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Abstract

Cassava (Manihot esculenta Crantz) is a key staple food and the world’s fourth-largest source of
calories. Among other biotechnological and bioinformatics methods, genomic-assisted breeding,
molecular tools, and genome editing technologies have enhanced the potential of commercially
significant crops through the application of functional genomics, proteomics, transcriptomics, and
metabolomics. However, the creation, enhancement, and eventual adoption of the enhanced cultivars
have proven difficult, necessitating all-encompassing methods to their resolution. This review aims
to highlight advancements in genetic research and various omics studies in cassava. This article
discusses the potential risks and global acceptance of improved cultivars. It reviews research findings
on cassava production, quality, and adaptability, while also highlighting recent advancements in
cassava research worldwide. This review also explores the potential future use of omics methods to
enhance desired outcomes. It provides a summary of cassava molecular resources, with a focus on
the most relevant and up-to-date multi-omics technologies, including genomics, transcriptomics,
metabolomics, and proteomics. Additionally, it examines how multi-omics tools can be applied to
uncover correlations between biological processes and metabolic pathways across various omics
layers. Overall, this article highlights the most significant advancements achieved in cassava research
to date.
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1. Introduction

Cassava was first developed and cultivated in the Neotropics [1]. It is one of the major crops, as
a large region of western and central Africa is covered by cassava cultivation known as the “cassava
belt” [2]. Cassava was introduced to Asia in the seventeenth century, where it is cultivated for both
human consumption and animal feed, often for the European export market [3]. According to the
systematic classification, Cassava belongs to the Euphorbiaceae family, comprising approximately 90
species. The superfamily of cassava is Fabid (also known as Eurosids) [3,4]. It is one of the most
important dietary sources of energy after rice (Oryza sativa L.), maize (Zea mays L.), and sugarcane
(Saccharum spp.) for most of the tropical countries in the world [5]. Millions of people are using
cassava as their staple food in their diet. It has become an essential calorie-producing crop among
tropical crops [6]. As per Scott’s estimation, the yearly output of cassava in 1993 was over 172.4
million tonnes, with a value of almost US $ 9.31 billion. The output improved at a rate of 2.35% per
year between 1961 and 1963 and 1995 and 1997. The rise in cassava output was predicted by 1.1% per
year between 1994 and 2005. In reality, over the past decade, productivity has increased globally by
approximately 18.4% [5]. Manihot esculenta Crantz, often known as cassava, consists of 100 species
distributed throughout the New World tropics, originating from the Southern Amazon basin [7].
With rising climatic unpredictability, cassava has become a crucial crop in global agriculture [8].
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It has been demonstrated to be a climate-resilient nature crop or a commercial crop for
subsistence farmers with limited resources due to its ability to grow in marginal soils in any
environment [9]. It is cultivated throughout the tropical regions of Asia, Africa, and the Americas
[10]. Research on cassava has been successfully carried out by national research institutions located
worldwide, including those in Colombia, Cuba, Brazil, Indonesia, Nigeria, India, Vietnam, China,
and Thailand [11]. It is a vital source of starch due to its enormous storage roots. For more than a
billion people, especially in tropical areas and all over the world, it is also recognised as a staple food
crop [12]. The use of information technology to analyse biological data, helping to decode plant
genomes, is known as bioinformatics [13,14]. Previously, biological research work was conducted in
biological laboratories, plant clinics, and fields; however, it is now being increasingly replaced by In-
silico work for examining data, refining hypotheses, and planning experiments [15,16]. Modern
technology has improved the study of plant biology. The study of plant biology has advanced
significantly in recent years [17]. Recently, bioinformatics has played a crucial role in the growth of
agro-based industries, the utilisation of agricultural by-products, the agricultural sector, and the
improved management of the environment [18]. Along with the increase in sequencing projects,
bioinformatics makes significant advances in biology by providing scientists with access to genomic
data. There is a strong likelihood that this field will make another giant leap in the next decade, with
computational methods of systems and broad properties providing the foundation for crop
improvement innovation and experimentation [19].

To understand the benefits of crops, numerous researchers have worked on the topic. Currently,
various technically advanced bioinformatics tools and biological databases have been developed for
analysing crop data. These tools are also accessible to others for conducting research work in similar
fields [13]. Various omics analyses have been conducted to gain a clear understanding of crop
utilities. There are various omics analysis methods available for building, managing, and integrating
databases, which aid in transitional research work in multi-omics data analysis, a process that has
become an integral part of systems biology [20]. This review article intends to provide an exhaustive
summary of all the advanced research work made in the Cassava crop using the multi-omics
techniques, i.e., genomics, proteomics, transcriptomics and metagenomics. We believe that in the
digital era of big omics data, the role of bioinformatics in promoting cassava biological research will
be greater than ever before. The prospects of using omics approaches in improving the desired
cassava are also discussed in this review paper. Finally, the paper identified future research priorities
for effectively integrating and commercialising cassava around the world.

2. Cassava’s Genetic Diversity

Genetic diversity was defined as the key pillar of biodiversity and diversity in species, between
species, and in ecosystems by the Rio de Janeiro (Earth Summit) [21]. The first step towards genetic
advancement is obtaining and analysing a variety of genetic resources [9]. Cassava’s vast genetic
variety is thought to have evolved through apomixis, or natural and artificial hybridisation between
wild Manihot spp. and farmed cassava. [22]. A number of evolutionary forces that are responsible for
plant variation are migration, polyploidization, mutation and hybridisation [23]. Many international
and national institutes hold extensive collections of cassava germplasm. More than 6000 cassava
accessions, of which 30% are of Brazilian provenance, have been collected by the International Centre
for Tropical Agriculture (CIAT) in Colombia, with the majority of the accessions (97%) coming from
Latin America [24]. The International Institute for Tropical Agriculture (IITA) in Nigeria comprises
over 2,000 genotypes, the majority of which are of West African origin [25]. Specific evolutionary
forces, such as mutation, selection, genetic drift, and migration, act continuously, resulting in
continuous changes in allelic frequency within a population and thus affecting genetic diversity [26].
The knowledge of genetic diversity of species is the foundation for breeding programs and building
strategies for germplasm collection, management, conservation and enhancement for food security
and sustainable agricultural development. Genetic diversity studies in cassava have been conducted
using both molecular and morphological methods in several countries, including Brazil [27], Benin
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Republic [28], Chad [29], Nigeria [30], and Tanzania [31]. The diversity analysis can be conducted
using various methods, such as cytological, biochemical, morphological, and molecular
characterisation. Initiation of genomic tools resulted in making the molecular markers the primary
choice for the assessment of genetic diversity. Due to their high reproducibility, hyper-variability,
better genomic coverage, and zero environmental fluctuation, molecular markers are the technique
of choice for assessing genetic diversity [32].

3. Genetic Diversity Analysis via Molecular Marker

Gregor Mendel used phenotype-based genetic markers in his research since the nineteenth
century, so the concept of genetic or molecular markers is not new. Due to the limitations of
phenotype-based genetic markers, DNA-based markers, or molecular markers, were generated [33].
A molecular marker denoted as a genomic locus, detected by probe or specific starters (primer), that
unequivocally distinguishes the chromosomal trait it represents as well as the flanking regions at the
3" and 5’ extremities [34]. In cassava, SSRs have been the most often utilised molecular markers,
particularly for studies of genetic variation [35]. The commonly used genetic or DNA-based marker
techniques are Amplified Fragment Length Polymorphism (AFLP), Random Amplified Polymorphic
DNA (RAPD), Simple Sequence Repeats (SSR) and Restriction Fragment Length Polymorphism
(RFLP). A few thousand SSR markers for cassava have been created by multiple organisations using
enriched genomic DNA libraries and expressed sequence tags (ESTs) [36-39]. These markers are used
for evolutionary, taxonomic, ecological, genetic, and phylogenetic studies in plant sciences. The
limitations and advantages of the above commonly used molecular markers are documented [40,41].
The Restriction length polymorphisms (RFLPs) and random amplified polymorphisms (RAPDs)
were first used in cassava to analyse the genetic diversity within the genus Manihot [42]. In 1993, to
study the assessment of genetic diversity within the collections of African cultivars of cassava
maintained in vitro at ORSTOM, Montpellier, Beeching and coauthors demonstrated the use of RFLP
to detect and measure the genetic diversity of the collection of cassava crop [1]. Marmey et al.
conducted a preliminary study of three cassava species using twenty primers, demonstrating the use
of RAPD markers in examining their genetic diversity[42]. This study reveals the genetic diversity
among African Manihot esculenta accessions, which may be utilised in a program of genetic
improvement of cultivars. A study has proven that the RAPD technique is the most powerful and
effective tool for analysing the genetic diversity of Manihot esculenta [42]. Wong and group designed
primers for RAPD analysis of cassava, testing random primers with 60-80% G+C content on genomic
DNA of leaves of eight varieties of cassava [43]. The genetic diversity of 31 Brazilian cassava clones
originating in different Brazilian areas with diverse cultivation purposes was examined using RAPD
markers [44]. The AFLP technique is utilised to evaluate the five wild Manihot subspecies as close
relatives or ancestors of cassava, and one distant species was analysed. Based on the results, the origin
and ancestry of cassava were revised [45]. Colombo and co performed an experiment using AFLP
and RAPD molecular markers to examine the genetic relatedness between two naturally occurring
species, M. peruviana and M. flabellifolia and cultivated cassava [23]. An experiment was conducted to
assess the genetic variability and diversity of 31 Manihot esculenta varieties traditionally cultivated
by Makushi Amerindians in Guyana using AFLP markers [46]. In an experiment, the genetic diversity
of Ghana's cassava accessions was assessed using the RAPD approach at the district-group and
individual accession levels. Around fifty cassava accessions were used for the study [47]. In 2003,
Fregene and co-authors worked on the cassava landraces to find out the genetic diversity and
differentiation in an asexually propagated cassava crop. It concluded with two findings, i.e., directly
associated with the cassava findings. Firstly, the distinctive and extensive variety of the cassava land
races discovered in southeast Tanzania provides an excellent genetic source for localised cassava
development. The occurrence of such diversity due to the presence of certain genes at high
frequencies for adaptation to an area, while the high genetic diversity implies high additive genetic
variance, upon which plant breeding development depends. Secondly, the high level of variation
among land races from Nigeria and Guatemala may characterise a heterotic pool and deliver an
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opportunity for the systematic exploitation of hybrid vigour in cassava [35]. Cassava breeding and
genomics would advance considerably if a high density of SNPs were found in the plant. SSRs, which
are typically multi-allelic (many alleles at a locus), are more informative than SNPs, which are
typically biallelic (two alleles at a site) [48]. A total of 2,954 putative EST-derived SNPs were used to
identify and validate 1,190 SNP markers in cassava [49]. These SNPs were discovered on scaffolds in
the cassava genome sequence (v.4.1). Genetic variations between closely related and wild species can
be detected using molecular markers (Table 1). To evaluate the genetic diversity of cassava
germplasm, various DNA marker systems have been created and are being used [50].

Table 1. Genetic markers list.

Marker No. of Acc.

Speci Ref
System Evaluated pecies elerences
M. esculenta, M. glaziovii, M. Caerulescens,
RFLP 80 M. esculenta ssp. esculenta, M. esculenta ssp. [1]
flabellifolia
AFLP 105 M. aesculifolia, M. carthaginensis, M. tristis, [45]

M. brachyloba
Cultivated cassava
RAPD 31 M. esculenta, M. flabellifolia, M. peruviana, [51]
M. glaziovii,
M. glaziovii, M. reptans, M. chlorostica, M.

RAPD/AFLP 53 aesculifolia, M. michaelis (23]
Cultivated cassava
AFLP 76 M. esculenta ssp. flabellifolia [46]
SSR 212 M. esculenta ssp. flabellifolia, M. pruinosa [7]
RAPD 24 M. esculenta ssp. esculenta [52]
Isozyme 46 Cultivated cassava [53]
SSR 117 Cultivated cassava [54]
SSR 185 Cultivated cassava [55]
SSR 55 Provitamin-A cassava [56]
SSR 54 Cultivated cassava [57]
SSR 1401 M. esculenta [58]
SSR 163 M. esculenta [59]
ISSR 17 Landraces [60]
SSR 506 M. esculenta ssp. esculelntal, M. esculenta ssp. [61]
flabellifolia
SNP 1580 Cultivated and wild cassava [62]
SNP 3000 Cultivated cassava [49]
SSR 120 M. esculenta [63]
SSR 157 Cultivated cassava [64]
SNP 183 Provitamin-A cassava [65]
SNP 105 Cultivated cassava [66]
SSR 89 Cultivated cassava [67]
SNP 102 Cultivated cassava [68]

4. Omics or Multi-Omics Technology Used in Cassava

Omic technologies are essential for understanding the molecular processes behind the various
plant functions [69]. These omics-based techniques have proven helpful in investigating the genetic
and molecular basis of crop development, particularly in response to changes in DNA, transcript
levels, proteins, metabolites, and mineral nutrients, against a backdrop of physiological and
environmental stress responses [70]. Genomes, metagenomics, transcriptomics, proteomics,
metabolomics, phenomics, and ionomics are just a few of the omics techniques that have made each
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corresponding molecular biological component integrated with plant systems visible [71-74]. The
term “multi-omics” refers to any method of analysing a specific issue using the concepts of various -
omics sciences [75]. In several crops, relationships between various biological elements and metabolic
pathways have already been successfully identified using multi-omics knowledge [76]. The
development of omics resources has progressed in various plant species to address specific biological
traits of each species. Researchers are facing a new challenge: combining the facts from omics-based
research to identify significance, gain biological insights, and enhance translational research [20].
These omics techniques have been used with certain significant crops including rice (Oryza sativa L.),
barley (Hordeum vulgare L.), wheat (Triticum aestivum L.), tomato (Solanum lycopersicum), millet (Setaria
italica L.), soybean (Glycine max), maize (Zea mays L.) and cotton (Gossypium hirsutum L.) [76].

5. Genome and Genomics Study on Cassava

The development of high-throughput sequencing methods allows scientists to exploit the
structure of genetic material at the molecular level, a process known as “genomics” [77]. The term
‘Genomics’ describes the study of genes and genomes while focusing on the function, structure,
mapping, evolution, metagenomics, epigenomics and genome editing aspects [70]. Genome and gene
sequences are now crucial pieces of knowledge for a variety of biological studies. Only a model of
well-researched species could be found with high-quality reference sequences a decade ago. Now,
because of the recent developments in next-generation sequencing (NGS), it is possible to create
reference genome sequences for many species, including plants. Advanced study of bioinformatics
in genome assembly is another significant factor supporting the widespread adoption of de novo
whole-genome sequencing in numerous species [78]. One of the first “orphan” crop genomes to be
sequenced was cassava over the past ten years. As new advances in genome sequencing and
bioinformatics have been made, the quality of the cassava genome sequence has progressively
increased [79]. The Global Cassava Partnership was formed in 2003 to begin the project of sequencing
the cassava genome (GCP-21) [80]. Simon and co-authors in 2012 described the future goals of
genome sequencing efforts in cassava. Cassava’s (Manihot esculenta, Euphorbiaceae) chloroplast
genome has been completely sequenced with a genome of 161,453 bp (Genbank accession number
EU117376) in length, including the pair of inverted repeats (IR) of 26,954 bp [81]. In 2009, a draft
cassava genome was released and made publicly available via the V10 Phytozome platform [80].
After obtaining the genomic sequence, it was believed that there would be a rapid realisation of the
benefits of cassava consumption, its nutrient content, as well as its biofuel feedstock [80]. The genome
of cassava was created using the whole-genome shotgun approach, assembled into scaffolds totalling
12,977, with a total of 532.5 Mb of sequence [80,82]. Cassava is one of the naturally diploid (2n = 36)
tuber crop species, with a genome size of 770Mbp [83]. Wang and colleagues reported the genome
assembly of two cassava varieties, i.e., W14 and KU50. The cassava variety was reported to be
M.esculenta ssp. Flabellifolia is known to be wild cassava or wild ancestor [84]. However, subsequent
analysis using Wang et al.’s sequence reads revealed that the plant sequenced as W14 does not belong
to M. esculenta but is more closely related to M. glaziovii [85]. The cassava variety SC205 was analysed
further; this variety is widely used in China as a parent cassava breeding variety for whole genome
sequencing. The genome size of the variety is 770.3Mb. The raw sequencing data from this study have
been uploaded to the Sequence Read Archive under an NCBI BioProject accession (PRJNA578024).
The cassava SC205 genome sequences have been preserved as an NCBI BioSample accession number
(WIGR00000000). The RNA-seq data have been saved as NCBI BioSample accessions (SRR10480846—
SRR10480905) [86]. The list of total genome assemblies available in NCBI
(https://www.ncbi.nlm.nih.gov/) is mentioned in the Table.2 below.

Table 2. Genome assembly and annotation report of cassava.

Serial Assembly GenBank WG.S Date
no. accession

1 M.esculenta_v8 GCA_001659605.2 LTYIO02 Sep, 2021
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Ref: GCF_001659605.2

A 737115.1
2 MK_v2b GCA_000737115 JPQEFO1 Sep, 2014

GCA_003957885.1

3 ASM395788v1 RSFS01 Jan, 2018

GCA_003957995.1

4 ASM395799v1 RSFTO01 Jan, 2018

GCA_013618965.1

5 ASM1361896v1 WIGRO01 Sep. 2020

hifiasm152_13.hic.hap2.p GCA_020916425.1 JAIPMCO1  Dec, 2021

_ctg
7 h1f1asm152_(}t3éh1c.hap1.p GCA_020916445.1 JAIPMDO1  Dec, 2021
8 MW_v2d GCA_000737105.1 JPQEO1 Sep, 2014

6. Cassava Enhancement by Genome Editing Techniques

Recently, plant genome editing technologies have shown great potential. The CRISPR/Cas9-
based genome editing system is now proving to be a powerful tool in plant science research due to
its advantages of simplicity and efficiency. This technology is now an effective tool for basic research
and the development of crop plant traits [87]. Developments in genome editing technology have
demonstrated promise in crops, making the creation of new varieties easier [88]. The technologies
that can perform knockout, chromosomal recombination, and site-directed insertion/substitution at
specific gene and chromosomal sites are known as genome editing technologies [89]. Genome editing
technologies encompass three primary SSN systems, i.e., the clustered regularly interspaced short
palindromic repeats/CRISPR-associated protein 9 (CRISPR/Cas9) system, the transcription activator-
like effector nucleases (TALENS), and the zinc finger nucleases (ZFNs). The ZFNs were the first SSNs
to be used to edit plant genomes [90-96]. More recently, CRISPR has emerged as a significant method
for gene-specific genome editing [97]. The usefulness of CRISPR technology in cassava has received
less attention than in other crops like rice [98]. The CRISPR/Cas9 technique has recently been used in
several genome editing studies to increase the output of cassava, a drought-resistant crop, by adding
disease resistance, quick blooming, herbicide tolerance, and decreased cyanide levels in the leaves
and roots [99-101]. To generate the CRISPR/Cas9 technology capacity in the tropical staple cassava
(Manihot esculenta), in two cultivars, the Phytoene desaturase (MePDS) gene was targeted with
constructs containing gRNAs targeting two sequences within MePDS exon 13. PDS genes present in
cassava were targeted using CRISPR/Cas9 technology. As previously observed, PDS encodes key
enzymes involved in the carotenoid biosynthesis pathway, and a defect in the PDS gene causes
dwarfism and albinism in Arabidopsis [102]. To avoid failure of the experiment of CRISPR/Cas9-
targeted genome editing in cassava, they chose an alternative to the PDS gene. They used two gRNAs
that targeted exon 13 in cassava cultivars 60444 and TME 204 to disrupt MePDS function. Minor (1
bp) nucleotide substitutions and/or deletions upstream of the 5" and/or downstream of the 3’ targeted
MePDS region were observed. According to the data presented, CRISPR/Cas9-mediated genome
editing of cassava is highly efficient and relatively simple, resulting in multi-allelic mutations in both
cultivars studied [100]. Cassava leaves and roots contain toxic amounts of the cyanogenic glycoside
linamarin, and their consumption causes conversion of cyanogens to cyanide, resulting in poisoning
of the body [103]. Thus, acyanogenic cassava cultivars are required to make cassava safe and edible
[104]. Thus, the CRISPR/Cas9 system is used for genome editing in cassava, targeting mutagenesis of
the MeCYP79D1 gene in exon 3 via Agrobacterium-mediated transformation. However, the cassava
cyanide and linamarin were not completely eradicated by the MeCYP79D1 knockout. However, the
analysis revealed that CRISPR/Cas9-mediated mutagenesis is a viable alternative approach for
developing cassava plants with reduced cyanide content [105]. Another experiment using the
CRISPR/Cas9 system for genome editing in cassava to mediate the starch biosynthetic genes and
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generate novel varieties with high starch content crops. CRISPR/Cas9-mediated mutagenesis of the
starch branching enzyme 2 results in the production of high-amylose cassava (SBE2) [106].

7. Transcriptomic Analysis in Cassava

Transcriptomics is concerned with the transcriptome, which refers to the entire set of RNA
transcripts produced by an organism’s genome in a cell or tissue. Depending on the experiment, the
term may also be used to refer to all RNAs or just mRNA [107]. Dong and co-author, via
transcriptomic analysis, created a 60-mer oligonucleotide microarray spanning 20,840 cassava
transcripts, which was used to profile the gene expression in the apical shoots of cassava plants that
had been exposed to low temperatures. A total of 508 differentially expressed genes (DEGs) were
found. The research may contribute to a better understanding of how cassava genes are regulated
under cold stress and suggest new strategies for genetically enhancing cold tolerance [108]. The
transcriptomic analysis was performed on three cassava genotypes, i.e., MPER417-003, MECU?72, and
MTAI16, demonstrating a newly created cassava oligo-microarray, which is utilised for the analysis
of cassava transcriptome in different cassava genotypes under drought stress. The analysis revealed
that three genotypes exhibited a similar pattern of gene expression in both untreated and drought-
stress-treated settings, as determined by a hierarchical clustering analysis of the 168 genes
upregulated by drought stress and the 69 genes downregulated by it [109]. To understand the
functions and regulatory mechanisms of melatonin in the delay of (Postharvest Physiological
Deterioration) PPD of cassava, a comparative, physiological and transcriptomic analysis was carried
out. They provided the possible molecular evidence through the transcriptomic analysis that was
carried out between water and melatonin-treated tuberous roots during the process of PPD. Among
the DEGs, 30 out of 34 genes encoding enzymes allied with ROS scavenging, including POD, SOD,
APX, CAT, PrxR, were transcriptionally induced by melatonin at the early storage stage (6 h) during
PPD [110]. Further, about 10,347 differentially expressed genes were identified via transcript analysis
to investigate the distribution of the differential expression pattern during PPD (Postharvest
Physiological Deterioration). The majority of genes showed upregulation throughout the PPD
process. Collectively, our studies provide a fresh understanding of the network of transcriptional
control throughout PPD development and suggest potential gene resources for delaying cassava PPD
[111]. Another experiment was conducted on cassava to investigate the molecular mechanisms
underlying tolerance to postharvest physiological deterioration (PPD). By the RNA-Seq method, the
transcriptome changes in the tuberous roots were analysed for both the SC8 and RYG1 genes. These
genes and pathways were essential to maintain the longer shelf life in cassava. In this transcriptomic
experiment, it was shown that photosynthesis-related gene expression was higher in RYG1 than in
SC8. This helps delay the deterioration of cassava roots during PPD [112]. A total of eight hub genes
related to photosynthesis were also identified in this experiment [112]. Due to its unique feature of
developing a massive underground storage root, cassava is considered one of the major food crops
in most regions. Wilson and co-authors performed RNA-sequencing and developed an open-access,
web-based interface for future examination of the data, providing molecular identities for 11 cassava
organ/tissue types. In total, 31 expressed genes were identified and represented [113]. Ding and co-
authors worked on integrating proteomic and transcriptomic analysis in the cassava crop, providing
new insights into the post-transcriptional regulation of cassava drought stress. They analysed a total
of 1242 and 715 differentially expressed genes (DEGs), together with 237 and 307 differentially
expressed proteins (DEPs). These were identified in cassava roots and leaves via RNA-seq and iTRAQ
techniques [114]. Furthermore, an analysis was carried out to determine the photoperiodic flowering
pathway in cassava, including its associated transcription factor and downstream genes. An RNA-
seq study was performed on cassava plants that had been cultivated in a field. From the analysis, two
unique developmental changes take place in cassava that have been cultivated in a field and have
been identified by the transcriptome analysis. The photoperiodic pathway regulators GI and CO,
forigen and antiforigen FT and CEN/TFL1, transcription factor components of FAC (FD), and the
FAC target genes AP1/FUL and SOC1 were among the genes investigated [115]. The transcriptomic
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analysis of cassava tuberous root at two developmental stages (51, S2) was carried out using 10x
Genomics technology. An uncommon cell type, known as a Casparian strip, was observed using up-
regulated genes and pseudotime analysis [116].

8. Metabolomics Analysis of Cassava

Metabolomics has been a constantly evolving field due to advancements in materials,
equipment, and methodologies since the conceptual foundation of metabolite analysis as one of the
“omics” approaches [117]. Metabolomics is a constantly evolving technology for the biochemical
study of complex mixtures. It aims to enable objective, quantitative analysis of many metabolites in
a biological material extract [118]. The recently developed, widely targeted metabolomic approach,
based on liquid chromatography-mass spectrometry, allows for high-throughput metabolite
detection and has been applied to several species [119]. In general, basic, secondary, and specialised
metabolites can be distinguished in plants [120]. To increase the nutritional value of crops, it is crucial
to investigate metabolic diversity and understand the genetic control of nutritional metabolites [121].
A bridge between genotypes and phenotypes, the metabolome is an effective method for determining
the metabolic profiles of an interesting crop under specified conditions. Techniques for metabolome-
assisted breeding have been developed and utilised to enhance the nutritive value of crops [122]. A
metabolite test was carried out in 2019 by Laise Rosado-Souza et al., utilising a variety of methods.
In this experiment, identical pools of frozen cassava are divided into two aliquots, one of which is
examined in the fresh state, and the other after being freeze-dried. The protocols described in this
article enable relative and/or absolute quantification of metabolites derived from various pathways,
ranging from the central, highly abundant, and essential metabolites found in both plant and non-
plant species, such as sugars and organic acids, to more specialised metabolites found in cassava,
such as linamarin [123,124]. Cassava root metabolites contain a variety of nutrients that are essential
for human health. Exploiting the variety of nutritional ingredients found in cassavas is critical for
increasing their nutritional value. Metabolome is an effective method for determining the metabolic
profiles of crops under specific conditions, and it is regarded as a link between genotypes and
phenotypes. Metabolome-assisted breeding techniques have been developed and used to improve
crop nutrition [122]. Cassava roots are a significant source of dietary and industrial carbohydrates,
but they suffer significantly from PPD. In 2014, Uarrota and co-authors carried out metabolomic
analysis on cassava roots during PPD. The analysis showed an increase in the metabolites like
flavonoids, anthocyanins, carotenoids, reactive scavenging species, enzymes and phenolics until 3-
5days of postharvest [125]. To expand the knowledge on the composition of metabolites in the roots
of three cassava cultivars, i.e., light-yellow-flesh, yellow-flesh and white-flesh, metabolomic analysis
was performed. They also acquire knowledge on the genetic improvement of cassava’s high
nutritional value. In total, 508 metabolites were identified in cassava roots, including 300 primary
metabolites and 185 secondary metabolites [126]. Furthermore, an integrated metabolomic and
transcriptomic analysis was also carried out using two different varieties, i.e., yellow and white
Cassava tuberous roots, to reveal the mechanisms involved in colour formation at seven different
stages. The experiment revealed coordinated regulation of 16 metabolites and 11 co-expression genes
involved in anthocyanin biosynthesis, indicating that anthocyanin biosynthesis plays a vital role in
yellow pigmentation in cassava tuberous roots. Two transcriptional factors were also identified, such
as MeMYB5 and MeMYB42, which are associated with anthocyanin biosynthesis genes [127].

9. Proteomics Analysis of Cassava

In the late 1990s, the term “proteomics” was first coined [128]. Proteomics is a vital source of
data about biological systems because it generates information about the interactions, functions,
concentrations, and catalytic activities of proteins, which are the major structural and functional
determinants of cells in living organisms [129]. It has a central role in systems biology as it
complements the analysis of the metabolome and the transcriptome [130]. The identification of
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proteins from various tissues and organs of rice and Arabidopsis was first reported in studies [131,132].
A large-scale proteomics study was carried out on the cassava storage root, and it was observed that
over 2600 unique proteins were analysed. About 300 proteins showed significant abundance
regulation during PPD, i.e. postharvest physiological deterioration [133]. Xuchu Wang and
colleagues conducted a comparative proteomics experiment on cassava root at nine different
developmental stages. About 154 proteins were identified that expressed differentially during root
tuberization and starch accumulation [134]. An experiment was conducted to investigate the
chloroplast proteome, which is responsible for drought stress in cassava leaves. Many drought-
responsive proteins were discovered to be involved in ion transport, the antioxidant system,
secondary metabolism, signal transduction, and gene regulation [135]. A research work was
conducted to find out the effects of short-term exposure to extreme hot and cold temperatures on
proteomics, photosynthesis and biochemical changes in plants grown in pots. The experiment was
carried out on two cassava cultivars, namely Kasetsart 50 and Rayong 9. Proteomics analysis
uncovered some intriguing differentially expressed proteins (DEPs), such as annexin, a
multifunctional protein involved in the early stages of heat stress signalling [136].

10. Future Perspectives

Significant progress has been made in studying multi-omics in cassava over the last few decades.
Many studies are currently focusing on the identification and characterisation of the cassava crop.
That said, very few studies to date have focused on exploring the proteomics and metabolomics
aspects of the crop. On the other hand, several studies have been carried out in depth, focusing on
the development of various traits of cassava, as well as the transcriptomic analysis of the crop. This
analysis has helped identify several regulatory genes, which will prove beneficial for future studies.
The genome editing technologies are also playing a vital role in cassava crop improvement and better
analysis of the crop variety development. The NGS technologies are continually advancing, with
improvements to both the quantity and quality of reads. Although capturing the cassava genome
remains difficult, it is expected that we will gradually find better solutions, as has been the case in
previous studies. Large-scale publicly available genome and transcript sequence resources, as well
as international genome sequencing streams, are expected to promote cassava genome sequence
dissection in tandem with the development of bioinformatics approaches.
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