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A B S T R A C T   

Cassava (Manihot esculenta Crantz) is cultivated in tropical and subtropical regions for its edible tuberous roots 
and minimally for its leaves. It provides food and revenue to over eight hundred million people particularly in 
Africa. Generally, cassava is drought-tolerant, and sheds leaves in drought conditions resulting in significantly 
lower yields. Cassava drought management strategies need to focus on maximizing the utilization of molecular 
tools for crop establishment and yield. Developing strategies to produce cassava cultivars with drought tolerance 
is vital to extending crop yield under limited rainfall. In this review, recent progress applying molecular genetics, 
genomics, genetic engineering, and genome editing are reviewed.   

1. Introduction 

Cassava (Manihot esculenta Crantz) is thought to have been domes-
ticated around 8000 years in South America and brought by traders to 
West Africa in the 16th century [1]. Together with 98 other species 
including the rubber producing Manihot glaziovii, cassava belongs to 
Euphorbiaceae family, genus Manihot [2–5]. It is a highly heterozygous 
crop existing as polyploid or diploid with 36 chromosomes in the later 
[6] and is ranked third from rice and maize in human consumption. 
Additionally, it serves as feed for animals and is commercially used in 
the production of starch and biodegradable plastics. The crop is propa-
gated through stem cuttings with a production range of 5000–20,000 
cuttings per hectare depending on the cultivar’s nature of growth and 
cropping system [7]. As a crop, cassava is among the most 
drought-tolerant and can also tolerate nutrient-depleted and acidic soils. 
Cassava productivity stands at 308 million tons over an area of 27.8 
million hectares. Nigeria is one of the major producers with about 20% 
of total global production, other major growers are Angola, Brazil, 
China, Democratic Republic of the Congo, Ghana, Indonesia, Philippines 
and Mozambique, Viet Nam, and Thailand [8]. Cassava is extensively 
cultivated within the Tropics in regions 1500–2000 m above sea level. 
The range of temperature for cassava cultivation is 25–29 ℃, with 

rainfalls from 1000 to 15,000 mm annually [9]. 
Drought as plant abiotic stress limits growth resulting in low pro-

ductivity [10]. Plants have adapted to water-deficit through multiple 
mechanisms including biochemical, morphological, physiological, and 
molecular. Four mechanisms have been postulated to govern plant’s 
resistance to drought stress: drought tolerance (DT), avoidance (DA), 
escape (DE) and recovery (DR) [11]. Drought avoidance is a state in 
which plants modify their morphological features to retain a signifi-
cantly greater tissue water content and regular physiological functions 
despite low soil water content [12]. Dehydration avoidance is achieved 
primarily through the closure of stomata, accumulation of wax, reduc-
tion in vegetative development, including leaf quantity and size, and 
improving uptake of water by the development of elaborate root system. 
Drought escape on the other hand is where plants modify their life cycles 
or period of growth before the beginning of drought, either naturally or 
artificially. Drought recovery is the plant’s ability to recover its growth 
and vigor after being severely harmed by drought. Drought tolerance 
refers to ability of a plant to continue functioning physiologically in the 
face of severe drought through regulating stress-responsive genes and 
signaling pathways [11]. The increasing scarcity and competition for 
water resources call for the development of drought-tolerant/resistant 
cultivars as a sustainable way of extending agriculture to low rainfall 
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areas and those without an appropriate irrigation system. Studies on the 
physiology of cassava with known drought tolerance have indicated that 
cassava results in the rapid closure of stomata under both limited water 
in the atmosphere and in the soil, a result of which is the protection of 
the leaf against dehydration [29]. Cassava is certainly tolerant to 
drought, but, at the cost of tuber yield [13]. Underwater stress, cassava 
frequently sheds its leaves resulting in significantly reduced productivity 
[14]. The first 3–4 months after planting is a critical period in irrigated 
cassava system [15,16]. Moisture stress, during these first months of leaf 
formation, root initiation, and tuberization can result to the death of the 
plants or reduce the yield of storage root by up to 60% [17,18]. For 
example, in Uganda, up to 84.27% of mortality of cassava plants due to 
early period of drought stress was recorded [16,19]. A 30% yield 
reduction of cassava cultivated in Kerala was observed due to late 
monsoons and planting followed by a period of drought [15]. 

Other abiotic factors including marginal soils, traditional planting 
methods, and ambiguous farming practices also affect cassava produc-
tivity under a changing climate. In addition, post-harvest losses resulting 
from post-harvest physiological deterioration (PPD), defined as the 
discoloration resulting in root tubers turning blue/black [20], is another 
challenge. The PPD is a major problem in cassava production occurring 
2–3 days after harvesting tubers even though this may vary with vari-
eties, storage conditions, and weather [21]. Additionally, Cassava tubers 
in some genotypes have poor nutritional content and are ladened with 
cyanogenic compounds [22]. These constraints impact yield and root 
quality significantly and are a serious economic burden to farmers with 
limited resources. In view of the importance of cassava as food, there is a 
need to develop strategies that will increase its productivity under 
drought conditions. This article overviews recent progress and potential 
applications of molecular genetics and genomics in enhancing resilience 
to drought. We also explore alternative strategies like genetic engi-
neering and genome editing that can complement conventional breeding 
in cassava improvement for drought. 

2. Breeding cassava for changing climate 

Climate change involves a shift towards conditions worse than the 
prevailing ones. These changes affect crop growth and results in pest and 
disease introductions [23]. The cumulative effects of climate change on 
cassava cultivation vary with the geographical locations [24]. A study to 
predict climate change impacts on cassava production observed that it 
may be positively impacted by climate change with a − 3.7% to + 17.5% 
change across Africa [25]. Despite these positive projections, several 
regions of reduced productivity are expected within Africa and globally 
due to increased temperature as well as pest and disease dynamics. 
Breeding cassava that can overcome these challenges is a sure and 
long-term way of ensuring productivity. 

3. Breeding for enhanced tolerance to drought 

Increased drought and drought-like conditions are projected to affect 
cassava productivity the most heading into 2030 [25]. In a changing 
climate, breeding for tolerance is the most sustainable and effective 
approach to enhanced productivity [26,27]. Breeding for improved 
productivity under changing climate complements similar efforts for 
enhanced productivity under favorable conditions and does not equate 
to the neglect of the latter [28]. The generation of drought-tolerant 
varieties can result in enhanced productivity in cassava growing areas 
[27]. The second important trait in breeding for drought tolerance is an 
extensive fine root system which allows cassava to utilize water in deep 
soil layers (below two meters) [25,29]. The major limitation in cassava 
improvement against drought is the identification of germplasm with 
known and proven tolerance [27]. 

Cassava productivity in drought, poorly aerated and low nutrient soil 
conditions is greatly diminished, and well-aerated, watered, and fertil-
ized soils are a prerequisite to improved productivity [30]. However, 

major breeding efforts are already in place to develop cultivars that can 
maintain relatively high productivity under drought conditions [31]. 
Extensive efforts have therefore gone into characterizing existing 
germplasm with the aim of identifying the most suited cultivars to 
integrate into breeding. A wide range of genomic resources (germplasm) 
exists in national research organizations in Africa (Tanzania, 
Mozambique, and Nigeria), Asia (Thailand), and South America (Brazil) 
[32]. A huge germplasm collection also exists at the International 
Institute of Tropical Agriculture and the International Center for Trop-
ical Agriculture with 2000 and 6000 accessions respectively. In South 
America, the North and South-Eastern regions of Brazil with limited 
rainfall (250 and 600 mm per year) for example are regions with a high 
diversity of drought-tolerant cultivars [31]. In these regions of Brazil, 
wide variations in productivity under-watered and drought experi-
mental and field conditions have been observed [27,30,31]. The Bra-
zilian cultivars were classified as tolerant or susceptible [27]. Similar 
studies have been conducted in Africa and Asia under field conditions 
and even using in vitro assays to identify cultivar variation to drought 
tolerance [26,33,34]. The major goal in these studies is classifying the 
performance of existing germplasm under drought conditions for 
breeding purposes. The variable response to drought in cassava geno-
types is attributed to prolonged opening of stomata in the less tolerant 
varieties leading to more water loss [28]. The physiological and 
morphological screening for drought response is the first level in iden-
tifying appropriate breeding lines in germplasms for breeding purposes. 
Accessions with observed tolerance to drought are then integrated into 
breeding programs. 

4. Cassava molecular drought response mechanisms 

Identification of the molecular mechanisms for drought response of 
any crop lays a strong basis for downstream breeding efforts. Plants 
respond to drought by avoiding, escaping, drought tolerating and 
recovering or a combination of these methods. These four different 
mechanisms entail a complex interaction of proteins coded by multiple 
genes which are either upregulated or downregulated to enhance 
drought response. Cassava basically relies on avoidance by closing the 
stomata as well as developing extensive root network system [26]. 
However, with the availability of cassava genome sequences [83], 
further light is being shed into the exact mechanism of cassava drought 
response. To identify putative drought enhanced genes, over 18,000 
Expressed Sequence Tags (ESTs) under conditions of drought and water 
were generated resulting in over 8000 unique gene clusters [35]. The 
unique gene clusters had representative genes with osmo-protective 
functions, heat-shock and other oxidative stress response and signal 
transduction proteins. In another study, 60-mer oligonucleotide Agilent 
microarrays representing about 20,000 genes were used in expression 
profiling of three cassava cultivars under drought conditions [36]. The 
oligo microarray study in three cassava genotypes observed a total of 
168 genes as being upregulated. Among these 168 genes, some were 
associated with response to biotic and abiotic stress. In yet another study 
involving a susceptible and drought-tolerant variety, four 
drought-responsive candidate genes MeALDH, MeZFP, MeMSD, and 
MeRD28 were exclusively upregulated during drought in the 
drought-tolerant variety [37]. The MeMSD and MeALDH genes are ho-
mologues of Pisum sativum Manganese Superoxide Dismutase and Ara-
bidopsis thaliana ALDH7B4 respectively, both known to be reactive 
oxygen species (ROS) quenchers [37]. The genes MeZFP and MeRD28 on 
the other hand are cassava homologues of Oryza sativa Japonica zinc 
finger protein ZFP252 and A. thaliana RD28 which play a role in osmotic 
adjustments [37]. 

Long non-coding RNAs (lncRNAs) are a class of regulators that play a 
role in drought response regulation [38,39] and are involved in cassava 
drought response [40,41]. Two lncRNAs were observed to enhance 
tolerance in autotetraploid cassava by increasing the stomata density 
[40]. This is a clear indication of possible additive roles in duplicated 
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copies of the lncRNAs in the autotetraploid cultivars. In a second study 
in cassava, about 318 lncRNAs identified as drought/cold-responsive 
were associated with biosynthesis of secondary metabolite, trans-
duction of hormone signals, and sucrose metabolism [41]. In additional 
studies comparing transcription response to cold and drought, RNA 
sequencing was done at different time-point exposures [42]. This study 
observed exclusive response to drought by abiotic stress and ethylene 
metabolism related genes whereas those associated with photosynthesis, 
cell wall, and carbohydrate metabolism among other pathways were 
cold and drought responsive [42]. Overall, these studies indicate that 
cassava, like other crops employs a broad range of molecular mecha-
nisms including ROS scavenging, osmotic regulation, and metabolic 
downregulation with an aim of preserving cell integrity. 

5. Genetics and genomics research on drought tolerance in 
cassava 

Drought response in cassava just like most of other plant traits are 
encoded by many genes and are therefore quantitative, multifactorial, 
and polygenic traits [43]. Efforts in cassava have therefore used mo-
lecular markers to narrow down to the genomic regions associated with 
some of these traits. 

A limited number of studies have used isoenzymes as markers and for 
generating genetic maps. Three isoenzymes in combination with 132, 30 
and 3 RFLPs, RAPDs, and 3 micro-satellites respectively, were used to 
generate a genetic map in a female heterozygous parent from an intra-
specific cross [45]. In India, several isoenzyme markers were used to 
identify duplicates in cassava germplasm [46]. Similar studies using 
isoenzymes have been conducted in farmer’s fields to identify genotypes 
[47]. Genome-wide analyses of eighteen glutaredoxins (GRXs) in the 
cassava genome were observed to be drought-induced in two cassava 
cultivars [48]. Additionally, a total of 91 Class III Peroxidase (POD) 
enzymes that are linked to drought response were identified in cassava 
[49]. 

Simple molecular (DNA) markers have extensively been used in 
different traits including drought [27,41,42,50–52]. The major goal of 
these studies is to easily link drought as a trait to the genomic regions 
involved. To identify cassava diversity and drought-associated alleles, 
one hundred and seven abiotic-related EST-SSRs were used in 134 cas-
sava genotypes [53]. This study identified 53 markers that were closely 
associated with drought response and concluded that they could be used 
in drought tolerance marker-assisted selection. In another study aimed 
at evaluating the effects of drought on genetic parameters of 47 cassava 
genotypes, significant differences of genetic nature were observed [27]. 

The advancement in genomics has enhanced the use of genomic re-
sources to identify and map variant alleles in cassava in a high- 
throughput manner. In a study evaluating multiple traits including 
drought tolerance stability index in 49 cassava genotypes, a total of 62 
Single Nucleotide Polymorphisms (SNPs) in the 18 cassava chromo-
somes were identified through genome-wide association studies (GWAS) 
[54]. The 62 nucleotides obtained were mapped to different transcripts, 
some of which have known drought-associated functions. Transcriptome 
analysis has been used to physiologically investigate polyethylene glycol 
(PEG) drought-induced profiles [55]. In this PEG-induced drought 
study, novel pathways dependent and independent of Abscisic acid 
(ABA) were elucidated [55]. Together, these studies highlight a deeper 
understanding of mechanisms involved in cassava drought response and 
create valuable genetic resources for breeding. Additionally, multiple 
markers have been used in characterizing drought in cassava and these 
have been highlighted in Table 1. 

6. Conventional cassava breeding and its challenges 

Conventional cassava breeding is time-intensive with a minimum of 
six years required to reach cultivar trial and even longer to release. The 
breeding time is lengthened by variation in plant performance 

depending on the physiology of the vegetative cutting and mostly by 
delayed and non-synchronized flowering of cassava breeding lines [56]. 

Induced flowering has been made possible following the identifica-
tion of a Flowering locus T (FT) that produces a systemic flowering signal 
called florigen, which allows plants to transition to flowering [57]. 
Antagonistic to FT is the Terminal Flower 1 locus (TFL1) which inhibits 
flowering. Homologues of A. thaliana FT (AtFT) and TFL1 have since 
been identified and shown to be critical flowering genes in other plants 
species including tomato, rice, potato, tobacco. Early flowering has been 
observed to be induced by either overexpressing the FT genes or by 
silencing FT antagonist TFL1 demonstrated in corps like strawberry 
[57]. In cassava early flowering has equally been induced by heterolo-
gous expression of AtFT gene either by over-expressing it from 35S 
promoter as well from an Alcohol inducible promoter [58]. The early 
induced flowers were observed to not only be fertile but also resulted in 
viable seeds upon fertilization [59]. Early flowering in cassava has also 
been achieved through other approaches including grafting and hor-
monal treatment. 

7. Biotechnologies for enhancing tolerance to drought 

Despite the successes in developing drought-tolerant through con-
ventional breeding in several other crops (Table 2), cassava, has lagged 
behind due to limited availability of germplasm, a narrow genetic ma-
terial pool and limitation in sexually compatible germplasm, poor 
flowering, polyploidy, vegetative propagation, and heterozygosity, 
which hinder desirable agronomic trait transfer. Overcoming the limi-
tations of conventional breeding in developing drought-resilient cassava 
calls for complementary approaches like genetic engineering and 
genome editing (Fig. 1). 

8. Genetic engineering for drought tolerance: lessons from other 
crops 

Genetic engineering approaches offer a pathway to developing 
resistance to drought in cassava. The Isopentenyl transferase (IPT) 
enzyme is key in cytokinin biosynthesis where it catalyzes the rate- 

Table 1 
Summary of selected molecular and genomic studies on resistance to drought in 
cassava.  

Number/type of marker Major observations Ref. 

18166/EST 8577 unique gene clusters identified 
(5383 singletons and 3194 clusters) 

[35] 

60-mer oligonucleotide Agilent 
microarray 

1300 drought stress up-regulated genes 
identified 

[36] 

Quantitative RT-PCR 4 drought tolerance candidate genes 
identified 

[37] 

Transcriptome analysis 2372 long noncoding RNAs (lncRNAs) 
and 86 autotetraploid-specific lncRNAs 
recognized 

[40] 

RNA-sequencing study A catalogue of 682 high-confidence 
lncRNAs 

[41] 

RNA-sequencing study Multiple differentially expressed genes 
identified 

[42] 

RNA-sequencing study 18 CC-type GRXs identified to be 
drought induced, Six CC-Type GRXs 
induced by exogenous ABA 

[48] 

RNA-sequencing study 91 cassava POD genes (MePODs) 
identified 

[49] 

104/expressed sequence 
tags—simple sequence repeat 
(EST-SSR) 

53 markers that were significantly 
associated with drought-related traits 
recognized 

[53] 

Genome-wide association study 
(GWAS) 

62 single nucleotide polymorphisms 
(SNPs) were identified 

[54] 

RNA-sequencing study Identification of novel pathways in ABA- 
dependent and ABA-independent 
regulatory networks underlying PEG- 
induced dehydration response 

[55]  
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limiting step in forming isopentenyl AMP, a precursor is synthesis of 
isoprenoid cytokinins [60]. Overexpression of ipt gene is associated with 
a delay in tobacco leaf senescence [61] and an increase in plant water 
retention [62]. Similarly, ipt gene driven by Arabidopsis senescence 
specific (SAG12) promoter transformed into cassava accession TMS 
60444 resulted in increased water retention and a stay green phenotype 
under water stress [60]. This indicates that genetic engineering could be 
used to develop drought tolerant cassava. 

The ABA stress hormone in a plant under drought results in closure of 
stomata which reduces further loss of water through transpiration. The 
closure of stomata works in a feed-back mechanism where availability of 
water, again leads to a drop in ABA levels and re-opening of the stomata. 
Many transcription factors (TFs) and genes encoding signaling factors 
(SFs) in the ABA signaling cascade play major roles in plant drought 
response [62]. The TFs activate downstream genes resulting in stress 
adaptation where both repressors as well as activators are engaged in 
drought tolerance [63]. The involvement of TFs like dehydration 
responsive binding protein (DREB), ABA-responsive element binding 
protein1 (AREB1), ABA-responsive binding factor 2 (ABF2), bZIP 
encoding and MYB encoding genes has been reported. The 
over-expression of these TFs in plants has demonstrated enhanced 
drought tolerance [62]. 

Signal transduction systems play critical roles in plant drought 
response with involvement of factors like ABA and MAPK kinases, far-
nesyltransferases, osmotic-stress-activated kinases such as the SNF1- 
related protein kinase 2 family (SnRK2) and Calcineurin B-like 
protein-interacting protein kinases CIPKs [64,65]. Some of the factors 
that act as regulators of ABA, have been identified with their suppression 
or activation resulting in enhanced drought tolerance [62]. 

The inactivation cap-binding protein 80 of CBP80 in ABA- 
hypersensitive A. thaliana resulted in stomata closure leading to 
reduced wilting under drought conditions [66,67]. Arabidopsis 
cap-binding protein 20 (CBP20) null mutants were hypersensitive to 
ABA during germination and were tolerant to drought stress [68]. In 
potato, silencing of CBP80 by RNAi resulted to increased tolerance to 
drought [69]. Similarly, the manipulation of TFs and SFs in cassava 
might help cassava breeders to develop drought stress tolerant cultivars. 

9. Strategies for development of drought-resistant cassava 
through gene editing 

In recent years, genome editing has become the tool of choice in 
plant modification. Techniques like clustered regularly interspaced 

Table 2 
Genetic engineering and genome editing (CRISPR/Cas9) studies on drought 
resistance in the selected plants.  

Plant Engineering 
system 

Target 
gene 

Observations Ref. 

Arabidopsis CRISPR/Cas9 OST2 Stomatal response [77] 
Arabidopsis CRISPR/dCas9 AREB1 ABA signaling- 

mediated drought 
tolerance 

[84] 

Arabidopsis RNAi CBP80 
(ABH1) 

stomatal closing and 
reduced wilting during 

[66, 
69, 
71] 

Arabidopsis RNAi CBP20 Increased water-deficit 
tolerance during 
drought stress 

[66] 

Cassava Overexpression IPT Increased water 
retention 

[60] 

Maize CRISPR/Cas9 ARGOS8 Drought tolerance [79] 
Potato RNAi CBP80 Increased tolerance to 

drought 
[71] 

Rice CRISPR/Cas9 OsSAPK2 ABA signaling- 
mediated drought 
tolerance 

[67] 

Rice CRISPR/Cas9 OsERA1, Leaf rolling [81] 
Tobacco Overexpression IPT Increased water 

retention 
[61] 

Tobacco Overexpression IPT Delayed leaf senescence [62] 
Tomato CRISPR/Cas9 SINPR1 Drought resistance [80] 
Tomato CRISPR/Cas9 SIMAPK3 ABA dependent kinase 

signaling 
[82]  

Fig. 1. Schematic representation of the main approaches used for drought improvement in cassava. The aspects involved in cassava improvement against drought 
include screening for drought tolerance of farmer preferred cultivars in cassava germplasm. Among others, aspects like stay green (leaf retention), tuberization during 
drought, drought recovery and enhanced stomata closure are bred. Cassava cultivars can be improved through genetic engineering and genome editing. 
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short palindromic repeats and associated protein (CRISPR/Cas), mega-
nucleases, zinc finger nucleases (ZFNs) and transcription activator-like 
effector nucleases (TALENs) have been developed to achieve effective 
genome editing [70]. Among these nucleases, CRISPR/Cas9, is the most 
effective editing tool in plants due to its being simple, flexible, highly 
efficient and easy to multiplex [70–72]. 

The CRISPR/Cas9 technology comprises of the Cas9 nuclease and 
gRNA (guide RNA). The Cas9 protein recognizes DNA target(s) because 
of gRNA-DNA pairing in gRNA’s 5′ leading sequence. Additionally, Cas9 
also recognizes the PAM (protospacer adjacent motif) resulting in edits 
up-stream of it. The common PAM nucleotides are NGG or NAG with N 
being any nucleotide base. Usually, Cas9 shows more affinity to NGG 
than NAG. The gRNA directs Cas9 to precisely cut DNA resulting in 
double stranded breaks (DSB). The breaks are consequently repaired by 
endogenous mechanisms of homology-directed repair (HDR) and non- 
homologous end joining (NHEJ) resulting in a user-desired mutation 
or genetic outcome. The error-prone NHEJ repair results in random in-
sertions and deletions (SNPs, indels) that consequently lead to in-frame 
shift mutations and gene knockouts [73]. The HDR pathway offers more 
repair precision of the DSB resulting in gene knock-in, replacement or 
insertion of target DNA sequences. 

Gene editing is classified into three site-directed nucleases (SDN) 
types based on the repair types involved [74]. In the SDN1 type, NHEJ is 
involved resulting in random genomic mutations a consequence of 
which target gene is knocked out. In SND2, a repair template with ho-
mology to the DSB site is used as a reference for repair of DSB via HDR 
leading in substitution of nucleotides or targeted indels. When the HR 
repair template is larger than the region to be repaired, then this is SDN3 
and results in targeted insertion of foreign genes. 

The ability of CRISPR/Cas9 to create sequence-specific double 
stranded breaks in DNA or RNA makes it an excellent tool to engineer 
drought resistance in crops. Recently, CRISPR/Cas variants with 
different editing strategies, such as Cas12a (Cpf1), Cas13 and CRISPR 
activation (CRISPRa or dCas) have been used in plant editing [75]. 

Use of genome editing in enhancing plant tolerance to drought has 
been demonstrated in several plant species [76] (Table 2). A modified 
CRISPR-Cas9 combining a Cas9 and a truncated sgRNA (tru-sgRNA) was 
used to disrupt the Open Stomatal 2 (OST2) gene in Arabidopsis. The 
OST2 is a known plasma membrane H+ ATPase that influences how 
stomata responds in Arabidopsis. Evaluation of ost2_cripspr mutants 
under drought stress conditions showed enhanced stomatal closure and 
reduced water loss suggesting that disruption of the OST2 locus was 
found to facilitate drought tolerance by enhancing stomatal response 
[77]. Higher grain yield under drought stress is positively enhanced by 
ethylene signaling genes and negatively regulated by organ size 
(ARGOS) auxin regulated genes [78]. The maize ARGOS8 CRISPR/Cas9 
induced mutant had increased grain yield under drought stress and no 
yield losses under well-irrigated conditions [79]. To establish the role of 
non-expresser of pathogenesis related gene 1 (NPR1) in tomato drought 
tolerance, CRISPR/Cas9 was used to induce mutation [80]. The NPR1 is 
a plant defense regulator with limited information on its role in drought 
tolerance. Transgenic tomato S1NPR1 mutants experienced loss of 
function and exhibited enhanced drought susceptibility and a wider 
stomatal aperture relative to the wild type (WT) tomatoes [81]. The 
Arabidopsis Enhanced Response to Aba1 (ERA1) codes for the β-subunit of 
farnesyltransferase and is known to regulate ABA signaling as well as 
dehydration response. The ERA1 rice homologue mutant lines obtained 
by CRISPR/Cas9 editing, displayed enhanced sensitivity to ABA toler-
ance to drought [82]. In microorganisms, trehalose a non-reducing 
disaccharide of two D-glucose units functions as an osmo-protectant 
against stresses like limited water, oxidation, osmotic shock, freezing, 
salinity and radiation [83]. Arabidopsis thaliana with mutations in the 
trehalase substrate-binding domain exhibited enhanced tolerance to 
drought [82]. Overexpression of AREB1 through by activating its pro-
moter using CRISPRa positively regulates drought stress response [84. 
The many approaches used in other plants can be harnessed to further 

enhance drought tolerance in cassava especially drought susceptible 
varieties. 

10. Conclusions 

Climate changes are anticipated to impact cassava productivity in 
major ways in growing regions within African and globally. Drought is 
projected to remain a challenge in cassava productivity as it will affect 
tuber yield. Additionally, enhanced drought will change pest and dis-
ease dynamics resulting in high drought-associated pests like cassava 
green mites (CGM). The challenging conventional breeding approach in 
cassava requires complementation with techniques like genetic engi-
neering and genome editing. Integration of such biotechnologies re-
quires clear understanding of mode of action and possible target genes. 
The advancement in genome editing technology allows the possibility of 
tweaking existing genes in susceptible varieties to make them drought 
tolerant or resistant. Some of the mapping studies have so far been able 
to dissect into the respective QTLs and identified specific genes. How-
ever, studies on the roles of individual genes identified have not been 
accomplished for almost all the target traits. The potential genes for 
genetic engineering as well as targets for genome editing in cassava have 
been explored here mainly based on evidence from other crops and 
homologs of similar targets that need to be characterized in cassava. 
Overall, a multifaceted approach could be the most successful strategy 
for addressing cassava drought challenges in a current changing climate. 

CRediT authorship contribution statement 

JNT is responsible for the original concept. SMK, VNT and JNT 
contributed to writing. SMK, JNT, VNT and LT reviewed and edited the 
manuscript. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

The authors wish to thank the CGIAR Roots, Tubers and Banana 
Program, The Royal Society and The African Academy of Sciences for 
funding under Grant no. FLR\R1\201370. 

References 

[1] O. Iwuagwu, The spread of cassava (manioc) in Igboland, south-east Nigeria: a 
reappraisal of the evidence, Agric. Hist. Rev. Publ. Br. Agric. Hist. Soc. 60 (1) 
(2012) 60–76. 

[2] A.C. Allem, The origin of Manihot esculenta crantz, Genet, Resour. Crop Evol. 41 
(1994) 133–150, https://doi.org/10.1007/BF00051630. 

[3] N.M.A. Nassar, D.Y.C. Hashimoto, S.D.C. Fernandes, Wild Manihot species: 
botanical aspects, geographic distribution and economic value, Genet. Mol. Res. 7 
(1) (2008) 16–28, https://doi.org/10.4238/vol7-1gmr389. 
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