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ABSTRACT
Cassava (Manihot esculenta) is a major staple food and the world’s fourth source of calories.
Biotechnological contributions to enhancing this crop, its advances, and present issues must be
assessed regularly. Functional genomics, genomic-assisted breeding, molecular tools, and gen-
ome editing technologies, among other biotechnological approaches, have helped improve the
potential of economically important crops like cassava by addressing some of its significant con-
straints, such as nutrient deficiency, toxicity, poor starch quality, disease susceptibility, low yield
capacity, and postharvest deterioration. However, the development, improvement, and subse-
quent acceptance of the improved cultivars have been challenging and have required holistic
approaches to solving them. This article provides an update of trends and gaps in cassava bio-
technology, reviewing the relevant strategies used to improve cassava crops and highlighting
the potential risk and acceptability of improved cultivars in Southern Africa.
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Introduction

It has been estimated that by 2050, the world’s popula-
tion will double to nine billion people [1]. However, the
worldwide population could be less than that estimated
by Bahar et al. [1] due to factors such as the COVID-19
pandemic and/or natural disasters, amongst others.
Nevertheless, the limited resources and the worldwide
growth might cause the food demand greater than sup-
ply [1]. As a result, cassava has been identified as an
example of a staple crop that has the potential to
reduce food insecurity, poverty, and hunger, particularly
in developing African countries [2]. Cassava is thought
to have originated in South America and, subsequently,
spread to Asia and Africa [3]. Since then, it has become
a staple food for more than 800 million people across
the globe [4]. Cassava is grown primarily for the con-
sumption of its starchy-dense roots [2], while in certain
parts of Africa; its leaves are also eaten as a source of:
protein, vitamins, and minerals [5]. Unfortunately, the
roots lack major nutrients (protein and vitamins) [6],

but they contain toxin (cyanogen glycoside) which,
upon hydrolysis, produces hydrogen cyanide that is
toxic to pathogens, animals, and humans, upon con-
sumption [7,8]. Other limitations associated with this
crop include (1) susceptibility to pests and diseases, (2)
poor quality of starch content, and (3) post-harvest
quality deterioration [2,9,10]. Some of these limitations
have been targeted using several biotechnological
approaches, as shown in Figure 1. Hence, this manu-
script discusses the latest issues and developments
related to cassava research in Southern Africa, as well
as the research gaps within the region. The article is
divided into three sections: (1) cassava improvement
leveraging on biotechnological advances; (2) cassava
biotechnology; success stories in Southern Africa; and
(3) cassava biotechnology safety and associated risks;
perceptions and acceptance of transgenic cassava. This
work concludes by highlighting future perspectives and
the biotechnological challenges ahead in cassava pro-
duction in Southern Africa.

CONTACT Leonardo Rios-Solis Leo.Rios@ed.ac.uk Institute for Bioengineering, School of Engineering, University of Edinburgh, Edinburgh, UK
� 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-
nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed,
or built upon in any way.

CRITICAL REVIEWS IN BIOTECHNOLOGY
2023, VOL. 43, NO. 4, 594–612
https://doi.org/10.1080/07388551.2022.2048791

http://crossmark.crossref.org/dialog/?doi=10.1080/07388551.2022.2048791&domain=pdf&date_stamp=2023-04-19
http://orcid.org/0000-0002-5408-695X
http://orcid.org/0000-0002-4387-984X
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.tandfonline.com


Cassava improvement via state-of-the-art
molecular tools for gene expression regulation

The cassava genome and the mechanisms involved in
its interaction with the environment, pests, and dis-
eases, have gained much attention in the last 15 years
[11]. Several gene-regulation methods could be applied
to improve its adaptability and quality [12]. Despite the

challenges of genome mapping in this crop (allele
diversity, polygenic traits, among others) [13], RNA
interference (RNAi) and Targeting Induced Local Lesions
IN Genome (Tilling) are just a few of the plant gene
expression regulation tools. These tools have proven to
be effective in the discovery of new traits as well as the
development of cassava with high agricultural yields

Figure 1. Biotechnology approaches to improve cassava. For cassava improvement, biotechnology has several approaches. The
genome sequencing and assembly has allowed a better understanding of some of the cassava’s genetics resource and its metab-
olism. Also, gene identification and characterization are prominent in studying the resistance and response mechanism to differ-
ent cassava pathogens. With this knowledge, another popular approach is gene-editing technologies to create a new strain with
specific characteristics. In the same way, genomic-assisted breeding and germplasm collection and characterization are traditional
techniques for improving cassava and conservation.
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and resilience to biotic and abiotic challenges. These
different gene-regulation tools are detailed below:

I. RNAi: This is a type of post-transcriptional gene
silencing that controls gene expression in a variety
of ways. Small interfering RNAs (siRNAs),
microRNAs (miRNAs), and PIWI-interacting RNAs
(piRNAs) can all cause RNAi [14]. RNAi tools were
used in controlling whitefly, vectors of cassava
mosaic disease (CMD), and cassava brown streak
disease (CBSD). The target is the inhibition of V-
ATPase A, an enzyme that links the energy of ATP
hydrolysis to proton transport across intracellular
and plasma membranes of eukaryotic cells, as
shown in Figure 2(a) [15]. siRNA and artificial
miRNAs have been used for functional genomics
and improving disease resistance in cassava [16].
For instance, the replacement of miR159 (a miRNA
targeting the CBSV) precursor with artificial
miRNAs from cassava brown streak viruses (Figure
2(b)), triggered a higher level of disease resistance
in transgenic cassava [15].
Furthermore, transacting siRNAs (ta-siRNA) and
natural cis-antisense siRNAs (cis-nat-siRNAs) are
two types of post-transcriptional gene silencing
miRNAs that have recently been found [17].
Cassava has a total of 54 ta-siRNA loci, including a
homolog of TAS3, the most studied plant ta-siRNA.
Their functions in a variety of plant processes,
such as pathogen response, are mostly unknown.
An in silico study carried out by Quintero et al.
[18] to detect ta-siRNAs and cis-nat-siRNAs in the
cassava, comparing a wild-type cassava plant sRNA
library with cassava plants infected with
Xanthomonas axonopodis PV. manihotis library
(Figure 2(c)). Fifteen of these loci were activated
while 39 were suppressed.

II. Tilling: This is a reverse genetic method used in
detecting induced mutations in a specific location.
This method has been used to find alleles or char-
acterize gene function in cassava as shown in
Figure 2(d) [19]. However, its inability to detect
mutations close to simple sequence repeats (SSRs)
and the need for locus-specific polymerase chain
reaction (PCR) products are some of its key draw-
backs [15,19].

Recent advances in the clustered regularly inter-
spaced short palindromic repeats/CRISPR-associated
protein9 (CRISPR/Cas9) genome editing process, which
uses single-guide RNA for genome editing, have made
it a: simple, stable, and effective tool for: targeted gene

mutations, knockout, and knock-in/replacement to
increase crop yield. The CRISPR/Cas technique is con-
stantly evolving, and its applications have grown dra-
matically and help to create non-GM mutant plants by
the delivery of gRNA and Cas9 reagents directly which
can evade the strict regulations laid out for the GM
crops harboring foreign genes. It may be used to
change the genome sequence of any creature, includ-
ing plants such as cassava, to produce the desired char-
acteristic. CRISPR/Cas is now widely acknowledged as a
game-changing tool in plant biology.

Cassava improvement via genome editing tools

In recent years, advances in genome editing technology
have shown promise in crops, making it easier to
develop new varieties [20]. Zink finger nucleases (ZFNs),
transcriptional activator-like effector nucleases
(TALENs), and more recently, CRISPR are important
gene-specific genome editing technologies because
they are fast, effective, and technically simple to use
[21]. These tools have also encouraged the production
of novel transgene-free crop varieties that are difficult
to distinguish from those created through traditional
breeding techniques [22]. Due to its ease, adaptability,
and efficacy, the CRISPR/CRISPR-associated proteins
genome editing technique has shown more promise in
tackling agricultural difficulties than its predecessors
[20]. However, when compared to other crops, such as
rice, there is limited research on the effectiveness of
CRISPR technology in cassava [23]. Several genome
editing projects involving the CRISPR/Cas9 method
have recently been completed to improve the yield of
cassava, a drought reserve crop, by introducing: disease
resistance, rapid flowering, herbicide tolerance, and
reduced cyanide content in the leaves and
roots [24–26].

Cassava improvement via CRISPR/Cas9
CRISPR-Cas9 is a rapid, inexpensive, precise, and effi-
cient genome-editing tool. Odipio et al. [24] imple-
mented for the first time this technology in Cassava.
They developed a system to mutate the MePDS
(Phytoene desaturase) in two cassava cultivars. For this,
they design gRNAs targeting two sequences within
MePDS exon 13. The gRNA and the CRISPR/Cas9 system
were delivered using Agrobacterium. The result showed
that 90–100% of the plant lines recovered had the
albino phenotype resulting from the MePDS mutation.
These results were confirmed by sequence analysis, in
which 100% of the sequences analyzed show a muta-
tion in MePDS (Figure 3(a)). Once verified the efficacy of
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Figure 2. Molecular strategies to improve cassava. (a) Use hairpin dsRNA whitefly control. For the cassava mosaic, disease control
could be used hairpin dsRNA. The hairpin dsRNA are directed to V-ATPase-A mRNA preventing its translation. The expression of
V-ATPase-A activates other transport mechanisms causing the whitefly’s death. (b) Small RNA (sRNA)-mediated silencing to create
cassava’s virus resistance. The sRNA can be used to create resistance to different cassava viruses. The expression of amiRNAs in
cassava directed to CBSV’s 21 nt conserved sequence generated resistance to these viruses. (c) Generation of tasiRNA and cis-nat-
siRNAs library. In an infection by Xanthomonas cassava start, the expression of different siRNAs likes a response. A Library of
these siRNAs was created through the cassava treated with X. axonopodis and bioinformatics tools to detect the siRNAs that over-
express in this condition. (d) Use of TILLING for detecting nucleotide polymorphisms. TILLING is a tool to detect polymorphisms
in a specific gene. The mutation induction and the use of this technique can help us to identify the function of a specific gene.
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this technology in Cassava, Mehta et al. [22] used
CRISPR-Cas9 interference (CRISPRi) to engineer resist-
ance in cassava to the African cassava mosaic virus
(ACMV). The result revealed that during glasshouse
inductions, the virus evolved and acquired resistance to
the CRISPR system. Hence, the transgenic cassava
expressing Cas9 was not resistant to the viral infection
(Figure 3(b)). However, more studies were designed to
create cassava strains with resistance to the ACMV.
Gomez et al. [27], used CRISPR/Cas9 to create a cas-
sava strain with a mutation in the genes ncbp-1 and
ncbp-2. These genes have a critical role in the ACMV
infection process. The strains with the mutations

expose suppressed disease symptoms and fewer
viruses in the root in comparison with the control
(Figure 3(c)). Herbicide-resistant cassava cultivar was
created using CRISPR/Cas9-mediated gene insertion
and substitution. This strategy produced glyphosate-
tolerant cassava that was phenotypically normal, dem-
onstrating the value of gene editing in cassava
improvement [28].

Although CRISPR/Cas9-based genome editing tech-
nology has advanced significantly in recent years, it still
confronts some hurdles, including off-target effects,
CRISPR/Cas9 delivery systems, side effects on
nearby genes, and regulatory concerns. Although the

Figure 3. CRISPRi to engineer resistance to the African cassava mosaic virus. The CRISPRi is a promising tool to generate resist-
ance to different cassava viruses like the African cassava mosaic virus. This technique consists of the design of a gRNA that binds
with the virus’ genome and a dCas. However, the studies published using this technique report an inefficient resistance.
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CRISPR/Cas9 system is still afflicted by these problems,
it will surely revolutionize and solve the bulk of them.

Cassava improvement, either through conventional
breeding or through molecular/genome alteration bio-
technologies, is challenging. The major limitation is a
lack of appropriate genetic data to address the
sequence specificities for various genome editing tools.
Therefore, the creation of a “genome editing” database
including experimental references and in-silico model
organism prediction data could be very useful. In sum-
mary, with the utilization of this set of genome-editing
techniques, some breakthroughs in cassava improve-
ment, such as: biofortification, removal of toxin, improv-
ing starch quality, combating diseases, improving yield,
and minimizing postharvest loss, have been reported.
There is substantial potential for more novel discoveries
to improve the cassava crop and promote its global cul-
tivation and consumption.

Improving cassava nutrient content
(biofortification)

The protein content of cassava roots is poor compared
to other common staple crops globally (Table 1). Its
protein content is approximately 3.5 g/100 g of dry
weight on average, compared to 10.4 g for maize grain
[6,29]. In general, a 500 g cassava meal provides only
30% of the daily protein requirement and processing

further reduces its protein content [2,6]. Consequently,
people who eat cassava exclusively suffer from protein
deficiency symptoms, such as Kwashiorkor, stunted
growth in children, amongst others [13,30]. Identified
targets for cassava’s nutrient improvement include bio-
fortification of cassava with protein, fat, essential miner-
als, and vitamins.

Cassava biofortification via biotechnological
techniques
A multidisciplinary review from agricultural experts,
nutritionists, public health experts, consumers, and
breeders, is the first step in the biofortification process
[31]. Plant breeders must be able to produce traits that
meet nutritional needs and customer preferences (taste,
color, and cooking time) [32]. Critical nutritional defi-
ciencies in cassava diets include: protein, fat, zinc, iron,
vitamins A, and vitamin B6 (Table 1). However, efforts
are being made to increase them in transgenic culti-
vars [17,33,34].

One of the first attempts to store proteins in cassava
roots, for example, was the synthesis of artificial storage
proteins and their accumulation in the cytoplasm. The
aspartic proteinase (ASP1) gene, which is an artificial
storage protein and the CaMV 35S promoter were used
to control transgenic protein expression in leaves and
roots [35] (Figure 4(a)). Similarly, Telengech et al. [36]
created transgenic beta-carotene cassava roots by the

Table 1. The nutrient value of the top 10 staple crops in the world (per 100 g dry weight).

Nutrient Maize Rice Wheat Potatoes Cassava Soybeans
Sweet

potatoes Yams Sorghum Plantain

Water content (%) 10 12 13 79 60 68 77 70 9 65
Energy (kJ) 1698 1736 1574 1533 1675 1922 1565 1647 1559 1460
Protein (g) 10.4 8.1 14.5 9.5 3.5 40.6 7.0 5.0 12.4 3.7
Fat (g) 5.3 0.8 1.8 0.4 0.7 21.6 0.2 0.6 3.6 1.1
Carbohydrates (g) 82 91 82 81 95 34 87 93 82 91
Fiber (g) 8.1 1.5 14.0 10.5 4.5 13.1 13.0 13.7 6.9 6.6
Sugar (g) 0.7 0.1 0.5 3.7 4.3 0.0 18.2 1.7 0.0 42.9
Calcium (mg) 8 32 33 57 40 616 130 57 31 9
Iron (mg) 3.01 0.91 3.67 3.71 0.68 11.09 2.65 1.80 4.84 1.71
Magnesium (mg) 141 28 145 110 53 203 109 70 0 106
Phosphorus (mg) 233 131 331 271 68 606 204 183 315 97
Potassium (mg) 319 131 417 2005 678 1938 1465 2720 385 1426
Sodium (mg) 39 6 2 29 35 47 239 30 7 11
Zinc (mg) 2.46 1.24 3.05 1.38 0.85 3.09 1.30 0.80 0.00 0.40
Selenium (lg) 17.2 17.2 81.3 1.4 1.8 4.7 2.6 2.3 0.0 4.3
Vitamin C (mg) 0.0 0.0 0.0 93.8 51.5 90.6 10.4 57.0 0.0 52.6
Thiamine (B1) (mg) 0.43 0.08 0.34 0.38 0.23 1.38 0.35 0.37 0.26 0.14
Riboflavin (B2) (mg) 0.22 0.06 0.14 0.14 0.13 0.56 0.26 0.10 0.15 0.14
Niacin (B3) (mg) 4.03 1.82 6.28 5.00 2.13 5.16 2.43 1.83 3.22 1.97
Folate Total (B9) (lg) 21 9 44 76 68 516 48 77 0 63
Vitamin A 238 0 10 10 33 563 4178 460 0 3220
Vitamin E, alpha-tocopherol (mg) 0.54 0.13 1.16 0.05 0.48 0.00 1.13 1.30 0.00 0.40
Vitamin K1 (lg) 0.3 0.1 2.2 9.0 4.8 0.0 7.8 8.7 0.0 2.0
Beta-carotene (lg) 108 0 6 5 20 0 36996 277 0 1306
Saturated fatty acids (g) 0.74 0.20 0.30 0.14 0.18 2.47 0.09 0.13 0.51 0.40
Monounsaturated fatty acids (g) 1.39 0.24 0.23 0.00 0.20 4.00 0.00 0.03 1.09 0.09
Polyunsaturated fatty acids (g) 2.40 0.20 0.72 0.19 0.13 10.00 0.04 0.27 1.51 0.20

Source:[29]
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overexpression of genes, 1-deoxy-D-xylulose-5-phos-
phate synthase (DXS), and bacterial phytoene synthase
(crtB) in cassava leaves (Figure 4(b)). Beyene et al. [37],
also quantified b-carotene concentrations in biofortified
transgenic cassava roots, which were improved by
expressing transgenes such as bacterial phytoene syn-
thase (crtB) that were upregulated by the patatin-type 1
promoter CYP and DXS. Harvested biofortified cassava
roots had a 15- to 20-fold increase in carotenoids,
reaching up to 50 g/g DW compared to wild-type cas-
sava roots.

As mentioned previously, cassava yields are limited
by several diseases. Narayanan et al. [38] have recently
developed a cassava cultivar with high levels of disease
resistance to these viruses as well as biofortified levels
of iron and zinc to improve consumer health. In
restricted field trials in Puerto Rico, transgenic cassava

roots with overexpression of the Arabidopsis thaliana
vacuolar iron transporter VIT1 accumulated three to
seven times more iron than non-transgenic controls
(Figure 4(c)).

While plants co-expressing a mutant A. thaliana iron
transporter (IRT1) and A. thaliana ferritin (FER1) in the
field gathered 7–18 times more iron and 3–10 times
more zinc than non-transgenic controls. The fortifica-
tion was unaffected by storage root yield or growth.

Elimination of hydrogen-cyanide content
in cassava

The hydrolyzation of two cyanogenic glycosides,
“Linamarin” and “Lotaustralin” present in cassava, cre-
ates “hydrogen cyanide” (Figure 5(a)), which is toxic to
parasites, herbivores, and humans, causing muscle and

Figure 4. Biotechnology approaches to cassava biofortification. (a) Production of artificial storage proteins. The production of pro-
teins with a high level of essential amino acids is one of the main objectives of the biofortification approach. To complete this
objective transgenic cassava that produces ASP1 was created. (b) Beta-carotene production. Another approach is the increase of
beta-carotene concentration in the root. For this DXS, nptII and crtB were overexpress using a root-specific promoter. (c) Iron for-
tification. For the Iron fortification, the gene VIT1 was overexpressed. This gene encodes to a vacuolar iron transporter, generat-
ing the accumulation of iron in cassava storage roots.
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brain paralysis [39,40]. This toxicity is a significant factor
limiting cassava’s use as food or feed [7]. Cassava culti-
vars are categorized as sweet or sour depending on the
amounts of cyanogenic glucosides present. The sweet
cultivars can produce as low as 20 mg of cyanide per
kilogram of fresh roots, whereas bitter cultivars can pro-
duce approximately 50 times more (1 g/kg), of which
Linamarin accounts for more than 80% of the total
cyanogenic content [39,41]. The amount of cyanogenic
glycosides in cassava is determined by several factors:
poor soil fertility, water availability, high nitrogen fertil-
ization, and amongst others [42]. However, chronic cas-
sava cyanide toxicity symptoms are tropical ataxic
neuropathy, goiter, cretinism, retarded growth, and
sometimes death. They are prevalent in some African
regions, where poorly processed cassava products are

highly consumed, and their protein intake is very min-
imal [2,39]. As a result, many conventional processing
methods (fermentation, cooking, drying, steaming, bak-
ing, and frying) have been employed to minimize cyan-
ide levels in cassava products [7,43]. The main areas
identified for cassava’s toxins elimination are (1) devel-
opment of cyanogen-free cassava cultivars and (2)
development of rapid screening methods for the cyano-
genic glucoside content of cassava products that are
easily applicable under field conditions.

Removal of cassava’s toxins via biotechnological
techniques
Reduced cyanogen levels in cassava foods must be
achieved before being considered safe for consumption
[7]. Conventional processing techniques such as

Figure 5. Biotechnology approach to hydrogen-cyanide elimination. (a) Hydrogen-cyanide synthesis. The hydrogen cyanide is
synthesized through the degradation of linamarin and lotaustralin. (b) Biotechnological approach to reducing the cyanogen levels.
The expression of CYP79D1/D2 in leaves was suppressed. These genes codified to the cyanogenic glycoside, which has an import-
ant role in linamarin degradation. The suppression of this enzyme caused a reduction of cyanogen levels in the roots. (c)
Biotechnological approach to increase cyanogen volatilization. Another approach to reducing the cyanide levels is the enhance
cyanogen volatilization. For this, NHL was overexpressed. The NHL codified hydroxynitrile lyase that increases the cyanogen turn-
over rate and the cyanogen volatilization.
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cooking or fermentation can help to achieve this goal
but they have a negative effect regarding the nutrient
value. So far, two strategies have been developed to
reduce cyanogen toxicity in food [44]. One of these is
the generation of cyanogen-free cassava plants using
conventional breeding. The selective suppression of
CYP79D1/D2 (valine N-monooxygenase 1-like) gene
expression was used to create cyanogen-free cultivars
in 2003 (Figure 5(b)). The tissue-specific suppression of
CYP79D1/D2 expression in leaves resulted in a 99%
reduction in root cyanogen levels, demonstrating that
linamarin, a cyanogenic glycoside, is produced in leaves
and delivered to roots [45]. The other is the develop-
ment of transgenic cassava plants that speed up cyano-
gen turnover and volatilization during food processing.
The enzyme hydroxynitrile lyase (HNL), which catalyzes
the final step in cyanogenesis, was overexpressed in
roots to create cultivars that enhance fast cyanide vola-
tilization (Figure 5(c)). The result indicated that
increased HNL activity resulted in a three-fold increase
in the cyanogen turnover rate [46]. The cytochrome
P450 genes CYP79D1 and CYP79D2, whose protein
products accelerate the initial stage in cyanogenic
glucoside biosynthesis, were disrupted using CRISPR-
mediated mutagenesis to reduce cyanide levels in cas-
sava. Cassava accession 60444 and the West African
farmer-preferred cultivar TME 419 had cyanide in their
leaves and store roots after knocking out both genes.
Although CYP79D2 deletion resulted in a considerable
reduction in cyanide, mutation of CYP79D1 did not,
showing that the functions of these paralogs have sep-
arated [26].

Furthermore, the development of a rapid cyanide
content screening protocol is essential in managing this
challenge [7]. Once the mRNAs that regulate the devel-
opment of key enzymes have been isolated, DNA
probes can be established to test cassava cultivars for

their glucoside content [41]. Although this is ongoing
research, it is not readily available or easily applicable in
the field. Yet, DNA probes could provide a fast and sen-
sitive cyanogenic detection in cassava before and after
processing [47].

Improving cassava starch quality

Cassava is a source of dietary carbohydrate for an esti-
mated 800 million people worldwide due to its high
starch content amongst other benefits [48]. Cassava
roots have a higher dry matter content (30�40%) than
other roots like yam, potato, etc. [49]. Cassava is also
suitable for the production of both industrial starch and
bioethanol, but its fundamental properties, as well as
its resilience under different stress conditions, are
poorly understood [50]. The identified main area for
improvement is the development of cassava varieties
with better starch quality.

Improving cassava starch quality via biotechno-
logical techniques
To improve starch efficiency, researchers isolated and
characterized cassava’s gene homologs involved in
processes such as assimilated carbon conversion to
sucrose in photosynthetic cells, sucrose transportation
through the phloem to storage organs, sucrose
conversion to starch, and starch degradation
into simple sugars [50–52]. By modifying gene activities
through gene-editing techniques, the molecular and
functional characterization of the genes involved in
these processes can significantly increase cassava’s
starch content [51–53].

Furthermore, advances in the knowledge of starch
biosynthesis and the isolation of particular genes
involved have made it possible to genetically modify
cassava roots to produce more and better quality starch

Figure 6. Cassava diseases. (a) Symptoms of cassava mosaic disease, cassava brown streak disease on cassava farm. (b) Infected
plants showing severe stunting, distortion of leaves, and twisted leaflets with mosaic and mottling symptoms. (c) Symptoms of
whiteflies and mealybugs.
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[54,55]. Lastly, Zhou et al. [53] reported the develop-
ment of transgenic cassava with starches containing up
to 50% amylose due to the constitutive expression of
hairpin dsRNAs targeting the 1,4-alpha-glucan-branch-
ing enzyme (be1) genes. Using the CRISPR/Cas9 tech-
nology to construct MESSIII-1 and MESSIII-2 mutants
obtained from MESSIII genes of the cassava crop,
researchers were able to produce cassava with edited
genes related to the starch synthesis pathway [56]. The
involvement of genes in the control of amylopectin glu-
can production in cassava was investigated as a result
of this study. Bull et al. [57] demonstrated that CRISPR/
Cas9-mediated targeted mutation of the two amylose
synthesis genes, PTST1 and GBSS, can diminish or
delete amylose from root starch.

Combating diseases in cassava

Although cassava is the fourth largest source of calories
in the world, it is subject to yield losses due to both abi-
otic (temperature, climate change, etc.) and biotic (pest
and pathogens) stress [58]. The biotic stresses include
bacterial, viral diseases – CMD, CBSD [16,59–61] and
pests (whiteflies and mealybugs) being the most
important stresses, causing production losses and yield
reduction [9,62] as shown in Figure 6. The pests and
pathogens involved in transmitting these diseases usu-
ally knock down their host using an arsenal of weap-
onry; cell wall degrading enzymes, effectors, and oxalic
acid during pathogenicity [63].

The following are the primary areas for development
that have been identified:

� Improvements in resistance to multiple biotic
stress cultivars.

� Biological management systems for large pests
should be developed.

� Virus and bacterial disease screening approaches
should be improved.

� Fundamental research on resistance mechanisms
should be expanded.

Improving cassava’s disease tolerance via biotech-
nological techniques
Molecular methods and next-generation sequencing
have significantly advanced our understanding of cas-
sava virus diversity and genome molecular functions,
especially within the past decade [9,64]. The two most
prominent biotic restrictions influencing cassava pro-
duction in Southern Africa are CMD and CBSD. The
most effective and realistic strategy to reduce losses for
African farmers is to deploy cassava cultivars that are
disease resistant. Hence, to develop dually resistant F1

progenies, researchers crossed the Tanzanian local cas-
sava variety Namikonga (CBSD resistant/CMD suscep-
tible) with an introduced cassava germplasm AR37-80
(CBSD susceptible/CMD resistant) from South America.
They were evaluated for two seasons at Naliendele in
Southern Tanzania, a CMD and CBSD hotspot area.
CMD-resistant progenies had foliar severities similar to
the CMD-resistant parent (1.8 on a five-point scale).
CBSD resistant progenies exhibited minimal foliar sever-
ity (2.0) and root necrosis (1.2), which were identical to
the CBSD resistant parent, but CBSD tolerant progenies
had significant foliar severity (up to 3.3) but minor root
severity (1.2). The progenies Namar 050 and Namar 371
showed high root weights of 27.5 t/ha and 28.2 t/ha,
respectively, with substantial genetic gains of 56.1 per-
cent and 58.5 percent. Namar 050, Namar 100, Namar
130, Namar 200, Namar 334, Namar 371, and Namar 479
were discovered as dual resistance progenies with min-
imum CMD and CBSD symptoms severity (2.0) and
could be used to create superior cassava varieties [65].

Furthermore, the capacity of a transgene-derived
RNA hairpin is identical to an overlapping region of the
CMD replication-related protein and probable virus sup-
pressor of silence protein (AC1/AC4) to provide toler-
ance in the CMD-susceptible model cassava cultivar
60444 was reported. Compared to untransformed con-
trol plants, three of the fourteen transgenic lines
expressing CMD AC1/AC4 hairpin-derived siRNAs dis-
played lower symptoms and viral loads. The expression
of CMD AC1/AC4 homologous siRNAs revealed that this
resistance is likely linked to the virus’s post-transcrip-
tional gene silencing [15].

By inducing RNA silencing, the expression of double-
stranded RNA (dsRNA) homologous to viral sequences
can effectively interfere with RNA virus infection in
plant cells [17]. This method was used to combat the
ACMV in its natural host, cassava. siRNA from a CaMV
35S promoter-controlled, intron-containing dsRNA
homologous to the common region containing the
bidirectional promoter of ACMV DNA-A were expressed
in transgenic cassava plants. Accelerated plant recovery
following ACMV-NOg infection was found in two of
three independent transgenic lines, which correlates
with the presence of transgene-derived siRNAs
21–24 nt in length [17]. Overall, the symptoms of CMD
were significantly reduced in these two lines, and viral
DNA build-up in their leaves was significantly lower
than in wild-type plants’ leaves. The build-up of viral
single-stranded DNA was dramatically decreased in a
transient replication assay employing leaf disks from
the two transgenic lines. It was recorded that in trans-
genic plants expressing dsRNA cognate to the viral
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promoter and common area, a natural RNA silencing
mechanism targeting DNA viruses via the synthesis of
virus-derived siRNAs is turned on sooner and more effi-
ciently [66].

Furthermore, Liu et al. [67], in collaboration with
Allie et al. [61], investigated the interaction of cassava
geminivirus and host plants using high-throughput
sequencing. Several photosynthesis-related genes are
down-regulated in virus-infected cassava, resulting in
chlorophyll-b and light-harvesting complex II (LHCII)
deficiency [67]. It was reported that infected leaves with
chlorosis had fewer grana lamellae. This research identi-
fied photosynthesis-related genes that may play a role
in cassava disease growth, as well as the critical roles of
chlorophyll degradation and LHCII inhibition during
ACMV infection [61]. The findings not only provided a
link between gene expression and the CMD phenotype
for the first time, but they also allowed for further
research into the molecular mechanisms of viral patho-
genesis. Despite several attempts to generate disease-
resistant cultivars, Gomez et al. [27] were the first to use
Cas9/gRNA to employ targeted mutation. The two
elF4E isoforms, nCBP-1 and nCBP-2, were altered at the
same time, resulting in heritably delayed and sup-
pressed CBSD aerial symptoms, as well as a reduction in
the severity and frequency of storage root necrosis.

Improving cassava yield capacity

Most national and international cassava research pro-
grams emphasize the production of high-yielding cas-
sava cultivars [2]. Low yields are often caused by:
weeds, pest infestation, disease pressure, poor soil, and
climatic conditions [68,69]. The main area for improve-
ment identified is the development of high-yielding cul-
tivars for specific regional and farming conditions.

Improving cassava’s yield via biotechnology
Due to the polygenic nature of cassava, improving root
yield under stress conditions with biotechnological
techniques is difficult [12,70]. Naconsie et al. [71] used
two-dimensional gel electrophoresis and liquid chroma-
tography-mass spectrometry to compare the pro-
teomes of roots at different stages of development and
discovered that secondary growth is needed for cassava
root development. According to comparative pro-
teomes, metabolic and regulatory processes in cassava
leaves can also affect root formation [72]. Using ampli-
fied fragment length polymorphism-based transcript
profiling, Sojikul et al. [73] discovered that four genes in
the MeKD family were expressed in the initiation and
early stages of cassava storage root development.

However, more research is required to understand its
mechanism of action.

Cassava flowering was further enhanced by adding
the Arabidopsis FLOWERING LOCUS T gene into the gen-
ome-editing cassette, which is rare in glasshouse settings
[74]. Odipio et al. [24] were able to achieve triggered
flowering acceleration in cassava via CRISPR/Cas9-medi-
ated disruption of Multiple TFL-like floral repressors.

Minimizing postharvest deterioration of
cassava roots

Postharvest physiological degradation (PPD) occurs rap-
idly in harvested cassava roots [75,76]. PPD is caused by
mechanical damage, which occurs most frequently during
the harvesting of tuberous roots and progresses from the
proximal site of damage to the distal end, rendering the
roots unpalatable within 72 h [10]. Fresh cassava roots
can be stored for up to 2 weeks if they are treated with
fungicide and kept in perforated plastic bags [77]. While
studies on storage of freshly harvested cassava roots are
limited, some successful prevention methods are known
including, but not limited to, good sanitary measures,
such as washing and disinfecting warehouses before
restocking and easily removing infested material [10,78].

The following are the identified key areas to limit the
postharvest deterioration of cassava: (1) Slowing down
physiological degradation processes to extend the stor-
age time of fresh cassava roots. (2) Improved pest con-
trol methods during storage.

Minimizing cassava’s postharvest deterioration via
biotechnological techniques
Genetic improvement can potentially delay or inhibit
PPD in cassava, as the PPD process differs among cas-
sava genotypes [75]. It was reported that the
PPDsusceptible HMC-1 variety and PPD-tolerant experi-
mental hybrid AM206-5 were significantly different in
PPD level and secondary metabolic synthesis [75]. A
better understanding of the mechanism of PPD proc-
esses might enable the engineering of cassava storage
roots with prolonged shelf-life. The major visual symp-
tom of PPD is blue/black discoloration, which is caused
by diverse enzymes (scopoletin, scopolin, esculin, and
esculetin), all linked in a hydroxycoumarin pathway
[79]. Based on starch catabolism, biochemical analysis
revealed that acidic polysaccharides could delay PPD
[77]. Hence, the co-expression of antioxidant enzymes,
superoxide dismutase and catalase, in transgenic cas-
sava results in a synergistic effect that decreases react-
ive oxygen species (ROS) levels meanwhile delaying
cassava PPD [76].
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Improvements in the susceptibility of cassava to
abiotic stress

Improvements have been reported in combating nat-
ural environmental stresses such as drought, low and
high temperature, and floods among others, in cassava
[80–83]. Besides the use of conventional methods,
sequencing and assembly of the cassava genome has
paved a way for the improvement of the crop against
abiotic stresses. Genes and proteins that impart or con-
fer resistance/tolerance to single or multiple abiotic
stress responses have been reported [72,82,84,85]. For
example, in a study by Ou et al. [85], KUP family genes
were identified as candidates for improving resistance
to multiple abiotic stress in cassava. Furthermore, Fan
et al. [82] reported candidate ethylene response factor
(MeERF) genes that were identified for genetic improve-
ment of abiotic stress in cassava. These family genes
have been reported to play a major role in response to
biotic and abiotic stresses in cassava. One of the largest
families of plant-specific transcription factors is NAC (no
apical meristem [NAM], Arabidopsis transcription activa-
tion factor [ATAF1/2], and cup-shaped cotyledon
[CUC2]) proteins, which play a critical role in plant
growth, development, and adaptation to the environ-
ment. In the cassava genome, 96 NAC genes (MeNACs)
were identified by Hu et al. [86] and the expression of
12 NAC genes (MeNAC) was studied in response to:
osmotic, salt, cold, ABA, and H2O2 treatments, revealing
that cassava NACs may serve as an intersection for sev-
eral signaling pathways including the JA-signaling path-
way. These findings revealed the complexities of
MeNAC gene transcriptional control and back up the
idea that NACs are vital for: plant growth, development,
and environmental adaptation [86].

With continued advancements in cassava biotechnol-
ogy, cassava has the potential to become the most
important staple crop shortly. Moreover, the economic
impact of cassava and cassava-based goods, especially
in industrial starch and renewable energy, will boost
food security and livelihoods, making this crop a poten-
tially lucrative source of economic growth, especially on
the African continent. As a result, most agricultural
research organizations in Africa, particularly Southern
Africa, emphasize improving this crop.

Cassava biotechnology; success stories in
Southern Africa

Over the past 15 years, cassava biotechnology in
Southern Africa has exceeded timelines with the devel-
opment of more than 51 publicly bred cultivars [87].
Transferring knowledge and technology to African

laboratories and farmers are critical for achieving food
security and long-term crop development within the
region [88]. Since the first reports of transgenic cassava
[89], cassava genetic transformation systems have
advanced significantly from the model cultivar to the
development of “improved” cultivars, especially dis-
ease-resistant cultivars [54]. Another aspect of their con-
tribution includes biofortification potentials and
addressing other socio-economic issues affecting the
cassava industry in the region [35,90]. Although there is
room for improvement, some contributions to cassava
biotechnology research and its applications in Southern
Africa are listed in Table 2.

A bottleneck for Southern African research institutes
in the implementation of gene-editing technology is
the difficulty in obtaining laboratory supplies, as well as
the need for consistent and ample funding. Similarly, as
in many African countries, the legal and regulatory
frameworks needed to guide the use of this technology
are still missing, obstructing the movement of plants
from the laboratory to the field [69]. Furthermore, pub-
lic concern about biosafety problems persist, hence,
consumer acceptance and trust are crucial for the suc-
cessful implementation of cassava biotechnology and
the realization of its full potential.

Biosafety and associated risks; perceptions
and acceptance of cassava biotechnology

Biotechnological techniques have grown over the last
few decades because of their potential to improve crops
such as cassava [91]. The literature on biosafety aspects
of the selectable and scorable markers currently used in
cassava biotechnology was surveyed to assist research
planning and regulatory submission. Hence, selectable
and scorable markers are essential for successful trans-
formation technology, and they must be assessed for
biosafety, performance, and cost-effectiveness [33].

Unfortunately, many risks may be associated with
the introduction of transgenic crops [92,93]. Some of
the identified risks include but are not limited to:

1. Invasion of new, transformed crops may bring
about large ecological changes [93].

2. The introduction of genetically engineered crops
may lead to genetic erosion [69].

3. Transformed crops with introduced disease and
pest resistance may be more susceptible to other
pests and diseases [92].

4. The introduction of improved crops in marginal
areas may lead to loss of soil fertility or erosion
problems [94].
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5. The newly introduced information may be trans-
mitted to related wild species, extending the risk
of acquired properties to the wild plants [95,96].

To reduce these risks, careful examination of trans-
genic plants in the field during several cropping cycles
has to occur [8,69].

Transgenic cassava, while beneficial, is linked to
negative public perception and extensive domestic and
international regulation. In most environmental risk
assessments of genetically altered crops, the likelihood
and implications of gene flow to wild relatives are taken
into account. Hokanson et al. [97] utilized a problem
formulation technique to analyze current data for a risk
assessment of gene flow from genetically engineered

for viral resistance cassava (Manihot esculenta) to its
“wild” (naturalized) relative M. glaziovii in East Africa. In
this research, two environmental risks were considered:
(1) loss of genetic variation in the germplasm pool and
(2) loss of valuable species, ecosystem resources, or
crop productivity and quality due to weediness or inva-
siveness of wild relatives. Gene flow was expected
(increase in M. glaziovii), however, it did not reduce the
genetic diversity in the germplasm pool and this would
not necessarily result in the environmental consequen-
ces reported [97]. Furthermore, the toxicity, allergen-
icity, pleiotropic effects, horizontal gene transfer, and
their impact on food or feed safety, as well as environ-
mental safety, were all assessed by Petersen et al. [98].
According to their research, selectable marker genes

Table 2. Notable contributions to cassava biotechnology in Southern Africa.
Contributions References

1. The increased number of genome-wide studies has been attributed to the joint initiatives involving International
Universities, National Agricultural Research Systems (NARS), and significant support from the donor communities. Several
genes/QTLs underlying important cassava traits have been identified, and trait-linked markers, which are required for
marker-assisted selection, have been created.

[85]

2. In terms of promoting cassava production and commercialization, the Southern Africa Root Crops Research Network
(SARRNET), in collaboration with national research programs in the Southern Africa Development Community (SADC), has
had a significant impact in the SADC region. They are actively involved in germplasm development study, which resulted in
the release of 51 improved cassava cultivars. These cultivars have been distributed to farmers through accelerated plant
material multiplication and distribution programs in at least 10 of the 14 SADC countries. Also, they provide funding for
postgraduate/graduate studies, short-term training courses, workshops, and symposia. SARRNET has had a significant impact
on skill development and knowledge in root crops research for development in the SADC region.

[89]

3. Southern African Value-Added Cassava (SAVUCA), funded by the Swiss National Research Foundation and National Research
Foundation (South Africa), is involved in the genetic engineering of virus-resistant cassava and investigation of molecular
determinants for natural virus resistance/tolerance in South Africa.

[88]

4. The African Center for Crop Improvement is investigating the feasibility of industrial-scale cassava production; i.e.,
producing200,000 seedlings from relatively 10 parent plants.

www.acci.org.za.

5. The National Working Group (NWG) is involved in evaluating and breeding cassava varieties that meet South Africa’s
industrial and local needs. So far, they have bred a new cassava cultivar in seven-month rather than the conventional
18 months breeding time. Unfortunately, the cultivar could not survive through the winter season. More research is
still ongoing.

[85]

6. At the Agricultural Research Council (ARC), Industrial Crops Institute, the investigation into the mechanization of cassava
production in the eastern part of South Africa is ongoing. They also provide training in mechanized production techniques,
including the best planting techniques for mechanical harvesting.

www.arc.agric.za.

7. At the University of KwaZulu-Natal, African Center for Crop Improvement, research was conducted to enhance bulking and
root carotene in cassava’s earliness. Their effort to improve pests and disease resistance was reported. They combined the
mosaic-resistant genes of the Ceara rubber x cassava hybrid 58,308, with genes from local and exotic cultivars with high
yield, good root quality, low cyanogen, and resistance to lodging.

[85]

8. Professor Chrissie Rey and her research team at the University of the Witwatersrand School of Molecular and Cell Biology,
for over 15 years, have been researching to find a solution to the crippling cassava mosaic disease (CMD). Their excellent
results with promising transgenic lines currently are being tested for resistance to one of the cassava viruses in greenhouse
trials. They also registered a South African and US patent for developing RNA hairpin duplexes to engineer plants for stable
virus resistance, studying the biodiversity, evolution, and epidemiology of cassava begomoviruses and whitefly vectors in
southern Africa.

[9,59,88,90]

9. After maize, cassava is Zambia’s second most important staple food crop, and it is currently being field-tested in cassava-
eating communities in the Luapula, Western, North-Western, and Northern provinces. The HarvestPlus biofortification
program in collaboration with the Consultative Group on International Agricultural Research (CGIAR) centers, aimed to make
staple crops, including cassava, rich in vitamin A, iron, and zinc. The sole goal of this project is to grow micronutrient-rich
crops through breeding and distribution in developing countries where micronutrient malnutrition is a major problem

[34,85]

10. South Africa’s efforts to kick-start the African Center had supported large-scale cassava production for Crop Improvement
(ACCI). Since the ACCI began training plant breeders in 2002, at least nine of its Ph.D. graduates have worked on breeding
improved cassava varieties and a variety of these improved varieties have been published in their home countries in
Southern Africa.

[85]

11. For the first time on the African continent, a robust cassava transformation cultivar was created. T200, a high-starch
commercially grown cultivar, has higher transformation and regeneration efficiencies when compared with TMS 60444
(model cultivar).

[85]

12. The Technical Innovation Agency, the National Research Foundation, and Casquip Starch Manufacturing Pty. Ltd, the
Gauteng Department of Agriculture and Rural Development (GDARD) are all funding partners for cassava development
research in South Africa. They are supporting several research groups such as Prof Rey’s team at the University of Wits
amongst others.

[91]
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nptII (Neomycin phosphotransferase II), hpt
(Hygromycin phosphotransferase), bar/pat
(Phosphinothricin acetyltransferase), and manA (phos-
phomannose isomerase), as well as the scorable marker
gene uidA (b-glucuronidase, GUS), all pose a low danger

of biosafety, hence, they appear to be the safest cas-
sava biotechnology solutions [98].

In Table 3, improved cassava characteristics were
evaluated for their impact assessment in connection to
biotechnological improvements. Assessment areas

Table 3. Acceptance, research capacity, and risk associated with biotechnologically improved cassava cultivars.

Improved areas
Impact assessment

(Adoption/Research Capacity/Associated Risk) References

Propagation Adoption by
local farmers:

Micropropagation can increase farmers’ reliance on seed companies or
local institutes.

[85,97]

Local research and
extension capacity:

A simple plant tissue laboratory, as well as a modest infrastructural and research
capability, would suffice for the application of micropropagation.
A medium-level infrastructure and research capability are necessary for the
development of true seeds.

[97,98]

Associated risks: There are possibilities that the progeny plants may be susceptible to other diseases,
hence, resulting in a lack of overall disease resilience.

[99]

Germplasm Adoption by
local farmers:

Although farmers have no control over germplasm storage at institutes, however,
the adoption by local farmers is poor due to the cost and accessibility.

[68,100]

Local research and
extension capacity:

Maintaining a germplasm bank necessitates a moderate level of research capability.
Cryopreservation would necessitate a well-developed infrastructure and medium-
level study.

[101]

Associated risks: Plant genetic resources are collected, kept, and distributed by research institutes
globally, however, when germplasm is moved, the risk of accidentally introducing
plant pests along with the host plant is inescapable.

[102]

Drought-tolerant
cultivar

Adoption by
local farmers:

Farmers in drought-prone areas can readily adopt cassava varieties that give good
yield stability under drought conditions or are early maturing.

[8,93]

Local research and
extension capacity:

Fundamental studies on the genetic characterization of drought tolerance in cassava
would necessitate a significant amount of time and resources.

[76,103]

Associated risks Drought-tolerant cassava varieties can lead to an increase in cassava cultivation in
drought-prone areas, especially on soils prone to erosion.
As a result, anti-erosion control should be given special attention.

[76,104,105]

Disease-resistant
cassava cultivar

Adoption by
local farmers:

Small and large farmers would benefit from the production of disease-resistant
varieties and improved screening methods. Improved screening methods could
lead to the rapid distribution of disease-free material, allowing small farmers to
use improved varieties on a larger scale.

[13,92]

Local research and
extension capacity:

Fundamental studies on the detection of resistance genes and the production of
improved screening methods need high-grade research and capital inputs. When
standard transformation or screening procedures are available, less advanced
laboratories and medium-level research and development may benefit.

[65,106]

Associated risks: The dangers of introducing transformed cassava plants into the natural world have
yet to be assessed. It is essential to assess the risk of vertical resistance (e.g.,
cross protein resistance), which is easily broken. Priority should be given to
multilevel resistances.

[13,58]

Pest control Adoption by
local farmers:

The cost and availability might discourage farmers’ acceptance. [60]

Local research and
extension capacity:

It is also difficult to evaluate research and infrastructure needs. [3]

Associated risks: This form of vertical resistance poses a significant risk of being quickly broken down. [9,67]
Yield capacity Adoption by

local farmers:
Cassava varieties with a decent yield, yield stability, and secondary qualities would

be adopted and easily implemented in all farming systems.
[2,95]

Local research and
extension capacity:

On-going research [95]

Associated risks: Increased cultivation in marginal areas caused by the introduction of varieties with
high yield ability under stress conditions can hasten soil erosion.

[95]

Cassava root
quality

Adoption by
local farmers:

While low cyanogenic cultivars are often preferred for human health reasons,
farmers who grow cassava as a food crop can find it challenging to adopt
acyanogenic cassava varieties.

[2,52]

Local research and
extension capacity:

Cassava starch consistency and protein content could be improved using
recombinant DNA techniques. In conjunction with fundamental research, the
application of these techniques necessitates a high level of research and
infrastructure growth.

[35,38,53]

Associated risks: Cyanogenic cassava varieties may be more susceptible to pests and diseases. Also,
the safe level of exposure to cyanogenic glycosides is set at 10 ppm.

[39,69]

Postharvest
storage

Adoption by
local farmers:

Farmers who produce fresh cassava for the local market will accept the introduction
of new varieties that can be stored for longer periods.

[74]

Local research and
extension capacity:

More fundamental knowledge about root degradation is needed before
biotechnology can be implemented. This necessitates a significant amount of
study and infrastructure.

[73]

Associated risks: Postharvest produce is at significant risk for over-ripening, decay, deterioration,
pathogen attack, and physiological abnormalities due to a burst in ‘stress
ethylene’ synthesis.

[107]
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include (1) adoption by local farmers, (2) local research
and extension capacity, and (3) associated risks.

Concluding remarks: way forward and
challenges ahead

Cassava is an important food and industrial crop with
much potential for reducing hunger and poverty by
creating jobs (directly and indirectly). Although Africa is
the largest producer of this remarkable crop, it is mainly
consumed locally, with limited exportation due to
physiochemical, biological and socio-economic limiting
factors mostly discussed in this article. Cassava trans-
genics have been created to withstand both biotic and
abiotic stressors. In addition, cassava that has been bio-
fortified with vitamins and vital minerals has been
developed. However, before such transgenics are intro-
duced into the market, they must be field-tested and
their safety and bioefficacy assessed.

In the future, the transfer of this biotechnological
knowledge and expertise to other Southern African
countries would face significant technological and infra-
structural obstacles. However, this manuscript
embodies the different strategies and current state of
the literature toward developing endogenous trans-
genic technology capacity in these nations as it serves
as a critical starting point for the application of trans-
genic technologies to address cassava production con-
straints, such as: disease resistance, starch modification,
nutritional enhancement, and non-food genetically
modified cassava for biofuel and biodiesel production.
Lastly, governments of Southern Africa countries should
make policy decisions to make transgenic cassava avail-
able to farmers and the general population to reduce
malnutrition, hunger, and poverty in their region.

Acknowledgments

The support of the University Court of the University of
Edinburgh and the Scottish Funding Council’s Global
Challenges Research Fund for this project is acknowledged.
Dr. Otun acknowledges the SARChI programme of the
Department of Science and Technology and National
Research Foundation for post-doctoral fellowship funding.
Lastly, thanks to Dr. Aremu Adeyemi of the North-West
University, South Africa for proofreading the manuscript.

Disclosure statement

No potential conflict of interestwas reported by
the author(s).

Funding

This research was funded by the University of Edinburgh
LMIC Partnerships Fund (PF_35) obtained by Dr. Leonardo
Rios-Solis. It was also supported by the South African
Research Chairs Initiative (SARChI) of the Department of
Science and Technology and National Research Foundation
(grant 64788 to I.A.). Also, funding from CONACyT with a
Beca de Posgrado Nacional for JordyAlexi Lerma Escalera
and also funding obtained by Dr. Morones-Ramirez from
projects 1502 Fronteras de la Ciencia de CONACyT and pro-
ject 316869 Apoyo a Ciencia de Frontera de CONACyT in
addition to the Science Grants from Universidad Autonoma
de Nuevo Leon (Paicyt 2020-2021 and Paicyt 2021-2022).

ORCID

Sarah Otun http://orcid.org/0000-0002-5408-695X
Leonardo Rios-Solis http://orcid.org/0000-0002-4387-984X

References

[1] Bahar N, Lo M, Sanjaya M, et al. Meeting the food
security challenge for nine billion people in 2050:
what impact on forests. Global Environm Change
2020;62:102056.

[2] Parmar A, Sturm B, Hensel O, et al. Crops that feed
the world: production and improvement of cassava
for food, feed, and industrial uses. Food Sec. 2017;
9(5):907–927.

[3] Fregene M, Puonti-Kaerlas J. Cassava biotechnology.
Cassava Biol Prod Util. 2002;10:179–207.

[4] Ceballos H, Rojanaridpiched C, Phumichai C, et al.
Excellence in cassava breeding: perspectives for the
future. Crop Breed Genet Genom. 2020;2:e200008.

[5] Dodo MK. 2020. Understanding Africa’s food security
challenges. Dans Food Security in Africa. Available
from: https://books.google.com/books?hl=en&lr=&id=
2mwtEAAAQBAJ&oi=fnd&pg=PA1&dq=Dodo,+M.+K.
+(2020)+Understanding+Africa’s+food+security+chal-
lenges.+Dans:+Food+Security+in+Africa.&ots=3PacZo
kHnF&sig=37Vq0btvCe-VtfNhGcGKwviDEug

[6] Bayata A. Review on nutritional value of cassava for
use as a staple food. Sci J Anal Chem. 2019;7(4):
83–91.

[7] Panghal A, Munezero C, Sharma P, et al. Cassava tox-
icity, detoxification and its food applications: a
review. Toxin Rev. 2021;40(1):1–16.

[8] Chavarriaga-Aguirre P, Brand A, Medina A, et al. The
potential of using biotechnology to improve cassava:
a review. In Vitro Cell Dev Biol Plant. 2016;52(5):
461–478.

[9] Rauwane ME, Odeny DA, Millar I, et al. The early
transcriptome response of cassava (Manihot escu-
lenta Crantz) to mealybug (Phenacoccus manihoti)
feeding. PLoS One. 2018;13(8):e0202541.

[10] Rahmawati R, Sukma D, Ardie SW, et al. Postharvest
physiological deterioration in cassava: potential prob-
lems, possible inhibition, and resistant level identifi-
cation. IOP Conf Ser Earth Environ Sci. 2021;694:
12035.

608 S. OTUN ET AL.

https://books.google.com/books?hl=en&lr=&id=2mwtEAAAQBAJ&oi=fnd&pg=PA1&dq=Dodo,+M.+K.+(2020)+Understanding+Africa�s+food+security+challenges.+Dans:+Food+Security+in+Africa.&ots=3PacZokHnF&sig=37Vq0btvCe-VtfNhGcGKwviDEug
https://books.google.com/books?hl=en&lr=&id=2mwtEAAAQBAJ&oi=fnd&pg=PA1&dq=Dodo,+M.+K.+(2020)+Understanding+Africa�s+food+security+challenges.+Dans:+Food+Security+in+Africa.&ots=3PacZokHnF&sig=37Vq0btvCe-VtfNhGcGKwviDEug
https://books.google.com/books?hl=en&lr=&id=2mwtEAAAQBAJ&oi=fnd&pg=PA1&dq=Dodo,+M.+K.+(2020)+Understanding+Africa�s+food+security+challenges.+Dans:+Food+Security+in+Africa.&ots=3PacZokHnF&sig=37Vq0btvCe-VtfNhGcGKwviDEug
https://books.google.com/books?hl=en&lr=&id=2mwtEAAAQBAJ&oi=fnd&pg=PA1&dq=Dodo,+M.+K.+(2020)+Understanding+Africa�s+food+security+challenges.+Dans:+Food+Security+in+Africa.&ots=3PacZokHnF&sig=37Vq0btvCe-VtfNhGcGKwviDEug
https://books.google.com/books?hl=en&lr=&id=2mwtEAAAQBAJ&oi=fnd&pg=PA1&dq=Dodo,+M.+K.+(2020)+Understanding+Africa�s+food+security+challenges.+Dans:+Food+Security+in+Africa.&ots=3PacZokHnF&sig=37Vq0btvCe-VtfNhGcGKwviDEug


[11] Lyons JB, Bredeson JV, Mansfeld BN, et al. Current
status and impending progress for cassava structural
genomics. Plant Mol Biol. 2021:1–15.

[12] Mbanjo EGN, Rabbi IY, Ferguson ME, et al.
Technological innovations for improving cassava pro-
duction in sub-Saharan Africa. Front Genet 2021;11:
623736.

[13] Makwarela M, Rey C. Cassava biotechnology, a
Southern African perspective. academicjournals.org.
2006;1:2–11.

[14] Gutbrod MJ, Martienssen RA. Conserved chromo-
somal functions of RNA interference. Nat Rev Genet.
2020;215(21):311–331.

[15] Walsh HA, Vanderschuren H, Taylor S, et al. RNA
silencing of South African cassava mosaic virus in
transgenic cassava expressing AC1/AC4 hp- RNA
induces tolerance. Biotechnol Rep. 2019;24:e00383.

[16] Anjanappa RB, Mehta D, Okoniewski MJ, et al.
Molecular insights into cassava brown streak virus
susceptibility and resistance by profiling of the early
host response. Mol Plant Pathol. 2018;19(2):476–489.

[17] Fondong VN, Rey C. Cassava – google books.
Cassava. InTech; 2018 [Online] [cited 2021 July 8].
Available from: https://books.google.co.za/books?hl=
en&lr=&id=zmqQDwAAQBAJ&oi=fnd&pg=PA139&
dq=fondong + 2018+recent+biological+advances&
ots=3g28Usv0v9&sig=r77xd28Uc4ezoTom7wJHpY1Q_
9E&redir_esc=y#v=onepage&q=fondong 2018 recent
biological advances&f=false

[18] Quintero A, P�erez-Quintero AL, L�opez C, et al.
Identification of ta-siRNAs and cis-nat-siRNAs in cas-
sava and their roles in response to cassava bacterial
blight. Genom Proteom Bioinform. 2013;11(3):
172–181.

[19] Zerihun T, Chikelu M,Till BJ. Tilling for mutations in
model plants and crops. In Mohan Jain S, Brar D. S.
editors. Molecular techniques in crop improvement.
2nd ed. Berlin, Germany: Springer Science & Business
Media; 2010.

[20] Chen K, Wang Y, Zhang R, et al. CRISPR/cas genome
editing and precision plant breeding in agriculture.
Annu Rev Plant Biol. 2019;70:667–697.

[21] Ghosh D, Kumar A, Sinha N. Targeted genome edit-
ing: a new era in molecular biology. In Sukanta
Mondal, Ram Lakhan Singh, editors. Advances in ani-
mal genomics. Amsterdam, Netherlands: Elsevier;
2021.

[22] Ahmad A, Ghouri MZ, Munawar N, et al. Regulatory,
ethical, and social aspects of CRISPR crops. In
Sukanta Mondal, Ram Lakhan Singh, editors. CRISPR
crop. Berlin, Germany: Springer; 2021.

[23] Juma B, Mweu C, Piero M, et al. CRISPR/Cas genome
editing: a frontier for transforming precision cassava
breeding. Afr J Biotechnol. 2021;20:237–250.

[24] Odipio J, Alicai T, Ingelbrecht I, et al. Efficient
CRISPR/cas9 genome editing of phytoene desaturase
in cassava. Front Plant Sci. 2017;8:1780.

[25] Mehta D, St€urchler A, Anjanappa RB, et al. Linking
CRISPR-Cas9 interference in cassava to the evolution
of editing-resistant geminiviruses. Genome Biol.
2019;201(20):1–10.

[26] Gomez MA, Berkoff KC, Gill BK, et al. CRISPR-Cas9-
mediated knockout of CYP79D1 and CYP79D2 in cas-
sava attenuates toxic cyanogen production. bioRxiv.
2021.

[27] Gomez MA, Lin ZD, Moll T, et al. Simultaneous
CRISPR/Cas9-mediated editing of cassava eIF4E iso-
forms nCBP-1 and nCBP-2 reduces cassava brown
streak disease symptom severity and incidence. Plant
Biotechnol J. 2019;17(2):421–434.

[28] Liu X, Wu S, Xu J, et al. Application of CRISPR/Cas9
in plant biology. Acta Pharm Sin B. 2017;7(3):
292–302.

[29] U.S. Department of Agriculture. A.R.S. FNDDS down-
load databases: USDA ARS. USDA food and nutrient
database for dietary studies 2017–2018; 2020 [cited
2021 July 19]. Available from: https://www.ars.usda.
gov/northeast-area/beltsville-md-bhnrc/beltsville-
human-nutrition-research-center/food-surveys-
research-group/docs/fndds-download-databases/

[30] Fitzpatrick M, Kurpad AV, Duggan CP, et al. Dietary
intake of sulfur amino acids and risk of kwashiorkor
malnutrition in Eastern democratic republic of the
Congo. Am J Clin Nutr. 2021;114:925–933.

[31] Munyahali W. Nutrient requirements of cassava
under different management systems in south kivu,
DR Congo; 2018. Available from: https://lirias.
kuleuven.be/2899536?limo=0

[32] Dhanasekar P, Jegadeesan S, Penna S. Breeding cow-
pea for quality traits: a genetic biofortification per-
spective. In Breeding for enhanced nutrition and bio-
active compounds in food legumes. Berlin, Germany:
Springer; 2021.

[33] Okwuonu IC, Narayanan NN, Egesi CN, et al.
Opportunities and challenges for biofortification of
cassava to address iron and zinc deficiency in
Nigeria. Glob Food Sec. 2021;28:100478.

[34] Gaikwad KB, Rani S, Kumar M, et al. Enhancing the
nutritional quality of major food crops through con-
ventional and Genomics-Assisted breeding. Front
Nutr. 2020;7:533453.

[35] Zhang P, Jaynes JM, Potrykus I, et al. Transfer and
expression of an artificial storage protein (ASP1)
gene in cassava (Manihot esculenta Crantz).
Transgenic Res. 2003;122(12):243–250.

[36] Telengech PK, Maling’a JN, Nyende AB, et al. Gene
expression of beta carotene genes in transgenic bio-
fortified cassava. 3 Biotech. 2015;5(4):465–472.

[37] Beyene G, Solomon FR, Chauhan RD, et al.
Provitamin a biofortification of cassava enhances
shelf life but reduces dry matter content of storage
roots due to altered carbon partitioning into starch.
Plant Biotechnol J. 2018;16(6):1186–1200.

[38] Narayanan N, Beyene G, Chauhan RD, et al. Stacking
disease resistance and mineral biofortification in cas-
sava varieties to enhance yields and consumer
health. Plant Biotechnol J. 2021;19(4):844–854.

[39] Ndubuisi N, Chidiebere A. Cyanide in cassava a
review. Int J Genom Data Min. 2018;118:1–10.

[40] Paul L, Shadrack DM, Mudogo CN, et al. Structural
characterization of cassava linamarase-linamarin
enzyme complex: an integrated computational
approach. J Biomol Struct Dyn. 2021;1–9.

CRITICAL REVIEWS IN BIOTECHNOLOGY 609

https://books.google.co.za/books?hl=en&lr=&id=zmqQDwAAQBAJ&oi=fnd&pg=PA139&dq=fondong%20+%202018+recent+biological+advances&ots=3g28Usv0v9&sig=r77xd28Uc4ezoTom7wJHpY1Q_9E&redir_esc=y#v=onepage&q=fondong%202018%20recent%20biological%20advances&f=false
https://books.google.co.za/books?hl=en&lr=&id=zmqQDwAAQBAJ&oi=fnd&pg=PA139&dq=fondong%20+%202018+recent+biological+advances&ots=3g28Usv0v9&sig=r77xd28Uc4ezoTom7wJHpY1Q_9E&redir_esc=y#v=onepage&q=fondong%202018%20recent%20biological%20advances&f=false
https://books.google.co.za/books?hl=en&lr=&id=zmqQDwAAQBAJ&oi=fnd&pg=PA139&dq=fondong%20+%202018+recent+biological+advances&ots=3g28Usv0v9&sig=r77xd28Uc4ezoTom7wJHpY1Q_9E&redir_esc=y#v=onepage&q=fondong%202018%20recent%20biological%20advances&f=false
https://books.google.co.za/books?hl=en&lr=&id=zmqQDwAAQBAJ&oi=fnd&pg=PA139&dq=fondong%20+%202018+recent+biological+advances&ots=3g28Usv0v9&sig=r77xd28Uc4ezoTom7wJHpY1Q_9E&redir_esc=y#v=onepage&q=fondong%202018%20recent%20biological%20advances&f=false
https://books.google.co.za/books?hl=en&lr=&id=zmqQDwAAQBAJ&oi=fnd&pg=PA139&dq=fondong%20+%202018+recent+biological+advances&ots=3g28Usv0v9&sig=r77xd28Uc4ezoTom7wJHpY1Q_9E&redir_esc=y#v=onepage&q=fondong%202018%20recent%20biological%20advances&f=false
https://books.google.co.za/books?hl=en&lr=&id=zmqQDwAAQBAJ&oi=fnd&pg=PA139&dq=fondong%20+%202018+recent+biological+advances&ots=3g28Usv0v9&sig=r77xd28Uc4ezoTom7wJHpY1Q_9E&redir_esc=y#v=onepage&q=fondong%202018%20recent%20biological%20advances&f=false
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/fndds-download-databases/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/fndds-download-databases/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/fndds-download-databases/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/fndds-download-databases/
https://lirias.kuleuven.be/2899536?limo=0
https://lirias.kuleuven.be/2899536?limo=0


[41] Zidenga T, Siritunga D, Sayre RT, et al. Cyanogen
metabolism in cassava roots: impact on protein syn-
thesis and root development. Front Plant Sci. 2017;8:
220.

[42] Obata T, Klemens PAW, Rosado-Souza L, et al.
Metabolic profiles of six African cultivars of cassava
(Manihot esculenta Crantz) highlight bottlenecks of
root yield. Plant J. 2020;102(6):1202–1219.

[43] Ndam N, Kansci G, Pauline M, et al. Influence of culti-
vars and processing methods on the cyanide con-
tents of cassava (Manihot esculenta Crantz) and its
traditional food products. Sci African. 2019;5:e00119.

[44] Siritunga D, Sayre R. Transgenic approaches for
cyanogen reduction in cassava. J AOAC Int. 2007;
90(5):1450–1455.

[45] Siritunga D, Sayre R. Generation of cyanogen-free
transgenic cassava. Planta. 2003;217(3):367–373.

[46] Siritunga D, Sayre R. Engineering cyanogen synthesis
and turnover in cassava (Manihot esculenta). Plant
Mol Biol. 2004;564(56):661–669.

[47] White WLB, Arias-Garzon DI, McMahon JM, et al.
Cyanogenesis in cassava. The role of hydroxynitrile
lyase in root cyanide production. Plant Physiol. 1998;
116(4):1219–1225.

[48] Ikuemonisan ES, Akinbola AE. Future trends in cas-
sava production: indicators and its implications for
food supply in Nigeria. Asian J Agric Extension Econ
Sociol. 2021;39(3):60–74.

[49] Kamalkumaran P, Anand M, Nanthakumar S, et al.
Tuber crops in ensuring nutritional security among
the rural population. Biotic Res Today. 2020;2:
180–183.

[50] Bruinenberg PM, Jacobsen E, Visser RG. Starch from
genetically engineered crops. Chem Ind. 1995;21:
881–884.

[51] Karlstr€om A, Calle F, Salazar S, et al. Biological impli-
cations in cassava for the production of amylose-free
starch: impact on root yield and related traits. Front
Plant Sci. 2016;7:604.

[52] Zhao SS, Dufour D, S�anchez T, et al. Development of
waxy cassava with different biological and physico-
chemical characteristics of starches for industrial
applications. Biotechnol Bioeng. 2011;108(8):
1925–1935.

[53] Zhou W, Zhao S, He S, et al. Production of very-high-
amylose cassava by post-transcriptional silencing of
branching enzyme genes. J Integr Plant Biol. 2020;
62(6):832–846.

[54] Zhang S, Chen X, Lu C, et al. Genome-wide associ-
ation studies of 11 agronomic traits in cassava
(Manihot esculenta Crantz). Front Plant Sci. 2018;9:
503.

[55] Prasannakumari V, Gopalakrishnan Heinining Nair A,
Mohan C, et al. Identification of quantitative trait loci
(QTLs) conferring dry matter content and starch con-
tent in cassava (Manihot esculenta Crantz). Am J
BioSci. 2021;9(1):1–9.

[56] Li Z, Wang Y, Lu X, et al. Construction and verifica-
tion of CRISPR/Cas9 gene editing vector for cassava
MeSSIII gene. Mol Plant Breed. 2020;11:1–8.

[57] Bull SE, Seung D, Chanez C, et al. Accelerated ex situ
breeding of GBSS- and PTST1-edited cassava for
modified starch. Sci Adv. 2018;4(9):eaat6086.

[58] Yu XY, Yao Y, Hong YH, et al. Differential expression
of the HSF family in cassava under biotic and abiotic
stresses. Genome. 2019;62(8):563–569.

[59] Ndunguru J, Sseruwagi P, Tairo F, et al. Analyses of
twelve new whole genome sequences of cassava
brown streak viruses and Ugandan cassava brown
streak viruses from East Africa: diversity, supercom-
puting and evidence for further speciation. PLOS
One. 2015;10(10):e0139321.

[60] Mbewe W, Hanley-Bowdoin L, Ndunguru J, Duffy S.
Chapter 7: Cassava viruses: epidemiology, evolution,
and management. In Emerging plant diseases and
global food security. St. Paul (MN): APS Press; 2020.

[61] Allie F, Pierce EJ, Okoniewski MJ, et al.
Transcriptional analysis of South African cassava
mosaic virus-infected susceptible and tolerant landra-
ces of cassava highlights differences in resistance,
basal defense and cell wall associated genes during
infection. BMC Genomics. 2014;15(1):1006.

[62] Yang J, Wang GQ, Zhou Q, et al. Transcriptomic and
proteomic response of Manihot esculenta to
Tetranychus urticae infestation at different densities.
Exp Appl Acarol. 2019;78(2):273–293.

[63] Otun S, Ntushelo K. How to knock down a plant; the
three weapons of Sclerotinia sclerotiorum. J Biol Sci.
2019;19(4):300–313.

[64] Otun S, Ntushelo K. Proteomic analysis of the phyto-
genic fungus Sclerotinia sclerotiorum. J Chromatogr B
Analyt Technol Biomed Life Sci. 2020;1144:122053.

[65] Masinde EA, Kimata B, Ogendo JO, et al. Developing
dual-resistant cassava to the two major viral diseases.
Crop Sci. 2021;61(3):1567–1581.

[66] Vanderschuren H, Akbergenov R, Pooggin MM, et al.
Transgenic cassava resistance to African cassava
mosaic virus is enhanced by viral DNA-A bidirec-
tional promoter-derived siRNAs. Plant Mol Biol. 2007;
645(64):549–557.

[67] Liu J, Yang J, Bi H, et al. Why mosaic? Gene expres-
sion profiling of African cassava mosaic virus-infected
cassava reveals the effect of chlorophyll degradation
on symptom development. J Integr Plant Biol. 2014;
56(2):122–132.

[68] de Oliveira EJ, de Oliveira SAS, Otto C, et al. A novel
seed treatment-based multiplication approach for
cassava planting material. PLoS One. 2020;15(3):
e0229943.

[69] Goodwin BK, Piggott NE. Has technology increased
agricultural yield risk? Evidence from the crop insur-
ance biotech endorsement. Am J Agric Econ. 2020;
102(5):1578–1597.

[70] Brush SB. The issues of in situ conservation of crop
genetic resources. Genes in the field. On-farm
Conservation of Crop diversity; 2000. Available from:
https://books.google.com/books?hl=en&lr=&id=
c1f09m
KWxNMC&oi=fnd&pg=PA3&dq=Brush,+S.+B.+(2000)þ
The+issues+of+in+situ+conservation+of+crop+genet-
ic+resources.+Genes+in+the+field:+On-

610 S. OTUN ET AL.

https://books.google.com/books?hl=en&lr=&id=c1f09mKWxNMC&oi=fnd&pg=PA3&dq=Brush,+S.+B.+(2000)+The+issues+of+in+situ+conservation+of+crop+genetic+resources.+Genes+in+the+field:+On-farm+conservation+of+crop+diversity,+3-26.&ots=K1Md_V89bx&sig=xJoVHWyYHQRZ4r.
https://books.google.com/books?hl=en&lr=&id=c1f09mKWxNMC&oi=fnd&pg=PA3&dq=Brush,+S.+B.+(2000)+The+issues+of+in+situ+conservation+of+crop+genetic+resources.+Genes+in+the+field:+On-farm+conservation+of+crop+diversity,+3-26.&ots=K1Md_V89bx&sig=xJoVHWyYHQRZ4r.
https://books.google.com/books?hl=en&lr=&id=c1f09mKWxNMC&oi=fnd&pg=PA3&dq=Brush,+S.+B.+(2000)+The+issues+of+in+situ+conservation+of+crop+genetic+resources.+Genes+in+the+field:+On-farm+conservation+of+crop+diversity,+3-26.&ots=K1Md_V89bx&sig=xJoVHWyYHQRZ4r.
https://books.google.com/books?hl=en&lr=&id=c1f09mKWxNMC&oi=fnd&pg=PA3&dq=Brush,+S.+B.+(2000)+The+issues+of+in+situ+conservation+of+crop+genetic+resources.+Genes+in+the+field:+On-farm+conservation+of+crop+diversity,+3-26.&ots=K1Md_V89bx&sig=xJoVHWyYHQRZ4r.
https://books.google.com/books?hl=en&lr=&id=c1f09mKWxNMC&oi=fnd&pg=PA3&dq=Brush,+S.+B.+(2000)+The+issues+of+in+situ+conservation+of+crop+genetic+resources.+Genes+in+the+field:+On-farm+conservation+of+crop+diversity,+3-26.&ots=K1Md_V89bx&sig=xJoVHWyYHQRZ4r.


farm+conservation+of+crop+diversity,+3-26.&ots=
K1Md_V89bx&sig=xJoVHWyYHQRZ4r.

[71] Naconsie M, Lertpanyasampatha M, Viboonjun U,
et al. Cassava root membrane proteome reveals
activities during storage root maturation. J Plant Res.
2015;129:51–65.

[72] Chang L, Wang L, Peng C, et al. The chloroplast
proteome response to drought stress in cassava
leaves. Plant Physiol Biochem. 2019;142:351–362.

[73] Sojikul P, Kongsawadworakul P, Viboonjun U,
et al. AFLP-based transcript profiling for cassava
genome-wide expression analysis in the onset of
storage root formation. Physiol Plant. 2010;140(2):
189–198.

[74] Tyagi S, Kumar R, Kumar V, et al. Engineering disease
resistant plants through CRISPR-Cas9 technology. GM
Crops Food. 2021;12(1):125–144.

[75] Sanchez T, Dufour D, Moreno JL, et al. Changes in
extended shelf life of cassava roots during storage in
ambient conditions. Postharvest Biol Technol. 2013;
86:520–528.

[76] Zainuddin IM, Fathoni A, Sudarmonowati E, et al.
Cassava post-harvest physiological deterioration:
from triggers to symptoms. Postharvest Biol Technol.
2018;142:115–123.

[77] Djabou ASM, Carvalho LJCB, Li QX, et al. Cassava
postharvest physiological deterioration: a complex
phenomenon involving calcium signaling, reactive
oxygen species and programmed cell death. Acta
Physiol Plant. 2017;39(4):91.

[78] Utsumi Y, Utsumi C, Tanaka M, et al. Acetic acid
treatment enhances drought avoidance in cassava
(manihot esculenta crantz). Front Plant Sci. 2019;10:
521.

[79] Bayoumi SAL, Rowan MG, Blagbrough IS, et al.
Biosynthesis of scopoletin and scopolin in cassava
roots during post-harvest physiological deterioration:
the E-Z-isomerisation stage. Phytochemistry. 2008;
69(17):2928–2936.

[80] An D, Yang J, Zhang P, et al. Transcriptome profiling
of low temperature-treated cassava apical shoots
showed dynamic responses of tropical plant to cold
stress. BMC Genomics. 2012;13:64.

[81] Utsumi Y, Tanaka M, Morosawa T, et al.
Transcriptome analysis using a high-density oligomi-
croarray under drought stress in various genotypes
of cassava: an important tropical crop. DNA Res.
2012;19(4):335–345.

[82] Fan W, Hai M, Guo Y, et al. The ERF transcription fac-
tor family in cassava: genome-wide characterization
and expression analyses against drought stress. Sci
Rep. 2016;6:1–12.

[83] Xiao L, Shang XH, Cao S, et al. Comparative physi-
ology and transcriptome analysis allows for identifi-
cation of lncRNAs imparting tolerance to drought
stress in autotetraploid cassava. BMC Genomics.
2019;20(1):1–15.

[84] Ye J, Yang H, Shi H, et al. The MAPKKK gene family
in cassava: genome-wide identification and expres-
sion analysis against drought stress. Sci Rep. 2017;7:
1–12.

[85] Ou W, Mao X, Huang C, et al. Genome-wide identifi-
cation and expression analysis of the KUP family
under abiotic stress in cassava (Manihot esculenta
Crantz). Front Physiol. 2018;9:17.

[86] Hu W, Wei Y, Xia Z, et al. Genome-wide identification
and expression analysis of the NAC transcription fac-
tor family in cassava. PLoS One. 2015;10(8):e0136993.

[87] ACCI. High hopes for South African cassava project –
African centre for crop improvement; 2020 [cited
2021 July 8]. Available from: https://acci.org.za/high-
hopes-for-south-african-cassava-project/.

[88] Adenle AA, Aworh O, Akromah R, et al. Developing
GM super cassava for improved health and food
security: Future challenges in Africa. Agric Food
Secur. 2012;1:1–15.

[89] Li HQ, Sautter C, Potrykus I, Genetic transformation
of cassava (Manihot esculenta Crantz). nature.com;
1996. Available from: https://www.nature.com/
articles/nbt0696-736

[90] Wittstock C. Public understanding of biotechnology j
cassava: a solution to food security in Southern
Africa; 2020 [cited 2021 July 8]. Available from:
https://www.pub.ac.za/cassava-a-solution-to-food-
security-in-southern-africa-see-more-at-httpwww-
pub-ac-zanewsletter0
5-201506article-5-htmlsthash-xlrj8kzv-dpuf/.

[91] Gao C. Genome engineering for crop improvement
and future agriculture. Cell; 2021. Available from:
https://www.sciencedirect.com/science/article/pii/
S009
2867421000052?casa_token=Hyi6PoYOks8AAAAA:H5T
F1vXjdoRcFAurP-r3O-4ZvkiFDizwL-
FPJWg3zafMX6CryM
2N67V_NbxEyOZsvzbStf35SA.

[92] Qaim M. Role of new plant breeding technologies
for food security and sustainable agricultural
development. Appl Econ Perspect Policy. 2020;42(2):
129–150.

[93] Francis D, Finer JJ, Grotewold E, et al. Challenges
and opportunities for improving food quality and
nutrition through plant biotechnology. Curr Opin
Biotechnol. 2017;44:124–129.

[94] Wijanarko A, Purwanto BH, Indonesian Legumes and
Tuber Crops Research Institute (ILETRI), Indonesia.
Effect of long of landuse and cropping system on
soil fertility and cassava yield. Jdegrademinland
Manage. 2018;5(4):1327–1334.

[95] Failla ML, Chitchumroonchokchai C, Siritunga D,
et al. Retention during processing and bioaccessibil-
ity of b-carotene in high b-carotene transgenic cas-
sava root. J Agric Food Chem. 2012;60(15):
3861–3866.

[96] Ihemere UE, Narayanan NN, Sayre RT, et al. Iron bio-
fortification and homeostasis in transgenic cassava
roots expressing the algal iron assimilatory gene,
FEA1. Front Plant Sci. 2012;3:171.

[97] Hokanson KE, Ellstrand NC, Dixon AGO, et al. Risk
assessment of gene flow from genetically engineered
virus resistant cassava to wild relatives in Africa: an
expert panel report. Transgenic Res. 2015;251(25):
71–81.

CRITICAL REVIEWS IN BIOTECHNOLOGY 611

https://books.google.com/books?hl=en&lr=&id=c1f09mKWxNMC&oi=fnd&pg=PA3&dq=Brush,+S.+B.+(2000)+The+issues+of+in+situ+conservation+of+crop+genetic+resources.+Genes+in+the+field:+On-farm+conservation+of+crop+diversity,+3-26.&ots=K1Md_V89bx&sig=xJoVHWyYHQRZ4r.
https://books.google.com/books?hl=en&lr=&id=c1f09mKWxNMC&oi=fnd&pg=PA3&dq=Brush,+S.+B.+(2000)+The+issues+of+in+situ+conservation+of+crop+genetic+resources.+Genes+in+the+field:+On-farm+conservation+of+crop+diversity,+3-26.&ots=K1Md_V89bx&sig=xJoVHWyYHQRZ4r.
https://acci.org.za/high-hopes-for-south-african-cassava-project/
https://acci.org.za/high-hopes-for-south-african-cassava-project/
https://www.nature.com/articles/nbt0696-736
https://www.nature.com/articles/nbt0696-736
https://www.pub.ac.za/cassava-a-solution-to-food-security-in-southern-africa-see-more-at-httpwww-pub-ac-zanewsletter05-201506article-5-htmlsthash-xlrj8kzv-dpuf/.
https://www.pub.ac.za/cassava-a-solution-to-food-security-in-southern-africa-see-more-at-httpwww-pub-ac-zanewsletter05-201506article-5-htmlsthash-xlrj8kzv-dpuf/.
https://www.pub.ac.za/cassava-a-solution-to-food-security-in-southern-africa-see-more-at-httpwww-pub-ac-zanewsletter05-201506article-5-htmlsthash-xlrj8kzv-dpuf/.
https://www.pub.ac.za/cassava-a-solution-to-food-security-in-southern-africa-see-more-at-httpwww-pub-ac-zanewsletter05-201506article-5-htmlsthash-xlrj8kzv-dpuf/.
https://www.sciencedirect.com/science/article/pii/S0092867421000052?casa_token=Hyi6PoYOks8AAAAA:H5TF1vXjdoRcFAurP-r3O-4ZvkiFDizwL-FPJWg3zafMX6CryM2N67V_NbxEyOZsvzbStf35SA.
https://www.sciencedirect.com/science/article/pii/S0092867421000052?casa_token=Hyi6PoYOks8AAAAA:H5TF1vXjdoRcFAurP-r3O-4ZvkiFDizwL-FPJWg3zafMX6CryM2N67V_NbxEyOZsvzbStf35SA.
https://www.sciencedirect.com/science/article/pii/S0092867421000052?casa_token=Hyi6PoYOks8AAAAA:H5TF1vXjdoRcFAurP-r3O-4ZvkiFDizwL-FPJWg3zafMX6CryM2N67V_NbxEyOZsvzbStf35SA.
https://www.sciencedirect.com/science/article/pii/S0092867421000052?casa_token=Hyi6PoYOks8AAAAA:H5TF1vXjdoRcFAurP-r3O-4ZvkiFDizwL-FPJWg3zafMX6CryM2N67V_NbxEyOZsvzbStf35SA.
https://www.sciencedirect.com/science/article/pii/S0092867421000052?casa_token=Hyi6PoYOks8AAAAA:H5TF1vXjdoRcFAurP-r3O-4ZvkiFDizwL-FPJWg3zafMX6CryM2N67V_NbxEyOZsvzbStf35SA.
https://www.sciencedirect.com/science/article/pii/S0092867421000052?casa_token=Hyi6PoYOks8AAAAA:H5TF1vXjdoRcFAurP-r3O-4ZvkiFDizwL-FPJWg3zafMX6CryM2N67V_NbxEyOZsvzbStf35SA.


[98] Petersen W, Umbeck P, Hokanson K, et al.
Biosafety considerations for selectable and scorable
markers used in cassava (Manihot esculenta Crantz)
biotechnology. Environ Biosafety Res. 2005;4(2):
89–102.

[99] Adetowubo AA, Odutayo OI, Esan EB, et al.
Micropropagation of cassava (Manihot esculenta)
using locally sourced substitutes in a routine
medium. J Exp Agri Int. 2019;30:1–5

[100] Sessou AF, Kahia JW, Houngue JA, et al. In vitro
propagation of three mosaic disease resistant cas-
sava cultivars. BMC Biotechnol. 2020;20(1):1–3.

[101] Hempel M. Some economical aspects of commercial
micropropagation. Biotechnol Bioindustry. 1986;1(5):
22–26.

[102] Bajaj YP. Cryopreservation of plant germplasm I.
Biotechnology in agriculture and forestry. Vol. 32,
Berlin: Springer; 1995.

[103] Panis B, Nagel M. Challenges and prospects for the
conservation of crop genetic resources in field gene-
banks, in in vitro collections and/or in liquid nitro-
gen. Plants. 2020;9(12):1634.

[104] Food and Agriculture Organization of the United
Nations. Forest genetic resources/biosecurity
[Online]; 2007 [cited 2021 Jul 20]. Available from:
http://www.fao.org/forestry/biosecurity/11067/en/

[105] Ruan MB, Yang YL, Li KM, et al. Identification and
characterization of drought-responsive CC-type glu-
taredoxins from cassava cultivars reveals their
involvement in ABA signalling. BMC Plant Biol. 2018;
18(1):1–7.

[106] Burns A, Gleadow R, Cliff J, et al. Cassava: the
drought, war and famine crop in a changing world.
Sustainability. 2010;2(11):3572–3607.

[107] Okwuonu IC. Concept of plant genetic engineering
towards food security in Africa. Nigerian J
Biotechnol. 2018;35(1):73–81.

http://www.fao.org/forestry/biosecurity/11067/en/

	Abstract
	Introduction
	Cassava improvement via state-of-the-art molecular tools for gene expression regulation
	Cassava improvement via genome editing tools
	Cassava improvement via CRISPR/Cas9

	Improving cassava nutrient content (biofortification)
	Cassava biofortification via biotechnological techniques

	Elimination of hydrogen-cyanide content in cassava
	Removal of cassava’s toxins via biotechnological techniques

	Improving cassava starch quality
	Improving cassava starch quality via biotechnological techniques

	Combating diseases in cassava
	Improving cassava’s disease tolerance via biotechnological techniques

	Improving cassava yield capacity
	Improving cassava’s yield via biotechnology

	Minimizing postharvest deterioration of cassava roots
	Minimizing cassava’s postharvest deterioration via biotechnological techniques

	Improvements in the susceptibility of cassava to abiotic stress

	Cassava biotechnology; success stories in Southern Africa
	Biosafety and associated risks; perceptions and acceptance of cassava biotechnology
	Concluding remarks: way forward and challenges ahead
	Acknowledgments
	Disclosure statement
	Funding
	Orcid
	References


