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Abstract: Cassava (Manihot esculenta Crantz) was introduced to Southeast Asia in the 16th—-17th cen-
turies and has since flourished as an industrial crop. Since the 1980s, Thailand has emerged as the
leading producer and exporter of cassava products. This growth coincided with the initiation of
cassava breeding programs in collaboration with the International Center for Tropical Agriculture
(CIAT), focusing on root yield and starch production. The success of Thai cassava breeding programs
can be attributed to the incorporation of valuable genetic diversity from international germplasm
resources to cross with the local landraces, which has become the genetic foundation of many Thai
commercial varieties. Effective evaluation under diverse environmental conditions has led to the
release of varieties with high yield stability. A notable success is the development of Kasetsart 50.
However, extreme climate change poses significant challenges, including abiotic and biotic stresses
that threaten cassava root yield and starch content, leading to a potential decline in starch-based
industries. Future directions for cassava breeding must include hybrid development, marker-assisted
recurrent breeding, and gene editing, along with high-throughput phenotyping and flower induction.
These strategies are essential to achieve breeding objectives focused on drought tolerance and disease
resistance, especially for CMD and CBSD.

Keywords: cassava breeding; conventional breeding; Kasetsart 50

1. Introduction: Cassava Domestication and Cultivation Worldwide and in Thailand

Cassava (Manihot esculenta Crantz), originally from South America, serves as a primary
food crop in numerous countries, notably in Sub-Saharan Africa. Nevertheless, in Southeast
Asia, cassava has emerged as a major industrial commodity, particularly in starch-based
industries producing modified starch, bio-plastic, and bio-ethanol. Furthermore, it serves a
crucial function as a primary source of carbohydrates in animal feed.

The 98 Manihot species that have been identified originated in the Americas, ranging
from the southern United States to central Argentina [1]. There were two hubs of bio-
diversity for Manihot species: Brazil for 80 species and Central America for the rest [2].
While many species are endemic in South America (particularly in the Amazon basin
region), there is another significant hub of bio-diversity for this genus in Mexico and
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Central America. The domestication of cassava took place in South America [3-5]. The
list of Manihot species with geographical origin, specific traits and endangered status
is available in the Supplementary Table S1. Nevertheless, the precise botanical origin
of cassava is yet to be determined, and its lineage remains ambiguous. The prevailing
hypothesis is that cassava was domesticated once from M. esculenta subsp. flabellifolia [3,6,7]
and the origin of the crop is likely to be the southern Amazon basin (Rondénia and Mato
Grosso) [2]. In addition to subspecies flabellifolia, there is ample evidence of hybridization
between M. esculenta and M. glaziovii [7,8].

The Portuguese explorers introduced cassava, along with the expertise in manufactur-
ing cassava flour (known as Farinha in Brazil), to Africa in around 1550. During the late
1800s, cassava became a prominent staple crop in Africa. Cassava was introduced to Asia,
specifically Sri Lanka, India, the Philippines, Indonesia, and Malaysia. This happened in
the 16th and 17th centuries, either directly from the Americas or indirectly through Africa.
In the 19th century, the cultivation of cassava became prevalent throughout Southeast
Asia [9,10].

Interestingly, cassava production in Thailand has consistently held the top position
in Southeast Asia and ranks third globally since 1986 [11]. In 2002, cassava production in
Thailand totaled approximately 34 million tons, cultivated across 1,587,369 hectares. The
northeastern region accounted for 54.2% of cultivation, followed by the Northern region at
26.0%, and the Central region at 19.8%. The national average yield stood at 21.5 tons per
hectare. By 2022, Thailand exported 5,930,697 tons of dried cassava valued at 1485 million
USD, alongside 3,631,043 tons of starch valued at 1757 million USD [11]. Thailand has
consistently held the top position in the global export market for cassava commodities
since the 1960s. It first ranked as the leading exporter of dried cassava roots in 1963 and
of cassava starch in 1982 [11]. This achievement reflects increasing demand over time,
driven previously by the needs of animal feed production and then shifting to starch-based
industries. The country’s robust cassava breeding program in the early 1980s, as noted by
Dr. Kazuo Kawano [12], has played a significant role in establishing a centralized national
breeding system. This system aims to enhance productivity to meet the demands of both
local cassava processing industries and the international markets for dried root chips,
starch, and related products.

This review includes the following sections: Section 2. Global Cassava Genetic Re-
sources; Section 3. Special Features of Cassava Physiology, Reproductive Biology, Roots
and Starch; Section 4. Cassava Breeding in Thailand; Section 5. Released Commercial
Cassava Varieties in Thailand; Section 6. The impact of KU50 in Thailand and Southeast
Asia; Section 7. Determinants of Cassava Yield and Production Quality; Section 8. Future
of Cassava Breeding Direction.

2. Global Cassava Genetic Resources

There are now 13,832 cassava accessions being conserved ex situ in collections located
in nine different countries. Colombia, Brazil, and Nigeria have the largest collections,
with 5963, 3620, and 3234 accessions, respectively [13]. A comprehensive report on the
conservation of Manihot esculenta and other Manihot species was prepared by Hershey in
2008 [14].

The collection housed at the International Center for Tropical Agriculture (CIAT) in
Colombia comprises 5577 accessions of M. esculenta and 386 wild relatives from 23 different
Manihot species. This gene-bank is renowned as the largest repository of cassava genetic
diversity. Established initially in the field in 1969, it has been maintained in vitro since
1978 [12,15]. The genetic materials primarily consist of farmer’s landraces and a few elite
clones from breeding programs. Approximately 37% of these genetic resources originated
from Colombia, 24% from Brazil, 21% from other South American countries, 7% from
Central America and the Caribbean, and 7% from Asia. Since 1979, over 43,400 samples
from CIAT’s cassava collection have been distributed to 84 countries. Duplicates of the
cassava collection held at CIAT are also maintained at the Corporacién Colombiana de
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Investigacion Agropecuaria (AGROSAVIA) in La Selva, Colombia, and at the International
Potato Center (CIP) in Peru [16].

Since 1975, accessions from CIAT’s cassava collection have undergone evaluation by
the cassava breeding programs in many countries importing cassava germplasm, concen-
trating on productivity, root quality, and responses to both biotic and abiotic stresses across
diverse environments [17]. From 2016 to 2021, SNPs and SilicoDArT markers were applied
to 5302 cassava accessions for identifying redundant genotypes in the germplasm [15].
A thorough screening of starch quality traits from thousands of accessions has also been
published [18].

Significant genetic diversity of both cultivated and wild relatives of cassava is also pre-
served in Brazil, primarily at the Empresa Brasileira de Pesquisa Agropecudria (EMBRAPA)
and the Universidade de Brasilia [19]. The EMBRAPA Cassava Germplasm Bank at the
Cruz das Almas Experimental Station in Bahia State, Brazil, houses approximately 5000 cas-
sava accessions, which are maintained both in the field and in vitro. These accessions
encompass landraces and modern breeding lines from various Brazilian cassava-growing
regions and eco-regions, including the Amazon, Cerrado, Pantanal, Caatinga, Atlantic
Forest, and Pampa. Genetic diversity studies have identified 1536 accessions as a unique
core set of Brazilian cassava germplasm collection, selected through Identity-By-State (IBS)
analysis of genotyping data. This germplasm collection originated in the Amazonia region
in the north and migrated to the Atlantic Forest in the south and the Caatinga in Eastern
Brazil [7].

The germplasm M. esculenta collection in Nigeria is hosted by the International Institute
of Tropical Agriculture (IITA) and maintains approximately 2712 accessions, comprising
mostly landraces from West Africa along with some wild relatives. It is worth noting that
elite germplasm and landraces from eastern, southern, and central Africa are currently
underrepresented in international collections [20].

In Asia, there are 1700 accessions of cassava collection at the Central Tuber Crops
Research Institute of India, 184 landraces at the National Bureau of Plant Genetic Resources,
and over 500 accessions of cassava and eight wild Manihot species maintained in state
universities in India [19].

The cassava germplasm collection for the breeding program in Thailand began in the
1930s with the importation of three varieties from the Philippines and the introduction of
17 varieties from Malaysia to the southern agricultural experiment station. Subsequently,
local cassava landraces from northeastern Thailand were gathered at the Rayong Field
Crops Research Center, Department of Agriculture (DOA), in 1956. Seven varieties were
included in the collection from Indonesia in 1963, followed by the addition of 43 varieties
from the Virgin Islands by the Thai Tapioca Trade Association in 1965 [21].

In 1970, Thailand welcomed five varieties (CMC9, CMC36, CMC72, CMC76, and
CMC84) from CIAT, which was followed by the introduction of 20 varieties and over
100,000 botanical seeds between 1975 and 1999. From the evaluation and selection of CIAT
F1 hybrid seeds, the varieties Rayong 3, Rayong 2, and Rayong 60 were registered and
released between 1983 and 1987 (see Supplementary Table S2 for details on the parentage
of Thai varieties). Subsequently, Rayong 3 served as a parent for Rayong 5, which was
released in 1994 [22]. Notably, from 2001 to 2005, a memorandum of understanding (MOU)
between the DOA, Thailand, and CIAT facilitated the importation of 943 in vitro cassava
accessions from the germplasm collection to the Rayong Field Crops Research Center, with
the addition of 30 disease-resistant varieties in 2007. In 2013, the cassava breeding program
at the Department of Agronomy, Faculty of Agriculture, Kasetsart University, introduced
21 genotypes from CIAT, carrying useful traits such as high-carotenoids content, excellent
cooking quality, and resistance to cassava mosaic disease (CMD), bacterial blight, and
super-elongation disease [23].

In China, the Chinese Academy of Tropical Agricultural Sciences (CATAS) oversees
the national cassava research program and trial network. The cassava breeding program
in China was initiated in the 1960s. CATAS maintains a cassava germplasm bank with
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over 120 accessions, including 30 introduced from CIAT/Colombia and the Thai-CIAT
program. In the frost-free conditions of southern China, approximately 3000 hybrid seeds
from 80-100 crosses were evaluated, along with 2000-3000 hybrid seeds imported from
CIAT/Colombia and the Thai-CIAT program. Among 500 promising lines, OMR33-10-4,
ZM8641, and ZM9057 were selected for further evaluation before being released as varieties
with high root yield and high dry matter content [24].

3. Special Features of Cassava Physiology, Reproductive Biology, Roots and Starch

Cassava is a perennial species with no fixed phenological stage for harvesting. The crop
can be harvested from 6 to 7 months after planting. Nevertheless, when exposed to cold or
drought stress, it is feasible to harvest it between 18 and 24 months after planting [25]. This
remarkable flexibility allows farmers to choose the optimal time for harvesting based on
various factors, such as market conditions, environmental outlook, labor and machinery
availability, and specific household needs. During the dry season in Thailand, there is an
upsurge in the demand for cassava. Therefore, farmers have the opportunity to harvest
cassava during this period to take advantage of the increased price, provided they can
supply water for cassava production using their own stems for the next crop. Additionally,
the crop possesses a remarkable ability to accumulate starch in its storage roots, even under
conditions of low soil fertility and water deficit. These combined traits contribute to the
exceptional reliability and resilience of cassava, attributes highly valued by farmers and
fundamental for ensuring food security.

Cassava can be propagated either from stems or botanical seeds [25]. Stem propagation
is the conventional method for commercial production, while seed propagation is essential
for breeding purposes. Before harvesting the roots, the main stems are cut and bundled
together in groups of approximately 50 stems, each to be stored in an upright position in
the shade and on the soil with regularly watering [10]. The length of these stored stems can
vary from 1 to 2 m depending on the cultivars having branching or non-branching plant
type and growing conditions. The stem will be cut into 20-cm-long stakes with 5 to 7 nodes
immediately before planting [10].

Sexual reproduction is common and relatively straightforward to achieve [9,25,26].
Cassava is a diclinous and monoecious species, meaning that either female (pistillate)
or male (staminate) flowers are produced in inflorescences (racemes or panicles) within
the same plant [25,27]. Self-pollination is feasible except for the limitations imposed by
cassava’s protogyny [28-32]. Male and female flowers ready for pollination can only be
found on separate branches of plants belonging to the same genotype. In fact, the first
sequenced cassava genome comes from an S partially inbred line [8].

Inflorescences always develop at the apex of the stem. Buds below the inflorescence
begin to sprout as soon as flowering is induced, enabling further plant growth [25,33].
Consequently, each flowering event leads to branching. Some genotypes flower early
and often (3-5 times during a growth cycle), and others flower infrequently, late, or not
at all. Flowering and branching patterns in cassava are highly heritable traits [34]. The
inflorescences of the first flowering event generally abort [35]. Consequently, breeders
initiate the crosses usually at the second or third flowering event, further delaying the
collection of seeds from new progenies.

Farmers often favor erect, non-branching types due to their facilitation of cultural
practices and increased production of vegetative planting material, which is easy to trans-
port and store (Figure 1B-D). However, this preference poses a significant challenge for
breeders, as genotypes with erect plant architecture tend to flower late and infrequently.
Consequently, producing botanical seed from these genotypes may require up to 16 months
after planting. In extreme cases, making crosses and obtaining segregating progenies may
be practically impossible. Various publications detail the protocols for controlled pollina-
tions in cassava [9,26,33,36]. Achieving synchronization of flowering for planned crosses
often presents a significant challenge.
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Figure 1. Branching types of cassava. (A). Branching variety KU50; (B-D) are non-branching varieties
HB60, HB80 and HB100, respectively.

The storage roots of cassava typically consist of about 60-70% water and 30-40% dry
matter. The majority of this dry matter content (approximately 85%) in cassava roots is
starch, with minimal amounts of proteins and fats. These characteristics contribute to the
exceptional quality of cassava starch, which is also relatively easy to extract. Like native
starches from other crops, cassava starch exhibits unique functional properties, which
make it particularly suited for specific processes and applications [18,37-40]. Moreover,
bio-fortification breeding programs to enhance nutritional quality, have released varieties
with higher carotenoid content [41].

Cassava root has particular problems for transport and processing due to physiologi-
cal post-harvest deterioration (PPD) and cyanogenic content. PPD spoils the roots within
a few days after harvest, thus requiring prompt processing or consumption [18,42,43].
PPD is a complex oxidative process involving the reactive oxygen species (ROS) scav-
enging system resulting in the oxidation of polyphenolics and their glucosides, which
are mostly scopoletin and scopolin [44-46], and phenotyping it proves to be difficult and
time-consuming. Unfortunately, there is a positive correlation between dry matter content
(DMC) and PPD [47,48]. On the other hand, a high concentration of carotenoids appears
to mitigate PPD [49]. Genetic solution to PPD seems to be difficult and the different value
chains must overcome it by proper logistics from the time of harvest through the processing
or consumption of the roots.

Cassava leaves and roots contain cyanogenic glucosides [50-52], which can often reach
toxic levels for human consumption. These glucosides are broken down by the enzyme
linamarase, releasing the volatile poison hydrogen cyanide (HCN). While all processing
methods effectively release HCN, they may impart a bitter flavor that is often disliked
by consumers.

4. Cassava Breeding in Thailand

Cassava breeding was established around the 1930s in East Africa by the British
in Tanzania, and in Brazil [53]. Two international research centers working on cassava
breeding were created in 1967. The International Center for Tropical Agriculture (Centro
Internacional de Agricultura Tropical, or CIAT) was founded in Palmira, Colombia and the
International Institute of Tropical Agriculture (IITA) is based in Ibadan, Nigeria. Thereafter,
several National Research Programs conducting cassava breeding were established in many
countries in Asia, Africa, South America and the Caribbean. In the early 1980s, CIAT
initiated a productive and long-standing collaboration with DOA, Thailand [12].

The main stages in a cassava breeding program are as follows: 1. germplasm collec-
tion, either from local landraces or from introduction of accessions from other countries;
2. germplasm evaluation for adaptation and parent selection for crossing; 3. crossing to
generate breeding populations; and (4) evaluation and selection in field evaluation trials.
These trials can be grouped as: (4.1) seedling selection trial from botanical seeds; (4.2) clonal
selection trials or single row trials (SRTs); (4.3) preliminary yield trials (PYTs); (4.4) ad-
vanced yield trials (AYTs): (4.5) regional yield trials (RYTs), which involve many years,
seasons and/or environments; and (4.6) registering and releasing of variety [23].
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Kawano [54] proposed that a crucial factor in selecting parental material for cassava
breeding programs is their ability to yield a high number of seeds. This is because the
segregating families would exhibit heterogeneity, necessitating selection at the seedling
trial stage. Therefore, a larger quantity of seeds increases the likelihood of identifying
desirable genotypes. At the cassava breeding program in CIAT, approximately 40,000 to
60,000 botanical seeds are produced annually from 200 to 400 crosses, with a survival rate
of around 75%. From the seedling nursery, 500 to 2500 genotypes (1.7-5.6%) advanced to
the Single Row Trial (SRT). Subsequently, 100 to 300 lines (12-20%) were evaluated in the
Preliminary Yield Trial (PYT), and 40 to 80 lines (26-40%) progressed to the Advanced Yield
Trial (AYT). Promising lines in the multi-location Regional Yield Trial (RYT) could number
between 10 and 30 (25-37.5%).

As selection in conventional breeding was based on phenotypic evaluation, it is
suggested that, in the early selection trials, estimation of phenotypic breeding values and
multi-location trials should be performed at the SRT stage, with the assistance of rapid
stem multiplication. Cassava breeding relies on phenotypic recurrent selection within
highly variable full-sib (from directed crossing) or half-sib (from open-pollination) families.
The major obstacle in cassava breeding is the significant genetic variability observed
among F; progenies, even within full-sib families. This within-family genetic variability,
predominantly found in crosses derived from heterozygous genotypes, constrains the
selection of progenitors based on general combining ability or breeding value [29,55],
especially for complex traits, such as fresh root yield (FRY) [56]. Ongoing efforts are
dedicated to developing models aimed at mitigating the adverse effects of within-family
variation on the predictive capacity of genomic estimated breeding values [57]. Another
significant consequence of employing heterozygous progenitors is the inability to utilize
the back-cross scheme for trait introgression. Difficulties in introgressing single-gene traits,
such as waxy starch [58], or resistance to Cassava Mosaic Disease (CMD) serve as clear
examples of this bottleneck.

Genotype-by-environment interactions play a significant role in shaping complex
traits across various crops, including cassava. Addressing these interactions requires
thorough multi-location testing, especially for traits like FRY and other low-heritability
quantitative characteristics. A minimum of 8-12 months is required for harvesting roots and
evaluating starch content. Moreover, the multiplication rate of cassava stems is relatively
slow; typically, a single plant from botanical seed yields 6-8 clonally replicated stems
(subject to variation based on seedling phenotype) for subsequent SRT. Consequently,
the entire breeding cycle, spanning from crossing nurseries to the selection of clones for
potential release as varieties, extends over 6-8 years.

In the first year of the breeding program, the crossing nursery is designed attending
to the breeding objective(s) and a varying number of accessions are selected as parents. A
large number of F; hybrid seeds should be obtained from several crosses, as in the example
from the CIAT cassava breeding program mentioned earlier. All seeds were germinated in
seedling pots for 45 days before transplanting in the seedling nursery [12].

In the second year, The F; seedling trial must be highly consistent because each
plant has a unique genotype, which is distinctive from the others. Selection of single
plants should be made carefully because of the relatively high possibility of eliminating
desirable genotypes (because of adverse environmental conditions) or selecting poor ones
(because of particularly favorable growing conditions). Therefore, the seedling trial is
regarded as a seedling nursery instead and the main objective is to grow healthy plant
materials for the following SRT. Some cassava plant characteristics with high-heritability
can be selected in the seedling nursery, such as cassava mosaic disease (CMD) resistance
in high disease pressure areas in Africa. In Thailand, selection is done for plant type
(erect architecture), adequate vigor and acceptable harvest index (HI) and, occasionally, for
special characteristics such as waxy starch [58].

In the third year, the SRT typically serves as the initial clonal evaluation, often con-
ducted in a single location. However, if planting materials are sufficient for the selected
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lines to proceed to the PYT, Kawano [12] recommends conducting two additional SRTs
in different locations. A notable modification to the standard breeding pipeline has been
implemented at CIAT in Colombia. The seedling nursery is grown off-season for only six
months. At the harvest, selection for high heritability traits, such as plant architecture,
harvest index, special starch properties, pigmentation in the parenchyma, and/or disease
resistance, can be conducted. Since the plants are young, only three stem cuttings can be
collected. These cuttings are then planted at the normal planting time in a stage referred
to as F1C;. The resulting three plants are grown for a year, akin to conventional seedling
nurseries. The key distinction lies in having three plants per genotype, allowing for the
subsequent planting of three distinct single row trials in three different locations the fol-
lowing season [53]. However, due to Thailand’s climate, this new system requires slight
adjustments. Off season planting would start in November, which is in the middle of the
dry season in Thailand, and thus would be exposed to water deficit stress during vegetative
growth. This new system, therefore, is best suited for well-irrigated areas.

Kawano [54] recommended against selecting genotypes in the early stages of the
selection process (e.g., seedling nursery and SRT) based solely on FRY or biomass, but
rather suggested using HI values for selection, as this demonstrated a stronger positive
correlation with FRY in later evaluation stages compared to using FRY values at the early
stages as the selection criteria. HI is the ratio between root biomass and total biomass.

Each row in the SRT typically comprises 6-8 clonally propagated plants from the same
genotype. Normally, there are 500 to 2500 genotypes in the SRT, where FRY, starch content
(5C), and other harvesting traits are typically assessed. In CIAT/Thailand collaborative
breeding programs, the spacing within the row was typically 1 m apart, while the spacing
between rows was 2 m apart. This configuration allows for ample space for evaluating
root bulking potential, reduces soil nutrient competition, and prevents shading from
neighboring rows with taller plant types. This spacing approach was also employed in the
seedling nursery [12].

From the SRT, 100-300 genotypes (approximately 10-20% of all genotypes in the SRT)
are selected. For yield potential evaluation, cassava plants were harvested at 11.5 months
after planting (MAP) for FRY, total biomass and root dry matter (e.g., SC) and compared
to those from three check varieties in the initial of CIAT/Thailand collaborative cassava
breeding programs [12]. However, this extensive selection at only one location can eliminate
some genotypes which may respond well in the other environment due to genotype-by-
environment (GxE) interaction. This is a problem partially overcome by replicating each
SRT in three different locations as mentioned above.

In the fourth year, the PYT consists of 100-300 genotypes, with 20 plants per plot per
location. In Thailand, each genotype can be grown in one location with two replications.
If SRT were conducted in multiple locations, the PYT could be expanded in plot size
across the same number of locations as in the initial SRT. In each plot, there may be up to
35 plants within a 5 x 7 square meter area, of which 3 x 5 plants can be harvested for yield
evaluation, while the border plants remain untouched. However, a second modification
introduced at CIAT [53] involves planting PYTs in plots with 10 plants and 3 replications
across 3 locations. For speed breeding, the use of 8-cm planting materials was investigated
in place of 16-cm conventional planting materials. With this rapid cassava propagation
method, PYT could be skipped and the breeding period could be reduced from 11 years to
9 years [59].

In the fifth year, the AYT comprises 40-80 genotypes, representing approximately
25-40% of all genotypes in the PYT. These are planted with three replications in plots
containing 25 plants per genotype. Subsequently, RYT are grown in multi-environmental
locations with 10-30 genotypes. Variation in soil type and climate constitutes crucial factors
in these multi-environmental trials. RYTs are typically conducted in both the wet (early
rainy) and the dry (late rainy) seasons, encompassing a range of conditions from fertile
soils with well-distributed rainfall to challenging environments, such as acidic soil, low
fertility soil, high disease pressure, and/or prolonged drought areas [12].
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The collaborative cassava breeding program between CIAT and DOA, Thailand, oper-
ated from 1982 to 1998. The Thai—CIAT breeding program produced between 20,000 and
40,000 F; seeds annually. Approximately 12,000 to 25,000 genotypes were then evaluated in
the seedling trial at the Rayong Field Crops Research Center, from which 1200 to 2400 geno-
types advanced to the SRT. Subsequently, around 100 to 160 clones were selected and
grown in PYT with two replications. The initial three cycles of selection, spanning from the
seedling trial to the PYT, took place at the Rayong Field Crops Research Center. Following
this, approximately 16 to 20 clones were chosen for evaluation in four replications in AYT
across three locations. Furthermore, seven to nine promising clones were selected for
evaluation in regional selection trials across six locations [12].

The Kasetsart University Cassava Breeding Program, situated at the Sriracha Research
Station, was launched in 1984 through crosses between 93 promising lines and Rayong 1
(R1), a highly favored variety in Thailand at the time. R1 stood out for its exceptional traits,
including a high germination rate even in dry seasons, an upright and late branching plant
architecture, resilience to local diseases and pests, and commendable adaptability, despite
its moderate root yield and starch content.

Breeding objectives focused on achieving high HI and total biomass, including a
large plant type, numerous roots, and high root starch content. From the 93 crosses, a
total of 11,151 seeds were obtained, resulting in 7884 plants grown and evaluated in the
seedling nursery. At 11 MAP, F; plants were harvested and assessed for erect plant type,
late branching, root size, HI, and SC. Following seedling selection, 435 lines proceeded
to the SRT the following year. In the SRT, ten plants per genotype were compared with
R1 as the check variety, with evaluation criteria including germination rate, plant type,
FRY, SC, and HI. FRY was reported to have direct effect for SC. However, selecting only
FRY cannot successfully guarantee high SC [60]. Therefore, both traits have become the
major criteria for selection. Among the 435 lines in the SRT, 79 clones were selected for the
PYT, comprising eight plants per plot and two replications. Among these 79 clones at the
Sriracha research station, 27 were further chosen based on criteria such as germination rate,
plant type, and SC for evaluation in the AYT, with Kasetsart 50 (KU50) being one of the
selected lines. From 1987 to 1991, a total of 60 RYTs were conducted across 15 provinces
in eastern, northeastern, and central Thailand through collaboration between Kasetsart
University, the Rayong Field Crops Research Center of the Department of Agriculture, and
with the assistance of Dr. Kazuo Kawano, Regional Cassava Program from CIAT [61].

5. Released Commercial Cassava Varieties in Thailand

The success of the Thai—-CIAT collaborative cassava breeding program, along with
collaborations with other countries in Southeast Asia, can be attributed to a combination of
factors. Firstly, the introduction of valuable genetic diversity from international germplasm
resources played a pivotal role. Additionally, effective evaluation in diverse environmental
conditions, spanning from highly fertile to less fertile locations, contributed significantly
to the program’s success [12]. The close collaboration between research and industry
institutions, as Thailand has been one of the leading countries exporting dry cassava and
starch globally, coupled with favorable environmental conditions and the absence of major
pests and diseases, undoubtedly also played significant roles in this success story.

Cassava breeding programs in Thailand have focused on starch industry end-uses.
Thus, the main characteristics for evaluation are FRY, SC, HI, leaf and stem weight, total
plant weight and erect plant type. Starch quality traits, such as white root flesh and high
viscosity, are also favored by breeders. Other agronomic traits, such as high germination
rate and delayed post-harvest physiological deterioration, are also relevant [62].

The cassava breeding program in Thailand from 1957 to 2015 has been partitioned
into four periods starting with the release of R1, as follows [23];

1. From 1957 to 1974: There was no registered variety in Thailand and only landraces
were grown by farmers. The average FRY of cassava was only 14.8 t/ha;
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2. From 1975 to 1982: R1, a landrace variety, was registered as the first Thai commercial
variety by the DOA, Thailand. Although this variety was officially promoted, the average
yield of cassava remained the same as during the first period (14.9 t/ha);

3. From 1983 to 1991: During this period, five improved varieties were released.
Rayong 2, Rayong 3, Rayong 60 and Rayong 90 (R2, R3, R60, and R90, respectively)
were developed by DOA. The fifth variety, Sri Racha 1 (SRC1), was released by Kasetsart
University. However, the average yield of cassava in Thailand still remained low (13.7 t/ha);

4. From 1992 to present: this was a flourishing period for cassava in Thailand. Several
modern varieties, with outstanding performance, were released and successfully adopted
by Thai farmers. Consequently, yield of cassava in Thailand increased to averages ranging
between 17.7 and 22.0 t/ha [23], whereas the yield of these varieties in the research yield
trial were reported ranging from 27.5 to 41.3 t/ha [21]. As demonstrated in Figure 2, the
slow growth cassava production in Thailand compared with those from Southeast Asia
was due to the fact that the country’s average yield had reached the plateau, while the
optimum root yield from the newly released varieties was still high.
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Figure 2. Annual data for cassava harvested area (A), production (B) and yield (C) in Thailand and
Southeast Asia Countries [11].

The primary objective of cassava breeding in Thailand is to maximize root yield
and starch content, crucial for supporting various industrial sectors. Markets for prod-
ucts with additional quality traits, such as high carotenoid content or superior cooking
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qualities, remain somewhat limited. However, the price of cooking cassava, particularly
the Hanatee variety grown in irrigated areas, commands more than five times that of
industrial cassava. Varieties released by the Rayong Field Crop Research Center are as-
signed unique codes for registration purposes: odd numbers for industrial varieties and
even numbers for cooking varieties. Among these, Rayong 2 is the only variety with an
even code (excluding R60, R72, R90, which were named according to specific celebratory
years), distinguishing it as the sole yellow-fleshed cultivar specifically developed for
cooking purposes.

6. The Impact of KU50 in Thailand and Southeast Asia

KUS50 stands out as the most renowned cassava variety in Thailand and Southeast
Asia, recognized as KM94 in Vietnam, NSIC cv 22 in the Philippines, and Ai-Luka 1 in
Timor-Leste [61]. Released in 1992, KU50 emerged from a collaborative cassava breeding
program involving three organizations: Kasetsart University, the Department of Agriculture
of Thailand, and CIAT. Since its release, KU50 has garnered favor among farmers and starch
processors across Thailand and Southeast Asia, swiftly spreading throughout the region. Its
popularity stems from its consistent high root yield across diverse environments, coupled
with a robust sprouting rate and survival rate (approximately 94%) even under water stress
conditions. KUS50 has relatively high root dry matter and starch content, further enhancing
its appeal and widespread adoption.

KU50 originated from a cross made in 1984 at the Sriracha Research Station in eastern
Thailand between R1 and R90, serving as the female and male progenitors, respectively. R1,
released in 1975, is a landrace with an unknown origin. On the other hand, R90, released
in 1991, was derived from a cross between CMC76, a Colombian landrace, and V43 from
the Virgin Islands. While R90 exhibits higher FRY and SC compared to R1, it has a lower
sprouting rate and tends to branch earlier. Additionally, R90 demonstrates lower FRY
stability when compared to R1. Praneetvatakul et al. [63] evaluated the benefits of research
investment of KU50 and the net present value of research from the released year until 2014
on KU50 was about 1.32 billion US dollars.

R1 serves as the ancestor of numerous Thai varieties, including R60, SRC1, KU50, R72,
HB60, HB80, R7, and R84-13 (full variety name is shown in Table 52). Kittipadakul [23]
highlighted that approximately 56% of the Thai commercial genetic background of cassava
can be traced back to R1. Similarly, Rayong 5 emerges as the ancestor of several Thai
varieties, such as R72, R9, HB60, HB80, R11, KU72, and R84-13. Given their shared ancestry,
inter-varietal crossing utilizing Thai commercial varieties may have limited potential
to surpass the yield capabilities of KU50. However, many Thai commercial varieties
became promising progenitors for the cassava breeding program in CIAT when crossed
with varieties with diverse genetic background. In a large study including thousands of
progenies evaluated through 14 years of SRT, the progeny from R90 showed the highest
average selection index [19].

Later in 1994, R5, from a cross between 27-77-10 and R3, was released by DOA with
characteristics of high HI and high total biomass yield. Since R5 and KU50 are genetically
unrelated based on the available pedigree information (Figure 3), the cassava breeding
program at Kasetsart University focused on a cross between them. As a result, Huaybong
60 (HB60) and Huaybong 80 (HB80), having high FRY, HI, SC and total biomass yield,
were released in 2003 and 2008, respectively. These two varieties were siblings from a cross
between KU50 and R5 [23]. In addition, HB90 and HB100, released in 2017 and 2022, were
also from the open-pollinated MKUC34-114-235 line, which was derived from the same
cross as HB60 and HB80, as shown in Figure 3 [64].
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Variety
Year
FRY

Starch

MCol22
I— CM321-170
MVen270

|— 27-77-10
"~ R5

MCol1684
MMex55 HB60
— R3
MVen307 HB8O HB90
R1 MKUC34-114-235
f— KU50 ————
CMC76 HB100
— R90
V43
R1 R3 R90 KU50 R5 HB60 HB80 HB90 HB100
1975 1983 1991 1992 1994 2003 2008 2017 2022
22.2 17.1 23.8 31.2 27.5 29.5 31.5 33.5 35.1
17.6 23-28 24-29 23.4 23-27 23.2 253 25.6 24.0

Figure 3. The pedigree of Huaybong cassava varieties, HB60, HB80, HB90 and HB100, released by
Thai Tapioca Development Institute (TTDI) and Kasetsart University (KU) from the breeding program
in the Department of Agronomy, Faculty of Agriculture, KU. Year: releasing year; FRY: fresh root
yield in t/ha; Starch: starch content (percentage). Diagram was modified from [23]. Root yield and
starch content information were retrieved from [21] for R3, R90, R5 and from [64] for R1, KU50, HB60,
HB80, HB90 and HB100 in 74 yield trial locations in 11 provinces in Thailand from 2012 to 2021.

7. Determinants of Cassava Yield and Production Quality
7.1. Yield Stability

Different varieties exhibit varying performance across different environments due
to genotype by environment interactions (GxE). Environmental factors, such as locations,
seasons, and years, contribute to the differentiation of these environments, leading to
variations in rainfall, temperature, insect and disease pressure, and soil fertility. These
environmental factors significantly influence cassava yield parameters, including FRY, dry
root yield (DRY), SC, and HI [23].

Cassava FRY is prone to instability, particularly due to variations in soil moisture.
Achieving high and stable SC is a highly desirable objective. This trait exhibits a low
positive correlation with FRY in the early stages of selection [54]. However, research has
shown that this initially weak and positive correlation gradually transforms into a negative
and robust relationship in successive evaluation stages [65]. The selection process predomi-
nantly favors those with high DRY, which essentially represents the total amount of starch
accumulated in the roots. Genotypes are favored in the selection process if they prioritize
high FRY, high DMC, or achieve compromising levels for both variables simultaneously.
It remains challenging for a genotype to reach maximum levels for both FRY and DMC
concurrently, as doing so would require a substantial demand for starch, which is a limited
resource for the plant. Jennings and Hershey [66] indicated that maintaining high DMC
while continuing to increase FRY would be difficult.

High and stable SC offers greater reliability across various evaluation stages, making
it highly prized by both farmers, who seek higher root prices, and industrial processors
aiming for improved production efficiency. Varieties that prioritize FRY at the expense of
mediocre SC levels often face rejection by the industry, as exemplified by the case of R60,
which boasted high DRY but had unacceptable SC levels [62]. Environmental stress, such as
drought, can trigger starch mobilization from the roots for bud regeneration upon rainfall.
Therefore, the focus on SC characteristics revolves around minimizing starch reduction
after periods of drought [67].
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Broad-sense heritabilities of DRY, FRY, and biomass are typically low at the early
stages of evaluation [54] but improve with larger replicated plots in later stages, which also
include multi-location trials. Therefore, AYT and RYT in multi-locations are important for
evaluation and intensive selection of cassava breeding genotypes to reduce the negative
impact of GxE.

Stability of performance is critical for the success of a release variety. There are different
approaches to assess stability. The regression of FRY of individual genotypes on the location
mean (across many genotypes) in several contrasting environments [68] was used to assess
the performance and stability of elite Thai varieties [23,62]. The regression coefficient
is a useful indicator of stability. Stable varieties have regression coefficients around 1.0.
Genotypes with b < 1.0 are particularly adapted to low-yielding environments while those
with b > 1.0 perform well only when growing conditions are favorable. In the case of R1,
b = 0.84 (for FRY) indicates a tendency to have better performance in unfavorable conditions.
Rayong 60 tends to perform particularly well in favorable environments (b = 1.07). R3,
R90 and KU50 showed desirable stability for FRY (b = 1.02; 0.98 and 0.96, respectively).
KUS50 showed the highest dry root yield, which was explained by outstanding FRY and
acceptable levels of DMC (Table 1).

Table 1. Overall performance of elite Thai varieties that have been released through the 1990s. Data
summarizes agronomic results in farm trials conducted in 53 locations [23,62].

Fresh Root Yield Dry Matter Content  Dry Root Yield Regression

Cultivar o Coefficient (b) for

(t/ha) (%) (t/ha) FRY
Rayong 1 224 30.7 6.9 0.84
Rayong 3 19.0 342 6.5 1.02
Rayong 60 23.6 315 74 1.07
Rayong 90 23.5 34.7 8.2 0.98
KU 50 248 34.0 84 0.96

Compared with the three later-developed varieties (HB60, R5 and R72), KU50 still had
relatively high stability with regression coefficient of starch content, fresh root yield, and
dry root yield in 11 location trials in the northeastern and eastern Thailand (Table 2) [69].

Table 2. Overall performance of four elite Thai varieties in farm trials conducted in 11 locations from
1999 to 2000 in Thailand [69].

Fresh Root Yield Starch Content Dry Root Yield
Cultivar (t/ha)/Regression (%)/Regression (t/ha)/Regression
Coefficient (b) Coefficient (b) Coefficient (b)
KU50 36.25/1.39 25.61/1.01 13.44/1.01
HB60 36.25/0.93 25.55/0.89 13.06/0.74
Rayong 5 35.13/1.04 24.70/0.74 12.81/1.49
Rayong 72 31.31/0.65 22.88/1.36 11.75/0.76

7.2. Environmental Factors Determining Cassava Yield and Starch Production

Howeler [70] identified environmental factors, including soil conditions, that influ-
ence cassava productivity across Africa, America, and Asia. Various elements affect the
performance of cassava varieties, including weather patterns, plant diseases, pests, soil
fertility, erosion, salinity, and surface soil temperature. Effective soil fertility manage-
ment can enhance cassava productivity by 27% in Africa and the Americas, and by 32%
in Asia. Regarding planting management, several considerations are vital in plot prepa-
ration, including the use of high-quality cuttings, appropriate spacing between plants,
and implementing effective weed control measures [70]. Properly utilizing quality cut-
tings and employing efficient weed management strategies can elevate productivity by
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17-23%. Incorporating high-yielding cassava cultivars can further increase the landscape’s
output potential by 26-29%. Extreme weather events, such as droughts and flooding,
significantly affect cassava output. Reducing water stress can elevate cassava output by
13-25%, while managing waterlogging can boost cassava yield by 28-53%. Additionally,
effective management of diseases and pests can result in a 10-20% improvement in cassava
productivity [70].

The information provided above offers valuable insights for breeders in identifying
potential breeding objectives. While active breeding for low fertility conditions has not been
extensively conducted, the evaluation process typically occurs in low fertility conditions,
often within farmers’ fields and in accordance with prevailing cultural practices. Breeders
consistently prioritize selecting genotypes that produce high-quality planting material.
Opting for an erect plant architecture leads to the production of long stems that are easily
manageable, thereby reducing the risk of physical damage during transportation and
enabling longer storage periods without dehydration. The prompt, robust, and dependable
sprouting of cuttings shortly after planting is an important trait that breeders carefully
consider during the selection process.

Genetic transformation and gene editing research have focused on herbicide tolerance
in cassava, among several other traits. However, regulatory constraints have hindered the
release of commercial varieties using these approaches. Therefore, a unique opportunity
and a pressing need exist to screen cassava genetic resources for natural sources of tolerance
to herbicides, particularly those interacting with Aceto-hydroxy-acid synthase (AHAS)
and acetolactate synthase (ALS). Natural tolerance to such herbicides has been observed
in various crops [71,72]. ‘Molecular sieving’ techniques, like Eco-Tilling, offer promising
alternatives, and initial strides have been made in this direction [73].

Cassava has a recognized tolerance to water stress [74]. Being a perennial plant, it has
the flexibility to stop growth when conditions are not favorable and to resume it when
they improve. It has a remarkable stomatal sensitivity, which regulates evapotranspiration
under water stress [75]. There are several reports demonstrating large genetic variation for
tolerance to drought in cassava [76-80].

However, drought drastically affected cassava growth and yield as root yield was
72.98%, shoot yield was 54.95%, dry matter content was 26.15%, harvest index was 31.05%
and plant height was 32.95% from the capacity under irrigated field conditions [79]. More-
over, selecting for drought tolerance in cassava poses several challenges. Firstly, defining
water stress for cassava is not straightforward. Typically, cassava experiences severe water
stress towards the end of its normal growing cycle due to the common absence of rain-
fall 2—4 months before harvest. Additionally, there is no proxy trait readily available for
selection purposes. For instance, in maize breeding for drought tolerance, a short anthesis-
silking interval has been effective because it exhibits higher heritability than yield and is
strongly correlated with it under water stress conditions [81]. However, in cassava, the
selection for drought tolerance only did not associate with high root yield under drought
condition [79].

Carbon isotope discrimination [75], abscisic acid [76,77] and the root length-to-girth
ratio [78] have been linked to cassava’s response to water stress. Other various traits have
also been associated with ‘drought tolerance’ in cassava [82-85]. However, none have been
utilized in the selection process thus far.

Further research, therefore, is urgently needed to develop efficient alternatives for
the phenotypic selection of drought tolerance in cassava. Despite challenges in defining
drought tolerance in cassava and assessing it phenotypically, several genomic studies have
been undertaken [80,86-88].

For varieties in Thailand, Rayong 72 (R72), grown in the early rainy season (in May),
was reported to be drought tolerance during a 4-month drought period in the mid growth
stage, as it showed the highest leaf retention, which resulted in the highest storage root
yield [89]. However, in northeastern Thailand, farmers prefer to grow cassava after rice
cultivation, which is typically in the late rainy season. The yield comparison of cassava
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varieties grown after rain-fed lowland rice cultivation showed that Rayong 7 (R7) provides
the highest FRY (in t/ha) at 28.2 followed by R72 (21.3), KU50 (23.2), R11 (21.3) and HB80
(19.2). However, considering starch yield, the highest starch yield (in t/ha) was in KU50
(6.0), followed by R7 (5.5), R72 (5.3), R11 (5.0) and HB80 (4.9) even though R11 provided
the highest leaf yield [90].

KU50 was classified as a drought tolerant variety due to its water use efficiency and
high biomass in the highland northeastern part of Thailand [91]. For the late rainy season, if
irrigation is available during the drought period at the early growing stages, the yield and
starch of cassava would be considerably higher than those without irrigation. Polthanee
and Srisutham [92] demonstrated that HB80 receiving 30 mm of irrigated water for every
cumulative pan evaporation value of 40 mm yielded 92.5 t/ha of FRY, while, without
irrigation, FRY was around 51.1 t/ha.

There was also evidence that cassava root yield could be improved under an irrigated
environment. Kittipadakul et al. (2017) [23] reported the FRY of the breeding line CMR
34-08-89 (CMR89) of 67.5 t/ha with SC of 18.7% and the variety Huaybong 60 (HB60) with
FRY of 51.9 t/ha and SC of 30.2%. The application of a crop simulation model for different
growing periods from January to December suggested that growing cassava in February
would provide the highest root yield in all varieties [93].

There is not much information on the reaction of cassava to water logging or soil
salinity, nor have any breeding efforts attending these limiting factors been reported.

7.3. Biotic Factors Determining Cassava Yield and Starch Production

Cassava mosaic disease (CMD) stands out as the most devastating pathogen impacting
cassava production across African and Asian continents [94-96]. Remarkably, Southeast
Asian countries, including Thailand, had previously benefited from the absence of this
disease until its recent introduction [97,98]. Cambodia was the first country in Southeast
Asia where the disease was initially reported [99], and from there it swiftly spread to
neighboring countries.

The outbreak of CMD in the Sisaket and Surin provinces of northeast Thailand was
first reported in 2018 by the Department of Agriculture (DOA) [100]. A preliminary CMD
survey conducted in Thailand from 2018 to 2019 identified the causative agent as the Sri
Lankan cassava mosaic virus (SLCMYV), identical to the strain detected in Cambodia and
Vietnam [97,99]. The disease gradually spread, affecting vast areas planted with cassava
across 21 provinces, with Nakhon Ratchasima, the largest cassava production region in
Thailand, being particularly impacted. Projections suggest that, if the CMD outbreaks in
Thailand remain uncontrolled, losses valued at 3412 million US dollars could occur from
2021 to 2031. According to research conducted by Witsanu Attavanich [101] in 2022, the
infected area is anticipated to reach 532,850 hectares out of a total cassava plantation area of
1,725,188 hectares, with an estimated damage value of 356 million US dollars in 2025 alone.

The different virus strains inducing CMD are members of the Begomovirus family.
The virus is transmitted thought infected cutting stem and whitefly vectors, such as Bemisia
tabaci [102]. According to Uke et al. [103], the planting of infected cuttings in Vietnam led
to a reported decreases in cassava root yield by 16-33% and starch content by 22-28%. The
alternative hosts of SLCMYV are Euphorbiaceae species, including Cnidoscolus chayamansa,
Jatropha curcas and |. multifida, as reported in Thailand. The symptoms of SLCMYV infected
primary and alternative hosts are similar, displaying mosaic patterns, yellowing, and leaf
curling [104,105].

The most effective approach to the control of CMD is through the utilization of
resistant cassava varieties, a common strategy for plant virus management. A stable
and reliable source of resistance (CMD?2), conferred by a single major gene located on
chromosome 12, was identified and mapped in the 1990s [106]. Furthermore, two additional
loci on chromosome 14 have been identified [107]. Molecular markers for CMD2 are
readily available and have been extensively employed for selection purposes in both Africa
and, recently, Southeast Asia [108,109]. Thailand implemented preventive measures and
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introduced sources of resistance as early as 2013 (as indicated above). Consequently, well
before the introduction of the disease, the introgression of CMD?2 into Thai elite germplasm
had already commenced.

In 2018, an additional five CMD-resistant varieties (TMS-IBA980505, TMS-IBA972205,
TMS-IBA 920057, TMS-IBA 980581, and TMEB 419) were imported to Thailand from
the International Institute of Tropical Agriculture (IITA), Nigeria, through collaboration
between Kasetsart University and the Thai Tapioca Development Institute. These varieties
were scheduled for release to starch companies and farmers facing high disease pressure in
2023. Further assessment of cassava germplasm cultivated in Southeast Asia [109] revealed
sources of resistance distinct from CMD?2, associated with genotypes CR63 (known in
Thailand as Hanatee) and VNMS8 (known in Vietnam as Xanh Vinh Phu). Interestingly,
KU50 also frequently exhibits moderate levels of resistance.

Cassava witches” broom disease (CWBD) was initially reported in 2008 in Rayong
province and subsequently appeared in Kampangpet and Nakorn Rachsima provinces [110].
Presently, CWBD has emerged as a significant issue in cassava production in Thailand,
particularly affecting the cassava production areas in the eastern part of the country.

The symptoms of CWBD include phyllody leaves in the middle and top sections of the
plant, along with a reduction in internodal length, resulting in decreased root production.
From 2021 to 2023, symptoms of witches’ broom disease primarily manifested when the
cassava plant was 9-10 months old or just before the harvesting period in Thailand.

Klinkong [111] identified phytoplasma as the causative agent of CWBD. The presence
of phytoplasma in the phloem was observed through electron microscopy, and the Koch
postulate was utilized to confirm disease transmission. However, Leiva et al. [112] recently
reported CWBD symptoms in cassava plants in Cambodia, Vietnam, and Lao PDR caused
by the Ceratobasidium genus. This marks the first documented occurrence of CWBD
associated with Ceratobasidium sp. in Southeast Asia.

Confirmation of Ceratobasidium sp. as the causative agent of CWBD in Thailand has
not yet been established. This lack of confirmation underscores the necessity for further
investigation to identify and ascertain the actual causal agent of CWBD. Understanding
the disease’s etiology is crucial for the development of effective management and control
strategies in the future. Fortunately, there is empirical evidence suggesting that Rayong 11
has, for unknown reasons, promising levels of resistance to the disease [113].

A third biotic stress severely impacting cassava productivity in Thailand arose from
the introduction of the mealybug Phenacoccus manihoti Matile-Ferrero in late 2008. Upon its
arrival in Asia, it spread to its ecological limits, resulting in a 27% decline in the nation’s
aggregate cassava FRY (from 22.7 to 18.6 ton/ha) and a staggering 162% increase in starch
prices [114]. Resistance to this mealybug was not reliably found, prompting the adoption of
a suggested strategy: biological control, achieved through the introduction of the Anagyrus
lopezi De Santis parasitoid wasp [115]. This approach proved highly successful, with the
parasitoid rapidly dispersing after the initial mealybug infestation. Consequently, cassava
productivity rebounded to normal levels within a few years [114]. In this scenario, breeding
for resistance to the insect was deemed unnecessary.

7.4. Starch Quality Traits

A waxy starch mutant was identified from germplasm screening in 2006 by Ceballos
etal. [116]. From this mutant, a research agreement was signed for development of waxy
commercial varieties in Thailand. The first batch of waxy-starch cassava varieties were
released in Thailand in 2013 [117]. Due to the recessive trait, way cassava lines will be
obtained in F, population as the cross between the waxy starch mutant, AM206-5, and Thai
commercial varieties generate only heterozygous in the waxy locus (WXwx). However,
with the single-nucleotide amplified polymorphism (SNAP) markers, F; lines with the
waxy allele (wx) were selected precisely for generating an F, population [58]. Even though
the root yield of improved lines of Thai commercial waxy lines showed similar root yield as
non-waxy commercial varieties, the starch content and harvest index were still lower than
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those of non-waxy lines, suggesting the linkage between waxy locus and the unfavorable
locus controlling starch and harvest index properties [56].

Furthermore, a small-granule starch was obtained from gamma-ray mutagenesis of
botanical seeds [118], which could be used as the genetic source for developing specialized
starch properties in the cassava breeding program in Thailand. This has the potential to be
utilized for texture modification and as a substitute for fat in the future.

8. Future of Cassava Breeding Direction

Cassava breeders often face limited funding due to their low priority in agricultural
policy and the absence of private sector investment in cassava breeding programs. The
collaborative operation among stakeholders is mandatory to continue cassava varietal
development in order to serve the requirement of all sectors in the value chain, from
farmers to the marketplaces and industries.

Private and public breeding programs procure their financial resources and set their
priorities in contrasting ways. Public research institutions are not as flexible and amenable
to fostering synergies as compared to the private sector [119]. Moreover, public programs
are typically the only ones targeting non-profitable markets, such as cassava. Therefore,
cassava breeding programs in Thailand and worldwide are essentially public in nature.
Decision-making on resource allocation in the public sector remains a critical, and some-
times vulnerable, process. There is an increased risk of investments being technology-driven
(e.g., developing and applying cutting-edge technologies), rather than having outcome-
driven research agendas focused on solving priority problems (e.g., developing outstanding
cassava varieties). Cassava breeding everywhere requires the most appropriate methods
and tools to be selected wisely. Marker-assisted selection (MAS) and genomic selection,
for example, should not be an end in themselves but tools to make cassava breeding
more efficient.

8.1. Efficient Exploitation of Heterosis and Non-Additive Genetic Variation

Cross-pollinated crops, such as maize and cassava, demonstrate significant heterotic
effects for many relevant traits, particularly yield. Dominance, over-dominance, and
epistasis are key components of heterosis. Interestingly, inbreeding depression is a common
phenomenon associated with crops and traits where heterosis also plays a crucial role.
Moreover, it has been suggested that heterosis and inbreeding depression are, to some
extent, opposite sides of the same phenomenon [120]. In other words, the same factors that
increase performance in the heterozygous hybrid are related to inbreeding depression in
the homozygous progenitors.

General (GCA) and specific (SCA) combining ability represent the additive and non-
additive genetic variation, respectively. These parameters are typically quantified through
tailored genetic designs, such as test crosses, North Carolina II, or diallel mating designs.
Several reports indicate a high SCA /GCA ratio on relevant traits in cassava, such as FRY in
Thailand [121] and elsewhere [34,122-125]. Relevant non-additive genetic effects have also
been detected for FRY through molecular studies [35,126,127].

Following Miranda Filho’s [120] suggestion, it is expected that, if heterosis is im-
portant for FRY, so too should be inbreeding depression. Similarly, for traits depending
mostly on additive genetic effects, such as DMC, by default, heterosis is weak, and so
should be inbreeding depression. These expectations have been demonstrated in field
experiments [29,31,34]. Indeed, heterosis and inbreeding depression are ‘two sides of the
same coin’.

The two predominant methods for exploiting hybrid vigor are Reciprocal Recurrent
Selection (RRS) and inbred line improvement (ILI), each originating from distinct heterotic
groups. RRS has found application across various crops [128], while ILI stands as the
cornerstone for maintaining remarkable and consistent genetic gains in maize, dating back
to the inception of double-cross hybrids nearly a century ago [129]. Despite their efficacy,
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both strategies hinge on the identification (or creation) of heterotic groups, an aspect largely
overlooked in cassava.

The challenge in identifying heterotic groups is primarily attributed to the substantial
genetic variation within families resulting from the utilization of heterozygous progenitors.
This problem is not unique to cassava but extends to other crops, like maize. Unlike
maize breeders, who typically evaluate entire full-sib families as a genetic entity without
considering individual genotypes within the family, cassava breeders tend to focus on
individual genotypes, neglecting the significance of families. The cassava breeding system
inadequately addresses the crucial assessment of GCA and SCA, which are essential for the
identification and exploitation of heterosis. Previous efforts to transition cassava breeding
towards identifying GCA values were abandoned due to inherent complexities mainly
attributed to the within-family genetic variation [55]. This problem, incidentally, also
affects alternative breeding approaches, such as genomic selection, because of differences
in the standard deviation of gamete breeding values (SDGBV) between progenitors at the
haplotype level [130].

Kittipadakul et al. [131] assessed GCA and SCA using the range and average percent-
age of progeny (in seedling selection trial) selected from female and male parents relative
to all breeding lines developed from the parents. To determine SCA, a wide variation in the
percentage of progeny selected from all parent lines, whether as male or female progenitors,
indicates that a parent exhibits strong SCA in a particular cross. For example, HB60, a
female parent, produced progeny with a selection range of 0.6-30.9%, meaning that, when
HB60 was used as the female parent in crosses, the likelihood of selecting progeny may
be as low as 0.6%. When crossed with another male parent, the progeny had a 30.9%
probability of being chosen, demonstrating that this cross resulted in high SCA.

Interestingly, it is obvious that R1 and R90 harbor the requisite alleles to produce
exceptional hybrids like KU50. In other words, the progenitors of KU50 can be postulated
as proven representatives of two potential heterotic groups. One viable avenue to exploit
this ‘genetic capital’ could involve a reverse genetic approach to develop (partially) inbred
cassava lines from R1 and R90, respectively, resembling to a large extent the gametes that
originated KU50 [132].

This ambitious endeavor would entail leveraging molecular marker technologies
to discern the haplotypes present in KU50 from R1 and R90, coupled with accelerated
inbreeding via induced flowering methods [133-135]. The ultimate aim would be to
develop two (partial) inbred lines capable of generating hybrids closely resembling KU50
when crossed. While acknowledging the ambitious nature of this undertaking, once these
two sets of partial inbred lines are established, cassava breeding could transition from the
current phenotypic recurrent selection approach to a more dependable breeding system
akin to that employed in maize, which has resulted in consistent genetic gains for so long.
These partial inbred lines would parallel the venerable Mo17 and B73 inbred lines in maize,
which have served as the foundation of commercial maize hybrids over the past four
decades [129].

8.2. The Advantage of (Partially) Inbred over Non-Inbred Progenitors

In the absence of established heterotic patterns, it is still feasible to develop (partial)
inbred lines from elite Thai germplasm and assess them in test crosses. However, early
attempts to produce partially inbred cassava lines were halted due to the unavailability
of methods for inducing early and profuse flowering. Despite reaching the S; level of
inbreeding, the process inadvertently favored the production of early branching genotypes,
which were deemed unacceptable from an agronomic standpoint, though still vigorous
enough to serve as progenitors in crosses. Notably, the first cassava genome sequencing
utilized one of these S3 lines [8].

The induction of early and profuse flowering [133-135] would significantly accelerate
and facilitate the production of inbred lines that do not exhibit early branching. Moreover,
the pruning protocol [134] demonstrates enhanced efficacy (e.g., inflorescences with a larger
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number of flowers) in late branching materials. Eventually, doubled-haploid protocols may
be developed, or a homologous version of the haploid inducer found in maize might be
identified in cassava. In one way or another, the production of (partial) inbred lines in
cassava is now indeed perfectly feasible.

Establishing a comprehensive database of breeding lines and parents can aid in es-
timating combining abilities and grouping clones into heterotic categories. Additionally,
partially inbred lines can unveil latent desirable recessive traits, like waxy starch. Impor-
tantly, selected (partially) inbred lines inherently possess a reduced genetic load compared
to their non-inbred progenitors. This confers notable advantages since, in theory, gametes
from these lines should offer enhanced breeding value relative to the gamete pool produced
by the original, non-inbred elite Thai varieties [23]. Moreover, by default, the SDGBV
would be considerably smaller than in fully heterozygous progenitors, facilitating the
identification and exploitation of breeding value.

Perhaps the most important advantage of using (partial) inbred lines as progenitors in
future cassava breeding is the facilitation of trait introgression. The laborious and costly
introgression of the waxy cassava starch trait into Thai elite germplasm marked one of the
earliest documented cases of monogenic trait introgression in cassava. The ongoing efforts
to introgress CMD2 would be another significant effort. These experiences underscore the
formidable challenges and expenses associated with trait introgression in cassava, especially
when compared to crops with breeding programs based on homozygous progenitors.

The back-crossing scheme, probably the most employed widely breeding method,
is impractical in cassava due to the absence of inbred progenitors. Interestingly, one of
the most common applications of Marker-Assisted Selection (MAS) is in accelerated back-
crossing [136,137]. The negligible use of molecular markers in cassava for MAS [138-140],
therefore, is largely due to the impossibility of trait introgression through back-crossing.

8.3. Marker Assisted Breeding in Cassava

As next-generation sequencing technology advances, single nucleotide polymor-
phisms (SNPs) have emerged as the primary DNA marker. These SNPs are developed
from biparental QTL analysis or genome-wide association studies (GWAS), replacing the
previously popular simple sequence repeat (SSR) markers [141]. Marker-assisted recurrent
selection and genomic selection have been instrumental in accelerating genetic gains by
shortening selection cycles and increasing selection intensity, particularly in early cassava
breeding generations. The high density of SNPs obtained through whole-genome sequenc-
ing has enhanced marker prediction accuracy, facilitating the discovery of genes associated
with desirable traits for potential gene editing applications in the future.

Successful applications of marker-assisted selection in cassava breeding programs have
primarily targeted traits with high heritability. For instance, Ige et al. (2021) [138] utilized
Kompetitive Allele-Specific Polymerase Chain Reaction (KASP) assays for genotyping of
three SNPs, two of which are linked to a major cassava mosaic disease (CMD) resistance
locus on chromosome 12 (S12_7926132, S12_7926163), and one linked to a minor locus
on chromosome 14 (514_4626854), as reported by Rabbi et al. (2020) [107]. In IITA’s
recurrent selection breeding, the overall predictive accuracy for CMD resistance in the
breeding population reached 84%, whereas it was 71% in the pre-breeding population.
The higher false-positive rate in the pre-breeding population was attributed to the lack of
co-segregation between the favorable SNP allele and the resistant gene in progenitors from
open-pollinated exotic cassava germplasm sourced from CIAT.

To effectively utilize these markers in Thai cassava breeding, high-density mapping
through whole-genome sequencing is crucial for identifying true gene associations linked
to CMD resistance. Similarly, for addressing other biotic stresses, like cassava brown
streak disease (CBSD), biparental QTL mapping has revealed several loci associated with
resistance traits. Ferguson et al. (2023) [142] identified candidate genes involved in the
lignin pathway that play crucial roles in preventing viral replication in root mesophyll cells,
particularly affecting leaf symptoms and root necrosis.
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In addition to disease resistance, DNA markers have been pivotal in enhancing cassava
for consumption purposes. GWAS analyses have identified loci associated with various root
qualities, such as mealiness, fiber content, adhesiveness, taste, aroma, color, and firmness
after boiling, shedding light on genes linked to carbohydrate metabolism, cell adhesion,
secondary cell wall formation, and proteolytic activity during fruit ripening [143]. SNPs,
such as those in the phytoene synthase gene, have been employed to select cassava lines
with higher carotenoid content [144]. Furthermore, GWAS studies on starch paste properties
in numerous cassava accessions have pinpointed SNPs associated with viscosity, pasting
temperatures, and other key properties essential for specific starch industries [56,145].

For quantitative traits influenced significantly by environmental factors, GWAS anal-
yses across diverse cassava accessions have unveiled numerous trait-associated loci, il-
lustrating variability in loci identified across different studies. For example, Mbe et al.
(2024) [146] identified 52 SNPs associated with traits related to nitrogen use efficiency and
yield, highlighting traits such as stay-green ability, chlorophyll content, dry matter content,
and yield components, like dry and fresh root yields. Variability in trait loci has also been
observed under specific conditions, such as drought stress in Nigeria’s dry savannah, where
distinct loci were identified for traits like fresh root yield, harvest index, and root number
per plant [147].

In Thailand, the use of DNA markers for CMD and CBSD resistance is critical due to
the importance of these traits for local cassava production. Preparation for potential CBSD
outbreaks involves preemptive use of CBSD-resistant markers in breeding programs, given
the disease’s absence in the region thus far. Introducing germplasm from Africa further
supports efforts to sustain cassava production by enhancing resistance to CBSD and other
emerging threats.

8.4. CRISPR/Cas9-Mediated Gene Editing in Cassava

Recent advances in CRISPR/Cas9 technologies have provided significant opportuni-
ties to enhance cassava’s agronomic traits, such as disease resistance and yield, promising
substantial improvements in cassava’s yield and utility [148]. However, continued research,
particularly in gene discovery, is crucial to realize the full potential of these biotechno-
logical advancements. The CRISPR/Cas9 system involves delivering the Cas9 nuclease
and a guide RNA into plant cells to induce DNA cleavages at specific genomic locations.
The subsequent repair process, often via non-homologous end joining (NHE]), introduces
mutations that can knock out or alter gene function.

Initial applications of CRISPR/Cas9 in cassava demonstrated its capability for precise
genomic editing by targeting the Phytoene desaturase (MePDS) gene, resulting in visible
albino phenotypes in cotyledon-stage somatic embryos [149]. Following this experiment,
the technique has been progressively applied to various traits, although initially limited
to a few cassava varieties, such as TMS60444, known for their high efficiency in gene
transformation. Despite these advancements, challenges remain in applying CRISPR
technology to a broader range of cassava varieties due to limitations in the production
of friable embryogenic calli (FECs) and transformation efficiency, which are influenced
by genotype-specific transformation capabilities [150]. Nonetheless, recent studies on the
cassava SC8 variety, primarily focused on the induction of somatic embryos and FECs,
exploring genetic transformation have demonstrated opportunities to expand CRISPR
technology to commercial varieties [151].

Applications of CRISPR/Cas9 in cassava have included enhancing disease resistance
by targeting susceptibility genes for cassava mosaic disease (CMD) and cassava brown
streak disease (CBSD), notably reducing disease severity and incidence. Editing multiple
isoforms of eIF4E resulted in attenuated symptoms and decreased severity of CBSD root
necrosis upon viral challenge [152]. However, generating cassava varieties resistant to
cassava mosaic disease by expressing a CRISPR/Cas9 system targeting cassava mosaic virus
has encountered challenges, such as the emergence of virus strains with single nucleotide
mutations that evade CRISPR targeting [153].



Plants 2024, 13, 1899

20 of 29

Advances have also been achieved in reducing the presence of toxic cyanogenic gluco-
sides by dual targeting the CYP79D1 and CYP79D2 genes, responsible for the initial steps
in linamarin synthesis, thus reducing cyanogenic glucoside content in the edible parts of
cassava [154,155]. Furthermore, CRISPR /Cas9 has facilitated modifications in starch bio-
synthesis genes, such as GBSS and PTST1, altering amylose content and generating cassava
varieties with tailor-made starch properties for diverse industrial applications [156]. Addi-
tionally, CRISPR editing of the starch branching enzyme 2 (SBE2) generated high-amylose
starch cassava variants that exhibit enhanced nutritional qualities and industrial utility [157].
Moreover, CRISPR targeting of the feruloyl CoA 6’-hydroxylase genes (MeF6'H1, MeF6'H?2,
MeF6'H3), involved in scopoletin accumulation, has significantly delayed post-harvest
physiological deterioration (PPD), extending cassava’s shelf life and reducing the economic
losses associated with the rapid spoilage of cassava roots [158].

8.5. The Induction of Flowering

As discussed earlier, there is a rising interest in varieties with a non-branching plant
architecture, also characterized by late or absent flowering. Branching and flowering are
evidently governed by linked genetic factors and remain stable traits, although notably
influenced by environmental conditions, like photoperiod duration and temperatures.
Extended daylight hours and cooler temperatures tend to induce earlier flowering in
genotypes that would otherwise flower late or not at all [133,159,160].

Recent achievements in inducing early and prolific flowering in cassava are poised to
revolutionize its breeding practices. Studies have demonstrated that extended photope-
riods can prompt earlier flowering in late-flowering germplasm. Furthermore, pruning
techniques and the application of plant growth regulators have proven effective in stimulat-
ing abundant flowering [133-135,161]. The development and adoption of these flowering-
inducing technologies have already substantially reduced the duration of crossing nurseries
in the 2020s [133-135,161].

The pruning technique always results in the production of large inflorescences with
large number of flowers. However, it requires that flowering/branching has already been
induced. In high altitude environments (e.g., 1000 m above sea level) the extension of
photoperiod (illumination with red lights during the night) had a clear impact shortening
the time required for the first flowering event, which is the one where pruning of the
young branches is typically done with best results. In Thailand, however, the extension
of photoperiod may not be as efficient, except in high altitude research stations in Chiang
Mai province in northern Thailand. However, this region is far away from the traditional
location of crossing nurseries in the country. Further research is needed to reduce the time
required for the first flowering event in non-branching or late-flowering genotypes, which
are the most desirable because of their desirable plant architecture.

8.6. Improved Phenotyping Tools

For the above-ground growth estimation, simple ratio vegetation index and chloro-
phyll vegetation index were suggested for determining root yield potential (R? of 0.50
and 0.57, respectively), whereas the plant height and canopy area provided more accurate
predictions of root yield (R? of 0.87 and 0.65, respectively) [162]. The application of the red—
green-blue (RGB) and multispectral images could help in estimating plant growth during
vegetative stage from 1-3 MAP with high accuracy for predicting biomass, chlorophyll
content, net photosynthesis and leaf area [163], which can be used for high-throughput
screening of cassava lines in breeding for abiotic stress tolerance. The application of
aerial-image based phenotyping coupled with a machine-learning model was applied
using ground-truth data together with multispectral data for vegetative indices. The key
stages that the multiple linear regression model could estimate both above-ground and
underground biomass were the elongation and late bulking stages [164].

Starch content in cassava was evaluated by the near-infrared (NIR) spectroscopy
sensor that correlated with the percentage of the content of dry starch extracted from root
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to the fresh root weight with R? of 0.84-0.90 [165]. Near-infrared spectroscopy has been
employed for identifying waxy genotypes from the seeds. However, specificity values of
the prediction ranged between 0.27 and 0.74 for selection of seeds for waxy genotypes [166].
As for the quality of cassava product for consumption, amylose and amylopectin content,
starch granule structure, pasting properties, and fresh and boiled surface properties could
be phenotyped by near-infrared spectroscopy and hyperspectral sensors [167], along with
dry matter content and water absorption, to determine the cooking quality of cassava [168].
Carotenoid content is routinely predicted for fresh root tissue using desk or portable
NIRs [167].

Cassava root diameter distribution was evaluated in KU50 weekly during 3 to 12 weeks
of growth in the field. Distribution of root diameters can be imaged and assessed through a
video acquisition box [169]. Moreover, 3D-root images from 11 months old plants grown in
the field have been used to predict crown volumes, crown surface, root density, surface-
to-volume ratio, root numbers, root angle, crown diameter, cylinder soil volume, CRC
compactness and root length [170]. This protocol, used for the study of roots from 130 par-
tially inbred lines and 6 parents, linked SNPs with root weight and other relevant root
traits [171]. Oliveira et al. [172] reported that the number of roots was the only factor having
a direct effect on root weight. The digital image of the root traits platform (DIRT) [173] was
utilized for top view and side view images of R5, R9, R11, HB60 and KU50 at 3-, 10- and
12-month-old harvest for determining the drought effect on cassava yield and showed that
the root yield under drought condition was reduced by 80%, and DIRT assessed root yield
with high correlation with the manual root weight method, with R? of 0.86 [174].

For non-destructive root growth evaluation, cassava root architecture in the pot was
assessed by computed X-ray tomography (CTX) with the automated root segmentation
approach (Rootforce) [175]. Later, CTX was combined with the growth chamber named
chamber #8 as controlled environment for root development investigation, which can
be integrated with other sensors, such as hyperspectral or near-infrared sensors, in the
future [176]. Moreover, Alle et al. [177] investigated the application of combining deep
convolutional neural networks (DCNNs) with a weakly supervised learning paradigm
and a spatial pyramid pooling (SPP) layer together with a specialized iterative inference
algorithm, providing better segmentation of root structure than an analytical reference al-
gorithm for root segmentation. However, the CTX application is limited to plants grown in
pots withing a growth chamber. Thus, this methodology might not be suitable for breeding
purposes. The application of ground-penetrating radar (GPR) was demonstrated to esti-
mate root length and width in the different angles in the field without root evacuation [178].
The linear regression model to estimate root yield of different cassava varieties had a rela-
tively high regression coefficient ranging from R? of 0.51 to 0.77 [179]. Agbona et al. [180]
tried to use the GPR for measuring early storage root bulking. However, the different envi-
ronmental conditions in the field, such as temperature, humidity and solar radiation, were
required for more accurate predictions of root yield. Moreover, the GPR was recommended
not only for selecting root yield in the field, but also to help normalization of the spatial
heterogeneity of the yield trials [181].

9. Conclusions

The history of cassava breeding in Thailand highlights the critical role of collaboration
with the International Center for Tropical Agriculture (CIAT) in providing valuable inter-
national cassava germplasm for Thai variety development. The rapid growth of cassava
production in Thailand and Southeast Asia, driven by global demand for animal feed and
starch-based industries, underscores the need for high-yield varietal development. The
significant influence of genotype-by-environment interactions and non-additive genetic
effects on fresh root yield emphasizes the importance of institutional collaboration be-
tween government research bodies and private processing industries. This partnership can
facilitate multi-location trials and the use of rapid propagation technologies, expediting
the breeding program. The success of the KU50 variety and its progenies demonstrates
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the efficacy of recurrent selection, despite the lengthy phenotypic selection cycles. Incor-
porating genomic selection in early yield trials could accelerate recurrent selection for
high-heritability traits, such as dry matter content. Marker-assisted selection (MAS) is
currently used for tracking CMD2 resistance to cassava mosaic disease and will be applied
for CBSD resistance screening, preparing for future biotic stresses in Thailand. With the
increasing occurrence of climate extremes, the impact of abiotic and biotic factors on crop
productivity is a growing concern. Breeding objectives must incorporate traits related to
climate resilience and disease resistance to sustain and maximize yield potential. Conven-
tional breeding methods have struggled to facilitate the backcrossing process required to
incorporate these traits into elite varieties. Gene editing offers potential, but developing
efficient tissue regeneration methods for each variety remains challenging. Implementing
recurrent selection with partially inbred progenitors exhibiting desirable combining ability
is a promising strategy for increasing cassava yield and introgressing desirable traits into
partially inbred lines. Achieving these goals requires a partnership between molecular
research and cassava breeding programs.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants13141899/s1, Table S1: Wild Manihot species; Table S2:
Cassava varieties registered or released in Thailand. References [2,21,64,182-184] are cited in the
Supplementary Materials.

Author Contributions: Conceptualization, visualization, writing original draft—review and editing,
PK. (Pasajee Kongsil) and H.C.; providing conventional breeding methodology and supervision,
C.R,, V.V. and E.S.; Writing on biotic factors and funding acquisition, W.S. and W.K.; Writing on gene
editing, S.V.; Providing data for cassava pedigree, yield stability and combining ability, PX. (Piya
Kittipadakul); providing information of registered cassava varieties and yield trial data, review and
editing, C.P. and W.W. All authors have read and agreed to the published version of the manuscript.

Funding: This publication is a technical report of the Hub of Knowledge in Modern Agricultural
Science for High-Value Crops, Center for Agricultural Biotechnology, Kasetsart University, supported
by the funds from the National Research Council of Thailand (NRCT).

Acknowledgments: We thank the Center for Agricultural Biotechnology, Kasetsart University, for
funding of this review.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.  Rogers, D.J.; Appan, S.G. Manihot, Manihotoides (Euphorbiaceae); Flora Neotropica. Monograph No. 13; Hafner Press: New York,
NY, USA, 1973.

2. Lebot, V. Tropical Root and Tuber Crops: Cassava, Sweet Potato, Yams and Aroids; Crop Production Science in Horticulture. No. 17;
CABI Publishing: Wallingford, UK, 2009; 413p.

3. Olsen, KM.; Schaal, B.A. Evidence on the origin of cassava: Phylogeography of Manihot esculenta. Proc. Natl. Acad. Sci. USA 1999,
96, 5586-5591. [CrossRef] [PubMed]

4. Allem, A.C. The origins and taxonomy of cassava. In Cassava: Biology, Production and Utilization; Hillocks, R.J., Thresh, .M.,
Bellotti, A.C., Eds.; CABI Publishing: Wallingford, UK; New York, NY, USA, 2002; pp. 1-16.

5. Watling, J.; Shock, M.P.; Mongel6, G.Z.; Almeida, FO.; Kater, T.; De Oliveira, P.E.; Neves, E.G. Direct archaeological evidence for
Southwestern Amazonia as an early plant domestication and food production centre. PLoS ONE 2018, 13, e0199868. [CrossRef]
[PubMed]

6. Léotard, G.; Duputié, A.; Kjellberg, F.; Douzery, E.J.P.; Debain, C.; de Granville, J.-].; McKey, D. Phylogeography and the origin
of cassava: New insights from the northern rim of the Amazonian basin. Mol. Phylogenet. Evol. 2009, 53, 329-334. [CrossRef]
[PubMed]

7. Ogbonna, A.C.; Braatz de Andrade, L.R.; Mueller, L.A.; de Oliveira, E.J.; Bauchet, G.J. Comprehensive genotyping of a Brazilian
cassava (Manihot esculenta Crantz) germplasm bank: Insights into diversification and domestication. Theor. Appl. Genet. 2021,
134, 1343-1362. [CrossRef]

8.  Lyons, ].B.; Bredeson, ].V.; Mansfeld, B.N.; Bauchet, G.J.; Berry, J.; Boyher, A.; Mueller, L.A.; Rokhsar, D.S.; Bart, R.S. Current status

and impending progress for cassava structural genomics. Plant Mol. Biol. 2022, 109, 177-191. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/plants13141899/s1
https://www.mdpi.com/article/10.3390/plants13141899/s1
https://doi.org/10.1073/pnas.96.10.5586
https://www.ncbi.nlm.nih.gov/pubmed/10318928
https://doi.org/10.1371/journal.pone.0199868
https://www.ncbi.nlm.nih.gov/pubmed/30044799
https://doi.org/10.1016/j.ympev.2009.05.003
https://www.ncbi.nlm.nih.gov/pubmed/19435608
https://doi.org/10.1007/s00122-021-03775-5
https://doi.org/10.1007/s11103-020-01104-w
https://www.ncbi.nlm.nih.gov/pubmed/33604743

Plants 2024, 13, 1899 23 of 29

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Byrne, D. Breeding cassava. Plant Breed. Rev. 1984, 2, 73-134.

Howeler, R.; NeBambi, L.; Thomas, G. Save and Grow: Cassava; Food and Agriculture Organization of the United Nations: Rome,
Italy, 2013; p. 1299.

FAOSTAT. Available online: https:/ /www.fao.org/faostat/en/#data (accessed on 5 April 2024).

Kawano, K. Thirty years of cassava breeding for productivity-biological and social factors for success. Crop Sci. 2003, 43,
1325-1335. [CrossRef]

Genesys. Available online: https://www.genesys-pgr.org/ (accessed on 5 April 2024).

Hershey, C.H. A Global Conservation Strategy for Cassava (Manihot esculenta) and Wild Manihot Species. Summary of Stakeholder
Deliberations and Recommendations Prepared for the Global Crop Diversity Trust. 2008. Available online: https://cgspace.cgiar.
org (accessed on 5 April 2024).

Carvajal-Yepes, M.; Ospina, J.A.; Aranzales, E.; Velez-Tobon, M.; Correa Abondano, M.; Manrique-Carpintero, N.C.; Wenzl,
P. Identifying genetically redundant accessions in the world’s largest cassava collection. Front. Plant Sci. 2024, 14, 1338377.
[CrossRef] [PubMed]

Alliance Biodiversity & CIAT. Available online: https://alliancebioversityciat.org/ (accessed on 5 April 2024).

Ceballos, H.; Iglesias, C.A.; Pérez, C.; Dixon, A.G.O. Cassava breeding: Opportunities and Challenges. Plant Mol. Biol. 2004, 56,
503-516. [CrossRef]

Sanchez, T.; Mafla, G.; Morante, N.; Ceballos, H.; Dufour, D.; Calle, E; Moreno, X.; Pérez, ].C.; Debouck, D. Screening of starch
quality traits in cassava (Manihot esculenta Crantz). Starch/Stirke 2009, 61, 12-19. [CrossRef]

Ceballos, H.; Hershey, C.; Becerra-Lépez-Lavalle, L.A. New approaches to cassava breeding. Plant Breed. Rev. 2012, 36, 427-504.
Ferguson, M.E.; Shah, T.; Kulakow, P.; Ceballos, H. A global overview of cassava genetic diversity. PLoS ONE 2019, 14, e0224763.
[CrossRef] [PubMed]

Malik, A.I; Kongsil, P; Nguyén, V.A.; Ou, W.; Sholihin, S.P; Sheela, M.; Becerra Lépez-Lavalle, L.A.; Utsumi, Y.; Lu, C,;
Kittipadakul, P; et al. Cassava breeding and agronomy in Asia: 50 years of history and future directions. Breed. Sci. 2020, 70,
145-166. [CrossRef] [PubMed]

Sarakarn, S.; Limsila, A.; Watananonta, W.; Suparhan, D.; Suriyapan, P. Cassava breeding and varietal dissemination in Thailand:
Major achievements during the past 25 years. In Cassava’s Potential in Asia in the 21st Century: Present Situation and Future Research
and Development Needs, Proceedings of the Sixth Regional Workshop, Ho Chi Minh City, Vietnam, 21-25 February 2000; Howeler, R., Tan,
S.L., Eds.; Centro Internacional de Agricultura Tropical (CIAT), Cassava Office for Asia: Cali, CO, USA, 2001; pp. 161-166.
Kittipadakul, P.; Kongsil, P.; Phumichai, C.; Jansky, S.H. Chapter 7: Breeding cassava for higher yield. In Achieving Sustainable
Cultivation of Cassava Volume 2: Genetics, Breeding, Pests, and Diseases; Hershey, C., Ed.; Burleigh Dodds Science Publishing:
Cambridge, UK, 2017; pp. 139-170.

Xiong, L.; Kaimian, L.; Yinong, T.; Jie, H.; Ruili, X. A historical account of progress made in cassava varietal improvement in
China. In Cassava’s Potential in Asia in the 21st Century: Present Situation and Future Research and Development Needs, Proceedings of
the Sixth Regional Workshop, Ho Chi Minh City, Vietnam, 21-25 February 2001; Howeler, R., Tan, S.L., Eds.; Centro Internacional de
Agricultura Tropical (CIAT), Cassava Office for Asia: Cali, CO, USA, 2001; pp. 185-192.

Alves, A.A.C. Cassava botany and physiology. In Cassava: Biology, Production and Utilization; Hillocks, R.J., Thresh, ].M., Bellotti,
A.C,, Eds.; CABI Publishing: New York, NY, USA, 2002; pp. 67-89.

Kawano, K. Cassava. In Hybridization of Crop Plants; Fehr, W.R., Hadley, H.H., Eds.; American Society of Agronomy-Crop Science
Society of America: Madison, WI, USA, 1980; pp. 225-233.

Ramos Abril, L.N.; Pineda, L.M.; Wasek, I.; Wedzony, M.; Ceballos, H. Reproductive biology in cassava: Stigma receptivity and
pollen tube growth. Commun. Integr. Biol. 2019, 12, 96-111. [CrossRef]

Contreras-Rojas, M.; Pérez, ].C.; Ceballos, H.; Baena, D.; Morante, N.; Calle, F. Introduction of inbreeding and analysis of
inbreeding depression in eight S1 cassava families. Crop Sci. 2009, 49, 543-548. [CrossRef]

de Freitas, ].P.X.; da Silva Santos, V.; de Oliveira, E.]. Inbreeding depression in cassava for productive traits. Euphytica 2016,
209, 137-145. [CrossRef]

Kaweesi, T.; Kyaligonza, V.; Baguma, Y.; Kawuki, R.; Ferguson, M. Inbreeding enhances field resistance to cassava brown streak
viruses. J. Plant Breed. Crop Sci. 2016, 8, 138-149. [CrossRef]

Kawuki, R.S.; Nuwamanya, E.; Labuschagne, M.T.; Herselman, L.; Ferguson, M.E. Segregation of selected agronomic traits in six
S1 cassava families. J. Plant Breed. Crop Sci. 2011, 3, 154-160.

Sheela, M.N.; Radhika, V.S.; John, K.S.; Abraham, K. Variation in crude protein, dry matter and starch in inbred and backcross
lines of cassava. J. Root Crops 2008, 34, 115-119.

Jennings, D.L.; Iglesias, C.A. Breeding for crop improvement. In Cassava: Biology, Production and Utilization; Hillocks, R.J., Thresh,
J.M., Bellotti, A.C., Eds.; CABI Publishing: Wallingford, UK, 2002; pp. 149-166.

Ceballos, H.; Kulakow, P.; Hershey, C. Cassava breeding: Current status, bottlenecks and the potential of biotechnology tools.
Trop. Plant Biol. 2012, 5, 73-87. [CrossRef]

Bandeira e Sousa, M.; de Andrade, L.R.B.; de Souza, E.H.; Alves, A.A.C.; de Oliveira, E.J. Reproductive barriers in cassava:
Factors and implications for genetic improvement. PLoS ONE 2021, 16, e0260576.

Gongalves Fukuda, W.M.; de Oliveira, S.; Silva, S.; Iglesias, C. Cassava breeding. Crop. Breed. Appl. Biotech. 2002, 2, 617-638.
[CrossRef]


https://www.fao.org/faostat/en/#data
https://doi.org/10.2135/cropsci2003.1325
https://www.genesys-pgr.org/
https://cgspace.cgiar.org
https://cgspace.cgiar.org
https://doi.org/10.3389/fpls.2023.1338377
https://www.ncbi.nlm.nih.gov/pubmed/38304449
https://alliancebioversityciat.org/
https://doi.org/10.1007/s11103-004-5010-5
https://doi.org/10.1002/star.200800058
https://doi.org/10.1371/journal.pone.0224763
https://www.ncbi.nlm.nih.gov/pubmed/31693686
https://doi.org/10.1270/jsbbs.18180
https://www.ncbi.nlm.nih.gov/pubmed/32523397
https://doi.org/10.1080/19420889.2019.1631110
https://doi.org/10.2135/cropsci2008.07.0419
https://doi.org/10.1007/s10681-016-1649-7
https://doi.org/10.5897/JPBCS2015.0555
https://doi.org/10.1007/s12042-012-9094-9
https://doi.org/10.12702/1984-7033.v02n04a18

Plants 2024, 13, 1899 24 of 29

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Sriroth, K.; Santisopasri, V.; Petchalanuwat, C.; Kurotjanawong, K.; Piyachomkwan, K.; Oates, C.G. Cassava starch granule
structure-function properties: Influence of time and conditions at harvest on four cultivars of cassava starch. Carbohydr. Polym.
1999, 38, 161-170. [CrossRef]

Sriroth, K.; Piyachomkwan, K.; Wanlapatit, S.; Oates, C.G. Cassava starch technology: The Thai experience. Starch/Starke 2000, 52,
439-449. [CrossRef]

Sriroth, K.; Piyachomkwan, K.; Santisopasri, V.; Oates, C.G. Environmental conditions during root development: Drought
constraint on cassava starch quality. Euphytica 2001, 120, 95-102. [CrossRef]

Toae, R.; Sriroth, K.; Rojanaridpiched, C.; Vichukit, V.; Chotineeranat, S.; Wansuksri, R.; Chatakanonda, P.; Piyachomkwan, K.
Outstanding Characteristics of Thai Non-GM Bred Waxy Cassava Starches Compared with Normal Cassava Starch, Waxy Cereal
Starches and Stabilized Cassava Starches. Plants 2019, 8, 447. [CrossRef] [PubMed]

Ceballos, H.; Morante, N.; Sanchez, T.; Ortiz, D.; Aragon, I.; Chavez, A.; Pizarro, M.; Calle, F;; Dufour, D. Rapid Cycling Recurrent
Selection for Increased Carotenoids Content in Cassava Roots. Crop Sci. 2013, 53, 2342-2351. [CrossRef]

Reilly, K.; Gémez-Vasquez, R.; Buschmann, H.; Tohme, J.; Beeching, J.R. Oxidative stress responses during cassava post-harvest
physiological deterioration. Plant Mol. Biol. 2003, 53, 669-685. [CrossRef]

Reilly, K.; Bernal, D.; Cortés, D.E,; Gémez-Vasquez, R.; Tohme, ].; Beeching, ].R. Towards identifying the full set of genes expressed
during cassava post-harvest physiological deterioration. Plant Mol. Biol. 2007, 64, 187-203. [CrossRef]

An, F; Xue, J.; Luo, X.; Chen, T.; Wei, Z.; Zhu, W.; Ou, W.; Li, K,; Cai, J.; Chen, S. MePODI12 participates the regulation to
postharvest physiological deterioration by ROS scavenging and lignin accumulation in cassava tuberous roots. Postharvest. Biol.
Technol. 2024, 207, 112609. [CrossRef]

Djabou, A.S.M.; Carvalho, L.J.C.B.; Li, Q.X,; Niemenak, N.; Chen, S. Cassava postharvest physiological deterioration: A complex
phenomenon involving calcium signaling, reactive oxygen species and programmed cell death. Acta Physiol. Plant. 2017, 39, 91.
[CrossRef] [PubMed]

Ma, Q.; Xu, J.; Feng, Y.; Wu, X,; Lu, X.; Zhang, P. Knockdown of p-Coumaroyl Shikimate /Quinate 30-Hydroxylase Delays the
Occurrence of Post-Harvest Physiological Deterioration in Cassava Storage Roots. Int. . Mol. Sci. 2022, 23, 9231. [CrossRef]
[PubMed]

Luna, J.; Dufour, D.; Tran, T.; Pizarro, M.; Calle, F.; Garcia Dominguez, M.; Hurtado, I.M.; Sanchez, T.; Ceballos, H. Post-harvest
physiological deterioration in several cassava genotypes over sequential harvests and effect of pruning prior to harvest. Int. J.
Food Sci. Technol. 2020, 56, 1322-1332. [CrossRef]

van Oirschot, Q.E.; O'Brien, G.M.; Dufour, D.; El-Sharkawy, M.A.; Mesa, E. The effect of pre-harvest pruning of cassava upon root
deterioration and quality characteristics. J. Sci. Food Agric. 2000, 80, 1866-1873. [CrossRef]

Morante, N.; Moreno, X.; Pérez, ].C.; Calle, E; Lenis, ].I; Ortega, E.; Jaramillo, G.; Ceballos, H. Precision of selection in early stages
of cassava genetic improvement. . Root Crops 2005, 31, 81-92.

Du, L. The biosynthesis of cyanogenic glucosides in roots of cassava. Phytochemistry 1995, 39, 323-326. [CrossRef]

Mkumbira, J.; Chiwona-Karltun, L.; Lagercrantz, U.; Mahungu, N.M.; Saka, ].D.K.; Mhone, A.R.; Bokanga, M.; Brimer, L.;
Gullberg, U.; Rosling, H. Classification of cassava into bitter and cool in Malawi. From farmers’ perceptions to characterisation by
molecular markers. Euphytica 2003, 132, 7-22. [CrossRef]

Ospina, M.A.; Pizarro, M.; Tran, T.; Ricci, J.; Belalcazar, J.; Luna, J.L.; Londono, L.E; Salazar, S.; Ceballos, H.; Dufour, D.; et al.
Cyanogenic, carotenoids and protein composition in leaves and roots across seven diverse population found in the world cassava
germplasm collection at CIAT, Colombia. Int. J. Food Sci. Technol. 2020, 56, 1343-1353. [CrossRef]

Ceballos, H.; Rojanaridpiched, C.; Phumichai, C.; Becerra, L.A; Kittipadakul, P.; Iglesias, C.; Gracen, V.E. Excellence in Cassava
Breeding: Perspectives for the Future. Crop Breed. Genet. Genom. 2020, 2, €200008. [CrossRef]

Kawano, K.; Narintaraporn, K.; Narintaraporn, P,; Sarakarn, S.; Limsila, A.; Limsila, J.; Suparhan, D.; Sarawat, V.; Watananonta,
W. Yield Improvement in a Multistage Breeding Program for Cassava. Crop Sci. 1998, 38, 325-332. [CrossRef]

Ceballos, H.; Pérez, ].C.; Orlando, J.B.; Lenis, ].I.; Morante, N.; Calle, F.; Hershey, C. Cassava breeding I: The value of breeding
value. Front. Plant Sci. 2016, 7, 1227. [CrossRef] [PubMed]

Phumichai, C.; Aiemnaka, P.; Nathaisong, P.; Hunsawattanakul, S.; Fungfoo, P.; Rojanaridpiched, C.; Vichukit, V.; Kongsil, P,;
Kittipadakul, P.; Wannarat, W.; et al. Genome-wide association mapping and genomic prediction of yield-related traits and starch
pasting properties in cassava. Theor. Appl. Genet. 2021, 135, 145-171. [CrossRef] [PubMed]

Wolfe, M.D.; Chan, A.W.; Kulakow, P.; Rabbi, I; Jannink, J.L. Genomic mating in outbred species: Predicting cross usefulness with
additive and total genetic covariance matrices. Genetics 2021, 219, iyab122. [CrossRef] [PubMed]

Aiemnaka, P.; Wongkaew, A.; Chanthaworn, J.; Nagashima, S.K.; Boonma, S.; Authapun, J.; Jenweerawat, S.; Kongsila, P;
Kittipadakul, P; Nakasathien, S.; et al. Molecular characterization of a spontaneous waxy starch mutation in cassava (Manihot
esculenta Crantz). Crop Sci. 2012, 52, 2121-2130. [CrossRef]

Conceicao, L.V.d.; Cortes, D.EM.; Klauser, D.; Robinson, M.; Oliveira, E.J.d. New protocol for rapid cassava multiplication in field
conditions: A perspective on speed breeding. Front. Plant Sci. 2023, 14, 1258101. [CrossRef] [PubMed]

Diniz, R.P; Oliveira, E.J.d. Genetic parameters, path analysis and indirect selection of agronomic traits of cassava germplasm. An.
Da Acad. Bras. De Ciéncias 2019, 91, €20180387. [CrossRef] [PubMed]


https://doi.org/10.1016/S0144-8617(98)00117-9
https://doi.org/10.1002/1521-379X(200012)52:12%3C439::AID-STAR439%3E3.0.CO;2-E
https://doi.org/10.1023/A:1017511806128
https://doi.org/10.3390/plants8110447
https://www.ncbi.nlm.nih.gov/pubmed/31653103
https://doi.org/10.2135/cropsci2013.02.0123
https://doi.org/10.1023/B:PLAN.0000019076.76614.88
https://doi.org/10.1007/s11103-007-9144-0
https://doi.org/10.1016/j.postharvbio.2023.112609
https://doi.org/10.1007/s11738-017-2382-0
https://www.ncbi.nlm.nih.gov/pubmed/28316353
https://doi.org/10.3390/ijms23169231
https://www.ncbi.nlm.nih.gov/pubmed/36012496
https://doi.org/10.1111/ijfs.14711
https://doi.org/10.1002/1097-0010(200010)80:13%3C1866::AID-JSFA718%3E3.0.CO;2-H
https://doi.org/10.1016/0031-9422(94)00878-W
https://doi.org/10.1023/A:1024619327587
https://doi.org/10.1111/ijfs.14888
https://doi.org/10.20900/cbgg20200008
https://doi.org/10.2135/cropsci1998.0011183X003800020007x
https://doi.org/10.3389/fpls.2016.01227
https://www.ncbi.nlm.nih.gov/pubmed/27621734
https://doi.org/10.1007/s00122-021-03956-2
https://www.ncbi.nlm.nih.gov/pubmed/34661695
https://doi.org/10.1093/genetics/iyab122
https://www.ncbi.nlm.nih.gov/pubmed/34740244
https://doi.org/10.2135/cropsci2012.01.0058
https://doi.org/10.3389/fpls.2023.1258101
https://www.ncbi.nlm.nih.gov/pubmed/37753503
https://doi.org/10.1590/0001-3765201920180387
https://www.ncbi.nlm.nih.gov/pubmed/31432899

Plants 2024, 13, 1899 25 of 29

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Gracen, V.E.; Kongsil, P.; Napasintuwong, O.; Duangjit, J.; Phumichai, C. The Story of Kasetsart 50: The Most Important Cassava
Variety in the World; Center for Agricultural Biotechnology, Kasetsart University, Kamphaeng Saen Campus: Nakorn Pathom,
Thailand, 2018; p. 53.

Rodjanaridpiched, C.; Limsila, A.; Supraharn, D.; Boonseng, O.; Poolsanguan, P.; Tiraporn, C.; Kawano, K. Recent progress
in cassava varietal improvement in Thailand. In Proceedings of the Fourth Regional Workshop Cassava Breeding, Agronomy
Research and Technology Transfer in Asia, Kerala, India, 2-6 November 1993; Howeler, R.H., Ed.; Centro Internacional de
Agricultura Tropical (CIAT): Cali, CO, USA, 1995; pp. 124-134.

Praneetvatakul, S.; Sirivirintarat, T.; Vijitsrikamol, K. Research benefits of KU50 and Huay Bong cassava breeding. Kasetsart J. Soc.
Sci. 2018, 39, 684-695. [CrossRef]

Rojanaridpiched, C.; (Kasetsart University, Bangkok, Thailand); Thai Tapioca Development Institute; (Bangkok, Thailand).
Personal communication, 2022.

Joaqui, B.O.; Lenis, ].I; Calle, F.; Morante, N.; Pérez, ].C.; Hershey, C.; Ceballos, H. Cassava breeding II: Phenotypic correlations
through the different stages of selection. Front. Plant Sci. 2016, 7, 1649.

Jennings, D.L.; Hershey, C. Cassava breeding: A decade of progress from international programmes. In Progress in Plant Breeding;
Russel, G.E., Ed.; Butterworths Press: London, UK, 1985.

Ceballos, H.; Hershey, C.; Iglesias, C.; Zhang, X. Fifty years of a public cassava breeding program: Evolution of breeding
objectives, methods, and decision-making processes. Theor. Appl. Genet. 2021, 134, 2335-2353. [CrossRef]

Eberhart, S.A.; Russell, W.A. Stability parameters for comparing varieties. Crop Sci. 1966, 6, 36—40. [CrossRef]

Kittipadakul, P.; Rodjanaridpiched, C.; Vichukij, V.; Changlek, P.; Malumpong, C.; Keawtrakulpong, K. Cassava stability of Thai
cassava. In Proceedings of the 42nd Kasetsart University Annual Conference: Plants, Agricultural Extension and Communication,
Bangkok, Thailand, 3-6 February 2004; Kasetsart University: Bangkok, Thailand, 2004; pp. 191-201. (In Thai)

Howeler, R. Chapter 3: What are the major constraints to high yields? In Sustainable Soil and Crop Management of Cassava in Asia;
Howeler, R., Ed.; Centro Internacional de Agricultura Tropical (CIAT): Cali, CO, USA, 2014; 280p.

Cobb, A.H.; Reade, ].P.H. Herbicides and Plant Physiology, 2nd ed.; Wiley-Blackwell: Chichester, UK, 2010.

Tan, S.; Evans, R.R.; Dahmer, M.L.; Singh, B.K.; Shaner, D.L. Imidazolinone-tolerant crops: History, current status and future. Pest.
Manag. Sci. 2005, 61, 246-257. [CrossRef] [PubMed]

Duitama, J.; Kafuri, L.; Tello, D.; Leiva, A.M.; Hofinger, B.; Datta, S.; Lentini, Z.; Aranzales, E.; Till, B.; Ceballos, H. Deep
assessment of genomic diversity in cassava for herbicide tolerance and starch biosynthesis. Comput. Struct. Biotechnol. J. 2017, 15,
185-194. [CrossRef] [PubMed]

El-Sharkawy, M.A. Drought tolerant cassava for Africa, Asia and Latin America: Breeding projects work to stabilize productivity
without increasing pressures on limited natural resources. BioScience 1993, 43, 441-451. [CrossRef]

El-Sharkawy, M.A.; de Tafur, S.M. Genotypic and within canopy variation in leaf carbon isotope discrimination and its relation to
short-term leaf gas exchange characteristics in cassava grown under rain-fed conditions in the tropics. Photosynthetica 2007, 45,
515-526. [CrossRef]

Alves, A.C,; Setter, T.L. Response of cassava to water deficit: Leaf area growth and abscisic acid. Crop Sci. 2000, 40, 131-137.
[CrossRef]

Alves, A.C.; Setter, T.L. Abscisic acid accumulation and osmotic adjustment in cassava under water deficit. Environ. Exp. Bot.
2004, 51, 259-271. [CrossRef]

Adjebeng-Danquabh, ]J.; Gracen, V.E.; Offei, S.K.; Asante, I.K.; Manu-Aduening, J. Genetic variability in storage root bulking of
cassava genotypes under irrigation and no irrigation. Agric. Food Secur. 2016, 5, 9. [CrossRef]

Oliveira, E.J.; Morgante, C.V.; de Tarso Aidar, S.; de Melo Chaves, A.R.; Antonio, R.P; Cruz, J.L.; Coelho Filho, M.A. Evaluation of
cassava germplasm for drought tolerance under field conditions. Euphytica 2017, 213, 188. [CrossRef]

dos Santos Silva, P.P; e Sousa, M.B.; de Oliveira, E.J.; Morgante, C.V.; de Oliveira, C.R.S.; Vieira, S.L.; Borel, ].C. Genome-wide
association study of drought tolerance in cassava. Euphytica 2021, 217, 60. [CrossRef]

Bolafios, J.; Edmeades, G. The importance of the anthesis-silking interval in breeding for drought tolerance in tropical maize.
Field Crops Res. 1996, 48, 65-80. [CrossRef]

El-Sharkawy, M.A. Cassava biology and physiology. Plant Mol. Biol. 2004, 56, 481-501. [CrossRef] [PubMed]

El-Sharkawy, M.A.; Cock, ].H. Response of cassava to water stress. Plant Soil 1987, 100, 345-360. [CrossRef]

El-Sharkawy, M.A.; Hernandez, A.D.P,; Hershey, C. Yield stability of cassava during prolonged mid-season water stress. Exp.
Agric. 1992, 28, 165-174. [CrossRef]

Okogbenin, E.; Setter, T.L.; Ferguson, M.; Mutegi, R.; Ceballos, H.; Olasanmi, B.; Fregene, M. Phenotypic approaches to drought in
cassava: Review. Front. Plant Physiol. 2013, 4, 93. [CrossRef]

Orek, C.; Gruissem, W.; Ferguson, M.; Vanderschuren, H. Morpho-physiological and molecular evaluation of drought tolerance
in cassava (Manihot esculenta Crantz). Field Crops Res. 2020, 255, 107861. [CrossRef]

Shan, Z.; Luo, X.; Wei, M.; Huang, T.; Khan, A.; Zhu, Y. Physiological and proteomic analysis on long-term drought resistance of
cassava (Manihot esculenta Crantz). Sci. Rep. 2018, 8, 17982. [CrossRef] [PubMed]

Turyagyenda, L.F; Kizito, E.B.; Ferguson, M.; Baguma, Y.; Agaba, M.; Harvey, J.J.; Osiru, D.S. Physiological and molecular
characterization of drought responses and identification of candidate tolerance genes in cassava. AoB Plants 2013, 5, p1t007.
[CrossRef]


https://doi.org/10.34044/j.kjss.2018.39.2.01
https://doi.org/10.1007/s00122-021-03852-9
https://doi.org/10.2135/cropsci1966.0011183X000600010011x
https://doi.org/10.1002/ps.993
https://www.ncbi.nlm.nih.gov/pubmed/15627242
https://doi.org/10.1016/j.csbj.2017.01.002
https://www.ncbi.nlm.nih.gov/pubmed/28179981
https://doi.org/10.2307/1311903
https://doi.org/10.1007/s11099-007-0089-y
https://doi.org/10.2135/cropsci2000.401131x
https://doi.org/10.1016/j.envexpbot.2003.11.005
https://doi.org/10.1186/s40066-016-0055-7
https://doi.org/10.1007/s10681-017-1972-7
https://doi.org/10.1007/s10681-021-02800-4
https://doi.org/10.1016/0378-4290(96)00036-6
https://doi.org/10.1007/s11103-005-2270-7
https://www.ncbi.nlm.nih.gov/pubmed/15669146
https://doi.org/10.1007/BF02370950
https://doi.org/10.1017/S0014479700019608
https://doi.org/10.3389/fphys.2013.00093
https://doi.org/10.1016/j.fcr.2020.107861
https://doi.org/10.1038/s41598-018-35711-x
https://www.ncbi.nlm.nih.gov/pubmed/30568257
https://doi.org/10.1093/aobpla/plt007

Plants 2024, 13, 1899 26 of 29

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

105.

106.

107.

108.

109.

110.

111.
112.

113.
114.

115.

Polthanee, A.; Taboonmuang, R.; Manaonok, J. Root yield and nutrient removal of four cassava cultivars planted in early rainy
season of Northeastern Thailand. Asian J. Crop Sci. 2016, 8, 24-30. [CrossRef]

Polthanee, A.; Janthajam, C.; Promkhambut, A. Growth, yield and starch content of cassava following rainfed lowland rice in
Northeast Thailand. Int. ]. Agric. Res. 2014, 9, 319-324. [CrossRef]

Wongnoi, S.; Banterng, P.; Vorasoot, N.; Jogloy, S.; Theerakulpisut, P. Physiology, Growth and Yield of Different Cassava Genotypes
Planted in Upland with Dry Environment during High Storage Root Accumulation Stage. Agronomy 2020, 10, 576. [CrossRef]
Polthanee, A.; Srisutham, M. Supplementary irrigation for cassava planted in the late rainy season of Northeastern Thailand.
Asian . Crop Sci. 2017, 9, 100-108. [CrossRef]

Phoncharoen, P.; Banterng, P.; Vorasoot, N.; Jogloy, S.; Theerakulpisut, P.; Hoogenboom, G. Identifying Suitable Genotypes for
Different Cassava Production Environments—A Modeling Approach. Agronomy 2021, 11, 1372. [CrossRef]

Herrera Campo, B.V.; Hyman, G.; Bellotti, A. Threats to cassava production: Known and potential geographic distribution of four
key biotic constraints. Food Secur. 2011, 3, 329. [CrossRef]

Malathi, V.; Nair, N.; Shantha, P. Cassava Mosaic Disease (Technical Bulletin Series 5); Central Tuber Crops Research Institute:
Trivandrum, India, 1985; p. 18.

Patil, B.L.; Fauquet, C.M. Cassava mosaic geminiviruses: Actual knowledge and perspectives. Mol. Plant. Pathol. 2009, 10,
685-701. [CrossRef] [PubMed]

Minato, N.; Sok, S.; Chen, S.; Delaquis, E.; Phirun, L; Le, V.X,; Burra, D.D.; Newby, ].C.; Wyckhuys, K.A.G.; de Haan, S. Surveillance
for Sri Lankan cassava mosaic virus (SLCMV) in Cambodia and Vietnam one year after its initial detection in a single plantation
in 2015. PLoS ONE 2019, 14, €¢0212780. [CrossRef] [PubMed]

Saokham, K.; Hemniam, N.; Roekwan, S.; Hunsawattanakul, S.; Thawinampan, J.; Siriwan, W. Survey and molecular detection of
Sri Lankan cassava mosaic virus in Thailand. PLoS ONE 2021, 16, €0252846. [CrossRef] [PubMed]

Wang, H.L.; Cui, X.Y.; Wang, X.W.; Liu, S.S. First report of Sri Lankan cassava mosaic virus infecting cassava in Cambodia. Plant
Dis. 2016, 100, 1029. [CrossRef]

The Current Status of SLCMYV in Thailand. Available online: https://www.ippc.int/en/countries/thailand / pestreports /2019 /0
3/the-current-status-of-slemv-in-thailand/ (accessed on 20 January 2024).

Attavanich, W.; (Kasetsart University, Bangkok, Thailand). Personal communication, 2022.

Fauquet, C.; Stanley, ]. Geminivirus classification and nomenclature: Progress and problems. Ann. Appl. Biol. 2005, 142, 165-189.
[CrossRef]

Uke, A.; Hoat, T.X.; Quan, M.V,; Liem, N.V.; Ugaki, M.; Natsuaki, K.T. First Report of Sri Lankan Cassava Mosaic Virus Infecting
Cassava in Vietnam. Plant Dis. 2018, 102, 2669. [CrossRef]

Chittarath, K.; Jimenez, J.; Vongphachanh, P.; Leiva, A.M.; Sengsay, S.; Lopez-Alvarez, D.; Bounvilayvong, T.; Lourido, D.;
Vorlachith, V.; Cuellar, W.J. First Report of Cassava Mosaic Disease and Sri Lankan Cassava Mosaic Virus in Laos. Plant Dis. 2021,
105, 1861. [CrossRef]

Hemniam, N.; Roekwan, S.; Vannatim, N.; Malichan, S.; Saokham, K.; Chaowongdee, S.; Siriwan, W. Natural infection of
Cnidoscolus and Jatropha by Sri Lankan cassava mosaic virus in Thailand. J. Gen. Plant Pathol. 2022, 88, 386-391. [CrossRef]
Akano, O.; Dixon, A.; Mba, C.; Barrera, E.; Fregene, M. Genetic mapping of a dominant gene conferring resistance to cassava
mosaic disease. Theor. Appl. Genet. 2002, 105, 521-525. [CrossRef] [PubMed]

Rabbi, 1.Y.; Kayondo, S.I; Bauchet, G.; Yusuf, M.; Aghogho, C.I.; Ogunpaimo, K.; Uwugiaren, R.; Smith, I.A ; Peteti, P.; Agbona,
A.; et al. Genome-wide association analysis reveals new insights into the genetic architecture of defensive, agro-morphological
and quality-related traits in cassava. Plant Mol. Biol. 2022, 109, 195-213. [CrossRef] [PubMed]

Houngue, J.A.; Zandjanakou-Tachin, M.; Ngalle, H.B.; Pita, J.S.; Cacai, G.H.T.; Ngatat, S.E.; Bell, ].M.; Ahanhanzo, C. Evaluation
of resistance to cassava mosaic disease in selected African cassava cultivars using combined molecular and greenhouse grafting
tools. Physiol. Mol. Plant Pathol. 2019, 105, 47-53. [CrossRef] [PubMed]

Thuy, C.T.L.; Becerra Lopez-Lavalle, L.A.; Anh, V.N.; Huu, H.N.; Thi, N.P; Ceballos, H.; Newby, J.; Ba, T.N.; Trong, H.N.; Ngoc,
T.L.; et al. Identifying new resistance to cassava mosaic disease and validating markers for CMD2 locus. Agriculture 2021, 11, 829.
[CrossRef]

Alvarez, E.; Pardo, ]. M.; Mejia de Los, ].F.; Bertaccini, A.; Thanh, N.D.; Hoat, T.X. Detection and identification of ‘Candidatus
Phytoplasma asteris’-related phytoplasmas associated with a witches” broom disease of cassava in Vietnam. Phytopathogenic
Mollicutes 2013, 3, 77-81. [CrossRef]

Klinkong, S. Phytoplasma Causes Witch’s Broom Disease: Emerging Threat in Cassav. Kaset Apirom 2017, 4, 29-31.

Leiva, A.M.; Pardo, ].M.; Arinaitwe, W.; Newby, J.; Vongphachanh, P.; Chittarath, K.; Oeurn, S.; Thi Hang, L.; Gil-Ordéiiez,
A.; Rodriguez, R.; et al. Ceratobasidium sp. Is associated with cassava witches’ broom disease, a re-emerging threat to cassava
cultivation in Southeast Asia. Sci. Rep. 2023, 13, 22500. [CrossRef]

Ceballos, H.; (CIAT, Cali, Colombia). Personal communication, 2023.

Wyckhuys, K.A.G.; Hughes, A.C.; Buamas, C.; Johnson, A.C.; Vasseur, L.; Reymondin, L.; Deguine, J.P,; Sheil, D. Biological control
of an agricultural pest protects tropical forests. Commun. Biol. 2019, 2, 10. [CrossRef]

Bellotti, A.C. Arthropod pests. In Cassava: Biology, Production and Utilization; Hillocks, R.J., Thresh, ].M., Bellotti, A.C., Eds.; CABI
CABI Publishing: Wallingford, UK, 2002; pp. 209-236.


https://doi.org/10.3923/ajcs.2016.24.30
https://doi.org/10.3923/ijar.2014.319.324
https://doi.org/10.3390/agronomy10040576
https://doi.org/10.3923/ajcs.2017.100.108
https://doi.org/10.3390/agronomy11071372
https://doi.org/10.1007/s12571-011-0141-4
https://doi.org/10.1111/j.1364-3703.2009.00559.x
https://www.ncbi.nlm.nih.gov/pubmed/19694957
https://doi.org/10.1371/journal.pone.0212780
https://www.ncbi.nlm.nih.gov/pubmed/30794679
https://doi.org/10.1371/journal.pone.0252846
https://www.ncbi.nlm.nih.gov/pubmed/34634034
https://doi.org/10.1094/PDIS-10-15-1228-PDN
https://www.ippc.int/en/countries/thailand/pestreports/2019/03/the-current-status-of-slcmv-in-thailand/
https://www.ippc.int/en/countries/thailand/pestreports/2019/03/the-current-status-of-slcmv-in-thailand/
https://doi.org/10.1111/j.1744-7348.2003.tb00241.x
https://doi.org/10.1094/PDIS-05-18-0805-PDN
https://doi.org/10.1094/PDIS-09-20-1868-PDN
https://doi.org/10.1007/s10327-022-01099-w
https://doi.org/10.1007/s00122-002-0891-7
https://www.ncbi.nlm.nih.gov/pubmed/12582500
https://doi.org/10.1007/s11103-020-01038-3
https://www.ncbi.nlm.nih.gov/pubmed/32734418
https://doi.org/10.1016/j.pmpp.2018.07.003
https://www.ncbi.nlm.nih.gov/pubmed/31007373
https://doi.org/10.3390/agriculture11090829
https://doi.org/10.5958/j.2249-4677.3.2.018
https://doi.org/10.1038/s41598-023-49735-5
https://doi.org/10.1038/s42003-018-0257-6

Plants 2024, 13, 1899 27 of 29

116.

117.

118.

119.

120.

121.

122.

123.
124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Ceballos, H.; Sanchez, T.; Morante, N.; Fregene, M.; Dufour, D.; Smith, A.M.; Denyer, K.; Pérez, J.C.; Calle, F.; Mestres, C.
Discovery of an Amylose-free Starch Mutant in Cassava (Manihot esculenta Crantz). J. Agric. Food Chem. 2007, 55, 7469-7476.
[CrossRef]

Rojanaridpiched, C.; Vichukit, V.; Ceballos, H.; Aeimnaka, P; Pumichai, C.; Piyachomkwan, K. Development of waxy
starch cassava varieties in Thailand. In Proceedings of the 9thStarch World Asia Conference (CMT), Bangkok, Thailand,
11-13 February 2020.

Ceballos, H.; Sanchez, T.; Denyer, K.; Tofifio, A.P.; Rosero, E.A.; Dufour, D.; Smith, A.; Morante, N.; Pérez, ].C.; Fahy, B. Induction
and Identification of a Small-Granule, High-Amylose Mutant in Cassava (Manihot esculenta Crantz). J. Agric. Food Chem. 2008, 56,
7215-7222. [CrossRef]

Pingali, P; Kelley, T. The role of international agricultural research in contributing to global food security and poverty alleviation:
The case of the CGIAR. In Handbook of Agricultural Economics vol. 3; Evenson, R., Pingali, P., Eds.; Elsevier: New York, NY, USA,
2007; pp. 2382-2418.

Miranda Filho, J.B. Inbreeding depression and heterosis. In The Genetic Exploitation of Heterosis in Crops; Coors, J.G., Pandey, S.,
Eds.; American Society of Agronomy: Madison, WI, USA, 1999; pp. 69-80.

Yuanjit, P.; Vuttipongchaikij, S.; Wonnapinij, P.; Ceballos, H.; Kraichak, E.; Jompuk, C.; Kittipadakul, P. Evaluation of yield
potential and combining ability in Thai elite cassava varieties for breeding selection. Agronomy 2023, 13, 1546. [CrossRef]
Chipeta, M.M.; Bokosi, ].M.; Saka, V.W.; Benesi, LR.M. Combining ability and mode of gene action in cassava for resistance to
cassava green mite and cassava mealy bug in Malawi. . Plant Breed. Crop Sci. 2013, 5, 195-202.

Easwari Amma, C.S.; Sheela, N.; Thankamma Pillai, PK. Combining ability analysis in cassava. J. Root Crops 1995, 21, 65-71.
Kamau, J.; Melis, R.; Laing, M.; Derera, J.; Shanahan, P.; Ngugi, E. Combining the yield ability and secondary traits of selected
cassava genotypes in the semi-arid areas of Eastern Kenya. . Plant Breed. Crop Sci. 2010, 2, 181-191.

Kulembeka, H.P,; Ferguson, M.; Herselman, L.; Kanju, E.; Mkamilo, G.; Masumba, E.; Fregene, M.; Labuschagne, M.T. Diallel
analysis of field resistance to brown streak disease in cassava (Manihot esculenta Crantz) landraces from Tanzania. Euphytica 2012,
187,277-288. [CrossRef]

de Andrade, L.R.B.; e Sousa, M.B.; Wolfe, M.; Jannink, J.-L.; de Resende, M.D.V.; Azevedo, C.F.; de Oliveira, E.J. Increasing cassava
root yield: Additive dominant genetic models for selection of parents and clones. Front. Plant Sci. 2022, 13, 1071156. [CrossRef]
Wolfe, M.D.; Kulakow, P.; Rabbi, 1.Y.; Jannink, J.-L. Marker-based estimates reveal significant nonadditive effects in clonally
propagated cassava (Manihot esculenta): Implications for the prediction of total genetic value and the selection of varieties. G3
(Bethesda) 2016, 6, 3497. [CrossRef] [PubMed]

Bernardo, R. Essentials of Plant Breeding; Stemma Press Woodbury: Woodbury, NY, USA, 2014.

Mikel, M.A.; Dudley, ].W. Evolution of North American dent corn from public to proprietary germplasm. Crop Sci. 2006, 46,
1193-1205. [CrossRef]

Segelke, D.; Reinhardt, F.; Liu, Z.; Thaller, G. Prediction of expected genetic variation within groups of offspring for innovative
mating schemes. Genet. Sel. Evol. 2014, 46, 42. [CrossRef]

Kittipadakul, P.; Rojanaridpiched, C.; Vichukit, V.; Chantaworn, C. Efficiency of combining ability selection of parents in cassava
breeding program. In Proceedings of the 49th Kasetsart University Annual Conference, Bangkok, Thailand, 1-4 February 2011;
Kasetsart University: Bangkok, Thailand, 2011. (In Thai)

Dirks, R.; van Dun, K.; de Snoo, C.B.; van den Berg, M.; Lelivelt, C.L.C.; Voermans, W.; Woudenberg, L.; de Wit, ].P; Reinink, K,;
Schut, ].W,; et al. Reverse breeding: A novel breeding approach based on engineered meiosis. Plant Biotechnol. ]. 2009, 7, 837-845.
[CrossRef]

Pineda, M.; Morante, N.; Salazar, S.; Cuasquer, J.; Hyde, P.T.; Setter, T.L.; Ceballos, H. Induction of earlier flowering in cassava
through extended photoperiod. Agronomy 2020, 10, 1273. [CrossRef]

Pineda, M.; Yu, B.; Tian, Y.; Morante, N.; Salazar, S.; Hyde, P.; Setter, T.L.; Ceballos, H. Effect of pruning young branches on fruit
and seed set in cassava. Front. Plant Sci. 2020, 11, 1107. [CrossRef] [PubMed]

Santos, A.D.; Bandeira, M.; Sousa, E.; Cunha Alves, A.A.; de Oliveira, E.J. Flowering induction in cassava using photoperiod
extension premature pruning and plant growth regulators. PLoS ONE 2023, 18, e0292385. [CrossRef]

Xu, Y.; Crouch, J.H. Marker-assisted selection in plant breeding: From publications to practice. Crop Sci. 2008, 48, 391-407.
[CrossRef]

Holland, J.B. Implementation of molecular markers for quantitative traits in breeding programs: Challenges and opportunities.
In New Directions for a Diverse Planet: Proceedings of the 4th International Crop Science Congress; Fischer, T., Turner, N., Angus, J.,
MclIntyre, L., Robertson, M., Borrell, A., Lloyd, D., Eds.; Crop Science Congress: Brisbane, Australia; Regional Institute: Gosford,
Australia, 2004; p. 26.

Ige, A.D.; Olasanmi, B.; Mbanjo, E.G.N.; Kayondo, LS.; Parkes, E.Y.; Kulakow, P; Egesi, C.; Bauchet, G.J.; Ng, E.; Becerra
Lopez-Lavalle, L.A,; et al. Conversion and validation of uniplex snp markers for selection of resistance to cassava mosaic disease
in cassava breeding programs. Agronomy 2021, 11, 420. [CrossRef]

Ige, A.D.; Olasanmi, B.; Bauchet, J.; Kayondo, L.S.; Mbanjo, E.G.N.; Uwugiaren, R.; Motomura-Wages, S.; Norton, J.; Egesi, C.;
Parkes, E.Y.; et al. Validation of KASP-SNP markers in cassava germplasm for marker-assisted selection of increased carotenoid
content and dry matter content. Front. Plant Sci. 2022, 13, 1016170. [CrossRef]


https://doi.org/10.1021/jf070633y
https://doi.org/10.1021/jf800603p
https://doi.org/10.3390/agronomy13061546
https://doi.org/10.1007/s10681-012-0730-0
https://doi.org/10.3389/fpls.2022.1071156
https://doi.org/10.1534/g3.116.033332
https://www.ncbi.nlm.nih.gov/pubmed/27587297
https://doi.org/10.2135/cropsci2005.10-0371
https://doi.org/10.1186/1297-9686-46-42
https://doi.org/10.1111/j.1467-7652.2009.00450.x
https://doi.org/10.3390/agronomy10091273
https://doi.org/10.3389/fpls.2020.01107
https://www.ncbi.nlm.nih.gov/pubmed/32793264
https://doi.org/10.1371/journal.pone.0292385
https://doi.org/10.2135/cropsci2007.04.0191
https://doi.org/10.3390/agronomy11030420
https://doi.org/10.3389/fpls.2022.1016170

Plants 2024, 13, 1899 28 of 29

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Ikeogu, U.N.; Akdemir, D.; Wolfe, M.D.; Okeke, U.G.; Amaefula, C.; Jannink, J.-L.; Egesi, C.N. Genetic correlation, genome-wide
association and genomic prediction of portable NIRS predicted carotenoids in cassava roots. Front. Plant Sci. 2019, 10, 1570.
[CrossRef] [PubMed]

Ferguson, M.; Rabbi, L; Kim, D.; Gedil, M.; Lopez-Lavalle, L.A.B.; Okogbenin, E. Molecular Markers and Their Application to
Cassava Breeding: Past, Present and Future. Trop. Plant Biol. 2012, 5, 95-109. [CrossRef]

Ferguson, M.E,; Eyles, R.P.; Garcia-Oliveira, A.L.; Kapinga, F.; Masumba, E.A.; Amuge, T.; Bredeson, J.V.; Rokhsar, D.S.; Lyons,
J.B.; Shah, T.; et al. Candidate genes for field resistance to cassava brown streak disease revealed through the analysis of multiple
data sources. Front. Plant Sci. 2023, 14, 1270963. [CrossRef]

Uchendu, K.; Njoku, D.N.; Paterne, A.; Rabbi, 1.Y.; Dzidzienyo, D.; Tongoona, P.; Offei, S.; Egesi, C. Genome-Wide Association
Study of Root Mealiness and Other Texture-Associated Traits in Cassava. Front. Plant Sci. 2021, 12, 770434. [CrossRef] [PubMed]
Udoh, L.I; Gedil, M.; Parkes, E.Y.; Kulakow, P.; Adesoye, A.; Nwuba, C.; Rabbi, 1.Y. Candidate gene sequencing and validation of
SNP markers linked to carotenoid content in cassava (Manihot esculenta Crantz). Mol. Breed. 2017, 37, 123. [CrossRef]

Santos, C.S.D.; Sousa, M.B.; Brito, A.C.; de Oliveira, L.A.; Carvalho, C.W.P.; de Oliveira, E.]. Genome-wide association study of
cassava starch paste properties. PLoS ONE 2022, 17, e0262888. [CrossRef] [PubMed]

Mbe, ].O.; Dzidzienyo, D.K.; Abah, S.P.; Njoku, D.N.; Onyeka, J.; Tongoona, P.; Egesi, C. Novel SNP markers and other stress-
related genomic regions associated with nitrogen use efficiency in cassava. Front. Plant Sci. 2024, 15, 1376520. [CrossRef]
[PubMed]

Ewa, F; Asiwe, ].N.A.; Okogbenin, E.; Ogbonna, A.C.; Egesi, C. KASPar SNP genetic map of cassava for QTL discovery of
productivity traits in moderate drought stress environment in Africa. Sci. Rep. 2021, 11, 11268. [CrossRef]

Juma, B.S.; Mweu, C.; Piero, M.; Mbinda, W. CRISPR/Cas genome editing: A frontier for transforming precision cassava breeding.
Afr. . Biotechnol. 2021, 20, 237-250.

Odipio, J.; Alicai, T.; Ingelbrecht, I.; Nusinow, D.A.; Bart, R.; Taylor, N.J. Efficient CRISPR/Cas9 genome editing of phytoene
desaturase in cassava. Front. Plant Sci. 2017, 8, 296797. [CrossRef]

Elegba, W.; McCallum, E.; Gruissem, W.; Vanderschuren, H. Efficient genetic transformation and regeneration of a farmer-
preferred cassava cultivar from Ghana. Front. Plant Sci. 2021, 12, 668042. [CrossRef]

Wang, YJ.; Lu, X.H.; Zhen, X.H.; Yang, H.; Che, Y.N.; Hou, ].Y.; Geng, M.T; Liu, J.; Hu, X.W.; Li, RM; et al. A transformation and
genome editing system for cassava cultivar SC8. Genes 2022, 13, 1650. [CrossRef]

Gomez, M.A; Lin, Z.D.; Moll, T.; Chauhan, R.D.; Hayden, L.; Renninger, K.; Beyene, G.; Taylor, N.J.; Carrington, J.C.; Staskawicz,
B.J.; et al. Simultaneous CRISPR/Cas9-mediated editing of cassava elF 4E isoforms nCBP-1 and nCBP-2 reduces cassava brown
streak disease symptom severity and incidence. Plant Biotechnol. ]. 2019, 17, 421-434. [CrossRef]

Mehta, D.; Stiirchler, A.; Anjanappa, R.B.; Zaidi, S.S5.E.A.; Hirsch-Hoffmann, M.; Gruissem, W.; Vanderschuren, H. Linking
CRISPR-Cas9 interference in cassava to the evolution of editing-resistant geminiviruses. Genome Biol. 2019, 20, 80. [CrossRef]
[PubMed]

Juma, B.S.; Mukami, A.; Mweu, C.; Ngugi, M.P.; Mbinda, W. Targeted mutagenesis of the CYP79D1 gene via CRISPR/Cas9-
mediated genome editing results in lower levels of cyanide in cassava. Front. Plant Sci. 2022, 13, 1009860. [CrossRef] [PubMed]

Gomez, M.A,; Berkoff, K.C.; Gill, B.K,; Iavarone, A.T.; Lieberman, S.E.; Ma, ].M.; Schultink, A.; Karavolias, N.G.; Wyman,
S.K.; Chauhan, R.D.; et al. CRISPR-Cas9-mediated knockout of CYP79D1 and CYP79D2 in cassava attenuates toxic cyanogen
production. Front. Plant Sci. 2023, 13, 1079254. [CrossRef] [PubMed]

Bull, S.E.; Seung, D.; Chanez, C.; Mehta, D.; Kuon, J.E.; Truernit, E.; Hochmuth, A.; Zurkirchen, I.; Zeeman, S.C.; Gruissem, W.;
et al. Accelerated ex situ breeding of GBSS-and PTST1-edited cassava for modified starch. Sci. Adv. 2018, 4, eaat6086. [CrossRef]
[PubMed]

Luo, S.; Ma, Q.; Zhong, Y.; Jing, J.; Wei, Z.; Zhou, W.; Lu, X,; Tian, Y.; Zhang, P. Editing of the starch branching enzyme gene SBE2
generates high-amylose storage roots in cassava. Plant Mol. Biol. 2022, 108, 429-442. [CrossRef] [PubMed]

Mukami, A.; Juma, B.S.; Mweu, C.; Oduor, R.; Mbinda, W. CRISPR-Cas9-induced targeted mutagenesis of feruloyl CoA 6'-
hydroxylase gene reduces postharvest physiological deterioration in cassava roots. Postharvest Biol. Technol. 2024, 208, 112649.
[CrossRef]

Santos, A.D.; Bandeira, M.; Sousa, E.; Cunha Alves, A.A.; de Oliveira, E.J. Environmental factors influence the production of
flowers and fruits of cassava. Sci. Hortic. 2024, 323, 112498. [CrossRef]

Oluwasanya, D.N.; Gisel, A.; Stavolone, L.; Setter, T.L. Environmental responsiveness of flowering time in cassava genotypes and
associated transcriptome changes. PLoS ONE 2021, 16, e0253555. [CrossRef] [PubMed]

Oluwasanya, D.; Esan, O.; Hyde, P.T.; Kulakow, P.; Setter, T.L. Flower development in cassava is feminized by cytokinin, while
proliferation is stimulated by anti-ethylene and pruning: Transcriptome responses. Front. Plant Sci. 2021, 12, 666266. [CrossRef]
Rattanasopa, K.; Saengprachatanarug, K.; Wongpichet, S.; Posom, J.; Saikaew, K.; Ungsathittavorn, K.; Pilawut, S.; Chinapas,
A.; Taira, E. UAV-Based Multispectral Imagery for Estimating Cassava Tuber Yields. Eng. Agric. Environ. Food 2022, 15, 1-12.
[CrossRef]

Wasonga, D.O.; Yaw, A.; Kleemola, J.; Alakukku, L.; Mikeld, P.S.A. Red-Green-Blue and Multispectral Imaging as Potential Tools
for Estimating Growth and Nutritional Performance of Cassava under Deficit Irrigation and Potassium Fertigation. Remote Sens.
2021, 13, 598. [CrossRef]


https://doi.org/10.3389/fpls.2019.01570
https://www.ncbi.nlm.nih.gov/pubmed/31867030
https://doi.org/10.1007/s12042-011-9087-0
https://doi.org/10.3389/fpls.2023.1270963
https://doi.org/10.3389/fpls.2021.770434
https://www.ncbi.nlm.nih.gov/pubmed/34975953
https://doi.org/10.1007/s11032-017-0718-5
https://doi.org/10.1371/journal.pone.0262888
https://www.ncbi.nlm.nih.gov/pubmed/35061844
https://doi.org/10.3389/fpls.2024.1376520
https://www.ncbi.nlm.nih.gov/pubmed/38638347
https://doi.org/10.1038/s41598-021-90131-8
https://doi.org/10.3389/fpls.2017.01780
https://doi.org/10.3389/fpls.2021.668042
https://doi.org/10.3390/genes13091650
https://doi.org/10.1111/pbi.12987
https://doi.org/10.1186/s13059-019-1678-3
https://www.ncbi.nlm.nih.gov/pubmed/31018865
https://doi.org/10.3389/fpls.2022.1009860
https://www.ncbi.nlm.nih.gov/pubmed/36388608
https://doi.org/10.3389/fpls.2022.1079254
https://www.ncbi.nlm.nih.gov/pubmed/37007603
https://doi.org/10.1126/sciadv.aat6086
https://www.ncbi.nlm.nih.gov/pubmed/30191180
https://doi.org/10.1007/s11103-021-01215-y
https://www.ncbi.nlm.nih.gov/pubmed/34792751
https://doi.org/10.1016/j.postharvbio.2023.112649
https://doi.org/10.1016/j.scienta.2023.112498
https://doi.org/10.1371/journal.pone.0253555
https://www.ncbi.nlm.nih.gov/pubmed/34288936
https://doi.org/10.3389/fpls.2021.666266
https://doi.org/10.37221/eaef.15.1_1
https://doi.org/10.3390/rs13040598

Plants 2024, 13, 1899 29 of 29

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Selvaraj, M.G.; Valderrama, M.; Guzman, D.; Valencia, M.; Ruiz, H.; Acharjee, A. Machine learning for high-throughput field
phenotyping and image processing provides insight into the association of above and below-ground traits in cassava (Manihot
esculenta Crantz). Plant Methods 2020, 16, 87. [CrossRef]

Mbanjo, E.G.N.; Hershberger, J.; Peteti, P.; Agbona, A.; Ikpan, A.; Ogunpaimo, K.; Kayondo, S.I; Abioye, R.S.; Nafiu, K.; Alamu,
E.O.; et al. Predicting starch content in cassava fresh roots using near-infrared spectroscopy. Front. Plant Sci. 2022, 13, 990250.
[CrossRef]

Sousa, M.B; Filho, ].S.S.; de Andrade, L.R.B.; de Oliveira, E.]. Near-infrared spectroscopy for early selection of waxy cassava
clones via seed analysis. Front. Plant Sci. 2023, 14, 1089759. [CrossRef] [PubMed]

Alamu, E.O.; Nuwamanya, E.; Cornet, D.; Meghar, K.; Adesokan, M.; Tran, T.; Belalcazar, J.; Desfontaines, L.; Davrieux, F.
Near-infrared spectroscopy applications for high-throughput phenotyping for cassava and yam: A review. Int. ]. Food Sci. Technol.
2020, 56, 1491-1501. [CrossRef] [PubMed]

Meghar, K.; Tran, T.; Delgado, L.E; Ospina, M.A.; Moreno, J.L.; Luna, J.; Londofio, L.; Dufour, D.; Davrieux, F. Hyperspectral
imaging for the determination of relevant cooking quality traits of boiled cassava. J. Sci. Food Agric. 2023, 104, 4782-4792.
[CrossRef]

Wilhelm, J.; Wojciechowski, T.; Postma, J.A.; Jollet, D.; Heinz, K.; Bockem, V.; Miiller-Linow, M. Assessing the Storage Root
Development of Cassava with a New Analysis Tool. Plant Phenomics 2022, 2022, 9767820. [CrossRef]

Sunvittayakul, P; Kittipadakul, P.; Wonnapinij, P.; Chanchay, P.; Wannitikul, P.; Sathitnaitham, S.; Phanthanong, P.; Chang-
witchukarn, K.; Suttangkakul, A.; Ceballos, H.; et al. Cassava root crown phenotyping using three-dimension (3D) multi-view
stereo reconstruction. Sci. Rep. 2022, 12, 10030. [CrossRef]

Sunvittayakul, P.; Wonnapinij, P.; Chanchay, P.; Wannitikul, P; Sathitnaitham, S.; Phanthanong, P.; Changwitchukarn, K,;
Suttangkakul, A.; Ceballos, H.; Gomez, L.D.; et al. Genome-Wide Association Studies of Three-Dimensional (3D) Cassava Root
Crowns and Agronomic Traits Using Partially Inbred Populations. Agronomy 2024, 14, 591. [CrossRef]

Oliveira, C.R.S.D.; Borel, ].C.; Pereira, D.A.; Carvalho, B.P.D.; Medrado, E.D.S.; Ishikawa, FH.; Oliveira, E.].D. Genetic parameters
and path analysis for root yield of cassava under drought and early harvest. Crop Breed. Appl. Biotechnol. 2021, 21, e36162137.
[CrossRef]

Das, A.; Schneider, H.; Burridge, J.; Ascanio, A.; Wojciechowski, T.; Topp, C.N.; Lynch, ].P.; Weitz, ].S.; Bucksch, A. Digital imaging
of root traits (DIRT): A high-throughput computing and collaboration platform for field-based root phenomics. Plant Methods
2015, 11, 51. [CrossRef] [PubMed]

Kengkanna, J.; Jakaew, P.; Amawan, S.; Busener, N.; Bucksch, A.; Saengwilai, P. Phenotypic variation of cassava root traits and
their responses to drought. Appl. Plant Sci. 2019, 7, €1238. [CrossRef] [PubMed]

Gerth, S.; Clauflen, J.; Eggert, A.; Worlein, N.; Waininger, M.; Wittenberg, T.; Uhlmann, N. Semiautomated 3D Root Segmentation
and Evaluation Based on X-ray CT Imagery. Plant Phenomics 2021, 2021, 8747930. [CrossRef] [PubMed]

Claussen, J.; Wittenberg, T.; Uhlmann, N.; Gerth, S. “Chamber #8”"—A holistic approach of high-throughput nondestructive
assessment of plant roots. Front. Plant Sci. 2024, 14, 1269005. [CrossRef]

Alle, J.; Gruber, R.; Worlein, N.; Uhlmann, N.; Clau8en, J.; Wittenberg, T.; Gerth, S. 3D segmentation of plant root systems using
spatial pyramid pooling and locally adaptive field-of-view inference. Front. Plant Sci. 2023, 14, 1120189. [CrossRef] [PubMed]
Delgado, A.; Novo, A.; Hays, D.B. Data Acquisition Methodologies Utilizing Ground Penetrating Radar for Cassava (Manihot
esculenta Crantz) Root Architecture. Geosciences 2019, 9, 171. [CrossRef]

Delgado, A.; Hays, D.B.; Bruton, R.K.; Ceballos, H.; Novo, A.; Boi, E.; Selvaraj, M.G. Ground penetrating radar: A case study for
estimating root bulking rate in cassava (Manihot esculenta Crantz). Plant Methods 2017, 13, 65. [CrossRef] [PubMed]

Agbona, A.; Teare, B.; Ruiz-Guzman, H.; Dobreva, 1.D.; Everett, M.E.; Adams, T.; Montesinos-Lopez, O.A.; Kulakow, PA;
Hays, D.B. Prediction of Root Biomass in Cassava Based on Ground Penetrating Radar Phenomics. Remote Sens. 2021, 13, 4908.
[CrossRef]

Agbona, A.; Montesinos-Lopez, O.A.; Everett, M.E.; Ruiz-Guzman, H.; Hays, D.B. Yield Adjustment Using GPR-Derived Spatial
Covariance Structure in Cassava Field: A Preliminary Investigation. Remote Sens. 2023, 15, 1771. [CrossRef]

Nassar, N.M.; Hashimoto, D.; Fernandes, S. Wild Manihot species: Botanical aspects, geographic distribution and economic value.
Genet. Mol. Res. 2008, 7, 16-28. [CrossRef]

Chaengsee, P.; Kongsil, P; Siriwong, N.; Kittipadakul, P.; Piyachomkwan, K.; Petchpoung, K. Potential yield and cyanogenic
glucoside content of cassava root and pasting properties of starch and flour from cassava Hanatee var. and breeding lines grown
under rain-fed condition. Agric. Nat. Resour. 2020, 54, 237-244.

Depertment of Agriculture. Plant Vareities Protection Office. Available online: https://www.doa.go.th/pvp/ (accessed on
3 May 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s13007-020-00625-1
https://doi.org/10.3389/fpls.2022.990250
https://doi.org/10.3389/fpls.2023.1089759
https://www.ncbi.nlm.nih.gov/pubmed/36755702
https://doi.org/10.1111/ijfs.14773
https://www.ncbi.nlm.nih.gov/pubmed/33776247
https://doi.org/10.1002/jsfa.12654
https://doi.org/10.34133/2022/9767820
https://doi.org/10.1038/s41598-022-14325-4
https://doi.org/10.3390/agronomy14030591
https://doi.org/10.1590/1984-70332021v21n3a46
https://doi.org/10.1186/s13007-015-0093-3
https://www.ncbi.nlm.nih.gov/pubmed/26535051
https://doi.org/10.1002/aps3.1238
https://www.ncbi.nlm.nih.gov/pubmed/31024782
https://doi.org/10.34133/2021/8747930
https://www.ncbi.nlm.nih.gov/pubmed/33644765
https://doi.org/10.3389/fpls.2023.1269005
https://doi.org/10.3389/fpls.2023.1120189
https://www.ncbi.nlm.nih.gov/pubmed/37082341
https://doi.org/10.3390/geosciences9040171
https://doi.org/10.1186/s13007-017-0216-0
https://www.ncbi.nlm.nih.gov/pubmed/28794795
https://doi.org/10.3390/rs13234908
https://doi.org/10.3390/rs15071771
https://doi.org/10.4238/vol7-1gmr389
https://www.doa.go.th/pvp/

	Introduction: Cassava Domestication and Cultivation Worldwide and in Thailand 
	Global Cassava Genetic Resources 
	Special Features of Cassava Physiology, Reproductive Biology, Roots and Starch 
	Cassava Breeding in Thailand 
	Released Commercial Cassava Varieties in Thailand 
	The Impact of KU50 in Thailand and Southeast Asia 
	Determinants of Cassava Yield and Production Quality 
	Yield Stability 
	Environmental Factors Determining Cassava Yield and Starch Production 
	Biotic Factors Determining Cassava Yield and Starch Production 
	Starch Quality Traits 

	Future of Cassava Breeding Direction 
	Efficient Exploitation of Heterosis and Non-Additive Genetic Variation 
	The Advantage of (Partially) Inbred over Non-Inbred Progenitors 
	Marker Assisted Breeding in Cassava 
	CRISPR/Cas9-Mediated Gene Editing in Cassava 
	The Induction of Flowering 
	Improved Phenotyping Tools 

	Conclusions 
	References

