV355 Cauliflower mosaic virus Constitutive [28, 29]
Ubiguitin RUBQ1, RUBQ?2 and rubi3 Rice Constitutive [30]
Ubiquitin Gmubi3 Soybean Constitutive [31, 32]
SCR, SRK Brassica rapa Pollen and stigma specific [33]
Ex070C2 Arabidopsis Pollen and root specific [34]

LMW Glu, HMW Glu-1D1 Wheat Seed specific [35]
Expansin PcExp2 Sour cherry Ripened fruits [36]

Potato class I patatin Potato Tuber/storage organ specific [37]
NtHSP3A Tobacco Stress inducible [38]

Source: Adapted from Hernandez-Garcia et al. [27].

Table 1. Examples of promoter used in plant transformation.
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direct opposite of enhancers. Silencers are binding sites for transcription factors known as the
repressors. These repressors are known to downregulate the transcription of a gene. In plant
genetic engineering, suitable promoter and enhancer are chosen based on the intended regu-
lation of gene expression. Gene expression is kept at basal level when the transgene exerts
mild toxicity to the target plant. On the other hand, higher gene expression levels facilitate
the detection and monitoring of a transgene which may usually be under expressed in nature.

3.3. Reporter genes

Reporter genes are genes attached to the regulatory sequences or to gene of interest to allow
for detection of the transgene expression as well as the localization of expressed proteins [40].
Reporter gene sequences encode proteins or products of the protein after being catalyzed for
detection through instruments or simple assays. In contrast, selectable marker genes such as
antibiotic genes, herbicidal-resistant genes, and anti-metabolic genes confer resistance toward
certain chemical agents, which inhibit nontransgenic plant development [41]. The common
reporter genes used to monitor plant transgene expression include green fluorescent protein
(GFP), chloramphenicol acetyltransferase (CAT), beta-galactosidase (LacZ), luciferase (Luc),
and beta-glucuronidase (GUS). These reporter genes allow differentiation between transformed
and nontransformed cells and enable detection of transgene localization and regulation of the
expressed and tagged protein. Dual reporter systems such as Luc/Luc and GUS/Luc are also
available for better detection in distinguishing proteins [42, 43]. Ideal reporter genes should be
highly sensitive, stable, and reliable for large-scale measurements within a wide range of cells
and tissues [44]. However, the ideal reporter genes encompassing all the desired properties
are still unavailable despite current reporter systems being extensively studied. Each reporter
system manifests its own beneficial and detrimental traits. Therefore, due consideration would
have to be given when contemplating a suitable reporter gene based on the nature of the study.

3.4. Problem posed by antibiotic resistance reporter genes

Plant transformation techniques available currently are rather efficient but not perfect yet.
There are no techniques that are able to provide 100% transformation efficiency. In order to
distinguish the transformed and nontransformed plant cells, markers are needed. Antibiotic or
herbicide resistance genes act as the primary selective markers in transformant selection to effi-
ciently eliminate the nontransformants [45]. The effectiveness of an antibiotic resistance system
is dependent on three criteria: (1) selective agent used should completely inhibit the growth of
nontransformed cells, (2) resistance gene is expressed in transformed cells, and (3) explant used
for transformation. Table 2 shows some of the antibiotics used in transgenic plant screening.

Antibiotic screening has provided the initial identification of successful transgenic plant.
However, the use of antibiotics always leads to issues on environmental problems and genetic
modified (GM) food safety. This is mainly due to the concern of gene pollution when antibi-
otic gene escapes from the GM plant into the environment through microorganism. Bacteria
are known to be able to uptake and integrate foreign DNA pieces into their genome [51]. The
microbes surrounding the GM plant might uptake the DNA fragments from the transgenic
plant and hence developed resistance to the antibiotics. Besides, gene escape may occur as the
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Antibiotics Mechanism of action General working Selection  References
concentration (ug/ml)

Kanamycin Inhibiting ribosomal translocation 50 nptll [46]
and eliciting miscoding

Hygromycin B Inhibit protein synthesis 20-200 hph [47]

Streptomycin Inhibit protein synthesis 100 spt [48]

Spectinomycin Inhibit protein synthesis 100 aadA [48]

Phleomycin DNA breakage 10 ble [49]

Bleomycin DNA breakage 10 ble [50]

Table 2. Selective antibiotics used for transgenic plants screening.

antibiotic resistance gene can be transferred to the neighboring plants through pollen dispersal
[52]. There is also the possibility that consuming the transgenic plant with antibiotic resistance
gene may result in the transfer of the genes to the probacteria present in the guts. Hence, the
antibiotic resistance marker genes are normally avoided in the transgenic whole plant screening.

Efforts had been made by replacing antibiotic marker gene with another potential marker
gene such as reporter genes. Reporter genes such as GFP are not reported as toxic to the envi-
ronment, instead they are widely used as biosensors. Engineering plants with these reporter
genes could prevent the unnecessary buildup of antibiotic resistance in the environment. On
the other hand, gene escape can also be avoided through the removal of antibiotic resistance
gene from the transgenic plant. The latest genome editing tools such as TALEN and CRISPR/
Cas9 may be good tools in the removal of gene markers from the transgenic plants. However,
these advanced tools have yet to be shaped.

4. Vectors for the production of transgenic plants

A vector acts as a vehicle that transports the gene of interest into a target cell for replica-
tion and expression. Common vector consists of three components: an origin of replication,
multicloning site or recombination site, and selectable marker. The origin of replication is an
AT-rich region on the vector that initiates the replication of the vector itself by binding to a
protein complex, unwinding the vector and thus replicating it with the help of polymerases.
The multicloning site is a region that contains multiple unique sequences otherwise known
as restriction site that can be cut by specific restriction enzyme, allowing the insertion of the
gene of interest. The recombination site allows site-specific recombination to occur between
two plasmids. The selectable markers are genetic markers that functions as mentioned in the
gene construct section, serving its purpose in validating the insertion of the vector into the
Agrobacterium sp. In plant transformation, vectors commonly used are Ti plasmid-based vec-
tor and plant viral-based vector.
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4.1. Plasmid vectors

4.1.1. Ti plasmid

The Ti plasmid is the most commonly used vector in the production of a transgenic plant.
The Ti plasmid has an estimated size ranging between 200 and 800 kbp depending on the
classes of the Ti plasmid. The Ti plasmid is divided into three main regions: the transfer DNA
(T-DNA) region, virulence region, and opine catabolism region. The T-DNA region that is
transferred into the plant genome is about 24 kbp in size [53]. This region is bordered by
repeat sequences on each end commonly known as the left border and right border. The
right border is the critical part essential for the transfer of DNA-causing tumorigenesis. The
virulence region, however, is responsible for encoding the vir genes, which aids in the transfer
of the T-DNA. The T-DNA sequence also codes for opine and phytohormones (auxin and
cytokinin) biosynthesis. The three oncogenes (opine, cytokinin, and auxin biosynthesis gene)
within the T-DNA are the main causes of tumor formation in plant, leading to the crown gall
disease [54]. The growth hormones synthesized are responsible in causing uncontrolled plant
cells’ proliferation and worsen the situation by enhancing crown gall formation. Opines are
the main carbon source utilized by the A. tumefaciens that are not naturally synthesized from
plant metabolism. Therefore, A. tumefaciens will develop its own biosynthetic machinery for
production of nutrients by genetically modifying the host cells. The opine catabolism region
encodes the genes for proteins involved in opines catabolism. The origin of DNA replication
allows stable maintenance of the Ti plasmid in the bacterium. For plant transformation, the Ti
plasmid is usually disarmed, with the tumor-inducing genes removed and replaced with the
reporter genes together with the gene of interest [55].

The Ti plasmid is large and would become larger with the genes of interest and selectable
markers. Large-sized plasmids are cumbersome to handle and have low copy numbers in
nature. However, this drawback eventually led to the development of a co-integrative sys-
tem in combination with the binary vector system which solved the problem for large-sized
plasmids.

4.1.2. The co-integrative vector

The co-integrative vector is developed through homologous recombination between an
intermediate vector and disarmed Ti plasmid. The intermediate vector is normally the E. coli
plasmid harboring the gene of interest. Both the intermediate vector and disarmed Ti vector
consist of some common sequences, which allow the homologous recombination of the two
plasmids to occur. The recombination will result with a large co-integrative vector contain-
ing the merged E. coli plasmid and disarmed Ti plasmid. This co-integrative vector will later
be introduced back into the Agrobacterium for transgenic plant transformation. However, the
enormous size of the plasmid as a result from the recombination may prove an ominous chal-
lenge to be manipulated. Thus, the use of this vector had been discontinued since the binary
vector system was introduced.
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4.1.3. The binary vector

A two-plasmid system called the binary vector system was developed when researchers
found that T-DNA functioned independently without the needs to attach to the Ti plasmid.
The binary system involved two plasmids which are the helper vector and mini vector. The
mini vector refers to a smaller size plasmid consisting of the T-DNA and the origin of replica-
tion of both E. coli and A. tumefaciens, which allow the plasmid to be cloned in E. coli and A.
tumefaciens. The helper vector refers to a wild-type Ti plasmid without the T-DNA region. The
wild-type Ti plasmid is also known as a helper plasmid as it provides the template for all the
genes necessary for gene transferring and integration. Both of these helper and mini vectors
are introduced together into the Agrobacterium and the transformed Agrobacterium will be
used in plant transformation.

4.2, Plant virus vectors

Viruses are intracellular obligate parasites that require molecular machinery from a specific
host to replicate. Viruses have not been found to infect plants through the use of transmission
vectors such as aphids, insects, nematodes, and fungi. These viruses have been modified and
are used as alternative sources for plant transformation [56]; common plant viruses used in
transgenic plant production include the Cauliflower mosaic virus (CaMV), Tobacco mosaic virus
(TMV), Alfafa mosaic virus (AMV), Potato virus X (PVX), and Cowpea mosaic virus (CPMV).
The wild-type plant viral vectors have been improved and modified to accommodate their
use with Agrobacteria as well as the plant host for an increased efficiency level through two
approaches. The first approach would be designing virus vectors that are similar to wild types
carrying the gene of interest, which are capable of infecting plants.

The second approach would be the development of a ‘deconstruct’ virus, which occurs
through the removal of the undesired viral genes, for example, the coat protein-expressing
gene, and to replace them with functional gene such as reporter genes or antibiotic resistance
gene, which facilitates transgenic screening.

5. Transformation techniques

Plant transformation refers to the process of altering the genetic constituents in a plant of
interest by introducing DNA segments into the plant genome to achieve desired gene expres-
sion. Numerous types of plant transformation techniques have now been made accessible
to the public. These plant transformation techniques can be categorized under two groups:
indirect or direct gene transfer. Indirect gene transfer (also known as vector-mediated gene
transfer) involves the introduction of exogenous DNA into the plant genome via biological
vectors, whereas direct gene transfer methods involve the introduction of exogenous DNA
directly into plant genome through physical or chemical reactions. Different gene transfer
methods and their salient features are tabulated in Table 3.
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Method Features

Vector-mediated gene transfer
a. Agrobacterium-mediated gene transfer Efficient to wide range of plants.
b. Plant virus vectors Efficient and high expression of transgenes.

Direct gene transfer

a. Physical Methods

i. Electroporation Confined to protoplasts that can be regenerated to
produce complete and viable plants.

ii. Microinjection Requires highly skillful technical personnel and
limited to one cell per microinjection.

iii. Particle bombardment/microprojectile Special instrumentation required. High risk of gene
rearrangement. May be used for a wide range of plant
tissues.

iv. Silicon carbide fibers Requires careful handling. Requires regenerable cell
suspensions.

b. Chemical methods

v. Polyethylene glycol (PEG)-mediated Confined to protoplasts. Problems encountered when
regenerating these cells into viable plants.

vi. Liposome fusion Confined to protoplasts which may be regenerated
into a viable plant.

vii. Diethylaminoethyl (DEAE) dextran mediated Does not result in stable transformation.

Table 3. Gene transfer methods in plants and their features.

5.1. Agrobacterium-mediated gene transfer

Agrobacterium-mediated transformation is the most common technique used in plant trans-
formation as it is efficient and effective in a wide range of plants. Agrobacteria are indigenous
to the soil ecosystem. They are pathogenic Gram-negative bacteria that cause crown gall or
hairy root disease in plants. The genetic information for tumor growth is encoded on a tumor-
inducing plasmid (Ti plasmid) or hairy root-inducing plasmid (Ri plasmid) in the genome of
these bacteria. There are generally two types of Agrobacterium species that are commonly used
in plant transformation; Agrobacterium tumefaciens and Agrobacterium rhizogenes. A. tumefaciens
contains the Ti plasmid which causes crown gall disease, whereas A. rhizogenes contains the
Ri plasmid that causes hairy root disease. The discovery of these two species provides effi-
cient vector systems for the development of transgenic plants when the detrimental genes in
Agrobacteria are removed. This method had successfully transformed a broad variety of plants
such as rice, maize, barley, and tobacco.

A. tumefaciens used for plant transformation are modified Agrobacteria which has no tumor-
promoting and opine-synthesis genes in their genome. These genes are removed (disarmed)
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from the bacterial plasmid and replaced with the desired foreign gene or selective mark-
ers, making them useful vectors that enables the incorporation of foreign genes into plant’s
genome, transiently or stably. In order to achieve stable incorporation of genes, the Agrobacteria
function to transport and integrate the T-DNA into the host’s genome through these steps:
(1) chemical signal recognition of host, (2) activation of the vir gene in Agrobacterium, (3)
attachment of Agrobacterium to plant cells, (4) activation and transportation of virulence pro-
teins, (5) production of T-DNA strand, (6) transfer of T-DNA and virulence protein out of
Agrobacterium, (7) transfer of T-DNA into plant nuclear, and (8) integration of T-DNA into
plant genome. The steps involve in transient transformation are postulated to be identical to
the stable transformation with the exception of steps (7) and (8).

Ever since the Agrobacterium-mediated transformation protocol had first been introduced,
various refinement of the protocol had been ongoing to improve its efficiency. Although tradi-
tional Agrobacterium-mediated transformation works efficiently in dicotyledonous plants such
as potatoes, tomatoes, and tobacco, it is less successful in recalcitrant crops such as wheat and
maize due to the lack of wounding response system [57]. This has remained a critical obstacle
until the development of plant tissue culture and the introduction of in-planta transformation
protocol that has improved the transformation efficiency on these plants at many folds [58].

Agrobacterium-mediated in-planta transformation is a method that does not involve plant tis-
sue culture; transformation is done directly onto a developed plant. This technique includes
agroinoculation and agroinfiltration. In agro inoculation, the transformed Agrobacteria with
the gene of interest is inoculated onto the surface of the plant tissue of a whole plant. It is
generally done using either by toothpick, wire loop, or direct organ immersion (floral dip
method). Agroinfiltration, on the other hand, can be carried out using syringe or vacuum.
Syringe infiltration is simple and cost effective as it injects the transformed Agrobacteria onto
the underside of the leaf while concurrently ensuring the application of counter pressure on
the other side of the leaf. However, it is time consuming and only suitable for small-scale
expression.

Vacuum infiltration, however, is rapid and more efficient, thus enabling large-scale produc-
tion intended commercialization. In this approach, the whole plant is submerged into the
transformed Agrobacteria suspension with application of a vacuum environment that forces
the Agrobacteria to penetrate throughout the whole plant. These alternative methods have
become popular in plant transformation especially in monocots.

Heat and hydrolysis treatment on target tissues prior to transformation have been reported
to enhance transformation efficiency when heat treatment is used, enhancing the efficiency
of transformation in different plant tissue such as switchgrass, ryegrass, and rice [59-61].
Similar enhancement had also been obtained in hydrolysis treatment via hydrolytic enzyme
such as cellulase, macerase, and pectinase, which provides milder disruption that improved
the recovery and regeneration rate of transformed cells [62]. In addition, sonication-assisted
plant transformation applied to the target plant tissues prior to Agrobacteria immersion or
agroinfiltration resulted in effective transformation of recalcitrant plants by creating micro-
wound on explants, which provides better access to Agrobacterium [63].
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5.2. Direct gene transfers

Direct gene transfer, as the name suggests, involves the direct introduction of exogenous DNA
(naked DNA) into the plant nucleus. In order to introduce foreign DNA into the plant cell, the
outer membrane of the cell is first disrupted, permeating it for foreign DNA to enter. Most of
the methods under direct gene transfer are simple and effective. However, gene expression in
these transgenic plants can be transiently or stably transformed.

Direct gene transfer can be categorized into two main groups: physical gene transfer and chemi-
cal gene transfer. Physical gene transfer disrupts the cell wall and cell membrane via mechanical
means. Among these methods, particle bombardment biolistic is the most common one used in
plant transformation since it was first introduced by Sanford et al. [64]. The DNA coated with
gold or tungsten particles are shot into the target plant cell under high pressure using a “Gene
Gun” (Helios® Bio-Rad). The fast-moving particles allow for the penetration of coated DNA
through the thick plant cell wall, directing the foreign DNA into its nucleus. The coated DNA
will then separate from the metal particles and integrate itself into the chromosomes within
the nucleus of the plant cell. This method had been found to be effective in transforming both
dicots and monocots which compensates for the less successful Agrobacterium-mediated trans-
formation process. Furthermore, it is also less toxic and applicable to almost all plant cells [65].
The major setbacks of this method, however, lie in the availability of special instruments as well
as the delivery efficiency of DNA fragments to the plant nucleus instead of other organelles
[66]. In traditional biolistic method, microprojectiles (gold or tungsten) are normally coated
with DNA in the presence of calcium chloride and spermidine [67]. The spermidine helps to
stabilize the DNA structure and enhances the binding of DNA to the microprojectiles [68]. In
the effort of improving this tool, other cationic polyamine such as protamine provides better
results when compared with spermidine, as this ensures by protecting the coated DNA from
DNase degradation. Biolistic transformation via protamine had been performed in rice and
peanut, and the results were shown to be threefolds better when compared to spermidine [69,
70]. Other methods of improving the efficiency of transformation via biolistic guns involved
reduction of the amount of DNA coated on the microcarriers [70, 71].

Other physical gene transfer methods include electroporation that uses electrical impulses
to facilitate the transfer of foreign DNA into the plant cells. Plant cells are first incubated in
a buffer solution containing foreign DNA, followed by the application of electrical impulses
into the buffer, resulting in the formation of temporary transient pores on the cell membrane
of the plant to allow the foreign DNA to enter. This method is relatively easy and time saving
but is only applicable to protoplasts (cell without cell wall). Hence, this method is not com-
monly practiced in plant transformation.

Chemical gene transfer approaches involves the use of chemical to disrupt cell membrane
enabling the entry of foreign DNA. This particular method is not preferable in plant trans-
formation as it is only effective when applied to protoplasts. One of the most prominent
chemicals used in this approach is polyethylene glycol (PEG) that is used for destabilizing
the cell membrane in the presence of a divalent cation, thus increasing the permeability of the
cell membrane, allowing for the uptake of foreign DNA. The exact mechanism for chemical
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gene transfer is not fully understood, but it was postulated that PEG increases the osmotic
pressure and causes contraction in the protoplast; this facilitates endocytosis of the divalent
cation/DNA complex [72]. Besides those, liposome is another chemical method that is used
in the transformation of plant’s protoplast cells. Liposomes act as vehicles to encapsulate and
deliver foreign genetic materials into the protoplast. The lipophilic attribute of liposomes pro-
vide easy access into the protoplast in transforming the cell [73].

6. Integration and inheritance of the transgenes

6.1. Integration of transgenes

Integration of transgenes into plant cells can be carried out either stably or transiently. In sta-
ble transformation, the process normally begins with the introduction of transgenes into the
nucleus of plant cells. Stable transformation is achieved when some of the transgenes integrate
successfully into the genome of the cell. These transgenes then become a part of the genome
and are replicated together, enabling the next generation to inherit and express the transgene.
In contrast, transient transformant expressed the transgene transiently, and the transgene is
not integrated into the plant genome. In the transiently transformed plant, the copy numbers
of transgene inserted remain as they are not replicated. These transgenes are expressed for
a limited period of time, and the genes will be lost after several days through cell division.
The way how the transgene is expressed in the cell is dependent on the transgene construct
design and the method of transformation used. Currently, transient and stable transformation
can be achieved through the Agrobacterium-mediated method [74] and biolistic method [75].
In the Agrobacterium-mediated method, the T-DNA region is inserted into the plant genome
forming a stable transformant, whereas the non-integrated T-DNA plasmid expresses the
transgene transiently. In the biolistic method or other direct gene transfer methods such as
electroporation, transient and stable expression of the transgenes are usually dependent on
the plasmid or transgene constructs. Virus-mediated vectors are generally nonintegrative vec-
tors for which transient transformants are frequently produced.

6.2. Inheritance of transgenes

Inheritance of plant genetic information usually obeys the Mendelian law of inheritance in
nature. Mendel’s first law, the principle of segregation, states that a pair of alleles for each
gene will segregate during the formation of gametes, resulting in each gamete harboring
only one allele of the gene. Mendel also discovered that the genes of different traits assort
independently of each other in the formation of gametes; these genes are passed down to the
subsequent progeny generation according to the rules of probability. In addition, the third
Mendelian’s law states that one allele is dominant to the other allele, which finally determines
the corresponding phenotypic attribute of the offspring. However, there are certain cases in
which inheritance of a gene does not comply with Mendel’s law (non-Mendelian law). These
instances include incomplete dominance, codominance, gene controls by multiple alleles, and
polytraits.
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Factors

Nature of recipient genome Genetic background
Gamete viability
Chromosome abnormality
Transformation method
Nature of transgene Transgene silencing
Unstable integration of transgene
Interactions between the recipient genome and the transgene Homozygous lethality
Poor transmission of transgene
Mitotic crossover

Meiotic instability

Source: Adapted from Yin et al. [77].

Table 4. Factors leading to non-Mendelian inheritance of transgene.

Similarly, transgene inheritance may or may not obey the Mendelian law. The rule for trans-
gene inheritance, however, varies due to the location of transgene integration and the copy
number of transgenes integrated [76]. Transgene inheritance not obeying the Mendelian law
includes deletion of the transgene locus, rearrangement of the inserted transgene, and silenc-
ing of the transgene. The factors leading to non-Mendelian inheritance are listed in Table 4
that had been reviewed by Yin et al. [77]. Overall, the pattern of transgene inheritance is
usually analyzed through molecular characterization of the transgene transmission and the
segregation analysis of the transgene phenotypic expression pattern.

7. Analysis and confirmation of transgene integration

Analysis and confirmation of transgene integration has to be done through an appropri-
ate method based on the transgene constructs, selectable marker, and reporter gene used.
Transgenic plant cells incorporated with antiherbicidal or antibiotic resistance genes are
screened by the addition of herbicides or antibiotics to the growing media to distinguish
transformed plant cells from the nontransformed plant cells. However, this method requires
a large quantity of antibiotics and herbicides that are expensive and worsen by the risk of
horizontal gene transfer to other bacteria. Thus, other screening methods such as polymerase
chain reaction (PCR) and reporter gene expression screening are used for better accuracy as
an alternative screening method for transgenic plants.

Some reporter genes such as the GFP, GUS, and Luc expression are fluorometric or colo-
rimetric, where the expression of these genes could be observed visually or directly under
microscopy [78]. Quantifications of the reporter expression are possible with the use of a
spectrophotometer. The GUS expression can also be detected through histochemical assay in
which the localization of the transgene can be observed. In addition, some of the reporter gene
expressions such as CAT and LacZ activity are screened through enzyme assays.
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Southern blotting is a molecular method used for the detection of specific DNA sequences
within DNA samples. Southern blotting is generally used to identify the number of trans-
genes inserted into the host genome as well as for the detection of transgene integrity and
transgene rearrangement [79, 80]. It is done by cutting the DNA into fragments with endo-
nuclease restriction enzymes, separation by size through electrophoresis, and subsequently
transferred onto a nitrocellulose or nylon membrane. Membranes with bound DNA will be
incubated in a solution consisting labeled probes, and the pattern of hybridization is detected
through autoradiography or via chromogenic detection. The transgene copy number is pro-
portional to the number of bands observed.

The polymerase chain reaction (PCR) method is one of the most sensitive and easiest methods
among all the molecular techniques employed for the verification of the transgene. The PCR
is generally done with primers specific to the site of plasmid constructs and gene of interest
used for development of the transgenic plants. Successful amplification of the DNA fragment
with expected band indicates the possible presence of transgene, and this DNA fragment is
further confirmed through DNA sequencing. A real-time PCR provides fast, sensitive, and
high-throughput molecular PCR-based analysis compared to the traditional Southern blot
analysis especially in the area of transgene copy number and zygosity detection in transgenic
plants [81]. Real-time PCR is convenient wherein it allows for quantitative, semi-quantitative
(qPCR), or qualitative (RT-qPCR) monitoring of target DNA in real time.

In recent years, the emergence of next-generation sequencing (NGS) technologies allows mas-
sive parallel generation of sequences from whole genome in a relatively short time with a
lower cost. The PCR-based techniques in transgenic analysis often limits by the generation of
non-specific products and failure to amplify large exogenous DNA insertion in highly repeti-
tive genomes, multiple insertion, truncated transgene sequences and hinders precise trans-
gene identification [82]. The availability of NGS tools and bioinformatic resources facilitate
the study of genome and molecular characterization of complex traits. Besides, the analyses
of NGS data allow the identification of precise genomic locations of transgene insertion espe-
cially in highly repetitive genome sequence and transposable elements which was not able to
be done through the traditional PCR-based method [83]. Hence, NGS approach provides an
alternative high-resolution analysis tool for transgenes insertion in GM crops [84].

8. Future directions

GM crops will be a valuable alternative in solving food security problem that happens in
a world of growing human population and drastic climate change. However, transgenicity
remains a major controversy in the view of biosafety issues spurred by public misconcep-
tions and perceptions to GM plants [85]. In addition, GM crops require years of risk assess-
ments that is time and cost consuming. On the other hand, unintended effects arise could be
one of the issues in GM plant production. This is generally due to the transgene integration
through illegitimate recombination in plant as the consequences of random transgene inte-
gration, gene disruptions, sequence changes, and the production of new proteins [86]. Thus,
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unintended effects of gene transfer in GM crops should be examined thoroughly through
metabolic profiling methods to avoid production of GM plant with significant difference in
chemical composition from non-GM plant grown under the same condition.

Recently, the development of engineered site-specific endonucleases such as TEN, TALEN,
and CRISPR/Cas9 allows the genetic engineering of plant to be carried out more efficiently
and precisely [87]. Problems such as heterozygosity that is commonly faced in agro and gene
gun-mediated approaches can be avoided. Hence, the future of transgenic technology is shift-
ing toward the engineered endonuclease genome editing technology. This endonucleases
genome editing involves the introduction of a targeted double-stranded DNA breakage (DSB)
in genome and consequently stimulating the cellular DNA repair mechanisms. In addition,
different genome modification can be done dependent on the types of DSB repair pathways
used: (1) non-homologous end joining (NHE]) and (2) homologous recombination (HR). In
NHE]J-mediated genome editing, the target cell self-edits its genome without the addition of
foreign gene that may lead to mutation and gene knockout. Since this genome editing is per-
formed without introducing a foreign gene, nontransgenic crops could be obtained. Hence,
effort needs to be concerted toward improving the genome editing technology to genetic engi-
neered crops with better agronomic traits and public acceptance.
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Abstract

The astounding ability of plants to make smart decisions in response to environment is
evident. As they have evolved a long list of complex and unique processes that involve
photosynthesis, totipotency, long-distance signaling, and ability to restore structural and
metabolic memory, recognition, and communication via emission of the selected class
of volatiles. In recent years, use of metabolite profiling techniques in detection, unam-
biguous identification, quantification, and rapid analysis of the minute quantity of cel-
lular micromolecules has increased considerably. Metabolomics is key to understand
the chemical footprints during different phases of growth and development of plants.
To feed the ever-increasing population with limited inputs and in a rapidly changing
environment is the biggest challenges that the world agriculture faces today. To achieve
the project genetic gains, the breeding strategies employing marker-assisted selection for
high-yielding varieties and identifying germplasm resistant to abiotic and biotic stresses
are already in vogue. Henceforth, new approaches are needed to discover and deploy
agronomically important gene/s that can help crops better withstand weather extremes
and growing pest prevalence worldwide. In this context, metabolic engineering technol-
ogy looks viable option, with immense potential to deliver the future crops.

Keywords: metabolomics, mass spectroscopy, metabolic engineering, crops, breeding

1. Introduction

Metabolomics is one of the fascinating disciplines in ‘— omics’ field involving plants, animals,
and microorganisms. Since its adoption in the mid-1990s in the field of plant biology, this
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approach has been successfully used in identifying important gene(s) in plants [1, 2]. The
model plant Arabidopsis thaliana (henceforth referred to as Arabidopsis) has been extensively
researched using a plethora of genomic tools and technologies, facilitating functional genom-
ics analyses. In recent years, metabolomics approach has been extended in crop plants to
ascertain gene functions [3, 4]. The ability of metabolome to serve as an ultimate phenotype
of a cell renders it immensely promising for advancing crop-breeding gains [5]. For instance,
delineating metabolite quantitative loci (mQTL) in crop plants offers information about the
genomic target regions or genes that hold great relevance to breeding [6, 7]. Also, food and
agronomical traits of crops improved through genetic modification (GM) could be better eval-
uated in terms of the metabolites present [8, 9].

During the last decades, techniques used to analyze metabolites have shown unprecedented
refinements such as improvements in mass spectrometry (MS) and nuclear magnetic reso-
nance spectroscopy (NMR), in conjunction with the growing ability of bioinformatics. In this
chapter, we present the application of metabolomics for functional genomics in crops as well
as its possible integration with crop breeding to deliver future crops.

2. Different platforms to gather metabolomic data

Let us take an example of tomato as a model system that contains different categories of
chemical compounds contributing to the fruit quality. These include sugars, organic acids,
amino acids, fatty acids, isoprenoids, and polyphenolic compounds. Variety of separation
approaches have been used to investigate the tomato metabolome, using both targeted and
nontargeted metabolomics, leading to a wide range of quality biomarkers. Targeted metabo-
lomics is by far the most common way, as most research programs focused on understanding
or improving a single target trait. A great deal of information exists that explain the pheno-
typic variation; however, this information may not be easily accessible.

Small molecules can have large effects. For example, the variation in the ratio between sweet-
ness and acidity causes tomatoes to taste sharp, sweet, insipid, or lovely [10]. Accelerating
improvements through breeding programs demands large-scale and low-cost assays that
allow analysis of thousands of samples within a short period of time [11]. Phenotypic sur-
veys of diverse germplasm have a very broad scope and help defining the range of accept-
able phenotypic variation, albeit limited in their depth. These kinds of data on organic
acid and sugar can be leveraged with gene expression analysis for discovering the genetic
causes underlying fruit quality [12]. The information on carbohydrates and organic acids
can also be obtained using more sophisticated tools such as nuclear magnetic resonance
(NMR) spectroscopy, which detects more compounds per assay than enzymatic or colori-
metric methods but at far lower throughput [13]. NMR spectroscopy is used for structural
determination of a novel metabolite of particular interest. Alternatively, gas chromatogra-
phy (GC) paired with mass spectrometry (MS) (GC-MS) permits broad-scope metabolo-
mic profiling, with increased throughput compared to the NMR [14]. On the flip side, the
need of GC-MS for chemical derivatization may cause exclusion of some metabolites from
the analysis, and also may not produce sufficient information for the clear identification
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of a particular metabolite. However, combining multiple datasets emanating from comple-
mentary analytical platforms offers a powerful strategy to analyze metabolomes.

In tomato, color and aroma are other targets for improvement. A majority of pigments in
tomato are isoprenoids, such as carotenoids, while others are polyphenolics (e.g., flavonoids)
[15]. Traditionally, liquid chromatography (LC) with commercial standards is used for carot-
enoid profiling [16]. However, LC-MS is to be used for more complete estimate of metabo-
lomes especially for isoprenoids. The MS analysis is done either inline with the LC or in an
offline mode [17, 18]. Inline MS simplifies work flow, while offline MS may enhance sensitivity
due to the greater reduction of sample complexity [18]. NMR spectroscopy could also be for
isoprenoid profiling, which is effective in distinguishing E and Z isomers; not possible from
MS analysis [19]. This is important as different carotenoid isomers may have different biologi-
cal activities, hence, nutritive qualities [20]. Carotenoid composition may change during food
preparation and processing, both in quality (i.e., isomerization) and identity (i.e., degradation
by heat). Therefore, analysis of both raw and cooked samples is necessary for complete descrip-
tion of the isoprenoids [21, 22]. In addition to color, carotenoids also contribute to fruit aroma,
as do fatty acid and amino acid derivatives [23]. All three represent volatile compounds, GC
and GC-MS are used for their separation and identification [23, 24]. A metabolite survey of
approximately 100 Dutch tomato cultivars was conducted using LC-MS and MS/MS [25].

Need for a highly curated database is one of the challenges routinely faced while analyzing
MS or NMR data in order to better understand the spectra produced during an experiment.
Fortunately, recent developments in tomato metabolomics have led to creation of such com-
munity-oriented resources.

In recent past, several software and analyzing tools has been developed for processing and
analyze the metabolite data but till now none of the platform is self-sufficient to fulfill the
user expectations. In this context, Department of Biotechnology, Government of India, has
initiated a project to develop a platform (Computational Core for Plant Metabolomics, CCPM)
that is a web-based collaborative platform for researchers in the field of metabolomics to store,
analyze, and share their data [26].

3. Gene identification

Metabolomics study helps identifying particular mQTL which corresponds to gene(s) related to
that particular trait. The method is increasingly gaining recognition because once mQTL is iden-
tified then it became easier to pin-point gene(s) responsible for that particular metabolite [27].

4. Breeding program

Researchers/breeders are interested in selecting desirable genotypes from a large plant
population. Initial selection procedures relied solely on the phenotypic appearance of the
plants but information on the entire breeding cycle is required (a time of nearly 10 years) to
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release an improved variety. To reduce this time duration, marker-based technologies such as
enzyme-based markers, marker-assisted selection (MAS), and so on have been employed, that
shortened the entire process up to 6 years. By using mQTL-based selection, we may further
reduce time up to 4 years, given the fact that most of the metabolites are directly related to
particular phenotype; and selection of mQTL remains easier and faster than that of MAS [28].

5. Metabolomic approaches to improve rice quality

Rice is an important staple crop worldwide. The crop has been benefitted considerably from
the developments in the field of genomics. For example, rice genome has been sequenced
and is found to encode approximately 32,000 genes [29]. However, the biological functions
of more than half of these genes are yet to be determined [30]. Novel genes in rice have been
identified using gain and loss-of-function approaches. Genetic linkage and association analy-
ses with genetic core collections and segregating populations have been employed to investi-
gate the direct relationships between metabolic composition, genotypes, and phenotypes as
representatives for agronomical traits. These strategies can also be applied for other crops and
vegetables (Figure 1). In the following section, we shall describe some of these approaches.

5.1. Approaches to collate metabolite, phenotypic, and genotypic data: some
examples in rice are as follows

5.1.1. Gain-of-function approach

Construction of the rice full-length (FL) cDNA collection (Oryza sativa L. ssp. japonica
“Nipponbare”) was possible due to the development of the FOX hunting system (FL-cDNA

nesources
Segregating populations Genetic stocks Mutant lines
{DHs, RiLs, etc.) (varieties, inbred lines, etc.) (OX, KO lines)

Molg{:urar | Physical | | Gertpmre
genetic maps maps sequencing

[P e
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QT satyals proteomics, and metabolomics

Discovery of genes and markers

Figure 1. An overview of gene discovery and markers for crop improvement based on genetic and genomic strategies
[31].
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overexpressor gene hunting system) [32]. The FOX hunting system is unique, as it permits
ectopic expression of any plant FL-cDNA library even in heterologous plant systems, there-
fore, allowing the functional analysis of genes. More than 30,000 transgenic Arabidopsis lines
overexpressing rice FL-cDNAs, called “rice FOX Arabidopsis lines,” have been generated [33].
Metabolic fingerprinting [34] and metabolic profiling [35] have been used with these FOX
lines to identify functional genes in rice.

To screen a large number of rice FOX Arabidopsis lines, a nondestructive analytical method
was developed using Fourier transform-near-infrared (FT-NIR) spectroscopy [34]. Unlike MS
techniques, FT-NIR analysis circumvents destructive preparation, and allows data acquisi-
tion within a very short span of time (<1 min). The authors analyzed approximately 3000
FOX seeds with FT-NIR to obtain their metabolite fingerprints. Assessment of the changes
in the metabolite fingerprints of the re-transformants led the discovery of seven lines with
altered metabolite fingerprints in seeds. Five of these seven lines have annotations for inserted
FL-cDNAs. The association of the genes with biological processes highlighted the role of com-
plex networks underlying metabolomic responses in plants.

A detailed metabolite composition can be obtained in non-targeted manner by using metab-
olite profiling based on gas chromatography-time-of-flight-MS (GC-TOF-MS), particu-
larly for primary metabolites and intermediates of secondary metabolites [36]. A set of 26
candidate lines for gene characterization were identified through surveying 350 rice FOX
Arabidopsis lines with GC-TOF-MS. These candidate lines included a rice FOX Arabidopsis
line that overexpressed the FL-cDNA of the rice Lateral Organ Boundaries (LOB) Domain
(LBD)/Asymmetric Leaves2-like (ASL)LBD37/ASL39 (Os-LBD37/ASL39) gene, which showed
significant changes in nitrogen metabolism in the mutants [35]. The aerial parts of the rice
FOX Arabidopsis plants exhibited hyponastic leaves and early flowering. The Arabidopsis
At-LBD37/ASL39-overexpressor plants showed similar morphological leaf changes (i.e.,
hyponastic leaves), and had increased levels of amino acids and metabolites related to
nitrogen metabolism. Subsequent profiling of metabolites and transcriptomes of the rice
Os-LBD37/ASL39-overexpressing lines ascertained the same function of Os-LBD37/ASL39
in rice and Arabidopsis. The analysis revealed notable features in rice overexpressor plants
including early heading, metabolite alterations (related to nitrogen metabolism), and
advanced leaf senescence. These findings established a close association between Os-LBD37/
ASL39 and nitrogen metabolism in rice.

Above studies suggest that the FOX hunting system can quickly and efficiently identify and
characterize the genes from available cDNA libraries; the alterations that exert influence on
metabolite profiles in crops and vegetables.

5.1.2. Loss-of-function approach

The Tos17 retrotransposon- and Ds-transposon-inserted mutant lines have served as loss-of-
function resources for characterization of the novel genes in rice [37, 38]. Tos17-knockout lines
characterized glutamine synthetase (GS), catalyzes the key step of ammonium assimilation.
Tabuchi et al. (2005) used the Tos17-retrotransposon inserted lines to show that the three genes
(0sGS1;1, OsGS1;2, and OsGS1;3) encoding cytosolic GS (GS1) in rice. The OsGS1;1 gene was

69



70 New Visions in Plant Science

critical for normal growth and grain filling [39]. They further investigated the metabolomic
changes and metabolite-to-metabolite correlations of the mutants by a GC-TOF-MS-based
assay [40]. In comparison to the wild-type rice, the mutants showed dramatic increase in the
levels of sugars and sugar phosphates and reduced levels of amino acids and rice leaf TCA
cycle intermediates. Changes in the metabolite profiles differed in root and leaf parts in the
presence of ammonium. Interestingly, an overabundance was noted for nitrogen-containing
secondary metabolites. The study uncovered new correlations between the over-accumulated
metabolites and some primary metabolites in the mutant roots. These findings demonstrated
0OsGS1;1 playing crucial role in regulating the global metabolic network in rice plants grown
using ammonium as the nitrogen source.

5.2. Association analysis between trait and metabolites

Modern crop-breeding practices have been highly successful in improving some important
traits, for example, field performance and yield. However, genetic bottlenecks develop due
to slow selection processes and narrow genetic base. Strategies to determine relationships
between metabolic composition and genotypes and phenotypes in rice are discussed later.

5.2.1. Untargeted high-coverage metabolomic characterization of the rice diversity research set
(RDRS)

The vast reservoir of rice seed banks provides a rich opportunity to identify genotypes pos-
sessing useful agronomical traits. However, large-scale characterization of this vast germplasm
demands considerable time and resources. As a result, genetic core collections have been devel-
oped as a manageable representation of the genetic diversity. Examples include, the rice diver-
sity research set (RDRS) comprising 67 varieties, created with the analysis of 332 varieties of O.
sativa using restriction fragment length polymorphism (RFLP) marker [41]. To investigate the
direct relationship between metabolite [5] and phenotype in RDRS, untargeted high-coverage
metabolomic characterization and constructed was performed, leading to the development
of predictive metabolome-trait models using multivariate regression analysis [42]. Combined
datasets of rice kernels were obtained from four types of MS platforms: GC-TOF-MS for small
compounds, including primary metabolites; ultra-pressure liquid chromatography-quadruple-
TOF-MS (UPLC-Q-TOF-MS) for hydrophilic compounds; capillary electrophoresis-TOF-MS
(CE-TOE-MS) for ionic compounds; and liquid chromatography-ion trap-TOF-MS (LC-IT-
TOEF-MS) for polar lipids. The study precisely defined a correlation between genetic diversity
and metabolite abundance [43]. After the removal of covariance between the trait data and the
population membership, a multi-block-orthogonal projection was conducted for latent struc-
tures (MB-OPLS) regression analysis. Traits such as amylose/total starch ratio and ear emer-
gence day can be predicted from the metabolic composition by using the MB-OPLS model. The
model for the amylose/total starch ratio showed a tight and negative correlation with fatty acids
and lysophosphatidylcholines (Figure 2). Evaluation of the model using an external set of RDRS
samples, other rice varieties, and the two mutants, showed high-, middle-, and low-amylose/
total starch ratios, respectively. The amylose/total starch ratio was found to be associated with
metabolites in rice kernels of the cultivars. However, this association was not observed in the
mutants. The two loss-of-function mutants-el, a starch synthase I11la (SS1lla)-deficient mutant and



Plant Metabolomics: An Emerging Technology for Crop Improvement
http://dx.doi.org/10.5772/intechopen.76759

the SSIIa/starch branching enzyme (BE) double-knockout mutant 4019 —showed a high amylose/
total starch ratio [42, 44]. Examination of starch granules with scanning electron microscopy
(SEM) showed that the starch granules of the mutants were loosely packed in rice kernels [45].
Thus, fatty acids and lysophosphatidylcholines most likely play a role in packing normal starch
granules into rice kernels.

5.2.2. mQTL analysis using back-cross inbred (BIL) lines

Matsuda et al. (2012) investigated 85 BILs generated by backcrossing O. sativa L. ssp. japonica
“Sasanishiki” and O. sativa L. ssp. indica “Habataki” to find an association between genotype
and metabolic composition [6]. The genotypic data recorded on such mapping populations
are useful for QTL mapping of various agronomical traits. The genotypic data of the BIL lines
cover 12 rice chromosomes, and the genotype of each BIL line was analyzed with 236 RFLPs
[46]. A metabolite profiling using multi-MS-based pipelines yielded a metabolite profile dataset
comprising 759 metabolite signals. Of these, 131 metabolites were identified or annotated. The
lower heritability of the mQTL in yeast, mice, humans, and Arabidopsis than that of the expres-
sion QTL (eQTL) [47, 48] could be attributable to greater susceptibility of metabolite accumula-
tion to environmental factors [4]. Therefore, they evaluated the effects of heritable factors on
the 759 metabolic traits. Although more than half of the metabolic traits showed relatively low
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Figure 2. Correlation network of trait-associated metabolites. The node color indicates the associated trait. Red lines
(edges) represent positive correlations, while purple edges show negative correlations. The thickness of the edges
indicates the strength of the correlation [31].
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broad-sense heritability (H?), high H? values were observed for some of the secondary metabo-
lites, such as lysophosphatidylcholines, oryzanols, and flavone glycosides. Notably, heritabil-
ity profiles obtained in rice were not similar to those of tomato fruits and Arabidopsis leaves
[49, 50]. The QTL mapping results identified 802 mQTL from 759 metabolic traits and sug-
gested for a coordinated control of some metabolites, such as amino acids and triacylglycerols,
through a mQTL hotspot on chromosome three. The extent of genetic control was determined
for the annotated flavone glycoside level. The authors determined the structure of the flavone
glycoside by using multi-step chromatography, MS, and NMR. The mQTL analysis provides
faster and efficient breeding technique to dissect useful metabolic traits of both primary and
secondary metabolites in rice.

6. Metabolomic approach to improve legume crops

Forage and grain legumes contribute 27% of the world gross primary crop. The grain
legumes alone cater 33% of required human dietary protein, thus contributing to the global
food security and environmental sustainability [51, 52]. Barring a few extensively investi-
gated model legumes, metabolomics studies in other legumes remain limited. The studies in
model legumes demonstrate a decrease in oxylipins as effect of rhizobial node factor (Nod)
in Medicago [53] and metabolic adjustments of shoot constituent in salt tolerant Lotus species
for its survival [54].

Stress conditions such as salinity and anoxia cause an accumulation of alanine, and its
biosynthesis co-substrates such as glutamate and GABA, and succinate in soybean [55].
Differential expression was also obtained for genes involved in nitrogen fixation and fer-
mentation in root. Interestingly, a negative correlation was observed for amino acid derived
from glycolysis and the TCA cycle during water logging; several TCA cycle enzymes were
induced upon exposure to water logging [56]. Likewise, a study on metabolic changes
associated with flooding stress in soybean revealed a set of 81 mitochondria-associated
metabolites, suggesting a boost in concentrations of metabolites involved in respiration
and glycolysis such as, amino acids, NAD, and NADH coupled with the depletion of free
adenosine triphosphate (ATP) [57]. Under drought and salinity conditions, metabolite phe-
notyping of four different Mediterranean accessions of lentil suggested a decrease in inter-
mediates of the TCA cycle and glycolytic pathway [58]. Importantly, the study yielded
metabolite markers for specific stress; such as threonate, asparagine/ornithine, and alanine/
homoserine for NaCl, drought, and salinity, respectively. Another study aimed to assess
the impact of water deficiency on Lupinus albus demonstrated that the plant stem served
as a storage organ for sugars and amino acids [59]. Importantly, tolerant plant accumu-
lated high level of metabolites such as asparagine, proline, sucrose, and glucose in the
stem stelar region [59]. This suggests for reorganization of nitrogen and carbon metabolism
pathways in plants in order to tolerate salinity stress. In soybean, consistent increase in
pinitol (sugar alcohol, osmoprotectant) was reported in the tolerant plant at both normal
and drought-stressed conditions [60]. Similarly, accumulation of sucrose, free amino acids,
and soluble proteins was observed in tolerant soybean in response to water stress [61].
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7. Metabolomic approaches to evaluate GM crops

GM crops are now widely used worldwide [62]. The International Service for the Acquisition
of Agri-Biotech Applications (ISAAA) reported that in 2011, 160 million hectares of arable
land was used to grow biotech crops, including GM crops (http://www .isaaa.org/).

Metabolism refers to the processes involved in maintaining life, such as the synthesis and
breakdown of proteins, nucleic acids, and carbohydrates. Metabolomics offers a snapshot of
the current biochemical status, including important nutritional and toxicological characteris-
tics. Furthermore, the metabolite composition is reported to have close association with the
organism’s phenotype. Hence, metabolomics is a useful tool for investigating the metabolic
composition of GM crops. The application of metabolomic technology could generate a data-
base of metabolites in both GM crops and traditional varieties. For instance, metabolomics
approach was employed to assess the chemical composition of GM tomatoes in order to com-
pare the modified crops with the traditional varieties [63]. The authors used GM tomatoes
overexpressing a foreign gene encoding miraculin, a glycoprotein found in tropical plants
but normally absent in tomatoes [64]. The MS-based multiple platforms detected 86% of the
total chemical diversity in the tomato cultivars used in the study. Subsequently, statistical
approach for “proof-of-safety” rather than “proof-of hazard” approach was used to evaluate
“similarities” and “differences” between GM tomatoes and six traditional cultivars, includ-
ing the control line Moneymaker. Results suggested that the GM tomatoes had a reproduc-
ible metabolic signature; moreover, more than 92% of the compounds showed an acceptable
variation in both green and red stages of the tomato, highlighting striking similarity of the
GM tomatoes with that of the control line Moneymaker in terms of their metabolite profiles.

Furthermore, a comparison was drawn for the metabolite profiles obtained from two indepen-
dent experiments. The study determined the levels of the most commonly altered metabolites
in the GM tomatoes, such as proline, 4-hydroxy-proline, spermidine, asparagine, arginine,
serine, and inositol-1-phosphate, across all growth conditions. The expression of these metab-
olites was unaltered by genetic modification, not associated with the expression of foreign
genes. This approach could be useful for evaluating GM crops for assessing their metabolo-
mic equivalence with traditional crops.

8. Conclusions and future perspective

The growing attention that metabolomics is receiving in the field of plant research could be
ascribed to plant’s ability to produce a vast array of metabolites, far greater than that pro-
duced by animals and microorganisms. Achieving a comprehensive coverage of metabolome
analysis calls for multiparallel complementary technologies instead of relying on a single ana-
lytical technology. Increasing the annotation rate of unknown signals still poses a big chal-
lenge. The cooccurrence principle of transcripts and metabolites, particularly transcriptome
co-expression network analysis, is powerful for decoding functions of genes not only in a
model plants but also in crops and medicinal plants. The mQTL analysis along with scoring
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of gene expression and agronomical traits emerges as a promising technique to support crop
breeding [65]. In addition to expedite the development of improved cultivars, metabolomics
plays a key role in the evaluation of GM crops.

Combining de novo transcriptome assembly [66] and metabolomic techniques enables us to
adopt a systems biology approach to investigate genetic populations as both techniques do
not require a reference genome sequence. These post-genomics tools and techniques can con-
siderably shorten the time required for selection in plant breeding and accelerate the discov-
ery of novel genes in crops, vegetables, and medicinal plants [67, 68]. In summary, systems
biology, metabolomics, and other omics will play a key role in understanding plant systems
and developing novel biotechnology applications for crop improvement.
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Abstract

Producing enough food, fiber, and fuel, in this case, the second most important global
crop called rice, remains a continuing challenge as global population increases and various
production constraints ensue. Plant breeding scientists prefer using elite rice lines but also
infuse new genetic resources into the parental genepool for desirable traits, such as resis-
tance to pests and diseases, good flavor, and high nutritional quality on top of high-yielding
potential. Prior research studies reveal the importance of germplasm resources including
wild rice relatives as excellent sources of desirable traits in new crop breeds. Advances in
molecular and genomics approaches (QTLs, GWAS, OMICs technologies) have identified
and transferred genes, genomes, loci among other important genetic materials that are
sought for. As knowledge builds up with these biotechniques, more rice genetic resources
can be characterized at the molecular and systems levels for further utility in breeding bet-
ter cultivars. Information generated from innovative approaches must be documented and
processed as germplasm characterization data and must remain accessible at genebanks that
exist centrally to conserve biodiversity. Development of germplasm information should be
a collaborative effort of scientists who share similar interests in exploiting the valuable and
novel genes within germplasm resources that are essential for crop improvement.

Keywords: rice genetic resources, diversity, molecular approaches, OMICS
technologies, genomic-assisted breeding

1. Introduction

Food-production systems are greatly affected by increasing demand of a burgeoning world
population on top of production constraints as such water availability, soil degradation, dwindling
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arable lands, and abrupt changes in climate. Commitments to uphold the fundamental
right of people to have adequate food and to be free from hunger were made during the
Rome Declaration on World Food Security in 1996 and the United Nations Millennium
Summit in 2000. These included commitments of participating countries to implement poli-
cies on eradication of inequality and poverty through improved economic and physical
access to sufficient, safe, and nutritious food supply. Despite these efforts, almost 1000
million people experience malnutrition and hunger, of which 15 million who are predomi-
nantly children die every year [1]. Producing enough food becomes more crucial consider-
ing that population is expected to grow to about 8.3 billion by 2030 where about 90% of the
increase emanates from developing countries [2]. Considering such pressures, one must
remember that food security is interlinked with wise use of agricultural biodiversity and
genetic resources including their conservation and exchange [1].

Plant genetic resources for food and agriculture (PGRFA) are crucial for food production
and sustainable agriculture as they become foundations for breeders, biotechnologists and
farmers engaged in developing new plant varieties that can address growing food demands,
unpredictable human needs, and changing environmental conditions [1]. Although signifi-
cant to human survival, PGRFA is dwindling at an alarming rate. For example, hundreds of
thousands of heterogeneous plant varieties and landraces have been developed for genera-
tions in farmers’ fields until the beginning of the 20th century [1]. It is also important to note
that socioeconomic perspective in agriculture varies by region. About 50% of the populations
in Africa and Asia depend on agriculture, while only a meager 1.9% does in North America,
and that half of the worlds’ population chiefly draws income from agricultural production [2].

2. Germplasm banks and functions

Worldwide, central to conserving agricultural diversity are about 1700 genebanks includ-
ing 11 international genebanks that spend about US$18 million a year [3] to maintain, man-
age and share germplasm collections. These 11 international genebanks are managed by the
consortium of international agricultural research centers (CGIAR, formerly the Consultative
Group for International Agricultural Research). Collectively, CGIAR genebanks hold 730,000
accessions in 35 collections, available as seeds, plants maintained in screenhouses or fields,
in cryopreservation, in tissue culture, and as DNA samples [4]. In recent years, germplasm
distribution reported an overall increase estimated at almost 40,000 samples yearly between
1985 and 2009 [5] and almost 92,000 samples yearly between 2012 and 2014 [4]. The consider-
able upsurge in value and demand for diversity will ensue owing to present-day advances
in high-throughput sequencing and phenotyping, disease indexing, and screening data [6].

Although genebanks exist as germplasm repositories, farmers and farmers’ groups, or organi-
zations also exert efforts to save seeds of crop species and have been custodians of landraces
and traditional varieties as well [7, 8]. Additionally, genebanks exist to conserve the genetic
diversity of wild and cultivated plants that people rely on as a source of food, fuel, and fiber
[3]. Maintaining biodiversity in both plants and animals has become a central principle in
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formulating strategies for sustainable agriculture advancement [7]. Diversity is important in
progressing nutritional quality, productivity, and sustainability [3] of plants and animals.
Diversity shown in crop wild relatives (CWRs) means beneficial traits such as resistance to
biotic and abiotic stresses and adaptation to a wide range of habitats or environments [9-11],
which are important attributes to curb the effects of climate change-induced variations [12]
affecting crop growth and development parameters.

Throughout time, scientists and researchers including the public have witnessed and real-
ized the long-term benefits derived from conserving and securing biological diversity [7].
The biodiversity conserved in genebanks helps advance global plant breeding programs [3].
In rice, for example, a study found out that Oryza nivara, a wild rice species conferred protec-
tion against grassy stunt virus to almost all tropical rice varieties in Asia [7]. Additionally, a
genomics study [6] on more than 4300 rice varieties worldwide reported that 100% of the vari-
eties from the international rice research institute (IRRI) and 90% of non-IRRI varieties have in
their pedigrees at least one accession from the international rice genebank (IRG).

As of January 2017, IRRI reports that IRG maintains more than 127,916 rice accessions and
4647 wild relatives including 44 wild Oryza species and nine species from seven related gen-
era [13]. This makes the Philippines as the country repository having the largest in number
and most diverse rice genetic resources (Figure 1) as shown in Genesys, a global portal to
information about PGRFA. IRG’s holdings come from various rice-growing countries that
transmit to IRG the seeds of rice cultivars for safeguarding and sharing as public goods [13].

Considering agricultural diversity as a public good strengthens global interdependence and
proactive upkeep of plant genetic resources [14]. One of the deep-rooted forms of interde-
pendence is the reliance of foreign genetic resources as exhibited by the spread of common

Size of genebank collections

Russia
4 128 ack
UsA
SEGER a0
Philippines
135,576 ace
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Figure 1. Genebank holdings of rice germplasm around the world (data from Genesys database https://goo.gl/xPFzsE).

83



84 New Visions in Plant Science

Interdependence among regions for genetic resources
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Figure 2. Estimate of the degree of interdependence of major regions on genetic resources of important crops.

crops from centers of origin to the rest of the world [1]. About 70% is the estimated average
of interdependence degree of countries (Figure 2) on the most important crops worldwide
[1]. These relate to the function of genebanks as worldwide distributors of crop germplasm
to help sustain the availability of food, fiber, and fuel, strengthen on-farm crop diversity and
crop productivity. The dependency of most countries and their farmers on modern, improved
varieties of rice, corn, wheat, and other crops [15] existed then and likely on the rise owing to
productivity concerns brought by global climate change. For example, at the top of its popu-
larity, IR36 rice variety was planted to 10% of the world’s rice area which is about 11 million
hectares [16]. Moreover, modern varieties are usually created using genetic resources sourced
from various countries that demonstrate the interdependence on the availability and acces-
sibility of plant genetic resources [16] for sustainable agriculture and food security.

3. Rice production systems and constraints

Rice ranks second to maize among the most important cereals globally produced in the world
[17]. Global rice production was forecasted at a record high of 481.3 million tons in 2017 with
the bulk of production coming from Asia (Figure 3A) [18]. Rice is chiefly consumed in the
developing countries (Figure 3B) with about 340 metric tons (Mt) and 392 Mt. (15% increase)
consumed in 2002-2004 and in 2012-2014, respectively, [19] and projected to reach 449 Mt.
in 2024, a 32% increase from 2004 consumption level [19]. In contrast, developed countries
consumed 17 Mt. of rice in 2002-2004 and about 3% more (17.5 Mt) in 2012-2014 and the con-
sumption is expected to reach 18.2 Mt. [19].

The South Asia region is a global major rice producer yet 75% of rice growers from this region
are smallholders [20]. Smallholding farmers are key food producers in developing countries
contributing about 70-80% of the food produce in Africa and in sub-Sahara and Asia, respec-
tively [20]. Due to their major role in food production in developing countries, smallholder farmers
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Figure 3. Rice production and consumption in the world. (A). Top 10 rice producing countries in the world. (B). Rice
consumption in developing and developed countries (data from (Childs, 2017) and OECD/FAQ, 2015).

are crucial contributors to food security and produce more than 50% of the food requirement
to feed 9 billion people in 2050 [21]. However, these groups of farmers are highly vulnerable to
production constraints, which include socio-economic, biotic, abiotic, and management-related
factors (Figure 4) [20]. Studies have shown that 18-21% and 22-23% of yield losses are attributed
to biotic and abiotic factors [20, 22]. Another major biotic factor to yield loss is weed competi-
tion contributing up to 7% yield loss in rice production of small-scale farmers [20]. Studies on
no weed control in rice production incurred as high as 94-96% yield loss during the wet and
dry season of 2009, respectively [23]. Insect pest that accounts 5% yield loss among smallholder
farmers [20] have caused 20% loss in sub-Sahara in 2008 [24]. Socio-economic factors contributed
22% to yield loss from which 4.5% is due to difficulty in access to sufficient irrigation water [20].

Shifts in global climatic conditions also pose threats of limiting crop yields and water-supply
availability among other factors that threaten the bumper food supply. In the United States,
USDA-ERS reports that climate change can limit average yields in various crops including
rice in both dryland and irrigated production by 2020 [25]. The projected decline in US rice
production is 2.2% by 2020 to as much as 6.1% by 2080 [25].
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Figure 4. Major factors affecting rice production in south Asian farmers.
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4. Importance of rice genetic resources

Smallholder farmers have contributed to and unknowingly preserved the diversity of rice
genetic resources throughout time as they cultivated, selected, and nurture their favorite cul-
tivars owing to favorable yield and quality of product. These cultivars comprised of landraces
and traditional varieties are vast sources of important genetic traits that can further improve
future rice varieties [8]. Historical accounts on rice breeding, for instance, show the discovery
and development of high-yielding cultivars that can withstand environmental stresses, such
as varieties having excellent genes for submergence tolerance and having significant yield
increases owing to NAL1 allele [8]. One variety dubbed miracle rice, IR8 released in 1966
served as a source of desirable traits and reportedly is associated to 92% of the 67 rice varieties
released in the Philippines between 1960 and 1994 and that the varieties have 57 more paren-
tal lines in commonality [26]. Moreover, 19 ancestral parents comprise the genetic core of all
Philippine rice cultivars developed from 1960 to 1994 [26, 27].

Genetic diversity of the 193 rice cultivars collected from 19 countries was studied toward
developing an international rice molecular program [27]. A cluster analysis using SSR data of
the 193 accessions showed four prominent groups: classical indica (Group 1), classical japonica
(Group IV), and a mix of modern cultivars, traditional japonica, and diverse landraces (Groups
IT and III) of which Group I showed the highest level of diversity [27]. Among 632 alleles
shown in the study, only 5% was prevalent alleles, which were consistent with the known
knowledge that 95% of the rice genepool was seldom used in rice breeding programs [27].

Other notable results of the study include the possible existence of differentiation between the
temperate and tropical indica that may not be exhaustive as those in japonica cultivars in same
regions [27]. Additionally, the study revealed that high genetic diversity between Chinese indica
maintainer lines and the tropical restorer line developed at the Philippine-based IRRI highly
influenced the hybrid vigor of Chinese hybrids [27]. The study further suggested that molecu-
lar breeding of japonica-indica variation be explored to further increase the genetic diversity of
rice cultivars that may improve production sustainability and help break the yield ceiling [27].

A recent genomics research study underscores the importance of genetic conservation in
rice. Using 13 reference genomes of modern and related-rice species, the study found rapid
species diversification reflected by lineage-specific emergence and turnover of various novel
elements, consisting of potential new coding and noncoding genes and transposons among
others [28]. Analyzed genomes were new Oryza species’ chromosome-level reference assem-
blies, either long- or short-read technologies were derived from seven wild species (O. barthii,
O. glumaepatula, O. meridionalis, O. nivara, O. rufipogon, O. punctata, and Leersia perrieri) and two
domesticated varieties (O. sativa vg. aus [N22] and vg. indica [cv IR8] or miracle rice) in addi-
tion to previously published assemblies of O. brachyantha, O. glaberrima, O. sativa vg. japonica
and O. sativa vg. indica [93-11]. Majority of the cultivars have AA genome, except for O. punc-
tata (BB), O. brachyantha (FF), and L. perrieri (unknown), a closely related outgroup species.

The study identified a possible strong candidate and long-pursued Pi-ta2 locus [28] that can pro-
vide broad-specificity resistance to rice blast diseases upon interaction with Pi-ta (Bryan et al.,
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2000). Among many blast disease pathogens, Magnaporthe oryzae pose major threats to global
rice production of which yearly losses can potentially feed about 60 million people [28]. Overall,
the accessibility of 13 high-quality reference genome assemblies will allow in-depth exploration
of major orthologous loci and genomic regions of genotypes: AA, BB, FF, and L. perrieri.

5. The extent of rice genetic diversity

As previously discussed, several studies have shown the importance of germplasm resources
in rice improvement and breeding programs for higher yields, better resistance to biotic and
abiotic factors including the incidence of pests and diseases. Germplasm resources comprised
of wild relatives, traditional, and modern cultivars among others are excellent sources of
desirable traits in breeding programs. Table 1 shows available information about useful and

Species Genome Characteristics/traits
O. barthii AA Resistance to BB, GLH; tolerance to heat and drought; drought avoidance
O. glaberrima AA Resistance to nematodes, rice yellow mottle virus, stem borers, African gall midge,

iron toxicity, drought; tolerance to waterlogging; cultigen; crude protein content; weed
competitiveness; high adaptability to acidic soils showing low levels of phosphorus

availability

O. glumaepatula Tolerance to heat; source of CMS; elongation ability

O. meridionalis Tolerance to heat and drought; drought avoidance; elongation ability

O. nivara AA Resistance to BB, grassy stunt
virus

O. rufipogon Resistance to blast, Tungro virus, BB, BPH; moderately tolerant to Shb; increased
elongation under deep water; Source of yield-enhancing loci and CMS; tolerance to
aluminum

and soil acidity
O. punctata BB Resistance to zigzag leaf hopper, BB, BPH; tolerance to heat and drought
O. brachyantha ~ FF Resistance to YSB, BB, whorl maggot, leaf-folder; tolerance to laterite soil

Leersia perrieri  unknown Stoloniferous; shade tolerance

Abbreviations: BB-bacterial blight; BPH-brown planthopper; CMS-cytoplasmic male sterility; GLH-green leafhopper;
Shb-sheath blight; YSB-yellow stem borer.

Table 1. Important and useful genomic characteristics or traits in wild Oryza species with available reference genomes
(sources: [33, 34]).
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important traits in wild rice species. With reliable reference genome assemblies made avail-
able (like those studied in [28]), useful and important traits in wild Oryza species can be exten-
sively used in wild hybridization and gene introgression toward breeding high-yield varieties
expressing significant characteristics such as tolerance or resistance to biotic and abiotic stress
factors that limit crop productivity in general.

In modern plant breeding, scientists repetitively rely on a continuous infusion of genetic
resources to develop crops with superior resistance to diseases and pests, with better yield quan-
tity and with the high quality of produce including flavor and nutritional values [10, 29-31].

Wild species Key traits Gene Rice Variety

O. barthii Drought-or heat-related traits unknown

O. glaberrima Resistance to blast unknown Yun Dao, China-YAAS
Tolerance to iron toxicity unknown many NERICA lines/varieties,
Drought-or heat-related traits QTLs Africa
Tolerance to acidic conditions unknown
Tolerance to P deficiency unknown

Tolerance to abiotic stresses, high yield,
weed competitive ability, earliness

O. glumaepatula ~ Cytoplasmic male sterility unknown
Drought-or heat-related traits unknown
O. meridionalis Drought-or heat-related traits unknown Arkansas rice varieties (2), USA
O. nivara Resistance to grassy stunt GS many Asian rice varieties
Resistance to bacterial blight Xa38
O. rufipogon Resistance to bacterial blight Xa23 Dhanarasi, India
Resistance to blast unknown Matatag 9, Philippines
Cytoplasmic male sterility unknown AS 996, Vietnam (acid sulfate)
Tolerance to Tungro virus unknown BRRIdhan55, Bangladesh (salt)
Tolerance to iron toxicity unknown
Tolerance to aluminum toxicity QTL
Tolerance to acidic conditions unknown
Tolerance to P deficiency unknown
Yield-enhancing loci QTL, yld1, yld2
Increased elongation ability unknown
O. punctata NO DATA
O. brachyantha Resistance to bacterial blight unknown

Leersia perrieri NO DATA

Table 2. Key traits of select wild Oryza species transferred in modern rice varieties through gene introgression and wide
hybridization (source: [33]).
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Conversely, scientists favor to employ existing cultivars or called elite or advanced breeding
materials owing to previous experience in ease of intermating these cultivars and proven high
productivity [31]. Aside from the difficulty of transferring outstanding traits, another major
reason breeding scientists do not resort to using wild relatives in rice breeding is because of
the inferior characteristics of wild relatives particularly, poor plant type and more grass-like
appearance, poor grain type that shatters in nature, and low grain yield [31-33].

Nevertheless, successful breeding of wild rice species into modern rice varieties has been
achieved through advances in tissue culture and molecular approaches [33] that comple-
ment conventional breeding methods. Table 2 shows key traits from select wild rice spe-
cies that have been transferred in modern rice varieties through gene introgression and wild
hybridization.

Some examples of biotechniques used to explore favorable alleles in rice germplasm are
employing advanced backcross populations to detect quantitative trait loci (QTL) associated
with enhanced performance in rice as well as clone genes underlying key QTLs of interest
(McCouch [30]) as well as use of backcross inbred lines (BILs) and chromosome segment
substitution lines (CSSLs) and high-density single nucleotide polymorphism (SNP) arrays
[32]. These research achievements further illustrate the importance of rice genetic resources in
breeding new crops with highly desirable traits on top of high yield potential.

6. Molecular biotechniques to enhance rice breeding activities

Recent advances in molecular biology and biotechniques increase the chances of utilizing
rice genetics resources that have not been explored in previous rice breeding programs. The
availability of genomic, phenotypic, geographical, and ecological information among other
sequence data, when analyzed all-together, can help researchers to strategically plan experi-
ments based on developed models predicting plant performance [3].

Molecular approaches used in modern rice breeding include molecular marker technology
and marker-assisted selection (MAS), molecular mapping of genes and QTLs and production
of hybrids and alien introgression lines (AILs) [33] to name a few. One method of genomic-
assisted breeding, MAS (Figure 5), utilizes molecular markers that map QTLs or specific
genes known to be linked with phenotypes or target traits to choose individuals that exhibit
desirable alleles for traits of interest [35]. Compared to conventional phenotypic selection,
MAS has primary advantages, such as it is simpler than phenotypic screening, selection can
be done at the seedling stage, and a single plant can be selected based on its genotype [36].

Another type of genomic-assisted breeding, called genomic selection (GS) utilizes all avail-
able marker data for a population as predictors of breeding value [35]. To generate a predic-
tion model, GS combines marker data from a training population (TP) with phenotypic data
as well as available pedigree data and then the model produces genomic estimated breeding
values (GEBVs) of all TP-genotyped individuals [35]. GEBVs calculate the possible perfor-
mance of a genotype as a potential parent in a breeding pipeline [35].
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Marker-Assisted Selection

Marker Validation
4 Testing of markers in important breeding materials
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Figure 5. The process of marker development (adapted from [36]).

As modern plant biology further advances, other technology options like OMICs sciences
or systems biology approaches become exploitable to pinpoint genomes (genomics) [37],
genes (transcriptomics), metabolites (metabolomics), proteins (proteomics), and interactions
(interactomics of protein-protein or protein-DNA) [38] among other complex biological sys-
tems that can revolutionize the improvement of crop productivity. For instance, metabolo-
mics helps determine the differences between a healthy and a disease-infected plant through
analysis of various levels of their thousands of molecules (ISAAA leaflet) [39]. Metabolomics
can also identify plant defense metabolites and nutritional values as shown in a study that
detected metabolites useful as molecular markers for drought stress tolerance for species
related to tobacco and soybean [39].

In genomics research, present-day advances that made multi-layer genomic data derived
from sequencing of both DNA and RNA now provide information on gene expressions,
differential isoforms, alternative splicing methods, messenger RNA, non-coding RNA, and
DNA polymorphism [37]. In short, current genomics is far ahead and progressive compared
to traditional genomics that studies the function, structure, and sequence of a genome.

Recent studies in rice involving OMICs approaches have shown promise in scaling down the
rice breeding process by focusing on the discovery of and engineering of desirable traits or
genes. In China, scientists had integrated analyses of rice omics and biotechnological applica-
tions toward improving rice agronomic traits through molecular breeding approaches [40].
Integrated data analyzed include 220 functional genes that were cloned and identified, sequenc-
ing data of chromosome 4 of japonica rice Nipponbare and whole genome shotgun sequencing
of Indica rice 9311 [40]. Additionally, the testing of comprehensive annotation platform for
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functional exploration of rice multi-omics data (CARMO) provided multiple web-based analy-
sis tools for in-depth data mining and visualization [41]. CARMO stands for comprehensive
annotation of rice multi-omics data. Its performance test showed useful functional insights for
supplementary experimental studies and evidence that were previously reported [41].

A combinatorial analysis of data from genome-wide association study (GWAS) and high-
throughput phenotyping was used to evaluate the effects of salinity in rice particularly on rel-
ative growth rate (RGR), transpiration rate (TR), and transpiration use efficiency (TUE) [42].
Results include the identification of new candidate genes responsible for the early response of
rice to salinity stress (Figure 6). Through interaction model approach, early response of rice to
salt stress was associated with various signaling mechanisms as shown by expressions of sig-
naling-related genes such as Os03g16130 (encoding a calcium/calmodulin (Ca/CaM)-dependent
kinase), 0505439870 (encoding OsCIPK28 and CAMK_KIN1, CA/CaM-dependent protein kinase),
050539900 (encoding a CBL-interacting serine/threonine-protein kinase 15), Os05g46320
(encoding OsFBX173, an F-box domain-containing protein), and Os05¢47670 (containing a
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Figure 6. Utilization of rice diversity panel for identification of salinity tolerance loci in the study of Al-Tamini et al.
[42]. (A) Blocks represent source countries of germplasm sizes contributed in the diversity panel (data taken from
GRIiSP global Rice Phenotyping network). (B) Candidate genes involved in early salinity response in aus and indicator
panels. (C) Expression profile of Os03¢16130 (calcium/Calmodulin-dependent kinase) in rice inflorescence and co-expression
network (expression and network data sourced from RiceXPro [44] and RiceFREND [45]).
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zinc-finger motif, a C3HC4-type domain-containing protein) [42]. Candidate genes and QTLs
can also be detected effectively using GWAS and gene-based association analysis followed by
haplotype analysis for forthcoming functional characterization and genetic improvement of
protein content, consumption, and cooking quality [43].

7. Rice genetic resources: experiences and prospects

Overall, rice genetic resources have been used to improve modern cultivars, although com-
mon knowledge is 95% of the rice genepool [27] remains untapped and unexploited in rice
improvement. Major reasons of breeders for not using a wider genepool base including wild
relatives are inferior traits of wild relatives in terms plant type, grain shattering, and low yield
and generally, the difficulty of transferring desirable traits as well [31-33].

As more information about germplasms is available, wider selection and diversity of materials
can be exploited for varietal improvement [46]. Generating more usable information becomes
more possible with modern biotechniques that can examine and identify specific genes,
genomes, QTLs, and proteins among other genetic materials. These techniques target precise
genetic materials expressing advantageous traits toward increasing yield and quality, specific
resistance to biotic and abiotic factors as well as emerging or future production constraints.

Figure 7 shows a concept framework of molecular- and systems-levels of gene discovery and
transfer enabling development of new breeds from a wide genepool including wild relatives.
Various biotechnologies such as GWAS, QTLs, genomic selection, and OMICs approaches
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L Genome-wide = Breading Valus(s) > recombination of
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\
\ Gene discovery DMICs technclegias o l
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Figure 7. The conceptual framework of the applications of NGS and OMICs technologies for molecular- and systems-
level breeding of improved crop varieties. Seeds and information generated from stages 1 to 3 generation and submission
of information to genebank for the provision of better passport and characterization data of accessions or germplasm
for future breeding use.
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among other techniques complementing conventional breeding methods can hasten the dis-
covery and transfer of desired genetic materials toward developing improved varieties.

Compared to yesteryears, these biotechniques are becoming low-cost and easier to use and
can now be routinely employed to identify and transfer desirable traits into new crops. In
a recent review about genetically engineering crops, OMICs approaches were evaluated to
weigh in the intended and unintended effects of genetic engineering (GE) in plant breeding.
Results suggest that GE and OMICs technologies have remarkable potentials toward boost-
ing crop improvement initiatives in the twenty-first century in conjunction with conventional
breeding techniques [47].

Figure 7 also points out the importance of conserving seeds as germplasm and providing
information derived from biotechniques for further use and reference in future breeding pro-
grams. For example, genotypic and phenotypic information will further elucidate the values
of germplasm resources [6]. Accessibility of integrated germplasm characterization informa-
tion including molecular markers, genome sequence information, genotype-phenotype rela-
tionships will entice breeders to use a wider genepool as potential parent lines and as sources
of important traits and characteristics. Development of integrated germplasm information for
a germplasm should be a collaborative effort of scientists, such as physiologists, geneticists,
pathologists, genebank curators, and breeders, who share parallel and harmonized interests
in exploiting the genetic materials of germplasm resources and determining valuable and
novel genes for crop improvement.

In summary, advances in complementary plant breeding methods including molecular
marker technology, OMICs approaches have allowed rapid developments in basic knowl-
edge of genetics and breeding of plants. Molecular approaches have also provided important
information about genetic materials and specific genes and genomes for the development of
improved crops. Additionally, these approaches hold promise and help speculate about how
their applications can shape the future of rice breeding for beneficial prospects of rice produc-
ers and consumers worldwide. The ease of use of these biotechniques coupled with afford-
ability will allow better characterization of genetic resources that can increase their utility to
improve crops to address present-day and future production constraints.
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Abstract

The increasing use of nanoparticles (NPs) in the world has raised significant concerns
about their potential impacts on ecosystems, food safety and human health, leading to an
emerging research theme about the interaction between crop plants and NPs. Therefore,
a full understanding of plant-NP interaction and phytotoxicological mechanism is
required for accurate risk assessment to ensure the safe use of nanoparticle. A range of
analytical techniques have been developed to detect and characterize the uptake, trans-
location, cellular internalization and intracellular biotransformation of nanoparticles in
plants. Imaging methodologies, including various electron microscopy, spectrometry-
based techniques, together with ICP-based techniques such as ICP-OES, ICP-MS and
SP-ICP-MS, have been widely used to obtain information about NPs size, morphology,
size distribution, cellular localization, elemental speciation, mass concentration and so
on. Due to the complexity of biological samples to be analyzed, these techniques are
often combined accordingly to provide complementary information regarding plant-NP
interaction. This review provides an introduction to the most widely used techniques in
the study of interactions between plants and nanoparticles. In addition, applications of
these techniques in the study of plant-NP interaction from recent works are exemplified
to illustrate how the understanding of plant-NP interaction is achieved through these
techniques.

Keywords: nanoparticles, microscopy, X-ray, mass spectrometry, plant, uptake,
biotransformation

1. Introduction

Over the past decades, nanotechnology has been widely applied on commercial products
on the market, including biosensor, catalysts to optics, antimicrobial activity, computer tran-
sistors, electrometers, and wireless electronic logic and memory schemes. In the agriculture

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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sector, nanoparticles are often incorporated into nano-formulated pesticides, fertilizers, and
nanobiosensors for crop protection [1]. Therefore, the application of engineered nanomateri-
als worldwide inevitably caused the release and accumulation of nanoparticles in the envi-
ronment [2].

As the basic components of the ecosystem, plants are sessile and their roots absorb nutrients
and water as well as contaminants from their environment. Accumulating evidence dem-
onstrated that engineered nanoparticles could be released from some commercial products,
further be taken in and accumulated in plant tissues. As plants may serve as a potential path-
way for the transportation of nanoparticles through the food chain [3], the increasing appli-
cations of engineered nanomaterials in the world have raised a growing concern about their
potential adverse impacts on ecosystems, food safety and human health [2, 4]. Therefore, to
evaluate potential environmental risks imposed by nanoparticle application, it is important
to understand the interaction between nanoparticles and plants, as well as NP’s behavior
and toxicity in plants. However, the behavior of NPs in plants and phytotoxicity mechanism
are so complicated that contradictory results regarding the effects of nanoparticles on plants
were obtained from various studies during the past decade [5-9]. These conflicting results
indicate that impacts of nanoparticles on plants largely depend on the type and concentration
of nanoparticles, plants species, tissue exposed, and the experimental conditions [6, 10, 11].

There are various engineered nanoparticles with different size, morphology, and proper-
ties. Engineered nanoparticles also exhibit distinct physical and chemical properties with
different environmental behaviors and toxicity in comparison with their bulk counterparts,
which could be attributed to the small size at nanoscale (1-100 nm) and high surface-to-vol-
ume ratios of nanoparticles [12]. Upon nanoparticle exposure, the directly contact between
nanoparticles and roots leads to the uptake of nanoparticles by roots and translocation of
nanoparticles in plants [10, 13]. Different types of nanoparticles exhibit distinct behaviors and
translocation characteristics. During interaction with biological environments, nanoparticles
can also be transformed by plants, which in turn alter environmental fate and toxic proper-
ties of nanoparticles [14, 15]. Therefore, the toxic effect and behavior of nanoparticles are
determined by not only the initial properties (such as particle size, shape, structure, charge,
elemental composition, mass concentration, and state of aggregation etc.), but also by the
physicochemical evolution [16-18]. Hence, in order to accurately assess the phytotoxicity of
nanoparticles, it is necessary to determine the original characteristics of NPs before treatment,
uptake and translocation, cellular internalization and intracellular biotransformation during
interaction with plants.

Approaches to detect and characterize NPs during plant-NP interaction are thus becoming
crucial in our studies. Nowadays, a variety of analytical techniques have been developed
to provide the necessary information regarding plant-NP interaction, including micros-
copy imaging, chromatography, spectrometry-based techniques, and so on. In this review,
we describe the advantages and limitations of a selection of current most frequently-used
methods in the study of uptake, distribution, translocation and biotransformation of NPs
in plants. We also exemplify the usage of these analytical techniques with instances from
recent studies.
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2. Techniques for nanoparticle detection

2.1. Imaging techniques
2.1.1. Transmission electron microscopy/scanning electron microscopy

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) are con-
sidered to be the most popular techniques for the analysis of nanomaterials. Electron micros-
copy straightforwardly captures projected area of the particles, providing visualization of
true particle size dimensions.

In TEM process, a focused electron beam is transmitted through a specimen, an image is
formed from the interaction of the electrons with the sample. The image is then magnified and
focused onto an imaging device. TEM is capable of imaging at a significantly higher resolu-
tion (down to the sub-nanometer) than light microscopes, it can visualize as small as a single
column of atoms, which is thousands of times smaller than a resolvable object seen in a light
microscope.

In SEM process, a focused beam of electrons scans the surface of the sample; interaction
between electrons and atoms in the surface of sample produces various signals that con-
tain information about the sample’s surface topography and composition. Then an image
is formed upon focusing of scattered electrons. SEM can achieve resolution better than 1 nm
[19]. It can be used to image intact sample as well as sectioned sample [15].

Through visualization of nanoparticle position within a cell or tissue, TEM/SEM can provide
the precise nanoparticle information about their size, structure, shape, morphology, disper-
sion or aggregation state, which is informative for assessing in vitro nanoparticle uptake and
localization. Nanoparticle sizes are calculated and expressed as a sphere diameter having
a similar projected area as the projected image of the nanoparticle. Particle size analysis is
carried out by manually using a marking device to move along the nanoparticles. A mean
linear dimensional measure of the nanoparticles is obtained by dividing the total length of the
nanoparticles by the total number of nanoparticles counted [20]. In addition, when combined
with spectroscopic methods, characterization of the composition of the internalized nanopar-
ticles became possible [21]. Owing to the high lateral resolution of TEM, it could also be used
to trace the dynamics of individual NPs in a living cell or plant tissues.

2.1.2. Scanning transmission electron microscope

Scanning transmission electron microscope (STEM) is a type of transmission electron micro-
scope (TEM). A typical STEM is a conventional TEM equipped with additional scanning coils,
detectors and necessary circuitry. Like a conventional TEM, images are formed by electrons
transmitting through a thin specimen. The difference is that in STEM the electron beam is
focused to a fine spot (with spot size 0.05-0.2 nm), then it scans over the sample in a raster.
The rastering of the beam across the sample makes STEM suitable for combination with ana-
lytical techniques such as annular dark-field imaging and spectroscopic mapping, to obtain
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information on the structure of nanoparticles with sub-nanometer resolution and their chemi-
cal composition [22, 23].

Dark-field microscopy with a STEM, such as high-angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM), can be used to distinguish elements with high
atomic number (Ag, Au, etc.) from the major elements in organisms (C, N, O, etc.) with a high
spatial resolution (down to 1 nm) [24].

2.1.3. Dynamic light scattering

Dynamic light scattering (DLS) technique is the most commonly employed high-throughput
technique to measure nanoparticle size and determine aggregation state of nanoparticles in
aqueous suspensions. In DLS analysis, the Brownian movements of the NPs in aqueous sus-
pensions cause constructive and destructive interference, which results in time-dependent
fluctuations in scattering intensity. Then the average particle size can be calculated from these
time-dependent fluctuations in scattering intensity by application of the autocorrelation func-
tion and subsequent calculation of the exponential decay [25]. Meanwhile, the zeta potential,
a key indicator of the stability of colloidal dispersions, is measured rapidly using DLS. DLS is
able to analyze samples containing very broad distributions of species; it can also detect very
small amounts of the higher mass species [25].

2.1.4. Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDS) is used as an analytical technique to analyze
a sample’s elemental composition or chemical characterization. EDS applies a high-energy
electron beam which focuses into the sample of interest to excite in an inner shell an electron
and to eject it from the shell, thus generating an electron hole. Then an electron from the outer
shell with higher-energy fills the hole, which releases the energy in difference in between
the outer shell and the inner shell in the form of X-ray [26]. As each element has a unique set
of peaks on electromagnetic emission spectrum determined by its unique atomic structure,
through measuring the number and energy of the X-rays emitted from the sample by an EDS
instrument, the information about elemental composition of the sample is obtained [26].

2.1.5. X-ray absorption and X-ray fluorescence

There are two main types of X-ray spectroscopy-based techniques that can be used to analyze
speciation and localization of NPs within the plant tissue: X-ray fluorescence (XRF) spec-
trometry and X-ray absorption (XAS) spectrometry. Both of them are based on measuring the
spectra of emission or absorption of X-radiation. The absorption of X-ray photons by element
is controlled by the photo-electric effect.

When sample is subjected to X-ray radiation, incident X-rays (photons) of a definite energy
shine on the samples. If the energy of incident X-rays that reaches the sample is lower than
the binding energy (E0) of the core electrons of the element, the atoms of this element do not
participate in the absorption process. While with increasing energy of the incident X-ray pho-
tons, a point will be reached where their energy is approximately equal to the binding energy
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of the core electrons. At this point a sharp increase in absorption of the X-ray photons occurs
[27]. The energy absorbed by the core electron elevates it into a higher energy state or electron
orbital, which is unoccupied. This excited core electron is referred to as a photoelectron. At
the binding energy (E0), the photoelectron is ejected from the atom into the continuum [28].
As a result, a vacancy in the shell of the core electron is created in a core orbital. In order for
the atom to return to the ground state, an electron from a higher energy orbital (e.g. L or M)
fills the vacancy consequently, emitting X-ray photons in the form of fluorescence with char-
acteristic energy corresponding to the difference between the two electronic levels’ binding
energies. These X-ray photons have characteristic energies for each element in the periodic
table, confers element-specificity to the absorption and fluorescence spectroscopy.

During XRF process, the emitted fluorescence signal can be recorded at each position and
used to generate XRF elemental maps. XRF is a nondestructive technique, it can be used to
identify and determine the concentrations of elements present in biological samples, as well
as providing information of in situ localization of elements in the samples.

During XAS process, the energy of the incident X-ray beam is progressively increased beyond
the binding energy, thus the emission of fluorescence and absorption of the incident X-ray
progressively increases, generating a characteristic X-ray absorption spectrum by detecting
and recording the absorption or fluorescence at each energy point. The main feature of the
XAS spectrum is a sharp, step-like curve called the absorption edge [28, 29].

The XAS spectrum is conventionally divided into two parts according to the energy region.
The region comprising the pre-edge, the edge-jump and post-edge covering the energy range
from approximately -50 to +50 eV of the absorption edge is defined as X-ray absorption
near edge structure (XANES). The region from +50 to +1000 eV above the edge is defined
as extended X-ray absorption fine structure (EXAFS) [28]. XANES is particularly sensitive
to the oxidation states of elements and the electronegativity of the ligands, and it provides
electronic structural information about the oxidation state and local geometry of the absorb-
ing metal atom. EXAFS can provide information about the element coordination such as the
identity and number of the coordinating atoms, and the interatomic distance between the
central absorbing atom and its next nearest neighbors.

XAS is an element specific spectroscopic technique that provides specific qualitative informa-
tion about chemical species at very high (subatomic) spatial resolution and is able to analyze
almost any type of samples including amorphous (non-crystalline) materials in situ, requir-
ing minor or no sample preparation prone to modify the chemical species. XAS experiments
require an intense and polychromatic X-ray source. Synchrotron radiation is a very intense,
collimated and polarized X-ray source, with a continuous band of wavelengths from around
the um (infrared) to the pm (hard X-ray) range [30]. Nowadays, owing to the development of
synchrotron radiation facilities, the combination of synchrotron radiation with XAS is proved
to be a powerful technique for speciation analysis of chemical elements.

XAS spectroscopy can be performed as bulk analyses to assess the overall speciation of the
chemical of interest in the sample (usually homogenized). For bulk-XAS experiment, a beam
in the size range of a few hundred pm? to a few mm? is used to illuminate sample, the XAS
spectra obtained are generally representative of the average speciation of the chemical in the
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sample [28, 31]. Whereas, the signal of minor species in the sample, which accounts for less
than 5-10% of the total analyte, is insufficient to be resolved and quantified from the bulk
spectra. In this case, bulk-XAS analysis is insufficient for us to obtain specific information
from a complex and heterogeneous mixture of biological sample. This limitation can be over-
come by decreasing the beam size to the range of tens of nm to a few um, and using thin sec-
tion of sample. This kind of laterally-resolved XAS analysis is referred to as p-XAS.

From u-XAS spectra, the information attained at each point of analysis is only representa-
tive of the spot probed and not of the overall speciation in the sample. Therefore, a trade-off
exists between detecting minor species and obtaining the overall speciation of the analyte in
the whole sample. A strategy to solve the problem is coupling bulk XAS analyses with later-
ally resolved techniques such as p-XRF, p-XAS and p-XRD. In a typical work flow, laterally
resolved p-XRF elemental maps are first collected to identify spots of interest, which are then
further probed by u-XAS analysis [28].

Recently, a new approach termed XANES imaging has been developed with the capac-
ity to analyze element speciation and full lateral distribution over large areas of sample.
In a XANES imaging process, an elemental map of the sample will be firstly generated
to identify interesting areas, then the p-X-ray fluorescence signals from the interesting
areas are collected repeatedly over progressively increased incident X-ray energies and
scan across the characteristic absorption edge of the target element. These resulting maps
can be aligned and stacked, then the XANES spectra can be extracted from individual pix-
els or groups of pixels over regions of interest, eventually, the spatial distribution of both
major and minor species within the sample will be obtained [28]. A detailed information
regarding comparison among bulk-XANES, u-XANES and XANES imaging is provided in
a review by Gréfe et al. [28].

2.1.6. X-ray diffraction

X-ray diffraction (XRD) is a nondestructive technique for characterizing crystallographic
structure or elemental composition of crystalline materials. It can reveal information about
the crystal structure, crystalline phase, preferred crystal orientation (texture), average crys-
tallite size and strain of materials. The constructive interference of a monochromatic beam
of X-rays diffracted at specific angles from each set of lattice planes in the crystalline sample
will produce X-ray diffraction peaks, intensities of which are determined by the distribution
of atoms within the lattice, therefore, an X-ray diffraction pattern will be generated which
reflects the periodic atomic arrangements in the sample.

For synchrotron-based X-ray diffraction (SR-XRD) technique, the high intensity and well-
defined wavelength of the incident synchrotron radiation will generate a better resolution
of diffraction peaks and make SR-XRD capable in detecting minor constituents in a sample
[27]. In addition, XRD is capable of 20 um lateral resolution with minimal sample prepara-
tion requirements, can be used as a valuable complementary or alternative methods to XAS
analysis. A limitation of this method is that it's not applicable for amorphous materials; it can
only characterize crystalline samples.
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2.1.7. X-ray computed microtomography

X-ray computed microtomography (uCT) uses X-ray to create cross-sections of a sample that
can be used to produce three-dimensional digital images of the sample’s internal structure at
a micron level spatial resolution without destroying the original sample [32].

In an absorption-edge synchrotron radiation-based pCT process, a high flux, monochromatic
X-ray beam passes through the sample, a scintillator converts the transmitted X-rays into visi-
ble light and the resulting absorption projection is captured by a photodetector to produce 2D
radiographs. The sample is then rotated (or the X-ray source and detector are rotated about
the object) by a small angle, a series of 2D X-ray absorption images is captured successively
between 0° and 180°. Using mathematical principles of tomography, this series of images is
then reconstructed to produce a 3D image, thus a 3D distribution of the element of interest
within the sample is obtained [27, 32].

2.1.8. Scanning transmission X-ray microscopy

Scanning transmission X-ray microscopy (STXM) is a type of X-ray microscopy that allows in
situ mapping of elements at high lateral resolution within a specimen. STXM uses a Fresnel
zone plate to focuses synchrotron soft X-ray absorption beamline into a small spot, the sample is
placed at the focus of the zone plate and scanned by X-ray, then a film or charged coupled device
detector is used to detecting the transmitted X-rays intensity that pass through the specimen [33].

STXM-XAS, a technique that in-situ conditions of a XAS experiment with a STXM microscope,
is capable of determining chemical speciation with a spatial resolution of 10-30 nm [34]. STXM-
XAS can handle samples with thicknesses up to 20 micron at 1.5 keV, which makes it possible
to study a wider and more flexible range of materials, including various plant tissues [33].

2.1.9. Nano secondary ion mass spectrometry

Secondary ion mass spectrometry (SIMS) uses an energetic ion beam to bombard a sample,
particles from the top few atomic layers of the sample surface are then removed, resulting in
the consequent liberation of ions, known as secondary ions. These secondary ions are then
sorted on the basis of their energy in the instrument’s electrostatic sector and later dispersed
in a mass spectrometer to produce a map giving information about the elemental or molecular
distribution within the sample [29, 35].

Nano secondary ion mass spectrometry (NanoSIMS) is a nanoscopic scale resolution chemi-
cal imaging mass spectrometer based on SIMS [35]. The main advantage of NanoSIMS over
other SIMS is the ability to operate at high mass resolution, while maintaining both excellent
signal transmission and high lateral resolution (down to 50 nm) with a low detection limit
(mg/kg range). It is capable of measuring most elements in the periodic table, from hydrogen
to uranium, as well as their different isotopes. These advantages of NanoSIMS make it one of
the most powerful tools to quantitatively investigate elemental distribution in organisms at
the cellular level [36, 37]. It is reported that Nano-SIMS has been used for the analyses of NPs
in biological samples including plant tissue [36].
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A limitation of NanoSIMS technique is that it is difficult to analyze elements with poor second-
ary ion yield, such as Zn, Cd, and Mn [37]. In addition, it is a destructive technique, which can
be a disadvantage for some samples. This problem can be overcome by using high-pressure
freezing followed by freeze substitution to preserve cellular and subcellular structures as well
as elemental distributions of plant cells [29].

2.2, ICP-based techniques
2.2.1. Inductively coupled plasma-optical emission spectrometry

Inductively coupled plasma (ICP) based analytical techniques can provide quantitative ele-
mental composition of a wide variety of sample types, including solids, liquids, and sus-
pensions. Inductively coupled plasma-optical emission Spectrometry (ICP-OES) can be used
to measure nanoparticle number concentration and elemental composition within a sample.
As ICP-based techniques involve the use of liquid phases, suspensions could be analyzed
directly, but solid samples have to be pretreated for the digestion of the matrix [21]. Generally,
solid samples are dissolved or digested using acid in a microwave to get volatile analytic spe-
cies. The sample solution is then nebulized into the core of inductively coupled argon plasma,
where a flame temperature in a range from 6000 to 10,000 K vaporizes the nebulized solution,
thus the analytic species are atomized, ionized and thermally excited. The excited atoms and
ions return to low energy position, emitting electromagnetic radiation at wavelengths charac-
teristic of a particular element, then the analytic species can be detected and quantified with
an optical emission spectrometer (OES) through measuring the intensity of radiation, which
is converted to elemental concentration by comparison with calibration standards.

2.2.2. Inductively coupled plasma-mass spectrometry

Inductively coupled plasma-mass spectrometry (ICP-MS) is an inorganic elemental analysis
technique based on atomic mass spectrometry. ICP-MS consists of an ion source, a sampling
interface, ion lens, a mass spectrophotometer and a detector system [18]. ICP sources are mainly
used for metal analysis. It is an ideal ionization source for mass spectrometry, and can ionize
over 90% of many elements. Mass spectrophotometer (e.g. ion trap, quadrupole or time-of-
flight) covers different mass-to-charge ranges; differ in mass accuracy and achievable resolution.

During ICP-MS process, the ICP source is used to decompose, atomize and ionize a sample
of interest. The ions generated in the high temperature argon plasma core are subsequently
sorted by mass with the mass spectrophotometer and subjected to further elemental and iso-
topic analysis. The identities of the ions are determined by their mass-to-charge ratio using a
mass analyzer, while the ions intensity is measured at ppt to ppm levels using the ion detec-
tor, then the intensity measurements are converted to elemental concentration by comparison
with calibration standards. With the high sensitivity and specificity, ICP-MS has been widely
used for the detection, characterization, and quantification of nanoparticles [38].

2.2.3. Single particle inductively coupled plasma-mass spectrometry

ICP-MS can be used in single particle mode to characterize individual particles, termed sin-
gle particle inductively coupled plasma-mass spectrometry (SP-ICP-MS). During SP-ICP-MS
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process, the sample is first suspended in a nebulized liquid and subsequently carried to argon
plasma, where the sample is sequentially desolvated and atomized and ionized, creating a
plume of ions. The ions pass through the mass spectrometer where they are separated by
mass-to-charge ratio and detected using a time resolved analysis acquisition. The sample
solution needs to be diluted sufficiently to ensure low concentrations (ppt to ppb) that no
more than one particle will enter the plasma at a time. By using sufficiently short integration
(dwell) time which is a duration for the instrument to take a reading, thousands of fast and
individual readings are generated to capture nanoparticle event as a discrete signal pulse,
each pulse is assumed to correlate to one nanoparticle event [39—-41]. Based on ionic calibra-
tion standard, the particle mass can be determined by the intensity of the ICP-MS response.
If the density of the elemental constituents of the particle is known, the theoretical size of
the particle can be determined. If the transport efficiency from the nebulizer to the plasma is
known, then the particle number concentration can be further calculated [38, 42].

SP-ICP-MS has been widely applied to measure particle size, size distribution, number con-
centration and elemental composition of nanoparticles in biological samples, demonstrating
it as a powerful tool in quantifying NPs. To deal with biological tissues, a strong acid extrac-
tion procedure is required to release the NPs from the matrix. This introduces the possible
dissolution of metal NPs which challenges the accuracy of the final analytical data. To solve
this problem, Dan et al. studied recoveries of gold NPs when using such a special macerating
enzyme that appeared to release the NPs from plant tissue without changing the size distribu-
tion of the NPs [43]. With the aid of enzymatic digestion, we have applied SP-ICP-MS analysis
to characterize Ag NPs internalized by Arabidopsis, thus having established a new technique
and opened up new research domain in our lab [44]. Overview of these analytical techniques
including advantages and limitations with examples of application in plant-NP interaction
studies is provided in Table 1.

3. Detection and characterization of nanoparticles in plants

Although a range of techniques are available to detect and characterize uptake, translocation
and biotransformation of NPs in plant tissue, no single technique can provide all information
regarding plant-NP interaction. Sufficient information is often obtained by the combination of
these analytical techniques, which could provide complementary information mutually. Here
in this section literature examples from recent studies are used to demonstrate the application
of different techniques in the study of plant-NP interaction.

3.1. Before NPs application

Careful characterization of NPs is critical for accurately assessing the impacts of nanoparticles
on plants and understanding their behavior. When initiate an experiment, NPs will either dif-
fuse or aggregate within certain biological media due to different characteristics of the media (i.e.
pH, ionic strength, concentration and redox conditions) [45, 46], the aggregation state of NPs will
result in quite distinct properties from original NPs. Therefore, the characterization of original
NPs is often the first step before NPs application [45-47]. Zhang et al. used TEM images to observe
the shape and size of nCeO, before applied to romaine lettuce. XRD spectrum confirmed the cubic
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fluorite structure of nCeO,; then ICP-MS was used to confirm the purity of nCeQO,. Measuring zeta
potential and hydrodynamic size of nCeO, by DLS analysis indicated a significant aggregation
of particles after mixing nCeQO, with nutrient solution. After nCeQO, application, u-XRF analysis
showed that Ce mostly distributed outside the roots. TEM images confirmed that large amount of
nCeO, aggregates distributed on the root surface [48]. Yang et al. used TEM to measure averaged
size of CeO,-NPs suspended in deionized water, and XRD was employed to detect average pri-
mary particle size of CeO,-NPs in dry powder samples, as well as to confirm the crystal structures
of CeO,-NPs [49]. Vinkovi¢ et al. used DLS, TEM and ICP-MS to characterize AgNPs in ultrapure
water (UPW) and sterilized tap water used for the plant watering (TWW) [47]. By measuring
hydrodynamic diameter, zeta potential and polydispersity index (PdI) of citrate-coated AgNPs,
DLS results showed that the volume size distribution in UPW was bimodal with 90% of smaller
particles (12.9 + 9.1 nm) and only 9% of bigger particles (87.6 + 41.7 nm). The zeta potential value
equal to —16.9 + 0.6 mV indicated electrostatic stabilization of AgNPs in UPW. While after suspen-
sion in TWW, AgNPs aggregation occurred due to higher ionic strength of TWW. Further TEM
analysis confirmed the presence of flocculated and aggregated AgNPs in TWW. ICP-MS was used
to estimate the stability of AgNPs upon dissolution, results showed that total Ag was lower than
0.5% in TWW, which implies that Ag" release was not occurred in TWW [47].

3.2. Uptake and translocation of NPs in plants

In order to understand the uptake mechanism of NPs and their translocation pathway, imaging
techniques are often employed to visualize the distribution and morphology of NPs upon expo-
sure, EDS can provide information on their chemical composition, while ICP-based techniques are
used to measure particle number concentration, size distribution and mass concentration. Zhao
et al. used SEM imaging to find that the root tip of Eichhornia crassipes after CuO NP exposure was
thinner than unexposed root. EDS analysis of the aggregates attached on epidermis showed the
presence of 37.6% (w/w) of Cu, confirmed that CuO NPs presented on the surface of root tips.
Further through TEM imaging, dark aggregates with high electron density were detected in the
intercellular spaces of cortical tissues in roots, and EDS analysis confirmed the presence of Cu on
these aggregates, indicating that CuO NPs were taken up by roots and located in intercellular
spaces [50]. Yang et al. used ICP-MS to find that CeO,-NPs were taken up from root and subse-
quently translocated to shoot tissues in Arabidopsis thaliana, Ce accumulation was much higher in
CeO,-NP treatments than those in CeO,-bulk and ionic Ce treatments, indicated that the toxicity
resulted from the CeO,-NPs per se rather than from the dissolved Ce ions. TEM images showed
the presence of a large number of needle-like particle aggregations in the intercellular regions and
the cytoplasm of leaf cells [49]. Stegemeier et al. used synchrotron-based p-XRF to visualize silver
distribution in duckweed roots exposed to Ag’ NPs or Ag,S NPs, or to AgNO,. The silver Kot XRF
maps showed clear differences in the distribution of Ag for each type of Ag used. The silver was
distributed throughout the root tip and showed highest concentrations near the apical meristem
after exposure to AgNO,. A similar distribution of Ag in root tip was shown after exposure to
Ag’-NPs. While after exposure to Ag S-NPs, a hotspot of silver located at the end of the root cap,
suggested that silver was not readily internalized in this case [51]. Pradas del Real et al. firstly used
p-CT to create 3D reconstructed image of wheat root after Ag NPs exposure for in situ 3D visual-
ization, then u-XRF was used to provide 2D elemental distribution [52]. Combination of p-CT and
p-XRF showed the presence of localized Ag accumulation regions with a size of 1-4 um adhering
on the epidermis. Nano-CT technique capable of higher spatial resolution revealed that these



Detection Methods of Nanoparticles in Plant Tissues
http://dx.doi.org/10.5772/intechopen.74101

AgNPs accumulated preferentially in discontinuities between root epidermal cells. In addition,
many AgNPs were fixed on root hairs. With the methods to study Ag S-NPs treatment, pu-XRF
showed that Ag is mainly colocalized with S, u-CT and nano-CT showed that these Ag accumula-
tion regions with a size from 3 to 8 um presented mostly on the root surface. Through ICP-MS
analysis, a higher Ag content in root and shoot was observed after exposure to AgNPs compared
to AgNO, exposure, suggesting a nano-specific accumulation mechanism [52]. Peng et al. used
ICP-OES to measure Cu content in root of rice after adding CuO NPs to the soil. The results
showed that Cu content in roots was significantly increased, with a much higher content than
aboveground parts. u-XRF analysis indicated that Cu accumulated in the aleuronic layer of rice,
but not the polished rice [53]. In another study, In order to study whether CeO, NPs can move
from the roots to shoots in cucumber after the root was exposed to CeO, NPs, TEM and EDS anal-
yses were performed and the presence of Ce particles in the xylem sap was confirmed, suggested
that Ce-containing species could be transported throughout the whole plant by vascular system.
ICP-MS analysis also confirmed the uptake of CeO, NPs from root to shoot [54]. Li et al. used the
macerozyme R-10 tissue extraction method followed by SP-ICP-MS to study the uptake and size
distribution of AgNPs in soybean and rice. Both SP-ICP-MS and TEM measurements indicated
that the size of Ag-containing NPs were 2-3 times larger than the originally dosed AgNPs after
exposure to AgNPs, indicating the AgNPs biotransformation processes were involved [55].

3.3. Biotransformation of NPs in plants

Biotransformation is defined as biochemical modification by living organisms [16, 56].
Biotransformation of NPs by plant may modify the toxicity, behavior, and fate of NPs in the plant
tissue. Biotransformation process may involve redox, dissolution, sulfidation, aggregation, and
adsorption of macromolecules and ion [10, 57]. XAS and STXM are the most frequently used
techniques to characterize the speciation of NPs during cellular internalization and intracellular
biotransformation. Zhao et al. used EDS technique to find that S present on aggregates in the
intercellular spaces of cortical tissues in Eichhornia crassipes (water hyacinth) roots after CuO NP
exposure, indicating that CuO NPs (or other Cu species) interacted with S-containing compounds
such as cysteine. XANES was employed to identify Cu species in roots and leaves after CuO NPs
internalization. XANES analysis revealed that CuO NPs in roots mainly kept the original pat-
tern (65.7% of CuQ). Other Cu species included Cu-Ac (14.2%), Cu,(OH)PO, (8.7%) and 7.6% of
Cu,S. XRD spectrum of original CuO NPs showed that all peaks belonged to CuO, and no peak
on Cu,S was detected, indicating that the observed Cu,S in roots were formed after incubation
with CuO NPs [50]. Zhang et al. used Bulk-XANES technique to study transformation of nCeQ,.
XANES spectra of root and shoot showed similar feature as the initial nCeO,; Results showed that
Ce in lettuce mostly presented as CeO,, with a small fraction of CePO, in roots (4.3%) and Ce car-
boxylates (3.5%) in leaves, suggested that nCeQO, can release small amount of Ce** with the assis-
tance of organic acids and reducing substances in root exudates [48, 58]. Stegemeier et al. used
EXAFS spectra to determine Ag speciation in duckweed (Landoltia punctata) roots after exposure
to Ag® NPs or Ag S NPs, or AgNQO,, revealed that more photo-reducible Ag species were gener-
ated after exposure to ionic Ag [51]. In contrast, a higher prevalence of sulfur associated Ag species
(as a mixture of Ag S (64%) and Ag-thiol (53%) were produced after exposure to Ag” NPs or Ag S
NPs treatment. Bulk EXAFS analysis of Ag,S-NP treatment indicated that plant is unable to dis-
solve or transform a significant amount of the Ag,S-NPs after 24 h exposure [51]. In another study,
HU-XANES spectroscopy was employed to determine speciation of Ag at root after Ag NPs exposure.
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u-XANES revealed that Ag was mostly present as metallic Ag in the epidermis, but inside the
roots Ag was homogeneously distributed in the cell walls of the cortex as a mixture of Ag-thiol
species and other ionic Ag species, suggested the biotransformation of Ag occurred. Moreover, no
Ag(0) was observed inside roots, implied that Ag-NPs were completely dissolved and complexed
by organic ligands [52]. Peng et al. used Bulk-XANES to analyze translocation and transformation
of CuO NPs in rice, the results revealed that Cu element mainly existed in the form of copper
citrate, only a small portion of Cu kept original CuO form in roots, stems, and leaves of rice after
CuO NP treatment. During CuO NPs internalization in rice, one-third of Cu(Il) was transformed
to Cu(I) which was mainly associated with cysteine. CuO, copper citrate, and copper (I) acetate all
accounted for nearly 30% of the total Cu in the chaff [53]. Ma et al. combined p-XRF and p-XANES
to detect CeO, NPs or its transformation species in the xylem sap, shoots and roots of cucumber
after exposure to CeO, NPs, revealed that about 15% of Ce was reduced from Ce(IV) to Ce(1lI) in
the roots after treatment, and Ce was transported as a mixture of Ce(IV) and Ce(IIl) from roots to
shoots through xylem, while was transported almost only in the form of CeO, from shoots back to
roots through phloem [54]. Peng et al. used bulk-XANES to analyze Cu speciation in the tissues of
rice plants after exposure to CuP NPs, indicated that Cu was combined with cysteine, citrate, and
phosphate ligands, and some of the Cu (II) was transformed to Cu (I) during CuO NP uptake, and
confirmed that CuO NPs were transported from the roots to the leaves. In order to further study
Cu biotransformation in cellular level, they firstly used p-XRF to map Cu element distribution in
the root; the results revealed that Cu was mainly localized in the root epidermis and exodermis.
Then p-XANES was employed to determine speciation of Cu element at selected spots in p-XRF
map. In addition, combination of STXM with Cu L3-edge XANES spectroscopy was used to map
the in situ elemental composition of Cu in the root cells, the results confirmed that speciation of
Cu in the root cells and the intercellular space existed in the form of Cu-citrate and CuO NPs,
respectively [10]. Zhang et al. used TEM to detect the uptake and localization of nano-Yb,O, in
cucumber roots after exposure, found that a lot of high electron-dense dark deposits looked like
fine needle-shaped nanoclusters in the intercellular spaces and middle lamellas in the cross sec-
tions of cucumber roots, later EDS analysis confirmed the presence of Yb in these dark deposits. In
order to identify the chemical species of Yb in these dark deposits, the chemical distribution was
mapped by STXM, and NEXAFS spectra were extracted, results indicated that this compound was
inferred to be YbPO,, suggesting that Yb,O, particles and YbCl, were all transformed to YbPO, in
the intercellular regions of the roots, and indicating that biotransformation and internalization of
Yb,O, nanoparticle took place in plant cell, which conferred phytotoxicity to plant [59]. In another
study, Zhang et al. used the same methodology to investigate the biotransformation of CeO, NPs
in cucumber. TEM images showed the presence of needle-like clusters on the epidermis and in
the intercellular spaces of cucumber roots after CeO, NPs exposure. STXM imaging indicated that
the chemical composition of needle-like clusters is CePO,. Further XANES analysis showed that
Ce presented in the roots as CeO, and CePO, while in the shoots as CeO, and cerium carboxylates,
confirming biotransformation of CeO, NPs in plant cells [16]. In order to determine the toxicity
and fate of nanoparticles upon exposure to plants, Wang et al. combined a variety of techniques
to investigate the cellular internalization and intracellular biotransformation of silver nanopar-
ticles in Chlamydomonas reinhardtii. NanoSIMS was firstly applied to analyze the distributions of
Ag in algal cells, silver was observed to accumulate predominantly on the cell walls and in the
cytoplasm of the algae after exposure to AgNPs. Then HAADF-STEM was performed to examine
the accurate localization and morphology of Ag, HAADF image showed that a set of bright spots
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SP-ICP-MS

Figure 1. Schematic diagram represent a regular work flow of NPs characterization in plant. A selection of analytical
techniques is shown. Red dots indicate NPs at the moment of application. Yellow and blue dots indicate different
elemental species of NPs after biotransformation in plants. The images of SP-ICP-MS, EDS, TEM, STXM, u-XRF and
p-XANES are adapted from [16, 18, 44, 60].

located mainly in the periplasmic space and cytoplasm, TEM was further used to observe mor-
phology of these bright spots. EDS analysis showed that these bright spots were Ag-containing
substances; moreover, Ag and S always occurred concomitantly. EDS-mapping confirmed that
Ag was almost exclusively co-localized with S in the cytoplasm of algae but not in the periplasmic
space. Later, Synchrotron based Ag K-edge XAS was performed to further identify Ag speciation
after exposure. It was found that Ag glutathione complexes and Ag S represented the main specia-
tion, suggested that Silver was also found to coexist with sulfur inside the cytoplasm in the form of
Ag-GSH and Ag S [36]. A regular work flow of NPs characterization during plant-NP interaction
with the application of the most-frequently used techniques is shown in Figure 1.

4. Conclusion and future perspectives

Although the combination of these techniques described in this review is capable of taking over
most of the task on the characterization of NPs during plant-NP interaction, considerable limita-
tions of these techniques still remain to overcome. Many techniques are destructive, such as TEM,
SEM and nanoSIMS, which means the same sample cannot be analyzed twice or by another method
for validation. Analytical artifacts are sometimes inevitable during some sample preparation
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procedures. Because biological samples is usually hetero-dispersed and multicomponent, with
diverse elemental compositions and sometimes contain multiple types of NPs, the analysis of
NPs in these samples is thus quite complicated and a variety of methodology is utilized to pro-
vide complementary information, while the results measured by these different methods are not
always comparable, which may partially due to different sample preparation procedures in dif-
ferent techniques. Further, instrument operation procedures and statistical analyses are likely to
contribute to the complexity and uncertainty. Another challenge arises when analyze samples
with low concentrations of the analyte. In non-hyperaccumulating plant species, visualizing the
spatial distribution of NPs and detecting reliable in situ information about the chemical specia-
tion of trace elements will be very difficult. In this case, analytical techniques with high sensitivity
are desired to measure low concentrations of NPs. An ideal analytical technique should be able
to simultaneously determine all parameters regarding plant-NP interaction, such as article size,
morphology, structure, size distribution, mass concentration, translocation, elemental speciation
and etc. It should be sensitive and accurate enough for in situ detection and characterization of
trace element in complex biological samples in a non-destructive way. Although none of the exist-
ing techniques are able to solely provide all the information desired, we believe that a promising
evolution of analytical methodology is taking place and will be capable of fulfilling requirements
as much as desired to provide sufficient information about plant-NP interaction.
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Abstract

The prediction that in 2050 our planet will be populated by over 9 billion people is quite
reliable. This will pose serious problems with food, water and energy supply, particularly
in less-developed countries. Considering that the human pressure over natural resources
has already reached critical levels, international agencies such as the World Bank and UN
Food and Agriculture Organization (FAO) are soliciting scientific research in order to
identify innovative solutions to support the primary sector. Nanotechnology is a rapidly
evolving field with the potential to take forward the agriculture and food industry with
new tools which promise to increase food production in a sustainable manner and to
protect crops from pests. Such expectations are coupled with some uncertainties about
the fate of nanomaterials in the agro-environment. However, the field application of
engineered nanomaterials (ENMs) has not been properly investigated yet, and many
aspects have only been considered theoretically or with models, which make it difficult
to properly assess the usefulness of ENMs for plant fertilization and protection.

Keywords: agriculture, engineered nanomaterials, plant nanobionics, nanofertilizers,
agricultural residues

1. Introduction

The current world population of 7.6 billion is expected to reach 8.6 billion in 2030, 9.8 billion in
2050 and 11.2 billion in 2100 [1]. This implies that new systems for food, water and energy will
be needed to ensure food security. On the other hand, producing more food requires natural
resources, land consumption, water supply and energy [2]. Thus, in the very near future,
scientific research will be requested to provide new paradigms and practices to solve highly
complex and diverse problems. Some examples are the following: (i) How will we feed our
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children? (ii) How can we simultaneously deliver increased crop yields and reduce the envi-
ronmental impact of agriculture? (iii) How do plants contribute to the ecosystem services (e.g.,
photosynthesis, nitrogen fixation, and organic matter cycle) upon which humanity depends?
Will world agricultural systems be able to cope with global climate change? [3].

Agriculture uses inefficiently the conventional inputs (land, water, energy, fertilizers and
pesticides), and a large fraction of plant protection products applied per year are lost or are
unavailable to the target [4, 5]. In addition, agriculture (cultivation of crops, livestock and
deforestation) is a major contributor to greenhouse gas emissions producing about 24% of the
total annual worldwide amount [6]. Waste production is another relevant issue of the primary
sector. European countries produce approximately 90 million tons of agricultural wastes per
year [7]. Nanotechnology has been recognized by the European Commission as one of its six
“Key Enabling Technologies” that contributes to sustainable competitiveness and growth in
several fields of industrial applications underpinning the shift to a greener economy [8]. Before
beginning to deepen the analysis of the potential benefits of applying nanoscience to agricul-
ture, we have to answer the following question: Why and how are nanotechnology and
engineered nanomaterials (ENMs) expected to respond to the abovementioned issues?

Specific answers are provided by recent scientific literature which reports promising opportu-
nities for nanoscience and nanotechnology to improve sustainability of agri-food systems [9].
From a quantitative perspective, by examining the growth of scientific literature on nanotech-
nology, it appears clearly that the interest on research in this field grew significantly between
the end of twentieth century and the beginning of twenty-first century [10].

Compared to other fields of nanotechnology application, like medicine, materials and energy,
agriculture is still a marginal sector. However, publications dedicated to agricultural applica-
tions tend to increase similar to those observed in other sectors. This is demonstrated by the
increasing number of peer-reviewed scientific literature per year retrieved in Elsevier Scopus
database. The query “Nanotechnology” and ” Agriculture” was launched last October 10, 2017.
The results were limited to the period 2000-2017 and filtered for scientific papers, reviews and
conference papers. A number of 508 scientific products have been indexed in Scopus database:
264 (52%) papers, 143 (285%) reviews and 91 (18%) conference papers. As regards the distri-
bution of publications among the most productive countries, United States and India share the
research leadership in this field, having published together about 63% of papers (27 and 25%,
respectively). China possesses the third rank (10%), whereas EU countries contribute with
about 20% of publications.

The unique physicochemical properties of nanomaterials, that is, catalytic reactivity, high
surface area, size and shape, have the potential to open new paradigms and to introduce new
strategies in agriculture. Such new paradigms request also new terms. In a recently published
book, the term “Agri-nanotechniques” was used. Since no specific definition for this word was
provided, it has been used to indicate nanosystems utilized for the delivery of nutrient ele-
ments in crops [11]. In more general terms, the application of nanotechnology in the plant
production systems or—more broadly—in plant science was defined with the term
“Phytonanotechnology” [12]. However, since nanotechnology application in agriculture is in
its infancy, it is very likely that new words will be invented in some time to indicate more
specific technical developments.
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The state-of-the-art R&D of nanotechnology for the agricultural sector and their potential
market in EU were firstly analyzed in 2013 during the workshop on “Nanotechnology for the
agricultural sector: from research to the field” organized by the JRC-IPTS [13]. More recently,
the European Food Safety Authority (EFSA) provides an inventory of current and potential
future applications of nanotechnology in the agri-food sector and to review the regulation of
nanomaterials in the EU as well as in non-EU countries [14].

So far, we have discussed in general about food security and the agricultural sector. In the next
paragraphs, we will narrow down the analysis of nanotechnology applications specifically
dedicated to field crop and plant production. Other sectors such as plant protection, animal
husbandry and food technology will be not considered.

Specific agronomic applications of nanotechnology include (i) enabled delivery systems of
release of agrochemicals allowing a controlled release of fertilizers, pesticides and herbicides,
(ii) field-sensing systems to monitor the environmental stresses and crop conditions and (iii)
improvement of plant traits against environmental stress and diseases [15, 16].

2. New opportunities

There are at least two fundamental aspects in the management of primary production on
which research can produce significant advances to meet future needs: (i) increased produc-
tion rate and crop yield, (ii) increased efficiency of resource utilization and (iii) reduction of
waste production.

2.1. Increase production rate and crop yield

Crop yield increases have been achieved by utilizing plant breeding, fertilizers and plant-
protection-products [17]. Since Green Revolution, which occurred during the decade 1960-
1970, agricultural productivity growth has been in decline and at present we need a second
revolution in agricultural technology [18]. However, rather than an increase in the doses of
traditional agronomic factors, it is realistic that significant improvements in crop yield will
come from improving the efficiency of the photosynthetic process.

Food security is based on plant photosynthesis. About 85% of plant species are C3 plants
which are the most common and efficient in photosynthesis in cool wet climates. They include
the cereal grains: wheat, rice, barley, oats, cotton, sugar beets, tobacco and soybean. In addi-
tion, most trees and most lawn grasses such as rye and fescue are C3 plants.

Photosynthetic organisms are able to convert radiant energy from solar light into chemical
energy which is stored in sugars. The process coupled biophysical processes—absorption of
photosynthetically active radiation (PAR) and electron transport—and biochemical processes
—NADPH and ATP. Some targets have been identified to improve the photosynthesis [19].

Among these, the most serious candidate is the photosynthetic enzyme ribulose-1,5-bisphos-
phate carboxylase/oxygenase —in short, Rubisco. This molecule catalyzes the addition of CO,
to the five-carbon compound ribulose bisphosphate, in the initial phase of the Calvin-Benson
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cycle [20]. Rubisco also reacts with oxygen in photorespiration. This is considered a wasteful
process; in fact, it was verified that in C3 plants (25°C, current atmospheric [CO5;]), about 30%
of fixed C is lost to recover Rubisco. For that reason, Rubisco is considered the physiological
“bottleneck” of photosynthesis [21].

Let us take a step back and reconsider the biophysical processes of photosynthesis. More
precisely, we take into consideration the energy source that promotes the process, that is, solar
radiation. Visible light corresponds to 43% of solar light; it lies between 400 and 700 nm in the
solar spectrum and approximately coincides with PAR. When sunlight reaches the leaf surface
the photosynthetic pigments chlorophyll-a and chlorophyll-b absorb photons as allowed by
their absorption spectrum and provide the energy to the biochemical pathway of photosyn-
thesis [22]. The process is highly inefficient, the solar energy conversion efficiency (ratio of the
energy stored to the energy of light absorbed) being 2.4 and 3.7%, respectively, for C3 and C4
healthy crops [23].

2.1.1. Plant nanobionics and photosynthesis

For years, important discussions and studies are under way to fill the knowledge gaps in order
to overcome the limitation of photosynthesis. Significant efforts are made working on different
strategies, including (i) engineering C3 crops to use C4 photosynthesis pathway [24], (ii)
improving the efficiency of Rubisco [25], (iii) modifying the chlorophyll antenna size of chlo-
roplast photosystems [26], (iv) improving the recovery rate from photoinhibition [27] and
broadening the photosynthetic light waveband [28]. According to Evans, “recent technological
developments now provide us with the means to engineer changes to photosynthesis that
would not have been possible previously” [28].

There is no doubt whatsoever that nanotechnology is among these new tools. The scientific
literature devoted to the relationships between plants and nanomaterials is not very large yet.
However, a relatively large body of papers reported the positive effects of nanomaterials on
photosynthesis. Early studies considered titanium oxide nanoparticles (nTiO,). And that is
because the high photocatalytic activity of anatase crystal nTiO, was hypothesized to have a
role in the improvement of light absorbance by plant leaves, thus sustaining an increase in
photosynthesis. In particular, it was demonstrated that nTiO, protects the chloroplast from
aging due to photochemical stress [29-30], activates Rubisco carboxylation promoting an
enhancement of the photosynthetic rate [31-33] and positively influences biophysics traits of
photosynthesis, such as electron chain transport and Chl-photophosphorylation activity [34].
Finally, in addition to photosynthesis, nTiO, improves leaf water conductance and transpira-
tion rate [35].

More recently, the original idea to merge nanomaterials with living plants to enhance their native
functions and to give them non-native functions has been more accurately focused. This
approach assumed the name of “plant nanobionics” [36] and potentially allowed to engineer
faster-growing plants and become the key factor to design and develop artificial photosynthetic
systems, a potential source of clean energy [37, 38]. In addition, it could also lead to other
innovations that we cannot imagine at this time.
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The first report demonstrating an application of plant nanobionics was provided by a research
group from MIT. A suspension of single-walled carbon nanotubes (SWCNTs) was supplied by
perfusion to leaves of Arabidopsis thaliana and to isolated chloroplasts of Spinacia oleracea. In
both cases the SWCNTs were observed within the thylakoids and no symptoms of stress were
recorded. The treatment increased the electron transport rate compared to control and the shelf
life of isolated chloroplasts was extended by about 2 h. The authors proposed that the semi-
conductor SWCNTs have a high electrical conductance and are able to capture solar energy in
wavelengths that are weakly absorbed by chloroplasts. In particular, an enhancement in the
light absorption profile of chloroplasts by increasing the light energy capture in UV and N-IR
ranges of the spectrum was supposed [36].

In their experimental conditions the authors observed that SWCNT-chloroplast assemblies
promoted over three times a higher photosynthetic activity than control and enhanced electron
transport rate. On the one hand, there is no doubt that still extensive research would be needed
to see the effects of plant nanobionics in terms of increased production of sugars as well as crop
yield. On the other hand, the enhancement of a basic plant function in response to incorpora-
tion of nanomaterials was demonstrated as proof of concept [36].

2.2. Increase in efficiency of resource utilization

2.2.1. Principles of plant nutrition and fertilization

Optimal crop nutrition is a fundamental requirement for food security, which means that
fertilization has a prominent role in modern agriculture. Crop yield is highly dependent on
macronutrients (N, P, K, S, Ca, Mg) and micronutrients (B, Fe, Mn, Cu, Zn, Mo, and Cl) input
to agricultural lands [39]. A conservative estimate obtained by examining the results of a
number of long-term field studies on crop production suggested that from 30 to 50% of crop
yield is attributable to commercial fertilizer nutrient inputs [40].

Nutrient use efficiency (NUE) is a measure of how well plants use the available mineral
nutrients. In all agroecosystems NUE of crop plants is lower than 50% due to physical and
chemical soil properties, leaching, gaseous losses and fertilizer characteristics [41], this is, for
instance, in the case of urea [CO(NH2)2] which is one of the most important N-fertilizers (46%
N by weight). Plants are not able to take up this molecule but the byproducts produced in soil
after urea decomposition due to hydrolysis, volatilization and urease soil enzyme [42]. If
ammonia is not readily assimilated by plant roots, then, large amounts of nitrogen are lost.

Since the fertilizer use between 1950 and 2000 increased about 20-fold and 7-fold for N and P,
respectively [43], we have a 2-fold consequence. On one side, the lower efficiency of fertilizer
dose implies that to maintain high production the production costs are increasing. From one
another we have risks of environmental pollution.

As for micronutrients, though they are present in plants in concentrations generally below
100 ppm, they play fundamental physiological roles in plant metabolism, being activators of
specific enzymes. Many micronutrients stimulate or are part of plant defensive systems against
diseases or abiotic stress [44]. Moreover, plants are the sources of these essential elements for
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animals and humans [45]. Soil micronutrient deficiencies or insufficient micronutrient avail-
ability in soils limit crop productivity and nutritional value of food.

The most common method of micronutrient application for crops is soil application. Under
unfavorable conditions (neutral to alkaline soil pH) microelements frequently precipitate and
become less bioavailable [46]. It has been reported that the fertilizer-micronutrient use effi-
ciency by crops is lower than 5% [47].

To overcome the soil limiting factors, a second strategy widely used to provide micronutrients
to crops is via leaf treatments. However, plants primarily absorb nutrients through their roots.
The amount of micronutrients that can be absorbed by leaves is limited, and they are not
transported to the roots via the phloem (basipetal flux) [48].

2.2.2. Smart fertilizers for crop nutrition

Best management practices for fertilization are those that support the achievement of the main
objectives of sustainable agriculture: productivity, profitability and environmental health. The
improvement of NUE in crop production is one of the main pillars of this vision [52-54].
Nanotechnology can play an important role in the strengthening of agriculture sustainability,
having provided the feasibility of the so-called “smart fertilizer.” In other words, nanostructures
act as carriers of nutrients and allowed their controlled release.

The design of smart fertilizers strongly influences the nutrient release and the minimization of
losses. In field conditions such products are provided to crops via irrigation or sprayed to
plant canopies. Through the application of nanotechnologies in agriculture the fertilization
will be carried out in different ways. In particular, the nutrient elements will be possibly
administered as follows:

i. Delivered as particles or emulsions of nanoscale dimensions: a research body is being
developed which aims to clarify whether nanoparticles (e.g., fullerenes, carbon nanotubes,
nTiO,, and nSiO,) in different growth stages of crops may or may not partially replace
traditional fertilizer practices [55, 56].

ii. Encapsulated inside nanostructures designed to allow the controlled release of nutrients
(Figure 1): to do so the outer shell of nanocapsules is engineered and programmed to open
when stimulated by environmental factors or man-induced pulses. Here are some examples of
possible control mechanisms [57]:

* Slow release: The capsule releases its payload slowly over a longer period of time so as to
synchronize plant assimilation and limit leaching.

* Quick-release: The capsule shell breaks upon contact with a leaf surface.

* Specific release: The nutrient release occurs through a recognition mechanism between a
receptor (molecule or functional group) bound to the shell and a target molecule.

* Moisture release: The shell breaks down and releases nutrients in the presence of water.
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Figure 1. (a) Model of nanocapsule containing macro/microelements. Examples of opening strategies of nanocapsule: (b)
release of nutrients as function of time to avoid or limit nutrient losses or designed to occur when a molecular receptor
binds to a specific chemical.

Macroimicronutrient  (Biejpolymer

Figure 2. (a) Model of biopolymeric structure containing macro/microelements. (b) Deposition onto the crop leaf after
spray treatment.

* pH release: The shell breaks up only in specific alkaline/acidic environment (e.g., within
plant tissues or inside a cell).

* Magnetic/ultrasonic pulses: The shell opens in response to a magnetic or ultrasonic pulse
emitted by a man-controlled system (precision agriculture).

iii. Delivered in a complex formed by nanocapsules incorporated in a matrix of organic poly-
mers of biological or chemical origin which act as a carrier (Figure 2): Both of them provide the
expected traits to nanofertilizers. However, natural substances should be preferred as they are
easy available, biodegradable and cheaper than the synthetic ones [58]. The properties of the
new nanostructure allow a controlled release of nutrients as a function of time or after interac-
tions with the environment. Studies are currently being conducted to test the potential of
different materials, such as zeolites [59-61], polyacrylic acid [62] and chitosan [63].
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As far as the effectiveness of nanofertilizers is concerned, it must be said that the potential of
nanofertilizer application has not been extensively studied yet. However, some successful exam-
ples demonstrated that such new formulates significantly improve the efficiency of fertilization
[64-70].

The challenge for research is to develop and test carriers that allow the controlled release of
nitrogen, following a schedule possibly synchronized with the physiological needs of crops.
We are still at a stage where studies on interactions between nanomaterials and biota provide
conflicting results. This occurs also for studies on nanofertilizers.

2.2.3. Large-scale use of nanofertilizers

There is no question that nanotechnology is a revolutionary science. However, in several fields
of application there are good and bad components to deal with. Referring to nanofertilizers it
should be emphasized there are still some uncertainties.

Despite great expectations, both large-scale industrial production of nanofertilizers and their
utilization are yet to be realized. This is certainly due to the lack of clear legislative indications.
For example, in the European Union, the work to prepare a legislative and regulatory frame-
work is actively under way.

Another controversial point is that, when we look at the recent literature, surprisingly, it can be
easily verified that research has neglected macronutrients to focus more in the direction of
micronutrients [49-51, 71-73]. This is noteworthy; in fact, although microelements are very
important in plant metabolism, crop yield is mainly influenced by N, P and K nutrition.

In conclusion, there are still great expectations that need to be satisfied. In accordance with
international and national agencies dealing with sustainable agricultural development and
food security (FAO, UNEAP, USEPA, EEA), applied research on nanotechnology in agricul-
ture should be re-oriented according to precise priorities. The development of N and P
nanofertilizers is certainly one of such priorities.

2.3. Internet of NanoThings in agriculture

The first definition of precision agriculture (PA) was “an integrated information- and
production-based farming system that is designed to increase long term, site-specific and
whole farm production efficiency, productivity and profitability while minimizing unintended
impacts on wildlife and the environment.” It was provided in 1997 by the US House of
Representatives [74]. Subsequently the definition narrowed and implemented with the concept
of site-specific crop management (SSCM), which is “... a form of PA whereby decisions on
resource application and agronomic practices are improved to better match soil and crop
requirements as they vary in the field” [75]. This new vision implies that PA is a constantly
evolving management strategy, ready to implement—where available—new technologies.

Applications that derive from convergence between Internet of Things (IoT) and nanotechnol-
ogies are developing very rapidly in industrial, information and communication technologies,
and biomedical sectors. In addition, the future interactions between the Internet and nanodevices



Nanotechnology in Agriculture: New Opportunities and Perspectives
http://dx.doi.org/10.5772/intechopen.74425

introduce a new perspective which has been referred to as the “Internet of NanoThings” (IoNT)
[76, 77]. Needless to say, nanotechnology is the new frontier of PA.

2.3.1. Nanobiosensors

Nanobiosensors (NBSs) are analytical devices having at least one dimension no greater than
100 nm. Structured as nanoparticles, nanotubes, nanowires or nanocrystals, NBSs are
manufactured for monitoring plant fractions, soil and water in the agroecosystem. By
exploiting the physico-chemical properties of nanomaterials, NBSs represent a powerful
tool with advanced and improved features compared to existing analytical sensors and
biosensors that combine biological element recognition with chemical or physical principles
[78]. Biological information is converted by a transducer into a signal yielded by an elec-
tronic component. This capability allows the agronomist with an accurate and real-time
control of the needs of crops in terms of water and nutrient supply and early symptoms of
diseases [79].

A properly designed network of nanosensors would allow the optimization of crop yield and
the most efficient agronomic management of factors, such as fertilizers, water, herbicides and
pesticides.

Typically, an NBS consists of three components [80, 81]:

i. Biological sensitive probe: a sensing element which interacts with the target (biomolecule)
producing a signal proportional to the biomolecule concentration. Some examples of probe/
biomolecule interaction are: (i) antibody-antigen, (ii) nucleic acid interactions (iif) enzymatic
interactions and (iv) cellular interactions (i.e., microorganisms, proteins).

ii. Transducer: a physical component responsible for converting the recognition signal events
into a digital signal. The nanomaterial properties suggest managing different kinds of signals
such as electrochemical, optical and mass-sensitive signals.

iii. Data recording unit: it consists of an amplifier and signal processor that are responsible for
data transferred and storage.

For plant monitoring applications, we therefore deploy a monitoring system comprising a
hierarchical arrangement of nano- and microscale network devices (Figure 3). The control
units manage clusters of nanodevices and the data flow. Data should be directed to gateways
which relay the collected data from the nanonetwork to the Internet [82].

Large numbers of nanoscale-sensing devices could be positioned on the plant leaves through
suspension in a spray treatment. At this time, this technology is at its very early stage. For its
refinement, it will also be necessary to design spraying machines capable of adequately
distributing suspensions with nanosensors onto crop canopies.

Nanonetworks for monitoring plant conditions can alert automatically suggesting a more
efficient usage of crop inputs (e.g., fertilizers, water, pesticide, etc). Thus, the real time and
monitoring of the crop growth lead to accurate and on-time decisions, reduced costs and
waste, improved quality of production and above all sustainable agriculture.
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Figure 3. Structure and components of a nanonetwork designed for plant monitoring applications.

Finally, the use of nanobiosensors for high-resolution crop monitoring could be a very useful
tool for plant science research. The real-time continuous measurement of plant metabolites and
hormones will make a deeper understanding and control of plant biosynthetic pathways in
ways not possible.

2.4. Valorization of agricultural residues for production of nanomaterials

There is a growing awareness of the importance of sustainability, in particular bearing in mind
the increase of global population [1]. This issue is intimately linked to the implementation of a
circular economy based on regeneration of resources. One of the pillars of circular economy is
waste reduction.

Organization for Economic Cooperation and Development (OECD) defines agricultural waste
as “waste produced as a result of various agricultural operations including manure and other
wastes from farms, poultry houses and slaughterhouses; harvest waste; fertilizer run-off from
fields; pesticides that enter into water, air or soils; and salt and silt drained from fields” [83].

A meaningful proportion of agri-food production is lost in the form of residues and wastes [84]. For
this reason, it will be of the utmost importance to explore innovative technologies capable of
providing new opportunities to achieve full sustainability. It is believed that nanotechnology can
significantly contribute also in this direction [85]. The development of advanced methods for
valorization and the exploitation of agricultural raw materials and wastes are relevant contributions
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of nanotechnology toward strengthening the basic principles of the circular economy. The
following are suggested as illustrative examples of this concept.

2.4.1. Cellulose nanofibers

Cellulose is the most abundant biopolymer available on the Earth, being the main component of
plant tissues. The primary occurrence of cellulose is the existing lignocellulosic material in wood
which is the most important industrial source of cellulose. Other cellulose-containing materials
include agriculture residues, water plants, grasses and other plant substances [86]. It is estimated
that 10"'-10"? tons per year of cellulose are worldwide produced by photosynthesis [87].

In plant tissues micro and macrofibrils represent the construction units of the hierarchical
structure of cellulose fibers (Figure 4). Microfibrils, in turn, consist of elementary fibrils
(nanofibres) which have a diameter comprised in the range 3-35 nm depending on the cellu-
lose source (Figure 4) [88].

In recent years, nanocellulose has been attracting much attention as a new bio-based
nanomaterial with excellent optical properties, high strength and specific surface area [89, 90].
Nanocellulose can be extracted and chemically modified for a wide range of applications in the
field of nanocomposites [91]. Various agricultural crops and residues, such as soy hulls and
wheat straw, sugar beet pulp, potato pulp and rutabaga, are already considered as raw
materials for new cost-effective methods of nanocellulose production [92-95].

2.4.2. Rice husk-derived Si nanomaterials

FACO’s preliminary forecast of global paddy production in 2017 is set at 503.8 million tons (milled
basis) [96]. About 25% of this production is rice husk (RH) which is disposed as a by-product of
rice milling. The RH is the coating on a grain of rice which has the role to protect the seed during
the crop cycle. RHs are mainly composed of lignocellulose (ca. 72-85 wt %) and silica (ca. 15~
28 wt %) [97]. Silicon is the second element of importance in the Earth’s crust. Grasses assimilate
large amounts of Si during their entire life cycle and deposit it into phytoliths as amorphous
hydrated silica (SO, nHO). The Si content in the ash of grasses can reach 50-70% [98].

Figure 4. Hierarchical structure of cellulose fibers in wood biomass.
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Figure 5. Production of graphene from agricultural wastes.

Silica nanoparticles (15i) have numerous potential applications in drug delivery and biomed-
icine [99], and in agriculture, as well. According to the principles of green chemistry and
among the available agricultural raw materials, RH is considered to be a cost-effective
bioprecursor for biosynthesis of nSi.

2.4.3. Graphene

Graphene is a material consisting of a monoatomic layer of carbon atoms isolated in 2004 by
Novoselov and Geim (University of Manchester, UK), who in 2010 received for that work the
Nobel Prize in physics. Graphene has the mechanical strength of the diamond and the flexibil-
ity of the plastic and is already used in medicine, electronics, energy, defense and many other
sectors. The European Commission, launched in 2013, financed The Graphene Flagship, a 10-
year research initiative financed with € 1 billion, which involves more than 140 academic and
commercial institutions in 23 countries.

Graphene is currently produced by mechanical and chemical exfoliation of graphite crystals,
chemical synthesis and thermal chemical vapor deposition. Considering the large-scale pro-
duction of graphene, the use of these methods poses several problems due to high process
costs and the use of toxic substances. That is why, also in this case, there is considerable interest
for the development of alternative, cheaper and environmental-friendly methods.

Recent studies demonstrated that it is possible to use rice husk and sugarcane bagasse to produce
graphene in a rapid, scalable and cost-effective manner (Figure 5). It is very useful to test other raw
agricultural materials to expand the possibility to exploit other wastes or crop byproducts.

3. Conclusions

In this chapter, we have examined some recently developed ideas concerning the possible
contributions of nanotechnologies in the primary sector. At this moment, some ideas are, if
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not completely visionary, strongly projected into the future. Whereas some other hypotheses
are very concrete, for some of them, the first experimental data are already available. Thus,
in looking ahead to the future, we can be reasonably optimistic.

However, there are a number of concerns linked to the applicative aspects of the use of
nanomaterials in agriculture which have to be addressed. How will nanofertilizers (or
nanopesticides, nanoherbicides) be handled in field conditions? Which precautionary criteria
should be considered? Which equipment or machines will be used? Will these be the same
equipment or machines used for bulk materials? What should be the safety conditions for
workers? On these aspects, and many others, the authorities will have to define rules. Obviously,
on this point, there are great expectations from the industries.

In conclusion, the utilization of nanomaterials in agriculture still needs deep basic knowl-
edge about the fate of nanomaterials in the agro-environment. However, a more mature and,
at the same time, a very promising aspect of the interactions between agriculture and
nanotechnology are that with regard to the valorization of waste materials. Therefore, it is
appropriate to reiterate once again that nanotechnologies are in tumultuous evolution. This
means that applications currently under development will soon be overtaken by other ideas
that will solve other issues in the field of sustainable agriculture. This principle is nothing
but the driving force of the development of knowledge and the strengthening of technology
applications.
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Abstract

The use of agrochemicals, though has increased the agricultural productivity, has
severely adversely affected soil and aquatic systems with associated flora and fauna
and also the health of the farmers and society consuming the chemically grown food.
Therefore, the advent of nano-agrochemicals, such as nanopesticides, nanofertilizers
and nanosensors, designed to increase solubility, enhances bioavailability and promotes
targeted delivery, and their controlled release will have immense potential benefits that
include efficient dosage of fertilizers, improved vector and pest management, reduced
chemical pollution and ultimately increased agricultural productivity. However, many
questions remain unresolved on the toxicology and safety of these systems to human
and ecosystems health. Risk assessment of this technology lags far behind its application.
This chapter will therefore discuss the nano-ecotoxicology and risks, uncertainties, and
ethical concerns of use of nanotechnology in agriculture. Furthermore, the current levels
of public awareness and perception of nanotechnology will be discussed.

Keywords: nanotechnology, agriculture, nano-ecotoxicology, health risks, uncertainties,
public perception, awareness

1. Introduction

The world including the developing world has seen an extraordinary growth in agricultural
food crop productivity in the last 5 decades [1]. Although there are still a few reported short-
ages of food and incidences of hunger, particularly in few low-income countries, the rea-
son for such food shortages is partly attributed to poor or little application of science and
technology in agriculture [2]. But overall, according to some available data [1], despite the
world population having more than doubled during the last 5 decades, the production of
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cereal crops tripled during this same period, with only a 30% increase in the cultivated land
area. Thus, if the food currently produced was to be equitably distributed, there would be no
person going hungry as there is more food produced than the world population needs. This
increased agricultural productivity is largely attributed to the use of agrochemicals, fertil-
izers, and chemical pesticides [1, 3-7].

The use of fertilizers and pesticides is considered as the panacea for improved crop produc-
tion [4-6]. Despite the high cost of fertilizers and pesticides, farmers are always availed with
these inputs as governments in many countries provide subsidies, with a sole purpose of
increasing food security. The optimal benefits from the use of these agrochemicals to a larger
extent are realized, except in a few cases, particularly from some low-income countries, where
farmers lack technical information such as optimum doses, correct method and right time
of application. It should be understood that the requirement of fertilizers and pesticides for
crops differs according to soil types and meteorology [7], and where this understanding is not
followed, the increase in the use of fertilizers and pesticides may not necessarily correspond
to the increased crop productivity [2], and this may be exacerbated by inability to embrace
science and technology and the sole dependency on rain-fed agriculture, particularly in sub-
Saharan Africa (SSA) region, where rainfall is usually erratic [5]. Elsewhere [7] huge quantities
of these agrochemicals are applied to the fields under the adage that “more is better” without
necessarily taking into account the soil, meteorology and other factors.

While fertilizers help in adding the nutrients into the soils required for optimal crop growth,
excessive and repeated use of fertilizers can result into serious pollution. In some cases, partic-
ularly in low-income countries, the application of chemical fertilizers is done without regard
to appropriate doses [2]. World over, there are many places where chemical fertilizers have
left a legacy of serious pollution particularly for aquatic systems. For instance in Thailand,
in Nakhon Pathom Province, in a survey conducted by some Thai scientists to determine the
nitrate levels, it was found that 46% of tested ground water had elevated levels of nitrate above
the WHO drinking water safety limit of 50 mg/L NO,™ and this was attributed to agricultural
activities [3]. Similarly, in rural settings of Andhra Pradesh, India, as much as 50-70% of the
water resources are polluted due to contamination from agricultural activities [8]. To a large
extent, this contamination results from applied synthetic nitrogen fertilizers that are unuti-
lized by crops, which in some cases may be as much as 95% [8]. Water pollution, both for sur-
face and ground water, from chemical fertilizers has been reported to affect many countries,
including those from the European Union and other developed countries [9], and therefore,
mitigation efforts require not only an integrated approach, but also a paradigm shift.

Similarly, pesticide pollution from agricultural activities is quite extensive. It is estimated that
about 2.5 million tonnes of chemical pesticides are used on agricultural crops each year [10]. The
repeated use of pesticides unfortunately increases pest resistance, and it is this resistance that
leads to progressive increase in the amount of the applied pesticides, and sometimes this can
impact the food quality. The overuse of pesticides, particularly in low-income countries, due to
low literacy levels, can increase agricultural cost and generate considerable waste and pollution,
which ultimately adversely affects human health and the environment. The extent of this pollu-
tion is evidenced by the pesticide residues that have been detected and quantified in a variety
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of common foods and beverages, including for instance, animal products, water, wine, fruits,
vegetables and animal feeds [7, 11]. Many chemical pesticides have been associated with human
health and environmental adverse effects [11]. For instance, some specific adverse human health
effects associated with chemical pesticides include among others, dermatological, neurological,
teratogenic, clastogenic, carcinogenic, respiratory, reproductive and endocrine effects [5, 7, 11].
The incidences of adverse human health effects from chemical pesticides are disproportionally
much more prevalent in developing than in developed countries, where the majority of users
have low literacy levels [5]. Ironically, while pesticides have drastically reduced agricultural
crop losses, both for preharvest and postharvest, their residue levels in food stuffs, soils, flora
and fauna, and water has escalated, thereby posing great risks to the farmers and consumers,
including some organisms that are far removed from agricultural sites.

The continued use of these agrochemicals has led to increased levels of pollution and contamina-
tion of both aquatic and terrestrial systems with attendant adverse effects on biota. Solving these
problems requires an integrated approach and a complete paradigm shift. Thus, not only the
development of new and less toxic agrochemicals is necessary and urgent, but also safe, smart
and efficient application methods are essential for preventing accumulation and ultimately the
adverse effects on the environment. In this vain, nanotechnology offers great promise and can
be used as an innovative tool for delivering agrochemicals smartly and safely [10]. Therefore,
the advent of nano-agrochemicals, such as nanopesticides, nanofertilizers and nanosensors,
designed to increase solubility, enhance bioavailability, promote targeted delivery and con-
trolled release will have immense potential benefits that include efficient dosage of fertilizers,
improved vector and pest management, reduced chemical pollution and ultimately increased
agricultural productivity. However, many questions remain unresolved on the toxicology and
safety of these systems to human and ecosystems health. Currently, the development of this
technology (nanotechnology) for use in agriculture has outpaced the risk assessment, thereby
posing great challenges on its acceptability by the general public and ultimately may negatively
impact on the potential investment by the agricultural industry. This chapter will, therefore,
contain discussions on the nano-ecotoxicology and risks, uncertainties and ethical concerns of
use of nanotechnology in agriculture. Furthermore, this chapter will review the current levels of
public awareness and perception of nanotechnology in agriculture.

2. Nano-ecotoxicology and risks

2.1. Nanotechnology and nanoparticles

A review of literature reveals a multitude of definitions for nanoparticles (NPs) or nanoma-
terials. In this chapter, a nanoparticle is defined as any intentionally produced particle that
has a characteristic dimension from 1 to 100 nm and has properties that are different from
that of non-nanoscale particle with the same chemical composition [12, 13]. It is well known
that nanoparticles (NPs) may be naturally occurring or intentionally produced. Naturally
occurring NPs result from natural processes [14] and are as old as nature, while intentionally
produced NPs are often referred to as engineered nanoparticles (ENPs) and are manufactured
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either by the top-down approach or bottom-up approach [15]. Nanotechnology, therefore, can
be defined as the design, characterization, production and application of structures, devices
and systems by controlling shape and size at a nanometer scale [14]. Thus, the incorporation
of nanoparticles/nanomaterials in the production of goods for application in various fields
such as medicine, information and communication technology, engineering, environmental
remediation, among others falls within the wider domain of nanotechnology.

NPs, due to their small sizes, have increased relative surface area and the quantum effects
that have been observed to dominate the behavior of matter at the nanoscale. It is these factors
that can change or enhance properties, such as strength, chemical, biological, electronic, rheo-
logical, magnetic, optical (photon), mechanical and structural, and reactivity characteristics
[12, 16]. Some researchers [12] have argued that the occurrence of the novel size-dependent
properties, rather than particle size, should be the primary criterion when considering the
regulation of NPs for environmental, health and safety reasons. Thus, the fact that the par-
ticles or materials fit within the definition of a nano may not necessarily exhibit the “nanon-
ess,” that is, the occurrence of the novel size-dependent properties, and the size at which this
nanoness is observed may be different for different materials. There are several implications
of this observation in the regulation of NPs for human and environmental impacts. The first
one is that the risk assessment of NPs will have to take into account the size for each material
at which the nanoness is observed. Secondly, any material at nanoness, including biological
NPs, can potentially cause adverse effects. Thirdly, there is a need for proper NP characteriza-
tion prior to risk assessment if the risk assessment data are to be comparable. Finally, because
at nanoness there is a dramatic increase in surface reactivity, most NPs tend to have increased
solubility and this can pose a challenge in delineating toxic effects due to NPs from that due
to dissolved ions. This last point is particularly applicable for inorganic-based NPs.

2.2. Nano-ecotoxicology and risks

The “nanoness” properties of NPs, the surface structure and reactivity are responsible for
processes such as dissolution, redox reactions and the generation of reactive oxygen species
(ROS) [14, 15, 17]. These are the properties that can lead to biological/toxicological effects that
would not be produced by bulk particles of the same chemical composition.

Whether or not a given nanoparticle/nanomaterial will induce ecotoxicological effects on an
organism upon contact, ingestion or inhalation will depend to a larger extent on its “nanon-
ess.” As argued elsewhere [12], most ENPs are likely to be of human or environmental health
concern owing to their unique properties only when they have diameters of 30 nm or less. In
assessing the potential adverse effects and hence the risks NPs pose to human health, a num-
ber of toxicity tests have been conducted in various media and using a variety of organisms.
Literature is replete with studies that have been conducted both in vitro and in vivo, although
with some conflicting results, even with the same organism for the same type of NPs. One
of the possible explanations for the conflicting results would be either due to nonadherence
to NP characterization requirements prior to toxicity testing or lack of NP risk assessment
guidelines or both. In order to reduce such dichotomy in toxicity results, researchers have
tried to understand the best dose metrics that would define the toxicology of the NPs. For
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instance, researchers have investigated whether a given NP type induces its toxicity through
its particle charge, number concentration, mass concentration, total surface area or simply by
size. Knowledge of dose metrics responsible for toxic effects as stated by some researchers
[18, 19] can have a number of advantages that include easy of adaptation of the risk assess-
ment data into the regulatory framework that ensure the safe use of such NPs, particularly
in agriculture, easy of comparison of study results and hence enable regulators to formulate
health-based limit values for each metric. And finally, this can also help risk assessors to
compare and combine exposure and hazard information and conclude on the likelihood of
health risks of each NP type.

In nano-ecotoxicology and risk assessment, various types of NPs such as carbon-, inorganic-
and organic-based NPs have been investigated. This is because these types of NPs have found
wide application in various fields, particularly in agriculture. Although the application of
NPs in agriculture is still largely in the developing stage, there is a great potential to cover
the whole food chain from production to processing, preservation, safety, packaging, trans-
portation, storage and delivery. For instance, a variety of products exists such as nanopes-
ticides, nanosized fertilizers, nanopromoters for plant growth, nanosensors, among others
[19], which when applied cannot only come into contact with humans, but can actually be
consumed along with the agricultural products. Due to their great potential to enter into the
human systemic circulation system and interact with vital organs, carefully designed and
comprehensive toxicity tests involving in vivo and in vitro have been carried out to assure
safety to the human and environmental health.

Carbon-based NPs or carbon nanomaterials are a class of engineered nanomaterial with
increased applications due to their exceptional optical, electrical, mechanical, and thermal
properties. The individual NPs in this class include fullerenes, carbon dots, carbon nano-
tubes (CNTs), carbon nanobeads, carbon nanodiamonds, carbon nanofoils, carbon nano-
foams, carbon nanofibers and graphenes [20]. Most of the carbon-based NPs have found
wide application in agriculture, particularly as plant growth promoters and nanopesticides.
For instance, due to their ability to effectively penetrate the seed coat and other plant tissues,
carbon nanotubes (CNTs) have been used as plant growth stimulators [21]. The CNTs, single-
walled carbon nanotubes (SWCNTs), have been shown to activate seed germination of corn,
rice, switchgrass and tomato and enhanced the growth of different organs of corn, tomato,
rice and soybean [22]. Similarly due to their superior electrical properties, CNTs have been
extensively used for the development of biosensors. Thus, the NPs are usually functional-
ized or used in conjunction with other materials to minimize aggregation and enhance their
usability. For instance, as reported in [21-23], surface functionalized CNTs were tailored
with amino groups to control the efficient immobilization of acetylcholinesterase (AChE)
onto the surface of glassy carbon electrode and enabled the construction of a highly sensitive
organophosphorus pesticide biosensor in food stuffs where such pesticides were applied. In
a bid to replace the agrochemicals, fertilizers and pesticides, carbon-based NPs have been
used in the development of nanosystems for slow and controlled release of pesticides and
fertilizers. As reported by [24], carbon nanofibers are used for making nanoparticles that
contain pesticides and fertilizers specifically formulated to control their release into the
seeds during germination.
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Due to great potential for application in areas where these NPs can come into direct contact
with humans, as shown above, the carbon-based NPs have comprehensively been studied on
their toxicological impacts. The investigations into their toxicological effects, both for in vitro
(on cell cultures) and in vivo (on organisms), have been conducted. Generally, these NPs have
been observed to show some low or no toxicity in some cases [25], but in some other cases,
however, the toxicity results have shown adverse effects. For instances, some studies con-
ducted by Ostiguy et al. and Tao et al. (see [26, 27]) on some organisms using fullerenes, car-
bon nanotubes (single-walled or multiwalled) and nanofibers, have reported adverse effects.
Similarly, a number of carbon-based NPs have also been shown to be cytotoxic to human
alveolar epithelial (A549) cells, hepatocytes (Hep G2 cells), human embryonic kidney cells
(HCT 116), and intestinal (P407 cells) cells [28]. Interestingly, while some studies conducted to
investigate the effect of fullerenes and CNTs on plants have shown positive effects in terms of
enhancing the plant growth and therefore could be commercialized as nanosystems for plant
growth promoters; in other cases, a number of studies have shown that these NPs can have
negative effects such as inhibitory effects against plant growth and against some beneficial
microfauna [21]. Therefore to ensure that these NPs are safely used in a manner that human
and environment health is ascertained, extensive and comprehensive risk assessments that
include techniques that can capture delayed toxicity are required.

Inorganic-based NPs are probably the most diverse class of nanomaterials. NPs in this class
include metals, metal oxide and quantum dots (QDs). They have unique chemical, physical,
optical and quantum characteristics, and as a result, they have wide application in various
fields such as medicines, engineering, environment and agriculture. In agriculture, as already
stated, the use of huge amounts of pesticides and fertilizers results into serious environmental
pollution with attendant adverse effects to humans, and sometimes, these agrochemicals affect
the taste and nutritional quality of food crops. The advent of nanotechnology promises smart
and intelligent nanosystems that can deliver the required nutrients to plants and nanoen-
capsulated slow release of fertilizers and pesticides that can deposit right doses at controlled
rates. There are also nanosystems used as biosensors for detecting the presence of pesticides
in agricultural products, which make use of inorganic NPs. While a lot of research is ongoing
for development of such systems, already quite a few such systems are in use. For example,
agribusiness and food corporations such as Monsanto, Syngenta, Kraft and BSF have already
produced pesticides encapsulated with NPs [29]. Already NPs such as TiO,, ZnO, MgO and
a combination of other inorganic-based NPs, after being functionalized, have been utilized as
effective nanopesticides [29]. The nanofertilizers are known to contain nanozinc, silica, iron
and titanium dioxide, zinc cadmium selenide/zinc sulfide core shell QDs, indium phospho-
rus/zinc sulfide core shell QDs, manganese/zinc selenide QDs, gold nanorods, core shell QDs,
specifically designed to control release [30]. Other inorganic NPs have been used as plant
growth promoters, nanobiosensors among others. As reported by [23], ZnO NPs have been
used as nanofertilizers and enhancement of nutrient absorption for plant growth. Within the
wide context of agriculture, the quantum dots due to their characteristical electric and opti-
cal properties have been used as nanosensors and nanobiosensors. For instance, as reported
by [31], cadmium selenide (CdTe) has been used as pesticide nanosensors for detection of
2,4-dichlorophenoxyacetic acid in food crops.
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Because their application, particularly in agriculture, was envisaged to involve direct interac-
tion with human biology and physiological systems through ingestion, these NPs have been
widely investigated on their potential adverse effects. Toxicity of NPs and inorganic NPs
in particular is well established. Literature is replete with cases where the inorganic-based
NPs have been shown to cause both acute and chronic toxicity. The toxic effects have been
observed in plants, animals, microflora and microfauna including cell lines. However, as
observed by [32], most of the available data on ecotoxicology are limited to species used for
regulatory purposes. That is, although the ecotoxicological data are available for aquatic and
terrestrial organisms, it is predominantly from species deemed highly sensitive. For the pur-
poses of understanding the toxicity potential of these NPs, these data are adequate. For cute
toxicity, NPs such as Cu, CuO, Se, Zn and ZnQO, and TiO, have been implicated in numerous
studies [18]. For instance, silver and copper NPs were observed to cause adverse effects to
both zebra fish and Daphnia pulex [33], while Cu NPs were observed to cause oxidative stress
to earthworms, Eisenia fetida [34]. Commonly encountered metal oxide NPs such as CuO, ZnO
TiO,, SnO,, CeO, and Fe, O, have also been implicated in causing diverse adverse effects to
organisms [28, 32, 34]. In terms of their use in agriculture, the long term or chronic effects of
these NPs are of paramount importance. As reported elsewhere [35, 36], the quantum dots,
metal and metal oxide NPs have been implicated in the long-term effects. Quantum dots are
particularly toxic as they are usually made from already known toxic materials. For instance,
cadmium-selenide (CdSe), cadmium-telluride (CdTe), selenide/zinc selenide (Se/Zn Se) and
gallium (Ga) have been shown to cause immunotoxicity, oxidative stress and DNA dam-
age [37, 38]. In most cases, the inorganic-based NPs are coated or encapsulated immediately
after synthesis to prevent any aggregation and preserve their properties. Usually this surface
functionalization can result into behavioral modifications, which in turn have a direct impact
on their surface charge, size and reactivity. This then may be followed by a reduced toxicity.

The use of organic-based or polymeric/dendrimeric NPs in agriculture is equally wide spread.
These NPs can be synthesized as nanowires or nanofibers and may be designed as hydrophilic
or hydrophobic depending on the anticipated application. These NPs have useful characteris-
tics that include biocompatibility and biodegradability, which confer upon them a multiplicity
of application in various areas including agriculture. Examples of organic-based NPs include
liposomes, vesicles, and micelles, dendrimers, nanocapsules and polymeric NPs. Like other
classes of NPs, the organic NPs have equally been used in the formulations of smart-delivery
nanosystems. For instance, the encapsulation of pesticides in the organic NPs ensures that
there is slow and controlled release of the active ingredient, and therefore delivering more
effective control over certain pests at lower dosage rates and over a prolonged period of time
[39]. This reduces the overdosing and hence prevents pollution. Moreover, as smart systems,
the nanopesticides are designed to increase the dispersion and wettability of agricultural for-
mulations and unwanted pesticide movement. The nanopesticides have increased solubility
and therefore can reduce contact of active ingredients with operators in the fields, thereby
reducing the incidences of accidental toxic effects. Furthermore, these organic-based nanopes-
ticides have the advantage of being biodegradable and therefore get assimilated into the soils,
thereby adding some additional nutrients. Currently, there are quite a number of commercially
available pesticides encapsulated by organic NPs. For example, [40], bifenthrin nanopesticide
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used for protection of agricultural crops has been formulated using polymers such as poly
(acrylic acid)-b-poly (butylacrylate) (PAA-b-PBA), polyvinylpyrrolidone (PVP), and polyvinyl
alcohol (PVOH). Similarly, fertilizers encapsulated with the organic-based NPs are commer-
cially available and some of the commonly used organic materials include chitosan, nanocap-
sules (liposomes), polyethylene glycol (PEG), starch, cellulose, Poly(d, I-lactide co-glycolide)
(PLGA) and polyester substances. Other smart nanosystems such as nanobiosensors for the
detection of pesticides in food crop have been developed from the organic-based NPs.

As a result of envisaged wide application, the toxicological aspects of these NPs have been
investigated. While some of the NPs have low or no established toxicity, some have been found
to induce some toxic effects. For instance, polymeric, polyethylene glycol (PEG) NPs, Poly(d,
l-lactide co-glycolide) (PLGA) NPs and solid lipid nanoparticles can cause immunotoxicity,
nephrotoxicity and lung toxicity, respectively [41]. Similarly, some dendrimeric NPs such as
polyamidoamine and poly (propyleneimine) have been investigated for their possible toxicity
both in vitro and in vivo, and have been shown to have some concentration-based toxicity [42].

In general, the projected increase in the production and commercialization of NPs due to their
novel properties will eventually lead to their increase in the environment with attendant increase
in the exposure to organisms and hence with the concomitant adverse effects. But in terms of
their use in agriculture, the kind of impact and adverse effects NPs may cause has probably not
yet been clearly elucidated by the current risk assessment methods. A quick survey of literature
shows that there has been an extensive evaluation of the toxic effects of NPs and currently these
evaluations are still ongoing. It has been shown that most NPs exhibit some toxic effects, though
in a number of cases conflicting results have been observed. There are numerous mechanisms
by which different NPs induce their toxic effects, and these include cell proliferation, necrosis,
apoptosis, DNA damage and oxidative stress among others. Interestingly, however, these same
mechanisms have also been shown to be caused by environmental toxicants such as metal ions,
pesticides, PCBs and other industrial chemicals [43, 44]. Thus, in investigating the minimal
concentrations of NPs that can cause adverse effects, particularly in the actual environment
that contain other toxicants, the risk assessment should involve aspects such as additivity,
synergistic, potentiation and antagonistic effects. This kind of information is hugely beneficial
in terms coming up with the regulatory framework and policies aimed at protecting human
health with regard to nanotechnology in agriculture. This is because besides humans being
exposed to NPs through nanotechnologically grown foods, they (humans) are also exposed to
various other industrial chemicals through ingestion, inhalation and dermal contact. It is of no
doubt, however, that the current assessment of the risks posed by NPs has a number of inherent
limitations and uncertainties. The degree of uncertainty to a large extent is dependent on the
application to which the NPs will be subjected.

3. Uncertainties of nanotechnology in agriculture

There is no doubt about the potential applications and benefits of nanotechnology in agricul-
ture. In fact as research into the use of nanotechnology in agriculture matures, many more
nanoproducts and nanosystems will be developed and commercialized to the benefit of the
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whole agricultural value chain. As observed earlier, the general risk in the application of
nanotechnology in various fields has been reasonably assessed. In agriculture, however, the
current risk assessment data do not seem to be sufficient for both industry and consumers
to make informed choices about the use of this technology. This insufficiency of data leads
to some significant uncertainties that relate to consumer and environmental safety, which
is critical in the regulatory framework, and a necessary ingredient in giving public confi-
dence in the products. In addressing the current state of uncertainties, there are a number
of critical questions that need to be answered. For example, is current toxicity testing pro-
tocols sufficient to provide necessary information on delayed toxicity of NPs? Which dose
metric best describes the toxicology of NPs, particularly through those that gain entry into
humans through ingestion? Are there currently some validated techniques and methods that
can detect the presence of NPs in the food matrix? Is there sufficient regulatory framework to
ensure safety of NPs related to their use in agriculture? Is the NPs toxicity data from cell lines
sufficient to inform regulatory framework? Are there some guidelines on the generation of
NPs risk assessment data to ensure comparability of such data? Are risk assessment protocols
used for both aquatic and terrestrial organisms sufficient to provide credible information for
the exposure of humans through ingestion? What impacts will these nanosystems have on
beneficial soil microorganisms? And finally, to what extent do these NPs accumulate and
biotransform in plants? These and several other questions will be dealt with in this section as
the issue of uncertainty in nanotechnology in agriculture is being discussed.

The question of whether the current toxicity testing protocols are sufficient to provide necessary
information on delayed toxicity of NPs is one that speaks to the adequacy/inadequacy of the
design of the risk assessments. The majority of the data from risk assessments is from traditional
toxicity tests that rely predominantly on mortality and sublethal endpoints such as oral, dermal
and ocular toxicity; immunotoxicity; genotoxicity; reproductive and developmental toxicity;
teratogenotoxicity; carcinogenicity, growth, foraging, behavioral changes and among others.
These toxicity tests are quite costly and time consuming [45]. Unfortunately, most of these tests
do not necessarily capture the delayed toxicity and these do not give an opportunity for reliable
prognosis about the ultimate effect on organisms. There is a suggestion that in order to under-
stand the long-term impact that some of the NPs used in agrochemicals may have on human
health and environment, more studies should begin to incorporate the genomics and proteomics
techniques. These techniques though they involve the state of the art of instrumentation can
prove to be faster and cost effective in the long term, particularly in the face of thousands of
nanochemicals that are anticipated to be generated in the coming decades.

The aspect of the dose metric that best describes the toxicology of NPs, particularly, has been
the subjective of debate among nano-ecotoxicologists for quite some time. Traditionally, mass
has been used a dose metrics for most risk assessments for most NPs. However, other dose
metrics such as surface area, number of particles, volume and size have also been investi-
gated on their influence on toxicity, irrespective of chemical composition [46]. While in some
cases, a particular dose metric could be responsible for the observed toxic effect, in other
cases, another dose metric may be responsible. This creates some uncertainty, and thus, risks
assessments for NPs need to ensure that all factors of a given NP type that lead to some
toxic effects are clearly understood. This is particularly important because NPs have different
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characteristics. Thus, some NPs are soluble, while others are insoluble and further still some
may be biopersistent.

Some uncertainty arises from lack of validated techniques and methods that can detect the pres-
ence of NPs in the food matrix. The detection and ultimate characterization of different types of
NPs in agricultural food is necessary in understanding the benefits as well as the potential risks.
Although some (few) methods for detection and characterization of such NPs are currently avail-
able, these methods need to be validated in addition to the need for the development of standard
materials required in such methods [47]. Given that there are a number of NPs that are being
developed for use in agriculture, need exists for research and development of more and vali-
dated methods required in the detection of NPs in agricultural products, especially food crops.

Although many countries are now setting definitions and regulatory frameworks for nano-
technology, the very nature of NPs in many ways makes it quite challenging in coming up
with separate legislation that deals with these miniature materials away from their bulk
counter parts. For example, as reported elsewhere [48], both the United States Food and
Drug Administration (US FDA) and the United States Environmental Protection Agency (US
EPA) have not recognized nanomaterials as the new chemicals and that nanomaterials do
not require any new oversight. Ironically, these bodies (especially US FDA) require manu-
facturers of food products to demonstrate that the food ingredients and food products are
not harmful to health; yet, as already stated, there is no regulation that specifically covers
nanoparticles, which could become harmful only in nanosized applications. In the similar
fashion, it is interesting to note that the European Union’s main regulation covering nanotech-
nology applications is the REACH (EU Regulation on Registration, Evaluation, Authorization
and Restriction of Chemicals) [23]. Generally, because nanotechnology is relatively new, at
the global scale, there are currently no clear regulations governing the production, use, label-
ing and disposal of NPs/nanomaterials [21]. With the predicted increase in the production
and commercialization of nanosystems for use in agriculture, there is a need for clear cut
legislation and policies to protect and foster public health and confidence.

As already pointed out, the majority of the risk assessment data is from traditional in vivo
animals tests. In as much as these tests can yield some useful information necessary to inform
the regulatory framework, they are costly and time consuming. Additionally, the traditional
tests normally involve one type of NPs at time. But humans will be exposed to these NPs used
in agriculture together with other chemical contaminants. The data from these tests therefore
may have an inherent degree of uncertainty. Recently, there has been some suggestion for
using genomics, proteomic, transcriptomics, and metabolomics (the omics techniques) as
high-throughput techniques, utilizing cell lines to cope with the rate of the production of
the nanomaterials. Here again, there would be quite a number of uncertainties. For example,
how reliable is the data from such techniques in terms of extrapolatability and predictability
to human biology and physiology? Particularly, what is the degree of uncertainty for these
data obtained from isolated cell lines kept in culture medium without the benefit of cross talk
and interaction from other organs, as would be the case in the in vivo tests, have? The protec-
tive regulatory framework should always take into account the uncertainty to assure public
confidence and trust.
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There are quite a number of reasons why application of nanotechnology in the agriculture
is still relatively at an infancy stage in comparison with other fields. The major ones include
potential consumer health risks and a lack of unifying regulations and guidelines on risk
assessment of nanotechnology. The use of nanotechnology in agriculture more than any
application can lead to the introduction of NPs/nanomaterials into the human biology and
physiology. Therefore, when risk assessment is not guided by unifying guidelines and regula-
tions, then the risk quotient may be high and this can make the technology nonattractive to
industry and consumers alike. In trying to harmonize the NP risk assessment data and ensure
comparability, there is need for some guidelines on the generation of these data. Currently,
one of the challenges relating to the usability of NP risk assessment data in regulatory frame-
work is the somewhat conflicting nature of the toxicity results by different researchers. When
there are specific guidelines to follow during the processes of conducting risk assessment of
nanomaterials/NPs, the degree of uncertainty is minimized and regulatory framework can
easily be formulated, particularly for a field such as agriculture.

Risk assessment protocols used for both aquatic and terrestrial organisms have contributed
greatly in understanding the effect of NPs to organisms and to a large extent have provided cred-
ible information required for the development of safety guidelines on nanotechnology in general.
However, with regard to application of nanotechnology to sensitive fields such as medicine and
agriculture, new protocols and research designs of evaluating safety of NPs are required. For
instances, are doses used in the actual environment, be aquatic or terrestrial, with a milieu of
environmental matrices useful in extrapolating the effect to humans? And what is the contribu-
tion of other environmental toxicants to the observed toxic effects of NPs? These and several other
questions need to be investigated in order to ensure nanotechnology safety in agriculture.

In addition to safeguarding human health as benefits of nanotechnology in agriculture
increase, the safety of beneficial soil microorganisms which enable nutrient cycling and hence
help to maintain basic soil fertility, need to be protected. Thus, there is need to carry out com-
prehensive NP risk assessment for all the NP types envisaged to be used in agriculture. And
finally, more work needs to be done in investigating whether or not NPs can bioaccumulate
and biotransform in plant materials.

4. Ethical concerns, public awareness and perceptions

Although nanotechnology is viewed as one of the key technologies of the twenty-first century
and has major potential benefits, it has to be embraced with a precautionary measure, given that
not much is known about its unintended effects on account of being new. Despite there being
a lot of applications for nanotechnology in many fields and increasingly more applications are
being employed in the field of agriculture, the general global population seems to know little
about nanotechnology. Interestingly, however, as reported by [16, 49], a large proportion of
the US and the European public have equally very limited knowledge about nanotechnology.
These researchers concluded that despite the US public possessing little knowledge, a majority
believed that benefits of nanotechnology outweigh the risks as compared with the majority

153



154  New Visions in Plant Science

of the European public who viewed nanotechnology with less optimism. It should be quite
obvious that if public knowledge of nanotechnology in such highly advanced societies where
literacy levels are relatively high is limited, then the situation is worse in other parts of world
that are also grappling with high illiteracy levels. As expected, the level of knowledge of nano-
technology is much higher among the highly educated than those with least education.

When people know little about a technology, their perception and acceptability will to a large
extent depend on how social and ethical issues concerning the technology are handled by indus-
try and researchers. As stressed by [49], when knowledge is missing, people can use heuristics,
such as trust, to assess the risks and benefits of a new technology. Thus, people are more likely to
accept assurances about the safety of nanotechnologies, including nanotechnology in agriculture
when they have higher levels of trust in the institutions, researchers and industry, emanating
particularly legislative history. Another aspect that affects public perception about nanotechnol-
ogy is the way the media reports issues on the technology. In less developed countries, the level
of coverage of nanotechnology is very low and this is coupled with low levels of research in
the technology. For developed countries with high levels of application of nanotechnology, the
reporting or coverage of nanotechnology may be modest probably due to the specialized nature
of the field and hence requiring specialist journalists who may be fewer [50].

Based on the factors that influences the perception and awareness of the nanotechnology in
agriculture, there are quite a number of ethical issues that arise. In the face of the potential
risks that nanotechnology in agriculture pose to human health and environment, should the
industry continue using these nanosystems despite the uncertainty? Should there be a manda-
tory requirement for labeling of nanoenabled agricultural products, particularly food stuffs?
Is it ethical that public/government institutions should continue funding development of
nanotechnology products for use in agriculture despite the current levels of uncertainty? How
much information should the public be made aware in relation to the nanotechnology in the
whole agricultural value chain? Is it ethical for an industry to release nanosystems for use in
agriculture to the public who have no idea about the potential negative impact on their health?
Should there be regulations set in regulating nanotechnology in agriculture to increase public
perception and acceptability? If these issues/questions are not fully addressed while the nano-
technology in agriculture is still in the development stage, the negative perception and hence
reluctance of acceptance of this technology, similar to what was witnessed to genetically modi-
fied (GM) food stuffs, particularly in the European Union region may be experienced again.

5. Conclusions

There is no doubt that agrochemicals, fertilizers and pesticides have contributed greatly to
the growth and increase in agricultural production. As observed, the last five decades has
witnessed unprecedented increase in food production with only a marginal increase in cul-
tivated land area. Despite huge benefits in terms increased agricultural productivity due to
the agrochemicals, the excessive use of these chemicals has resulted into serious pollution to
aquatic and terrestrial systems. The pollution has also resulted into increased disease burden,
particularly to humans, as a result of consuming food and eaters contaminated with agro-
chemicals. The residues of pesticides have been detected and quantified in most agricultural
food crops, while elevated levels of nitrates from chemical fertilizers have been found in both
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surface and ground water resources in various places across countries and continents. One
of the main reasons for agrochemical pollution is due to yearly progressive increase in their
application. For fertilizers, in some cases, only a small fraction of what is applied get utilized
by plants. Therefore, the advent of smart nanosystems such as nanopesticides, nanofertilizers
and nanobiosensors, among others, designed to increase solubility, enhances bioavailabil-
ity and promotes targeted delivery and controlled release over a long period of time will
immensely benefit the whole agricultural value chain. Thus, nanotechnology in agriculture
will improve the efficient dosage of fertilizers, improve vector and pest management, reduce
chemical pollution and ultimately decrease contact with agricultural operators.

The development of smart agrochemicals and other nanosystems for use in agriculture is still in
the developmental stage. Of course currently, there smart nanopesticides, nanofertilizers and
nanobiosensors that are in use and have made a huge impact in revolutionizing agriculture.
However, the use of nanotechnology in agriculture has a number of risks, uncertainties and
ethical concerns from the public perspectives. Different types of NPs that can potentially be
used in the design and production of nano-agrosystems have been assessed in terms of their
risk to human and environmental health. NPs from different NP classes such as carbon, inor-
ganic and organic based have been subjected to safety evaluation. Interesting and useful data
have been generated. However, the adequacy of the risk assessment for different NPs intended
for use in agriculture remains an open question. Several issues have been raised about the suffi-
ciency of the current risk assessment data for the formulation of protective legislation to human
health from nanotechnology application in agriculture. Questions such as: are current toxicity
testing protocols sufficient to provide necessary information on delayed toxicity of NPs? Which
dose metric best describes the toxicology of NPs, particularly through those that gain entry into
humans through ingestion? Are there currently some validated techniques and methods that
can detect the presence of NPs in the food matrix? Is there sufficient regulatory framework to
ensure safety of NPs related to their use in agriculture? Is the NPs toxicity data from cell lines
sufficient to inform regulatory framework? Are there some guidelines on the generation of
NP risk assessment data to ensure comparability of such data? Are risk assessment protocols
used for both aquatic and terrestrial organisms sufficient to provide credible information for
the exposure of humans through ingestion? What impacts will these nanosystems have on
beneficial soil microorganisms? And finally, to what extent do these NPs accumulate and bio-
transform upon entry into plants? All these questions demand new approaches and perspec-
tives in the design of risk assessment methods to ensure that humans and the environment are
safeguarded from NPs potential harm as a result of their application in agriculture.

Other issues of concern that have been discussed about nanotechnology include low or limited
knowledge of the general public about nanotechnology and low levels of publicity. Despite
numerous benefits of any technology, when that technology is unknown, people will only resort
to using heuristics such as trust to inform their perception about risks and benefits. If industry
and the public regulators, for instance, FDA, have built a good relationship with the general pub-
lic in terms providing good oversight, through trustworthy information, the public is inclined
to believe when assured that a given product is safe. Furthermore, some ethical issues arise as to
how much information the general public is given on the potential risks of the nanotechnology
in agriculture. The role of the media is critical in shaping public opinion and perception about a
given technology. Unfortunately, only few journalists are well schooled to report appropriately
and effectively on issues of nanotechnology in agriculture. In order to gain public acceptance and
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avoid incidences of negative connotation of this new technology, similar to what was witnessed
to genetically modified (GM) food stuffs, particularly in the European Union region, there should
be adequate follow of information. The labeling of agricultural crops containing NPs should be
encouraged to promote the free choice of use of such products by the public.
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