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Food security is the situation in which all people around the globe, in all
circumstances must maintain constant physical and financial access to
adequate nutritious, clean, and safe food. This is why food security is regarded
as a major global issue. Domestically and internationally, many factors affect
food production and quality; these include environmental climate change
conditions, disasters, emerging new diseases, political issues, and shifts in the
global economy. Additionally, rapid population growth necessitates adjustments
to food and crop production. The current agricultural production strategies
negatively affect soil fertility and cause many defects such as desertification,
deforestation, and increased soil salinity. Additionally, the high use of chemical
fertilizers and pesticides affects human health and food production. The
production of numerous strategic crops, including rice, maize, soybeans, and
wheat, was reduced due to the aforementioned factors. The global hunger
index increased, and millions of people were placed in the food insecurity red
zone. Governments and societies attempted to address the problem by creating
a new one: a higher yield of low-quality main food crops, which can give rise
to hidden hunger, a serious issue that violates people's rights to a healthy and
nutritious diet and inevitably causes food insecurity. In an attempt to end hunger,
the Green Revolution produced high-yielding varieties of crops; however, this
came at the expense of massive amounts of chemical pesticides, fertilizers, and
other agricultural activities and practices that ignored the negative effects on the
environment and nutritional value. Yet, billions of people worldwide suffer from
iron, zinc, iodine, and vitamin A deficiency, making hidden hunger, malnutrition,
and micronutrient deficiencies a severe and widespread nutritional issue in
developing nations. The most common nutritional condition affecting poor and
rural populations, especially those in low-income developing countries, is iron
and zinc deficiency. To decrease and close the gap between crop production
and food consumption, there is a need to increase agricultural productivity.
Here we discussed the current status of food insecurity and malnutrition status
where many research efforts and developments to enhance food quality and
production for food crops with the help of genome editing tools and applications
for sustainable food production.
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1 Introduction

The world economy continues to suffer from the COVID-19
pandemic and the most recent conflict in Ukraine (2022), which has
raised the cost of fuel such as Gasoline followed by an increase in food
prices (Figure 1). Greater than the level observed before the COVID-19
pandemic (Figure 2). With real issues like climate change, problems
with food and chain supplements, and many other serious issues. The
situation is utterly unstable and puts global food security at risk. Hidden
hunger or malnutrition is a serious problem that violates people’s right
to a healthy and nutritious diet and exacerbates food insecurity. United
Nations defined food security as “a lack of consistent access to food
which diminishes dietary quality, disrupts normal eating patterns and
can have negative consequences for nutrition, health and wellbeing”
According to the global report on food crises (GRFC), more than
193 million people worldwide will be faced with food insecurity (Report
on food crises, 2022). The United Nations World Food Program
(UNWEP) predicts that the percentage of the population who face
hunger will rise by 17% shortly and the percentage is likely to
be increased so further. Long- and short-term insecurity implications
can affect life and threaten the food security of millions of people
worldwide. Low and no economic resources in developing countries
which considered as another issue especially since the resources get
exhausted during the COVID-19 pandemic time (Figure 3). Conflicts
extreme weather change conditions and disease pandemics around the
world force more than 139 million people to deal with food insecurity
and nutrition crisis problems. Osendarp et al. (2021) stated that the
number of children who will be wasted is around 9.3 million, the death
will be raised to 168thousand, and almost 2.6 million children will
be stunted by 2022 (Figures 4, 5).

According to the World Food Programme (2020), there are an
estimated more than 97 million people who experience chronic food
insecurity and this number is going to be increased in the coming
years. This can have a negative impact on the Sustainable Development
Goal (SDG2) which aims to end hunger (Zero hunger), as well as the
global nutrition targets for 2025 (FAO, 2020; The Bill and Melinda
Gates Foundation, 2020; World Food Programme, 2020). Proximately
2 million women will be added to the list of those who suffer from
anemia in newborns with malnutrition and low body mass index
(Figure 6) according to the United Nations (2021a,b).

In order to meet the expected increase in population by 2050, it is
necessary to ensure that more than 70% of the world’s food production
will be sufficient to meet the growing demand for food as the world’s
population grows faster than it has before in previous decades. The
population’s enormous and quick growth will make it challenging to
produce high-yield, quality, and nutrient-rich crops (Naidoo and
Fisher, 2020; Chiwona et al., 2021).

In an attempt to end hunger, the Green Revolution (GR) produced
high-yielding varieties; however, this came with the extensive use of
high amounts of harmful chemicals and fertilizers without regard for
the dietary value or the environmental and ecological consequences.
The Food and Agriculture Organization (FAO) of the United Nations
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estimates that 820 million people worldwide suffer from chronic
hunger (FAOSTAT, 2018). According to the data from the Food and
Agriculture Organization (FAO) of the United Nations (FAOSTAT,
2018), 820 million people worldwide suffer from hunger. One of the
most highly reported countries; is India which has 194.4 million
undernourished people according to “The State of Food Security and
Nutrition in the Word” FAO report, 2022. Since hunger is the greatest
threat to human health, more than 2billion people are estimated to
lack regular access to nutritious food, including 8 % of people in
Europe and North America countries. This number includes both
those who are suffering from food insecurity and hunger worldwide."
Belarus ranked as 1st out of the top 20 countries with a Global Hunger
Index (GHI) less than 5, India is ranked 111th out of 125 countries in
the 2023 GHI while China ranked as 4th out of the top 20 countries in
the GHI based on many indicators such as children under the age of
5years, the rate of child mortality and percentage of undernourished
people (GHI, 2023). In developing countries, where half of the
population suffers from micronutrient deficiencies in one or more
essential mineral elements have emerged as the primary threat to over
two-thirds of the global population (Stein, 2010). People who are
malnourished are more prone to infections and experience delays in
their physical and mental development (WHO, 2022). The lack of
microelements affects cognitive functions such as memory and the
ability to learn (Gordon, 2003). Here, we discuss the current status of
micronutrient availability and malnutrition in addition to the role of
crop improvement efforts to enhance and maintain food security
insurance in the world.

2 Overview of plant genome editing
technologies

Many genome editing technologies have been developed such as
meganucleases, Zinc Finger nuclease (ZFN), Transcription activator-
like effector nucleases (TALEN), CRISPR/Cas, Base editors, CRISPRi-
CRISPRa editors and Prime editors.

2.1 Meganucleases

Meganucleases are endo deoxyribonucleases with recognition
sites of 12 to 40bp double-stranded DNA. They are the most specific
natural restriction enzymes, with two main families of enzymes intron
and intein. Meganucleases contain five major families based on
cleavage site and recognition site, including LAGLIDADG,
His-Cysbox, PD-(D/E) XK, GIY-YIG, and HNH (Silva et al., 2011).
The most characterized endonucleases are I-Dmol, I-Scel, and
I-Crel. I-Secl is the most precision meganuclease used in editing in

1 https://www.un.org/en/sections/issues-depth/food/index.html
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FIGURE 1

Global food price, inflation rate, and gross domestic product charts. (A) Monthly food price index worldwide from 2000 to 2023 (including meat, dairy,
cereals, vegetable oils, and sugar). (B) Global inflation rate from 2000 to 2022, with forecasts until 2028. (C) Growth of the global gross domestic
product (GDP) from 1980 to 2022, with forecasts until 2028 (compared to the previous year; Source: FAO; Statistica, 2024).
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FIGURE 2
The effect of the COVID-19 pandemic and Ukraine's war on the global economy. (A) % increase in the price of staple foods in countries/territories
(Source: WFP Dataviz, 2023). (B) Increase of food prices had increased in countries/territories, with food inflation being over 10 percent in 47 out of the
73 countries/territories (WFP, 2023, February). (C) Numbers of people projected to be in 38 countries/territories in 2023. (D) Share of people projected
to be in Crisis in 38 countries/territories in 2023.
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many eukaryotic organisms, and it has been used to increase HDR
frequency in Nicotiana tabacum. Two approaches to creating tailor-
made meganucleases include creating small changes and variations to
amino acid sequences followed by functional protein selection with
variation in the recognition site and developing chimeric
meganucleases with a new recognition site. Directed Nuclease Editor
(DNE) is used for targeting gene sequences in cotton plants precisely
to a predetermined site. Meganucleases have limitations due to the
recognition sequence motif involved in each target site and the
construction of sequence-specific enzymes for each sequence (Boissel
et al., 2014; Daboussi et al., 2014).

2.2 Zinc finger nucleases

Zinc Finger nucleases (ZFNs) are chimeric restriction enzymes
that create double-strand breaks into targeted gene sequences. They

Frontiers in Sustainability

bind to the target gene’s DNA, generate an active nuclease complex,
and repair the DNA through NHE] or HR pathways. ZFNs have been
used in gene editing in Arabidopsis, soybean genes, and other plants.
They have been used to produce efficient variation in the Leafy
cotyledon1-Like 4 gene. However, the complex construct of using two
separate motifs targeted with two proximal sites makes the method
more complex (Maeder et al., 2008; Weeks et al., 2016).

2.3 Transcription activator-like effector
nucleases

Plant pathogens, particularly Xanthomonas species, produce
effectors that produce a DNA binding domain associated with the
endonuclease catalytic domain Fokl. These effectors nucleases,
introduced into plant host cells through the type III secretion system,
produce double-strand breaks in DNA sequences, allowing targeted
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FIGURE 4
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Prevalence of stunting among children under 5years of age. (A) children moderately or severely stunted (under 5years old). (B) Proportion of children
moderately or severely stunted (under 5years old; Source: Department of Economic and Social Affairs statistics, United Nations, 2024).

genome/chromosomal modifications like insertion, deletion, and
replacements. TAL effectors have a similar structure with two specific
DNA binding proteins and FokI endonucleases, which form dimers
due to cuts in the DNA target sequence.

2.4 Clustered regularly interspaced short
palindromic repeats/Cas system

CRISPR/Cas9 technology offers gene multiplexing, targeting

multiple genes with a single molecular structure (Forner et al., 2015;
Svitashev et al., 2015; Sharma et al, 2017). Clustered regularly

Frontiers in Sustainability

interspaced short palindromic repeats (CRISPR)/CRISPR-associated
protein (Cas) have evolved into a versatile genome editing tool with
numerous applications. The CRISPR/Cas9 system, first identified in
Escherichia Coli in 1987, is an RNA-guided genome editing tool that
detects, identifies, and cleaves a specified target sequence of desired
genes using the Protospacer adjacent motif (PAM) sequence. This
mechanism leads to double-strand breaks, enhances cell repair
mechanisms, and enhances mutation development (Mojica et al.,
2005; Jinek et al., 2012).

The CRISPR/Cas system has been used for targeted genome
modification in bacteria, yeast, plants, monkeys, and humans. The
system has been used in gene-editing therapy, detection and
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FIGURE 5

Prevalence of malnutrition among children under 5years of age, by type wasting and overweight. (A) Children moderately or severely overweight
(under 5years old). (B) Children moderately or severely wasted (under 5years old). (C) Proportion of children moderately or severely overweight (under
5years old). (D) Children moderately or severely wasted (under 5years old). (Source: Department of Economic and Social Affairs Statistics, United
Nations, 2024).
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2024).

Prevalence of anemia in women aged 15 to 49 years old, by pregnancy status (%). (A) Proportion of women aged 15 to 49 years with anemia (15 to
49 years old, female). (B) Proportion of women aged 15 to 49 years with anemia, non-pregnant (15 to 49 years old, female). (C) Proportion of women
aged 15 to 49 years with anemia, pregnant (15 to 49 years old, female). (Source: Department of Economic and Social Affairs Statistics, United Nations,
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quantification of SARS-CoV-2 RNA, and gene therapy in Alzheimer’s
disease. The CRISPR/Cas13-based approach has been developed for
SARS-CoV-2 detection and quantification (Kumar et al., 2020). New
protein-Cpfl or modified CRISPR/Cas9 techniques have been
developed, including prime editing, base editing, and RNA editing.

Frontiers in Sustainability

Two new genome editing technologies for the activation and
interference of genes are CRISPRa (for activation) and CRISPRi (for
interference). The CRISPR/Cas9 technique has been awarded the
Nobel Prize in Chemistry for its efficiency in genome editing (Koonin
etal., 2017).
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CRISPR/Cas systems are divided into two classes, six types, and
33 subtypes. Class I systems are less commonly used in genome
editing experiments, while Class II systems are commonly used due
to their multifunctional Cas enzymes. Class I systems contain multiple
Cas enzymes targeting DNA and can be subclassified into three types
(I, III, and IV) and 16 subtypes (Makarova et al., 2020). Each type has
its own Cas protein, such as type I for Cas3, type II for Cas9, and type
III for Cas10. Class II systems are most commonly used in genome
editing due to their small size and high efficiency. Type II systems are
associated with two Cas genes, Casl and Cas2, which play a crucial
role in acquiring new spacers from invading viruses. Some Cas9
orthologues have distinct recognition and targeting requirements,
such as Casl2a variants for engineered genome editing. Casl3,
dominant in Type VI, contains RuvC or HNH nuclease domains and
targets RNA sequences directly, making it suitable for epigenetic
editing (Makarova et al., 2020; Xie et al., 2020).

2.4.1 Mode of action

Trans-activating crRNAs (tracrRNAs) in cells form a stem-loop
structure that allows Cas enzymes to bind. A single guide RNA
(sgRNA) directs the Cas9 nuclease, which is derived from Streptococcus
pyogenes (SpCas9). The Cas9 requires a protospacer adjacent motif
(PAM) sequence of “NGG” in the target DNA sequence of the gene of
interest. After an invasion of a bacterial cell by injecting pathogen
genetic material, the phage genome gets cleaved into small pieces
using a Cas protein in the bacterial cell. The cleaved sequences are
incorporated into the CRISPR protein, providing immunity against
the same phage by degrading its DNA with crRNA molecules (Jinck
etal, 2012). CRISPR arrays are transcribed into a single long RNA
stretch and processed into CRISPR RNA (crRNAs) short RNA
fragment, which directs the Cas enzyme to cleave target nucleic acids.
CRISPR/Cas systems provide self-defense mechanisms for archaea
and bacteria, protecting viral DNA and RNA. Cas9 contains two
nuclease domains: the RuvC-like domain that cleaves PAM with a
noncomplementary DNA strand and the HNH domain that cleaves
the guide-RNA bound complementary target DNA strand (Mohanraju
etal, 2016). A large number of Cas9 variants have been identified for
genome editing applications, with the type II CRISPR/Cas9 system
being the most simple, used, and efficient for genome editing in crop
plants (Veillet et al., 2020; Zhang et al., 2021).

The CRISPR system consists of three main steps: Adaptation
(spacer acquisition), Expression (crRNA processing and target
binding), and Interference (target DNA cleavage). Adaptation involves
incorporating foreign plasmid spacers into the host genome, using
Casl and Cas2 as integrases. Expression involves the biogenesis of
crRNA, processing, and target binding. Targeting complexes are
produced by fastening gRNAs with Cas enzymes. Interference involves
cleaving the target, with Cas nuclease searching for complementary
sequences. System types include Cas3 in type I, Cas9 in type II, and
Cas7 and Casl0 in type III. SpCas9, a bacterium used in genome
editing, has a conserved core with two major nucleic acid binding
recognition lobes: REC (recognition) and NUC (nuclease). Mutations
in the REC lobe reduce DNA cleavage activity. The small NUC
nuclease lobe is highly conserved and can be converted into nickases
for single-strand breaks. Cas9 nickases can be used for Homology
Directed Repair (HDR) mechanisms. The Cas9-sgRNA complex binds
to DNA, scans the complementary target site sequence, and cleaves
the target sequence, resulting in double-strand breaks (DSB). The
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DNA is repaired using NHE] or HDR, with the ability to generate
monoallelic, biallelic, or homozygous mutations. HDR-mediated
DNA repair requires a homologous template (Jinek et al., 2014;
Nishimasu et al., 2014; Song et al., 2016).

2.4.1.1 Non-homologous end joining

Non-homologous end joining (NHE]) is a DNA ligase that links
broken DNA ends to repair the sequence, leading to mutations and
frameshifts in the amino acid sequence. This process is the primary
DSB fixing pathway in plant cells, resulting in gene knockout (KO).
CRISPR/Cas9-based knockout has been used in gene function studies
and has modified traits for stress tolerance, disease resistance, yield,
nutritional improvement, and male sterility. In wheat, gene knockouts
are difficult due to their functional redundancy. However, knockouts
have been successfully used in polyploidy species to develop fungal-
resistant wheat, increase vitamin E levels in barley, and enhance
monounsaturated fatty acid content in seeds. The CRISPR/Cas system
is also used for breeding herbicide-resistant crops by altering PDS,
ALS, and EPSPS genes in tomatoes. CRISPR/Cas9-based knockout
approaches have also been used in cotton, tobacco, Arabidopsis, and
rice. For example, the OsERF922 gene in rice has been knocked out to
enhance blast-resistant lines, while the SBEIIb gene has been knocked
out to enhance amylose content (Pannunzio et al., 2017; Khaled et al.,
2022, 2023; Yang et al., 2022).

2.4.1.2 Homology directed repair

HDR-mediated Gene Replacement is an error-free repair pathway
that inserts a gene copy or homologous gene to fill the DSB as a
homologous DNA template. This technique allows for targeted gene
insertion at precise DNA locations and overexpression studies. Both
NHE] and HDR can be used to repair DSBs generated by CRISPR/
Cas-based genome editing. The genome editing frequency using HDR
is lower in plants compared to NHE], but it can be enhanced by using
vectors for donor template delivery. HDR efficiency depends on
factors such as CRISPR/Cas system, delivery system cell type, cell
cycle stage, donor DNA template concentration, and length of the
homologous arms (Sander and Joung, 2014; Feng et al., 2021). Donor
template preference, such as PCR templates with preferred mutations,
synthetic oligonucleotides, and linear and double-stranded plasmid
DNA, can affect HDR efficiency. Single-stranded DNA (ssDNA)
templates are usually more efficient than plasmid donors for small
sequence changes. Modified Cas9 can increase HDR efficiency.
HDR-mediated genome editing in animal cells is easier than using
HDR in plant cells, with only up to 10% success. In animals, more than
30% efficiency has been achieved with some modifications using
single-stranded oligodeoxynucleotides (ssODNs) instead of a plasmid
donor. Two tandem repeat-HDR (TR-HDR) approaches have been
developed for delivering a large copy of the donor template into the
rice and maize genome. HDR-mediated knockin(s) in rice and
potatoes resulted in tolerance to herbicides and improved self-life in
tomatoes (Lin et al., 2014; Wang M. et al., 2017; Liu et al., 2019).

2.4.1.3 Base editing

Base editors (BEs) are a CRISPR/Cas tool for specific single base
changes and modifications. They are generated through the fusion of
a dCas9 nuclease with an engineered base converter enzyme, without
inducing DSB. Three types of base editors have been generated:
cytosine base editors (CBEs), adenine base editors (ABEs), and
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glycosylase base editors (GBEs). CBEs catalyze the conversion of a
single C to a T, initiating a change from a C/G pair to a T/A pair.
Adenine base editors (ABEs) consist of an evolved transfer RNA
adenosine deaminase (TadA*) fused with dCas9. GBEs convert
C-to-A and C-to-G, respectively. CRISPR-BE helps in optimizing and
developing D10A nCas9 fused with cytidine deaminase enzymes. ABE
base editors have high catalytic activity for point mutations. However,
base editing approaches have issues such as range of editing, bystander,
and editing off-target. RNA base editing in plants includes REPAIR
for A-to-I (G) replacement and RESCUE for specific C-to-U exchange
(Komor et al., 2016; Zong et al., 2018; Lin et al., 2020; Richter et al.,
2020; Zhao et al., 2021).

CRISPRi and CRISPRa are extensions of CRISPR/Cas technology,
which can repress or activate multiple target genes without detectable
off-target effects. CRISPRI targets Cas enzymes to transcription factors
and associated proteins, allowing gene expression to be repressed or
enhanced. CRISPRa contains dCas9 fused with a transcriptional
activator, allowing targeted enhancement of gene expression. CRISPRa
can be used for identifying long noncoding RNA loci and epigenetic
studies. CRISPRi efficiency can reach up to 86% repression, depending
on sgRNA quality and target site. CRISPRi can be enhanced by fusing
dCas9 with gene expression repressors, such as the Kriippel associated
box (KRAB) domain of Kox1, the WPRW domain of Hesl, and the
chromoshadow domain of HP1a (Cheng et al., 2013; Konermann et al.,,
2013; Qi et al., 2013; Konermann et al., 2015).

2.4.1.4 Prime editing

Prime editing is a new genome editing technology that uses a
search-and-replace strategy to produce desired edits without
generating double-strand breaks. It involves 12 base conversions,
insertions, and deletions without generating double-strand breaks.
The prime editing guide RNA (pegRNA) plays a role in producing
sgRNAs and RT templates. The prime editing system uses a 3” flap
primer to transcribe the desired sequence, while the 5” flap is cleaved
via FEN1. The edited strand is ligated after 5” flap digestion, forming
a heteroduplex of edited and unedited strands. Prime editing efficiency
depends on an appropriate pegRNA with low off-target events. Prime
editing systems have been used in humans and plants, such as rice and
wheat. The PPE-R system has increased the efficiency of the prime
editing system in plants, but efficiency is lower in plants (Anzalone
et al., 2019; Kantor et al., 2020; Scholefield and Harrison, 2021).

3 The current status of micronutrients
and malnutrition

In developing nations, however, millions of people suffer from
iron, vitamin A, Zinc, and iodine deficiency, which is called
malnutrition, hidden hunger, or micronutrient deficiencies. These
deficiencies are severe to public health and have widespread
nutritional value. The most common dietary deficiencies found to
be among rural people (WHO, 2022). In order to ensure environmental
sustainability and the development of global partnerships, estimated
to be achieved by 2035, micronutrient malnutrition is highly

2 http://sustainabledevelopment.org
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associated with health risks that become a serious obstacle in
achieving the Millennium Development Goals (MDG), which include
eliminating extreme poverty and hunger, improving education
systems, empowering women, reducing child mortality significantly,
promoting gender equality, improving maternal health, and combating
diseases (Cakmak, 2008; Wessells and Brown, 2012). The most
important and frequently deficient minerals in human diets are iron
and zinc (Stein, 2010). On the other hand, Iodine is necessary for the
prevention of brain damage and mental capacity, and vitamin A; is
necessary to prevent infections, blindness, visual impairment, and
infections® as well as some populations may also have dietary
deficiencies in other important and essential minerals such as copper,
magnesium and calcium (Gence et al., 2005).

To decrease the gap between crop production and food
consumption by 2030, sustainable development goals should
be applied, so agriculture productivity must be increased (Wood et al.,
2021). Numerous techniques and approaches were used to increase
crop productivity and quality improvement. Stable and strategically
important crops such as wheat, maize, and rice must be produced at
higher levels in order to solve and decrease the gap. Since rice is a
stable food for over 90% of Asians, who are thought to make up half
of the world’s population, it may be the answer to the problem of
meeting high-calorie food demands. Lists China and India as the
world’s top rice producers and consumers. In the last several years
Global rice consumers increased in the 2022 crop year. In the 2009
crop year, 437 million metric tons were consumed, while in the
2022/2023 crop year, about 517.184 million metric tons of rice were
consumed worldwide (Statistica, 2024). During previous decades,
genetic crop improvement techniques have played a significant role in
preventing millions of people from starvation and food crises
worldwide. Nowadays, with limited time for improving crops, new
and efficient methods are needed to achieve sustainable agricultural
development through a combination of advanced technologies such
as genome editing, genetic engineering, and synthetic biology to
modify and improve the genetic background of strategic crops.

The World Health Organization states that there are three types of
malnutrition; Undernutrition, micronutrient malnutrition, Diet-
related noncommunicable diseases (NCDs), and overweight.
According to WHO data, almost 462 million children were sufferers,
39 million were obese children and almost 2 billion were overweight.
Micronutrient malnutrition is caused by a deficiency of minerals and
vitamins which is necessary for body development and growth.
Undernutrition, which includes overweight with abnormal body mass
weight, stunting, and wasting.*

Since undernutrition accounts for over 45 percent of deaths in
children under 5years old, particularly in low-income nations. The
United Nations has been actively working to find solutions and end
malnutrition worldwide by enacting laws and policies that support
sustainable agriculture and meet the nutrition targets of the sustainable
development agenda by 2030.

Most biological processes, plants, animals, and humans require
enough supplements of micronutrients such as iron and zinc. Both
humans and animals cannot provide their own needs from

3 https://www.ifpri.org/

4 https://who.int./news-room/fact-sheets/detail/malnutrition
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TABLE 1 Daily safe recommended dietary for vitamins and trace elements [National Research Council (US), 1989].

Daily safe recommended dietary

Trace elements Vitamins
Manganese Chromium Fluoride Copper Molybdenum Pantothenic
(mg) (ng) (mg) (mg) (ng) Acid (mg)
Infants
0-0.5month 0.3-0.6 10-40 0.1-0.5 0.4-0.6 15-30 2 10
0.5-1month 0.6-1.0 20-60 0.2-1.0 0.6-0.7 20-40 3 15
Children and adolescents
1-3years 1.0-1.5 20-80 0.5-1.5 0.7-1.0 25-50 3 20
4-6years 1.5-2.0 30-120 1.0-2.5 1.0-15 30-75 3-4 25
7-10years 2.0-3.0 50-200 1.5-2.5 1.0-2.0 50-150 4-5 30
11+ years 2.0-5.0 50-200 1.5-2.5 1.5-2.5 75-250 4-7 30-100
Adults 2.0-5.0 50-200 1.5-4.0 1.5-3.0 75-250 4-7 30-100

micronutrients and rely on plants to consume as a part of their diet,
which is a vital source of nutrients but not a balanced diet that
provides an adequate supplement of required minerals (Table 1),
1.2 billion people worldwide suffer from iron deficiency with half of
those cases being found in China and India (Majumder et al., 2019).
The majority of people eat an unbalanced diet which low in nutrients,
surviving mostly on cereals which are a stable source of carbohydrates
but deficient in micronutrients which are needed on a daily basis. The
main cause of malnutrition is diets based on cereals in developing
countries. Cereal grains have low levels of micronutrients such as
Vitamin A, Zinc, and Iron. According to World Health Organization
estimates more than 17 % of the population is at risk of numerous
infectious diseases. Three main strategies are available to overcome
and address the Zinc/Iron nutrition issues; food biofortification, a
balanced diet, and medical supplements with needed micronutrients.
The majority of developing nations cannot implement these strategies
because they are expensive, and require a lot of money and
infrastructure. Enhancing and improving the levels of micronutrient
elements in cereal crops through advanced genetic engineering and
biotechnological procedures might enhance and could be considered
as a potential strategy to overcome the limitations that face
poor countries.

There is a need to develop highly biofortified cereal crops such as
wheat, rice, and maize as a long-term solution to micronutrient
malnutrition and health risks. The human body needs certain essential
nutrients in small amounts for proper metabolism regulation and
physical development. For the body to stay healthy, it needs both
macronutrients and micronutrients (Table 2). Certain nutrients are
necessary for a daily diet. Micronutrient element nutrients are vital for
all living organisms and are involved in a wide range of biological,
metabolic, enzymatic, and biochemical processes as well as regulatory
functions. Neurological disorders, heart diseases, anemia, immune
disorders, gastrointestinal issues, and central nervous problems can
all result from Zinc deficiency (Pan et al., 2017; Ajeesh et al., 2020).
The primary component of oxidoreductase, myoglobin, and
hemoglobin—all of which are necessary for the transportation of
oxygen—is iron. Hair loss, anemia, pagophagia, restless legs syndrome,
pallor, exhaustion, and morbidity can all result from low iron levels
(Jimenez et al,, 2015). Iron deficiency in plants also lowers chlorophyll
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concentration, which negatively impacts plant growth and
development as well as crop productivity (Malik and Magbool, 2020).

A zinc deficiency affects billions of people worldwide as a result
of inadequate dietary intake. Zinc must be given to the body on a daily
basis because it cannot be stored in the body for an extended period
of time. Zinc is essential for the immune system’s operation and plays
a key role in the growth and division of cells. Children’s impaired
neurodevelopment and goiter, or enlargement of the thyroid tissues,
are brought on by iodine deficiency, as iodine is necessary for the
thyroid hormones’ biosynthesis. The formation of neurotransmitters,
various metabolic processes, and a healthy immune system all depend
on vitamin B and its eight forms; deficiencies in this nutrient cause
inflammation, lethargy, and depression (Bryan et al., 2002; Kumssa
et al., 2015; Zimmermann and Boelaert, 2015).

In addition to its significant role as an antioxidant, vitamin E plays
a preventive role in the regulation of liquid packaging and the
prevention of neurological, ophthalmological, cardiovascular, and
cancer diseases as well as the prevention of plate late aggregation. Due
to its antioxidant qualities, vitamin C is necessary for the synthesis of
collagen, amino acids, energy metabolism, and immunity. Joint and
bone issues can result from a vitamin C deficiency. The primary
functions of vitamin A are in the regulation of genes, enhancement of
the visual system, cell growth and function, immune system
maintenance, and reproduction. A deficiency in vitamin A can result
in nyctalopia, maternal mortality, and problems during pregnancy and
lactation (Simpson et al., 2011; Rizvi et al., 2014; Maggini et al., 2017).

4 Soil is an essential play factor for
micro and macronutrient availability

Human iron and zinc deficiency (hidden hunger) are highly
related and associated with iron and zinc deficiency in the soil. For the
majority of the population on the planet cereal crops serve as their
primary source of food and micronutrient supplements for humans.
Reduced Zinc availability in the soil is the cause of low zinc
concentration in the seeds (Cakmak, 2008; Zhang et al., 2010; Horuz
et al,, 2019). The main and primary source of numerous macro and
microelements necessary for plants, humans, and animal growth and
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TABLE 2 Daily safe recommended dietary for vitamins and trace elements [National Research Council (US), 1989] for the maintenance of good nutrition in United States of America.

Minerals Water-Soluble Vitamins Fat-Soluble Vitamins
o < < <
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Age = o o) 5 a o = = = o & 3 = 3 3
Category > = S0 = = o = I 3 3 =3 o =)
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= Q > 3 Q \ Q Q = = = S 5 =
= = [) = < =] = = > =] O =
Q = = = c = 3 @ w — — =
— Q c 3 3 S (@] Q = o = m = =
" © e = » e a ¢
Infants 0.0-0.5 6 5 400 40 300 10 40 0.4 30 25 0.3 0.3 0.3 5 375 3 7.5 5
05-1.0 | 10 5 600 50 500 15 60 0.5 35 35 0.4 0.5 0.6 6 375 4 10 10
Children 1-3 10 10 800 70 800 20 80 0.8 40 50 0.7 0.7 1.0 9 400 6 10 15
4-6 10 10 800 90 800 20 120 1.1 45 70 0.9 1.0 1.1 12 500 7 10 20
7-10 10 10 800 120 800 30 170 12 45 100 1.0 1.4 14 13 700 7 10 30
Males 11-14 12 15 1,200 150 1,200 40 270 15 50 150 1.3 2.0 1.7 17 1,000 10 10 45
15-18 12 15 1,200 150 1,200 50 400 1.8 60 200 1.5 2.0 2.0 20 1,000 10 10 65
19-24 10 15 1,200 150 1,200 70 350 1.7 60 200 1.5 2.0 2.0 19 1,000 10 10 70
25-50 10 15 800 150 800 70 350 1.7 60 200 1.5 2.0 2.0 19 1,000 10 5 80
51+ 10 15 800 150 800 70 350 1.4 60 200 12 2.0 2.0 15 1,000 10 5 80
Females 11-14 15 12 1,200 150 1,200 45 280 1.3 50 150 1.1 2.0 14 15 800 8 10 45
15-18 15 12 1,200 150 1,200 50 300 1.3 60 180 1.1 2.0 1.5 15 800 8 10 55
19-24 15 12 1,200 150 1,200 55 280 1.3 60 180 1.1 2.0 1.6 15 800 3 10 60
25-50 15 12 800 150 800 55 280 1.3 60 180 11 2.0 1.6 15 800 8 5 65
51+ 10 12 800 150 800 55 280 12 60 180 1.0 2.0 1.6 13 800 3 5 65
Pregnant 30 15 1,200 175 1,200 65 300 1.6 70 400 1.5 22 2.2 17 800 10 10 65
Lactating Ist 15 19 1,200 200 1,200 75 355 1.8 95 280 1.6 2.6 2.1 20 1,300 12 10 65
6 months
2nd6 15 16 1,200 200 1,200 75 340 1.7 90 260 1.6 25 2.1 20 1,200 11 10 65
months
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development is soil. Plants are considered a major source of energy
and food for most organisms such as animals and humans. Many and
numerous factors influence the availability of phytonutrients such as
soil texture, moisture, pH, farming practices, and many other factors.
These factors also influence how the plant roots can absorb essential
minerals and interaction activity with other soil elements. The scarcity
of micronutrients and the soil chemical structure may affect plant root
structure and lead to changes in root structure in an attempt to
increase nutrient uptake by excreting H* ions which aid in root
elongation and growth (Alloway, 2009; Welch et al., 2013).

A shortage and deficiency of micronutrients in the soil have a
negative impact on crop quality and yield. More than 5 % of Europeans
and 19 % of Asians prefer plant-based foods and products over animal
products. Plant products are high in phytate and lower the body’s
ability to absorb and bioavailability absorbance of the micronutrients.
The number of vegetarians worldwide has increased recently which
may affect their health condition. Frequent alcohol use reduces the
body’s ability to absorb essential vital nutrients. The maximum
percentage of iron and zinc deficiency in global soil was approximately
3 and 49%, respectively (Sillanpad, 1990; Hillesund et al., 2021). To
determine and quantify the phytoavailable concentration of
micronutrients in agricultural soil that could enhance crop
productivity, nitrogen use efficiency, and nutritional quality of crops,
a soil map for nutrition deficiency is necessary. Crops with enhanced
content of micronutrients through breeding programs showed normal
yield and growth with no effect due to biofortification improvement
(Graham etal,, 2001). Haas et al. (2005) reported that a fed experiment
was conducted using biofortified rice, the rice was fed to the Philippine
women for 9 months as a trial experiment. The results indicated a 17
percent increase in ferritin in the blood serum of the women, which
was attributed to the consumption of this biofortified rice line
(IR68144-3B-2-2-3).

Agroecology takes an integrated approach to agriculture,
including local and Native knowledge and participatory procedures.
It aims to encourage ecosystem services and biodiversity like the
pollination process and control of pests while reducing the need for
additional inputs (Nogué¢ et al, 2024). Several and numerous
techniques and methods including improved agronomic techniques,
development of genetic variations, genetic engineering, transgenic
techniques, and biofortification through genetic improvement and
breeding were used to achieve and provide sustainable biofortified
crop production.

5 Strategic crops for maintaining food
security stability

Since the world’s population is expanding much faster than it was
in previous decades and food consumption is rising daily, it will
be necessary to guarantee global food security. Rice considered one of
the most extensively growing and consumed crops also crucial for
preventing hunger and helping in the stability of food security. Most
of the population relies on rice and its products as a stable food and
primary source of energy and nutrients.

Numerous variables control rice nutrient content determined by
several factors including the type of rice variety, how it is processed
(Polished or not), soil type, and nutrition quality. Polished Rice is
found to be high in fiber and low in essential nutrients, it is not a
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balanced diet that is suitable for long-term use as it puts the human
body at risk of multiple nutritional deficiencies (Bouis and Saltzman,
2017). Many rice lines have been developed as a good source for
enhanced vitamins, and micro and macro elements. World Health
Organization aimed to address malnutrition on a global scale by
implementing various strategies and also providing guidelines to
produce and improve biofortified rice and other crops with quality
maintenance after cooking (IFPRI, 2013; IRRI Rice Knowledge
Bank, 2013).

Climate change poses enormous difficulties to smallholder
agricultural systems, prompting the development of innovative
technologies to increase food security and environmental health.
Genome editing is a powerful technology that can play an important
part in this process. However, the problem is to create an enabling
atmosphere that promotes research, innovation, and openness. Policy
ideas include boosting public investment in crops, prioritizing
genetics and trait development, rewarding start-up businesses, and
producing environmentally friendly goods. A clear, open, and
predictable regulatory structure is required. Research shows that even
a small temperature increase of 1°C reduces crop production. The
African continent is projected to face greater temperature rises
compared to the majority of the globe (Pickson and Boateng, 2022;
Wachira, 2022).

Numerous problems, including abiotic and abiotic stresses, impact
rice production, these stresses affect rice grain quality which might
negatively affect the malnutrition status of the population worldwide
who depends on rice as a diet on a daily basis.

6 Crop improvement and food
security insurance using genome
editing technology

Obtaining a suitable genetically stable variety with a high degree
of homozygosity through conventional breeding programs takes time.
This method is less successful and may transfer unwanted
characteristics. Nevertheless, CRISPR/Cas9-based genome editing
offers a less successful method of producing healthy plants in less than
a year. Along with the technique’s adaptability, effectiveness, and
specificity, a variety of applications can be made using it, including
single knockin or knockout, prime editing, multiplex gene editing,
CRISPRa, CRISPRI, base editing, and more (Table 3). In 2024, the
European Parliament voted to support a proposal to make it easier to
authorize plants generated that cannot be distinguished from
traditionally developed plants (European Parliament, 2024; Green
Transition of Farmers, 2024). Liu et al. (2021) reported that in addition
to high yield and nutritional quality, CRISPR/Cas genome editing
technology enhanced crop resistance to biotic and abiotic stresses and
produced plants with medicinal qualities, such as anti-oxidation, anti-
inflammatory, and anti-cancerous molecules.

Editing the genome to produce desired genes for crop
biofortification will improve macro- and micronutrients and improve
human health and food security. The majority of model and
non-model plants as well as significant and strategic crops, including
rice, wheat, maize, tomato, potato, soybean, cotton, and many others,
were grown using this technology. This decrease in agricultural output
has been observed to cause ripple impacts, resulting in a mean decline
of 1.3 percent in economic development for every degree of
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TABLE 3 Some of genome editing tools and achievements for strategic crops improvement.

Editing

system

Trait and purpose

Function

10.3389/frsus.2024.1378712

Reference

CRISPR/Cas 9

Yield and quality improvement | Wheat Alpha-gliadin Low-gluten Sanchez-Leon et al. (2018)
Nutritional improvement Rice OsPRX2 Potassium deficiency tolerance Mao et al. (2018)
Nutritional improvement Wheat TaVIT2 Fe content Connorton et al. (2017)
Nutritional improvement Rice OsVIT2 High Iron content in grains Che et al. (2021)
High oleic acid proportion and reduced linolenic acid
Nutritional improvement Rice OsFAD2-1 Abe et al. (2018)
content
Yield and quality improvement = Maize ARGOS8 Increased grain yield under drought stress Shi et al. (2017)
Nutritional improvement Rice OsPLDal Low phytic acid content Khan et al. (2019)
Yield and quality improvement | Wheat TaGW2 Negative Regulator for Grain weight Liang et al. (2018)
Biosynthesis of branched-chain amino
Abiotic stress Maize ALS2 Svitashev et al. (2015)
acids (target for herbicides)
Biotic stress Rice ERF922 Negative regulator for rice blast resistance Wang et al. (2016)
Biotic stress Wheat TaEDRI powdery mildew resistance Zhang et al. (2017)
Yield and quality improvement | Rice Waxy Amylose content Zhang et al. (2018)
Quality improvement Tomato SIMYBI2 Fruit color (pink) Deng et al. (2018)
Yield and quality improvement | Rice TGW6 Grain weight Xu et al. (2016)
Yield and quality improvement | Rice PYLs Improved growth and productivity Miao et al. (2018)
Yield and quality improvement = Maize ZmIPK Seed and leaves traits Liang et al. (2014)
Nutritional improvement Rice OsBEIIb High amylose content Sun et al. (2017)
Nutritional improvement Rice OsHAK-1 Low cesium accumulation I(\:(:::—Cordones ol
Yield and quality improvement = Maize PSY1 Phytoene synthase Zhu et al. (2016)
Cermdk et al. (2015) and
Quality improvement Tomato ANTI Fruit color (purple)
Vu et al. (2020)
Yield and quality improvement | Rice OsITPK6 Low phytic acid Jiang et al. (2019)
Yield and quality improvement | Rice OsPPKL1 Increases length and yield Zhang et al. (2012)
Yield and quality improvement | Rice SBEIIb High amylose content Sun et al. (2017)
Yield and quality improvement = Maize ZmIPKI1A Seed and leaves traits Liang et al. (2014)
Nutritional improvement Rice OsNramp5 Low Cd accumulation Tang X. et al. (2017)
Yield and quality improvement = Maize ZmMRP4 Seed and leaves traits Liang et al. (2014)
Yield and quality improvement | Wheat TaGASR7 Control grain length and weight Zhang et al. (2016)
Phytoene synthase
Nutritional improvement Rice (PSY), Carotene High p-carotene content Dong et al. (2020)
desaturase (Crtl)
Nutritional improvement Wheat TalPKI Low phytic acid content and high Fe and Zn Ibrahim et al. (2021)
accumulation
Nutritional improvement Rice OsITPK6 Low phytic acid content Jiang et al. (2019)
Nutritional improvement Wheat a-gliadin Gli-2 locus | Low gluten content Sanchez-Leon et al. (2018)
Nutritional improvement Rice OsGAD3 High Gamma-aminobutyric acid (GABA) content Akama et al. (2020)
Biotic stress Rice OsMPK5 Response for disease resistance abiotic stress tolerance | Xie and Yang (2013)
Biotic stress Rice OsRR22 Salinity tolerance Zhang et al. (2019)
Yield and quality improvement | Rice GW2 Grain weight Xu et al. (2016)
Quality improvement Tomato ENO Fruit size Yuste-Lisbona et al. (2020)
Yield and quality improvement | Rice Hd2 Early maturity of rice varieties LiX. etal. (2017)
Yield and quality improvement | Maize MS45 Male sterility Svitashev et al. (2015)
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TABLE 3 (Continued)

Editing

system

Trait and purpose

Function

10.3389/frsus.2024.1378712

Reference

Nutritional quality Tomato SIGAD2, SIGAD3 High GABA content Nonaka et al. (2017)
Biosynthesis of branched-chain amino acids (target
Biotic stresses Rice ALS Sun et al. (2016)
for herbicides)
Biotic stress Wheat TaMLO-A1 Negative regulator for Powdery mildew-resistance Wang et al. (2014)
Biotic stress Rice elF4G Tungro spherical virus resistance in rice Macovei et al. (2018)
Nutritional improvement Rice OsNramp5 Low Cd accumulations Tang X. et al. (2017)
Nutritional improvement Rice ASTOL1 Low Arsenic content Sun et al. (2021)
Quality improvement Tomato CLV3 Fruit size Zsogon et al. (2018)
Quality improvement Tomato CRTISO Fruit color Ben Shlush et al. (2021)
Quality improvement Tomato PG2a, PL, TBG4 Long shelf life Wang et al. (2019)
Yield and quality improvement | Rice EPSPS aromatic amino acids biosynthesis Li et al. (2016)
Yield and quality improvement | Rice Hd4 Early maturity of rice varieties Li X. et al. (2017)
Yield and quality improvement  Rice TMS5 Negative regulator of thermosensitive genic male Li et al. (2010)
sterility
Quality improvement Tomato | fas, Ic Fruit size Rodriguez-Leal et al. (2017)
Quality improvement Barley HvGBSSla Low amylose content
Nutritional improvement Rice OsPLDal Increased Lysophospholipid (LPL) content Khan et al. (2019)
Quality improvement Tomato ALC Long shelf life Yu et al. (2017)
Biotic stress ‘Wheat TaMLO Mildew-resistance locus Shan et al. (2013)
Yield and quality improvement | Rice DEP1 Regulators of inflorescence architecture of plant Lietal. (2016)
height
Yield and quality improvement | Rice GW5 Grain weight Xu et al. (2016)
Yield and quality improvement | Rice ISAI Isoamylase-type debranching enzyme Chao et al. (2019)
Quality improvement Tomato CrtR-b2, Psyl Fruit color D’Ambrosio et al. (2018)
Nutritional improvement Rice ASTOLI High Selenium content Sun et al. (2021)
Yield and quality improvement | Rice Badh2 Enhanced fragrance Shao et al. (2017)
Nutritional quality Tomato slyPDS Increased lycopene content Li X. et al. (2018)
Quality improvement Tomato Fas, Fw2.2 and Oval fruit shape and Fruit size Zsogon et al. (2018)
OVATE

Prime editing Yield and quality improvement | Wheat TaGW2 Control grain length and weight Lin et al. (2020)
Biotic stress Wheat TaMLO Mildew-resistance locus Lin et al. (2020)

Yield and quality improvement | Wheat TaGASR7 A gibberellin regulated gene; controls grain length Lin et al. (2020)
Biotic stress Wheat TaLOX2 Powdery mildew resistance pathway repression Lin et al. (2020)

CPf1 Abiotic stress Rice OsNCED1 Stress tolerance and abscisic acid regulation Endo et al. (2016)
Abiotic stress Rice OsRLK Herbicide resistance Wang M. et al. (2017)
Yield and quality improvement | Rice OsROC5 Negatively modulates bulliform cells Tang X. et al. (2017) and

Malzahn et al. (2017)
Yield and quality improvement = Maize glossy2 Cuticular lipids Lee et al. (2019)
Yield and quality improvement | Rice OsGS3 Grain length-yield Xu et al. (2019)
Yield and quality improvement | Rice OsNAL Grain yield Xu et al. (2019)
Abiotic stress Rice EPFL9 Abiotic stress tolerance Yin et al. (2017)
Yield and quality improvement | Rice OsDL Floral organ identity Endo et al. (2016)
Abiotic stress Rice OsPDS Carotenoid biosynthetic pathway LiJ. etal. (2017)
Abiotic stress Rice OsAO1 Carotenoid catabolism Endo et al. (2016)
Yield and quality improvement | Rice OsDEP1 Leaf and yield Tang X. et al. (2017)
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TABLE 3 (Continued)
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Editing Trait and purpose rop  Gene Function Reference

system
Abiotic stress Rice OsALS Herbicide resistance Jin et al. (2019)
Abiotic stress Rice OsBEL Herbicide resistance Wang M. et al. (2017)

Base editing Nutritional improvement Rice OsNRT1 Nitrogen transportation Jin et al. (2019)
Yield and quality improvement | Rice Tms9-1 Male fertility Hua et al. (2020)
Yield and quality improvement | Rice OsWaxy Amylose content Zeng et al. (2020)
Yield and quality improvement | Wheat TaDEPI panicle growth and yield Li C. et al. (2018)
Nutritional improvement Rice OsCDC48 Leaf senescence Jin et al. (2019)
Yield and quality improvement | Wheat TaGW2 Grain size and weight LiX. etal. (2018)
Yield and quality improvement = Maize ZmCENH3 Yield Zong et al. (2017)
Yield and quality improvement | Rice OsSPL17 Grain size Hua et al. (2020)
Nutritional improvement Rice OsACCI Nitrogen transport Hua et al. (2020)
Yield and quality improvement | Rice SNB Spikelet and floral organ Hua et al. (2020)
Biotic stress Rice Pid3 Blast resistance Li et al. (2020)
Yield and quality improvement | Rice OsSPL14 Grain weight Hua et al. (2020)
Abiotic and biotic stress Wheat TaLOX2 Powdery mildew resistance Zong et al. (2017)
Yield and quality improvement | Rice SLRI Grain shape Hua et al. (2020)

temperature. In addition, new data indicates a growing worldwide
issue that includes a rise in malnutrition and starvation, which is made
worse by a growing number of harsh weather occurrences.

Biotic and abiotic stresses have a significant impact on crop yield
and nutritional quality. Plant resistance to biotic and abiotic stresses
has increased thanks to genome editing techniques based on CRISPR/
Cas. Numerous genes exhibit stress sensitivity and function as
negative regulators in the plant’s reaction to both biotic and abiotic
stressors (Filiz and Vatansever, 2018). The loss of function of the
(MLO) MILDEW-RESISTANCE LOCUS O genes led to increased
resistance to powdery mildew disease in a number of crops.
Susceptible gene manipulation can improve crop tolerance to a
variety of diseases and pests. Applications for CRISPR/Cas genome
editing have altered many plants to make them resistant to viral,
fungus, and bacterial diseases.

These are just a few examples of the many plant genes that can
be knocked out using CRISPR/Cas9-based knockouts for enhanced
resistance such as crtla gene knockout in oilseed rape and Arabidopsis
thaliana resulted in Verticillium longisporum resistance (Probsting
et al., 2020), Verticillium dahlia resistance was enhanced in cotton
after 14-3-3 gene was knocked out (Zhang et al, 2018), for
Magnaporthe oryzae and Xanthomonas oryzae resistance in rice,
OsERF922 and Os8N3 genes was knocked out using CRISPR/Cas9
(Wang et al,, 2016; Kim et al., 2019), Knockout of pmr4 gene, gave
powdery mildew resistance in tomato (Santillan Martinez et al., 2020).
In cucumber, knock out of the eiffe gene through CRISPR/Cas9-based
knockout resulted in resistance to Cucumber vein yellowing virus
(CVYV), Papaya ring spot mosaic virus-W (PRSMV-W) and Zucchini
yellow mosaic virus (Chandrasekaran et al., 2016). milo gene knockout
using CRISPR/Cas9, which gave resistance to powdery mildew (PM)
in many plants such as wheat, grapevine, and tomato. Many genes in
different plants, CRISPR/Cas9 technology were used for enhancing
and give resistance to many plant infections and diseases such as
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Clpsk1 for Fusarium oxysporum resistance in watermelon CsWRKY22
for Xanthomonas citri resistance in orange, CsLOBI for Xanthomonas
citri resistance in citrus, LIPOXYGENASE 3 (lox3) for Ustilagomaydis
resistance in maize, SIJAZ2 for Pseudomonas syringae resistance in
tomato (Peng et al., 2017; Ortigosa et al., 2019; Wang et al., 2019; Pathi
et al., 2020; Zhao et al., 2020).

There are not many genes known to act as negative regulators in
plants in response to abiotic stresses. Plant root development and
abiotic stress response are regulated by numerous genes. Tomatoes
that had their arf4 transcription factor gene knocked out via CRISPR/
Cas9 exhibited increased salt tolerance (Bouzroud et al., 2020). The
arg gene was edited using CRISPR/Cas9 to increase a plant’s resistance
to drought and nitrogen shortage (Peng et al., 2021). Cotton showed
increased root number and differentiation upon arg gene knockout
(Wang Y. L. et al., 2017). Cui et al. (2020) reported that Gs3 and dep1
gene knockouts in rice increased the plant tolerance to many abiotic
stresses such as chilling, salinity, and drought. CRISPR/Cas systems
for enhancing crop yield and nutritional quality.

Several genes regulate the crop yield trait. Crop yield is negatively
impacted by certain genes that function as negative regulators. Grain
size and number per panicle in rice are negatively regulated by genes
like Dep1, Gs3, and Gnla. Grain size and number were increased by
gs3, gnla, and dep1 gene knockout (Li et al., 2016; Xu et al,, 2016). A
frameshift mutation in rice cultivars through knocking out resulted in
yield improvement when the early heading date 1 gene was knocked
out (Wu et al., 2020). Grain weight was improved and increased by
knocking out thousand-grain weight 2, 5, and 6 genes (Zuo and Li,
2014; Xu et al,, 2016). Rice grain weight and number were increased
by OsPAO5 gene knockout using CRISPR/Cas9 (Yusong et al., 2021).
The number of plant tillers in switchgrass was increased when the
(TB1) teosinte branched 1 gene was knocked out using CRISPR/Cas9
(Liu et al,, 2020). The durum wheat a-amylase/trypsin inhibitor genes
were edited (Camerlengo et al., 2020).
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Editing the maize SWEET13 gene family, which functions as a
sucrose using CRISPR/Cas9 (Bezrutczyk et al., 2018). In another case,
using CRISPR/Cas9 to produce waxy and sweet maize seeds by editing
WX and SH2 genes (Qi et al., 2013; Dong et al., 2019; Gao et al., 2020).
The role of HVPTST1 in starch accumulation and its interaction with
(GBSSI) granule-bound starch Synthase I in barley grain have been
characterized by means of Protein Targeting to Starch 1 through
CRISPR/Cas9-based editing (Zhong et al, 2019). In rapeseed,
knockout BnaMAX]1 alleles enhanced yield with many numbers of
branches (Zeng et al., 2020). Multiple amino acids and fatty acids
accumulated after the SBEIIb gene was knocked out (Baysal et al.,
2020). Gamma-aminobutyric acid (GABA) fortified rice was produced
by CRISPR/Cas9 knockout of the GAD3 gene (Akama et al., 2020).
The TaGW2 gene has three homologs in hexaploid wheat: TaGW2-A1l,
TaGW2-B1, and TaGW2-D1. TaGW2 knockouts resulted in increased
grain yield and weight with a high grain protein content (Zhang
etal., 2018).

Additionally, the knockout of the sucrose transporter SWEET11
gene resulted in a decrease in sucrose concentration levels in the
embryo sacs, which affected the mature caryopses starch content and
led to defective grain filling (Ma et al., 2017). When the FAD2-1 gene,
which codes for the enzyme (FAD2) fatty acid desaturase 2, was
mutated using CRISPR/Cas9, the amount of oleic acid was doubly
produced and linoleic acid was absent (Abe et al., 2018). Endo et al.
(2016) reported that the OsOr rice gene, which is the ortholog of the
Orange (Or) gene, was edited using CRISPR-Cas9 to increase the
accumulation of b-carotene in the rice callus.

The sugar metabolism vacuolar invertase genes, INV2 and NV3,
were double knocked out, resulting in lower amylose content, lower
weight, smaller seeds, and higher sucrose levels (Deng et al., 2020).
The phospholipase D gene (OsPLDal) was knocked out using
CRISPR/Cas9, which decreased the amount of phytic acid (PA) which
acts as anti-nutritional agents that decrease the availability of
phosphorus, iron, and zinc in rice grains (KChan et al., 2019). OsSPSI
and OsSPS11 knockout decreased total SPS activity and caused starch
to accumulate; plant growth was unaffected (Hashida et al,, 2016).
ITP5/6 K mutants in rice were created using CRISPR/Cas9 knockout
and generated low rice grains phosphatidic acid content (Jiang et al.,
2019). Anthocyanin content was decreased after using CRISPR/Cas9
to edit OsF30H, OsDFR, and OsLDOX genes (Jung et al., 2019).
Reduced cellulose content and decreased expression of MYB58/63,
MYB6IL, and MYBS86L genes, which are linked to secondary cell
walls, were observed upon knockout of transcription factor SND2 (Ve
etal., 2018).

By utilizing CRISPR/Cas9 technology to knock out two rice genes;
Nramp5 and LCT1, low cadmium (Cd) rice was produced, resulting
in a decrease in cadmium levels within the grains (Tang L. et al., 2017;
Songmei et al., 2019; Wang et al., 2019). Fragrant rice was produced
through the editing of Betaine aldehyde dehydrogenase (Badh2)'s first
exon with (T) thymine as an extra base (Shao et al., 2017). Takeda
etal. (2019) reported that more guaiacyl was accumulated as a result
of the knockout of the Coniferaldehyde 5-hydroxylase gene, which
increased the amount of galactan, Xylan, and arabinan in the culm
and leaf.

Zhu et al. (2019) used CRISPR-Cas9, to create a frame-shift
deletion in the Rc and Rd genes was introduced, producing red color
grains with high anthocyanidin and proanthocyanidin content
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without affecting any agronomic traits. Roca Paixdo et al. (2019)
reported that drought stress in Arabidopsis was exacerbated by
activating the endogenous promoter of AREB1 using CRISPRa for the
ABA-responsive element-binding protein 1 (AREB1) and ABRE-
bindingfactor2 (ABF2). Gene-editing approaches have been employed
in the actual breeding of plants and animals to improve the efficiency
and precision of certain essential processes. Only a few have been
commercialized yet (Table 4). CAST (2024) reviewed the Applications,
Benefits, and Challenges of Genome Edited Crops, for more than a
decade, genome editing methods have been utilized to enhance crops
as well as human and animal health. They are currently being used for
a variety of crops and trait combinations, benefiting both producers
and consumers. Regulatory frameworks are being revised to guarantee
successful implementation. Genome editing will be critical for
establishing a competitive economy and resolving issues.

Many crops have benefited from multi-trait improvement through
the application of multiplexed genome editing. Numerous techniques
and approaches have been used to improve crop yields, tolerance to
extreme biotic and abiotic stresses, and improved nutritional quality
and value.

and malnutrition
eveloping countries

7 Food insecurit
rates in African

The United Nations Sustainable Development Goals aim toward
the eradication of all kinds of malnutrition and hunger worldwide by
the year 2030 (Mohajan, 2022). Wars and conflicts have contributed
to the prevalence of food insecurity in many African nations
(Otekunrin et al., 2020). Nutrition and food security are important
human rights, however, in the African continent, certain individuals
lack these necessities, which makes it one of Africa’s most significant
concerns. The COVID-19 epidemic has made the situation worse
(Atukunda et al,, 2021). The population of Africa reached roughly
1.46billion, which is predicted to reach 1.71billion by 2030 which is
an additional stress to what is already excised such as extreme weather,
war and conflict over politics, ineffective leadership and government
instability, and climate change leading to malnutrition and food
insecurity in most African nations (Worldometer, 2023). Africa boasts
a notably youthful population, with 41 % under 15years old and
around nineteenth percent aged from 15 to 24. As a consequence, food
production must expand to meet the feed and nutritional demands
(Giller, 2020; Mohajan, 2022). By 2022, the rate of undernourishment
in Africa was 19.7%, having roughly 278million individuals
undernourished, and this number is anticipated to rise to 25 % by the
year 2030 (Giller, 2020; Mohajan, 2022; Maniragaba et al., 2023).

Farming is critical to the economics of many African countries,
especially those with high poverty rates. Yet, it is commonly
acknowledged that climate change presents among the most
significant risks to agricultural output and food security (Mendelsohn,
2008). Abigarl et al. (2024) reviewed the application and importance
of CRISPR-mediated genome editing for climate change and
sustainable technologies that can help smallholder farmers in
low-middle-income countries of Africa to adapt to climate change
without productivity loss. Unfortunately, certain African nations are
anticipated to incur severe consequences, including some possibly
facing a shocking 50 % reduction in agricultural yield by 2030 with an
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TABLE 4 Few of commercialized gene edited products.

10.3389/frsus.2024.1378712

Country Plant/Animal Trait
United states of America Potato Reduced acrylamide formation
Cacao Fungal disease resistance
Wild tomato High anti-oxidant content
Flax Herbicide tolerance
Rice Fungal resistance
Maize Fungal resistance
Cherry Virus resistance
Camelina Improved fatty acid composition
Soyabean Improved fatty acid composition
Cassava Virus resistance and reduced cyanide
Tomato Bacterial resistance
Dairy cattle Polled
China Wheat Fungal resistance
Lettuce Increased vitamin C content
Citrus High protection against citrus canker
Oilseed rape Herbicide tolerance
Rice Salt tolerance
Oilseed rape Improved fatty acid composition
Goat High yielding cashmere goats
Swine Cold tolerance and leaner meat
Japan Tomato High content of y-aminobutyric acid (GABA)
Fish (tiger puffer and red sea bream) Increased growth
Australia Banana Fungus protection
Sorghum Increased protein content
Spain Wheat Low gluten content
Belgium Brewer’s yeast Flavor improvement
Netherlands Wheat Low gluten content
United Kingdom Tomato Provitamin D3 enhanced
Swine Swine fever resistance
Argentina Alfalfa High yield
Dairy cattle Hypoallergenic milk
Russia Potato Disease-resistant varieties
sugar beet Disease-resistant varieties
India Rice Salt tolerance
South Africa Banana Bunchy Top Virus resistance
Grapevine Drought tolerance
Nigeria Banana Banana streak virus, fusarium wilt and bacterial wilt resistance
Kenya Sorghum Striga resistance
Brazil Soybean Nematode resistance
Czech Republic Chicken Avian leukosis virus resistance
Norway Salmon Sterility and disease resistance
South Korea Swine Double muscled

Source: (FAO, 2024).

incredible 90 % decrease in crop revenue by 2,100, mainly owing to
significant global warming and its accompanying unpredictability
(Serdeczny etal., 2017). African countries must continue to implement

Frontiers in Sustainability

change-tolerant crops.

national and international efforts to alleviate malnutrition and
poverty, among which is the CRISPR-mediated production of climate
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8 Combining conventional agricultural
techniques with CRISPR-based
genome editing in addition to current
rules and regulations in developing
countries

In Africa, combining traditional agricultural techniques alongside
CRISPR-based plant breeding provides a chance to transform the
agricultural industry by tackling significant issues confronting
farmers. This combination enables the production of crops with
higher resistance to biotic stresses and increased tolerance to abiotic
challenges with enhanced nutritional value (Tripathi et al., 2022).
Through leveraging the enormous variety of indigenous crop types,
CRISPR-based crop improvement may preserve cultural value
simultaneously improving agricultural performance as well as
adaptation to changes in the climate. Agro-ecological ideas typically
underpin African traditional methods of agriculture, such as
intercropping, rotation of crops, and the application of organic
fertilizers (Wang et al., 2020).

This CRISPR-Cas technique enhances organically and farming
operations by minimizing the demand for chemical fertilizers and
encouraging environmentally friendly farming (Ogaugwu et al., 2019).
Furthermore, the use of CRISPR may assist combat hunger by
increasing the nutritional value of basic crops. To successfully
implement CRISPR-based reproduction, scientists, as well as must
work together to exchange knowledge (Wang et al., 2020). Protecting
farmers’ rights to conserve and share seeds encourages seed
independence and equal advantages for communities nearby (Zaidi
et al., 2020; Tripathi et al., 2022). Building capacities and transfer of
technology enable indigenous researchers to modify and use
innovations in their environments (Montenegro, 2020). In general,
this combination supports small-scale farmers as well as helps to
preserve African conventional habits by agreeing with current
scientific breakthroughs. (Boluwade, 2020; Buchholzer and
Frommer, 2023).

The African Union’s Agenda 2063 contains ambitions to use
genome editing to increase agricultural output. Nigeria and Kenya
have been paving the way in developing legislation for case-by-case
approvals of genome-edited crops. The Kenyan government, the
National Biosafety Authority of Kenya published recommendations
describing a method for excluding genome-edited organisms and
their products from the provisions of the Biosafety Act, which
classifies them as conventional varieties (Guarango, 2022; Masehela
and Barros, 2023; Ongu et al., 2023). Similarly, Nigeria’s National
Biosafety Management Agency approved rules on genome editing,
enabling modified crops to be categorized as traditional cultivars.
Researchers and scientists in developing countries may struggle to
gain the necessary funds to effectively utilize genome editing
technology. Efforts concentrating on transferring technology as well
as capacity development have become essential to equip local
scientists with the ability to employ this technology in agriculture
(Ahmad et al., 2021). Small-scale farmers serve a vital part in
Africa’s economic industry, therefore protecting their legal
entitlements to utilize agricultural materials as well as assuring the
availability of non-genetically modified seeds (Ogaugwu et al,
2019). Masehela and Barros (2023) initiated that CRISPR-based
genome editing for agricultural improvement provides significant
benefits to the production of food and agriculture, but it is essential
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to guarantee that these advantages are distributed fairly
among farmers.

9 Food security requires roles and
regulations such as social issues,
ethical, as well as health concerns for
better use of genome editing

Global policy roles and regulations about genome editing
CRISPR/Cas9 technology have revolutionized and improved breeding
technologies for target gene precision. It is necessary to alter and
regulate the current regulatory framework. Products created by
traditional breeding methods can be replaced by those created
through gene editing technologies. With particular delivery systems,
transgene-free editing technologies have produced inheritable
alterations and modifications. The concept concentrates on crops
developed through controlled mutagenesis, including methods such
as cisgenesis and intragenesis, that alter the genetic makeup without
adding foreign DNA (Voigt, 2023).

In breeding programs, gene-edited varieties serve as genetic
resources for the introduction of beneficial traits aimed at improving
crops. It includes these crops and associated nutritional derivatives,
however excludes those transformed and that include gene material
of another organism, and continue to be subjected to existing
genetically modified organism’s regulations (Dima et al., 2023).

CRISPR-based product regulation across African countries differs
per each country due to many variables that include national, and
international policies, current biotechnology rules, and regulations
(Martinez-Fortun et al., 2022; Tripathi et al., 2022).

CRISPR-Cas9-based crops can be culturally acceptable by
merging traditional agricultural practices with CRISPR-edited crop
breeding projects in Africa. This technique can adhere to
agroecological concepts, engage local communities, and prioritize
small-scale producers. Nevertheless, the democratization of the
CRISPR-Cas9 approach is critical for its adoption in the African
continent, as cultural acceptability levels range among areas.

Engagement with the community is critical to the development
and adoption of Genome edited crops. To guarantee equal advantages
for everyone involved, ethical concerns about the safety, regulation,
and benefit-sharing of gene-edited goods must be considered.

Knowing how to generate transgene-free plants can help modify
some countries’ strict laws governing the editing of crop plants’
genomes. Transgene-free plants without genetic disorders can
be produced in a variety of ways and techniques. Non-genetically
modified organisms (GMOs) include plants altered by DNA-free
editing techniques. Three classes of genome editing techniques exist:
SDN-1, SDN-2, and SDN-3. SDN-1 employs nonhomologous end
joining (NHE]) and microhomology-mediated end-joining (MME]J)
for insertions/deletions (indels) without the need for a donor DNA
template, depending on the kind of mutation being introduced to
the plant or organism. A small homologous DNA fragment that
differs from the targeted DNA template by a few base pairs is
involved in SDN-2 (Wolter and Puchta, 2017).

Creation of exact and minute genetic alterations at the target site,
from small indels to point mutations. Double-strand cuts are identified
by the host repair system and are concurrently repaired by introducing
predefined mutations and using a donor DNA fragment (a DNA
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TABLE 5 Regulations of gene editing and new breeding techniques worldwide.

10.3389/frsus.2024.1378712

Country Crop/Food rating Notes

Australia No restrictions Field and/or lab trials ongoing
Canada No restrictions Approved crops

Chile No restrictions Field and/or lab trials ongoing
Costa Rica No restrictions Field and/or lab trials ongoing
Japan No restrictions Approved crops

Philippines No restrictions Approved crops

United States No restrictions Approved crops

Argentina Approved case-by-case Field and/or lab trials ongoing
Bangladesh Approved case-by-case Field and/or lab trials ongoing
Brazil Approved case-by-case Approved crops

China Approved case-by-case Approved crops

Colombia Approved case-by-case Approved crops

Ecuador Approved case-by-case

Ghana Approved case-by-case Field and/or lab trials ongoing
Honduras Approved case-by-case

India Approved case-by-case Field and/or lab trials ongoing
Indonesia Approved case-by-case

Kenya Approved case-by-case Field and/or lab trials ongoing
Malawi Approved case-by-case Field and/or lab trials ongoing
Nigeria Approved case-by-case Field and/or lab trials ongoing
Pakistan Approved case-by-case

Paraguay Approved case-by-case

Uruguay Approved case-by-case

Cuba Debate ongoing, likely approval Field and/or lab trials ongoing
Guatemala Debate ongoing, likely approval

El Salvador Debate ongoing, likely approval

European Union Debate ongoing, likely approval Field and/or lab trials ongoing
Norway Debate ongoing, likely approval

South Africa Debate ongoing, likely approval Field and/or lab trials ongoing
South Korea Debate ongoing, likely approval Field and/or lab trials ongoing
Switzerland Debate ongoing, likely approval Field and/or lab trials ongoing
United Kingdom Debate ongoing, likely approval Field and/or lab trials ongoing
Bolivia Prohibited or restricted

Mexico Prohibited or restricted

New Zealand Prohibited or restricted

Peru Prohibited or restricted

Russia Regulatory future unclear

CRISPR-gene-editing tracker (2024).

template for homology-directed repair; HDR). Using a large donor
DNA template of the desired gene, SDN-3 entails inserting entire DNA
cassettes into a target site. If the donor comes from an unrelated
species, insertion by HDR or NHE] and a transgenic plant result. The
classification of genome-edited crops as recombinant (GM) or
nonrecombinant (non-GM) is a contentious issue. The safety of
CRISPR-based genome-edited crops for consumption becomes
crucial. To guarantee that these crops do not include unanticipated
allergies or poisons, rigorous testing and procedures for risk evaluation
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should be implemented. Involving members of the public and
interested parties in the decisions being made for genome-edited
crops promotes openness and assists solve problems and aspirations.
African countries investigating the utilization of genome-edited crops
have to carefully evaluate whether this corresponds with trade pacts
and access to market standards. Certain areas impose prohibitions on
genetically modified products and crops (Wadvalla, 2022).

Schmidt etal. (2020) stated that the final product would be subject
to the same legal framework as traditionally produced plant species
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because SDN-1 products are nearly universally recognized as
non-GMO. To foster sustainable implementation, developing
countries require strong and open laws and regulations for genome-
edited crop use and acceptance. Responsible leadership is required to
sustain the safety requirements and ethical values throughout the
entire procedure. Different national policymakers have different views
on the regulation and acceptance of edited crops, and the release of
modified crops is governed by the policies formulated for Genetically
Modified Organisms (GMOs) organizations. Concerns about ethics
to motivate the deployment of genome editing technology in
particular in modifying genes have possible adverse health
consequences, which include allergies and toxicity (Ayanoglu
et al., 2020).

The adoption of such standards by Nigeria and Kenya supports
the African Union’s Pan-African goals, and additional African nations
might think about enacting similar laws to capitalize on the promise
of genome modification in the agricultural sector. Voigt (2023) and
Sprink and Wilhelm (2024) reported that The European Commission
has suggested new restrictions for plants generated using novel
genomic techniques such as genome editing. New genomic techniques
offer sophisticated genetically modified approaches, such as CRISPR
technology, that allow potentially greater depth and quick changes to
plant genomes than conventional breeding methods. Gene editing
index rating and regulatory status of some countries or regions for
what crops are approved or in development, and reactions (Table 5).
The widespread use of genome editing technologies in African
countries raises a variety of social, and ethical issues that need to
be tackled effectively to enable sustainable and long-term deployment.
The continent’s different cultures have different opinions regarding
editing the genome, and some people might be concerned about how
genome-edited crops might impact conventional agricultural
techniques. To tackle such problems and foster community
acceptability, awareness-raising actions along with open discussions
are essential (Tripathi et al., 2022). Resolving such social, and ethical
challenges requires cooperation from governments, universities,
farmers, and foreign collaborators. Developing nations can maximize
the promise of genome editing technology to improve food availability
and economic sustainability.

10 Conclusion and future perspectives

Ensuring food security is imperative, and increasing global food
production is necessary to meet the projected rise in population by
2050. A lot of work and techniques have been put into improving crop
production and improvement with high grain yield, tolerance, and
resistance to extreme biotic and abiotic stresses with enhanced
nutritional quality and value. However, the large and rapid increase in
population will make it difficult for crop production with high quality
and nutrients. Stable and strategically important crops like rice, wheat,
and maize must be produced at higher levels in order to close this gap.
Climate change poses a challenge to smallholder farming practices,
and developing climate-resilient crops is critical for their adaptation.
Genome editing of crops can be culturally acceptable by combining
conventional methods with genome editing tools in Africa and
developing countries. Concentrate on ecological principles, and
regional expertise, especially small-scale producers. CRISPR-Cas9
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technology must be democratized beforehand to enable it to
be adopted, as cultural acceptability levels vary among locations.
Collaboration with community members is critical to the creation and
adoption of genome-edited crops. Ethical issues surrounding the
safety, regulation, and gain-sharing of gene-edited products must
be addressed to ensure that everyone involved benefits effectively.

To enhance and ensure the maximum use of genome editing,
some recommendations have to be considered and kept in mind
firstly, increase governmental funding for main crops to find genetic
diversity for high quality and yield crops that can be produced and
served for commercialization by the private sector. Secondly, increase
funding and open more opportunities for genomic studies, and gene
and trait discovery for the benefit of society, in addition to Creating
incentives for start-up enterprises to use innovative breeding and
genome editing methods.
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