Chapter 5
Cassava (Manihot esculenta Crantz)

Hernan Ceballos and Clair H. Hershey

5.1 History of Cultivation

Cassava is a crop of Neotropical origin and significant economic relevance,
particularly in the lowland tropics. Its main product is the starchy roots that are
generally harvested about a year after planting. It has been suggested that the
Manihot genus emerged in Mesoamerica and from there diversified to the north
and south (Deputié et al. 2011). Endemic Manihot species can be found from
southwestern North America to central Argentina (Rogers and Appan 1973;
Nassar and Ortiz 2008; Deputi€ et al. 2011). The taxonomy of the genus has been
generally understudied. Rogers and Appan (1973) in their comprehensive mono-
graph described 98 Manihot species. More recent taxonomic updates were done
by Allem (1999, 2002), Allem et al. (2001) and Second et al. (1997).

The botanical and geographic origin of cultivated cassava is still unclear. Early
publications suggested that cassava had an unknown ancestry but was likely the
by-product of indiscriminate introgression among some of the wild relatives in
Mexico and Mesoamerica, probably including M. aesculifolia (H.B.K.) Pohl
(Rogers and Appan 1973; Bertram 1993; Bertram and Schaal 1993). Renvoize
(1973) suggested that cassava was domesticated in Mesoamerica and northern
South America. However, today the prevailing hypothesis is that cultivated cassava
originated in South America (Allem 2002; Olsen and Schaal 1999, 2001; Nassar
and Ortiz 2008). Allem suggested in different articles (Allem 1999, 2002; Allem
et al. 2001) that cultivated cassava was domesticated directly from an extant wild
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species (either Manihot esculenta Crantz ssp. flabellifolia (Pohl) Ciferri or Manihot
esculenta Crantz ssp. peruviana (Mueller Argoviensis)). Another contrasting view
of the South American origin of cultivated cassava was proposed by Nassar in
1978, suggesting that the origin and domestication of cultivated cassava occurred
from a natural hybrid probably between M. pilosa and other species (Nassar 1978,
2000). It is possible that several independent domestication events have taken
place in different sites and times. Upon domestication, cassava was disseminated
through tribal migrations (particularly the Arawak people) in pre-Columbian times
(Nassar 2000).

The timing of domestication has also not been determined. Archaeological evi-
dence of vegetatively propagated crops is generally limited, and cassava is no
exception. It is clear, however, that the Mochica culture flourishing in the northern
coast of Peru (2200 through 1200 years ago) knew about cassava, as illustrated by a
beautiful ceramic artwork (www.museolarco.org). Domestication of cassava, there-
fore, must have taken place at least 3000 years ago. Cassava was widely grown in
pre-Columbian times. The Portuguese introduced the crop into West Africa in the
1500s where it spread quickly thanks to its resilience, flexibility of harvest and
diversity of uses. From Africa, cassava spread eastwards and eventually into Asia,
where it had also been introduced by the Spanish into the Philippines (Byrne 1984).

More than 20 million ha of cassava are harvested annually, most of it (72%) in
Africa, followed by 18% in SE Asia and 12% in the Americas (FAOSTAT, averages
from the last three available years — 2012-2014). Worldwide average yield (2012—
2014 avg.) is 11.1 t of fresh roots per ha but varies widely (8.4; 12.3 and 21.3 t/ha,
respectively, in Africa, America and Asia). Nigeria, Brazil and Thailand are interest-
ing examples, for cassava production and use, in their respective continents. Nigeria
is the largest producer of cassava worldwide, with more than 6.7 million ha planted
and 51.1 million t of fresh roots harvested (average yield of 7.6 t/ha). Brazil plants
about 1.6 million ha with an average yield of 14.2 t/ha. However, large differences
in productivity can be observed, for example, between NE and Southern Brazil with
average yields of 10.3 and 19.8 t/ha, respectively, for the 2001-2013 period (IBGE
2014). Thailand plants 1.4 million ha of cassava each year, and the average yield is
above 22.0 t/ha. It can be postulated that productivity of cassava is closely linked to
the strength and stability of markets. SE Asia and Southern Brazil have well-
established and reliable markets for cassava which explains the motivation to
achieve average productivity above 20 t/ha in those regions. In Africa, on the other
hand, markets are not so well developed thus partially explaining the low average
productivity of about 8 t/ha. These figures are helpful to understand that proper
technologies have been developed for cassava to express its high yield potential, but
their adoption by farmers depends on the market perspectives.

Among the key technologies available to farmers are improved varieties. One of
the first reports on cassava variety assessment and selection was published in Brazil,
in 1899 (Zehntner 1919), reported by Goncalves Fukuda et al. (2002). Modern
breeding programs were initiated during the first half of the last century (Byrne
1984; Jennings and Iglesias 2002) in Brazil (Graner 1935; Lozano et al. 1978;
Normanha 1970), Ghana (Hahn et al. 1979), India (Abraham 1957), Indonesia,
(Bolhuis 1953), Madagascar, (Cours 1951), and Tanzania (Nichols 1947; Jennings
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1957). However, with the exception of Brazil, most of these early efforts were
discontinued as a result of the dismantling of the colonial system. The creation of
cassava improvement programs at the International Institute of Tropical Agriculture
(ITTA based in Ibadan, Nigeria) and Centro Internacional de Agricultura Tropical
(CIAT in Cali, Colombia) broke the previous isolation that breeding efforts had had
in the past (Byrne 1984) and contributed to the establishment of vigorous and suc-
cessful programs in the most important cassava-growing countries. Most of the
information presented in this chapter has been generated by the collaboration
between the international centres and national agriculture research programs.

Markets in cassava are diverse. The crop was initially domesticated for the direct
use of the roots, which contain little else in addition to starch (e.g. low concentration
of proteins, fat/oil and traces of micronutrient mineral and vitamins). Low to very
high levels of cyanogenic glucosides (CG) can be found in roots from sweet/cool or
bitter cassava cultivars, respectively. CG are eliminated through alternative process-
ing techniques. Different cultures developed diverse ethnic products from cassava
roots, for example: gari, kokonte and fufu in Africa; farinha and cassabe in the
Americas; and krupuk, gaplek and sago pearls in Asia (Cock 1985; Nweke 2004).
Processing roots soon after the harvest is also important to prevent post-harvest
physiological deterioration (PPD) that spoils roots 2-3 days after harvest. Dried
chips or silage of cassava roots can be used for animal feeding. Cassava foliage is
also used for human consumption, particularly in Africa (Diasolua Ngudi et al.
2003; Lancaster and Brooks 1983; Muoki and Maziya-Dixon 2010), animal feeding
(Balagopalan 2002; Buitrago 1990; FAO 2013) and even insect production for
human consumption (Caparros Megido et al. 2016).

Globally, in the period 1970-2003, the main uses of cassava roots were for food
(54%), followed by feed (30%) and other uses including starch production (4%)
(Prakash 2008). During this period, however, there were considerable changes, with
a clear trend of increasing industrial processing. Global use of cassava for feed was
affected by the reduction of imports from the European Union in the 1980s. Production
of starch on the other hand increased considerably in the same period (by 17.5%
annually according to Prakash 2008). Today, cassava is the second most important
source of starch worldwide (Stapleton 2012). In the 2000s a considerable amount of
cassava roots started to be used for the production of fuel ethanol (Anyanwu et al.
2016; Chen et al. 2016; Liang et al. 2016; Nguyen et al. 2007; Sriroth et al. 2010).

The diversity of uses for cassava roots and foliage illustrates the challenges that
cassava breeders face. Each end use imposes a set of requirements, sometimes con-
trasting, that varieties need to meet for them to be acceptable to farmers and
processors.

5.2 Biology

Cassava is a perennial species usually grown as an annual crop. The roots can be
harvested from 6 up to 24 months after planting (MAP). More typically, however,
farmers harvest cassava 10—12 MAP, at the end of the dry season (or before the cold
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season in subtropical regions), when root quality would be optimum, and store the
stems only for a few weeks until the arrival of the rains (or several weeks during
winter). Commercial multiplication of cassava is achieved by planting stem cut-
tings. Farmers grow clonal hybrids, so after having access to planting material of a
good variety they only have to make sure that health, nutrition and physiological
status of the planting material is maintained at optimum levels. There is a genetic
component, however, of the capacity of planting material to withstand storage and
to sprout quickly and vigorously (Ceballos et al. 2011). This characteristic has
become more critical in recent years due to the more erratic arrival of the rains as a
result of climate change.

Farmers collect the main stems before harvesting the roots. Depending on the
variety and growing conditions, length of harvested stems can range from 50 to
200 cm. There is certain variation in sprouting capacity/vigour, depending on the
sections of the stem from which the cuttings come. In a 10-12-month-old cassava,
the best cuttings correspond to the middle half section of the stems (Ceballos and
Calle 2010). This generates, unavoidably, certain phenotypic variation among plants
in the same plot which may even increase the experimental error in evaluation trials.
Cuttings are generally 20-30 cm long and have five to seven nodes. Cuttings can be
planted horizontally, vertically or at a certain angle. If not planted horizontally, the
cuttings are introduced into the ground at least half their length and taking into con-
sideration the orientation of the stem (proximal end down and distal end up) as api-
cal dominance occurs during sprouting. Adventitious roots develop from the
underground portion of the cutting, either from the base of the nodal units or from
the cut base of the stem. About 2 to 3 MAP, some roots start to swell and become
storage roots. Above ground, buds sprout to produce leaves, and below the apical
meristems, the stem starts elongating. Usually one or two buds will sprout to gener-
ate the respective stems. If cuttings are planted horizontally, many potential stems
may emerge, and then some thinning may be advisable. Ideally one or two main
stems should develop from each cutting. Planting density is typically 1 x 1 m for a
10,000 plants/ha density. Higher densities are acceptable (up to 20,000 pl/ha,
depending on varieties and environmental conditions).

The multiplication rate through stem cuttings in cassava is low. Because of differ-
ences in plant architecture, there is large variation in the number of cuttings that a
plant can produce. Plants from some genotypes can produce as many as 30 cuttings
per plant, whereas in other genotypes plants may barely produce five cuttings. When
hundreds or thousands of genotypes need to be screened in uniform conditions, a
maximum of eight (at best ten) cuttings per plant can safely be assumed from each
and every genotype. This low reproductive rate implies that several years are required
until enough planting material is available for multilocation trials. Breeders are
chronically short of planting material, which imposes many limitations on the evalu-
ation process. For example, little progress has been made in identifying early bulk-
ing germplasm because it would require sacrificing some plants whose stems cannot
be used as source of planting material (as they would have been harvested off sea-
son). Similarly, it may be desirable to store stems for longer periods of time (to select
for capacity to sprout quickly and vigorously, even after long storage) but that would
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also expose losing some plants when cuttings fail to sprout. In turn, this would
complicate the logistics of the following stages in the selection process. Although
rapid multiplication schemes based on micro-cuttings or tissue culture approaches
can be implemented, they are expensive and have not been routinely used.

Cassava is monoecious, i.e. with separate female and male flowers, occurring in
the same inflorescence (raceme or panicle). Male flowers are more numerous and
develop in the upper section of the inflorescence (Gongalves Fukuda et al. 2002;
Perera et al. 2012). Female flowers are fewer and are found in the proximal branches
of the inflorescence (Fig. 5.1a). Anthesis of female flowers occurs about 10—14 days
before that of male flowers (protogynia). Cassava naturally outcrosses (mostly by
insects). Self-pollination can occur when male and female flowers on different
branches of the same plant are open, or different plants of the same genotypes
simultaneously produce male and female flowers.

Inflorescences always develop at the apex of the developing stem. Sprouting of
the buds below the inflorescence allows further growth of the plant. Therefore, the
plant first flowers and then develops branches (Gongalves Fukuda et al. 2002).

Fig. 5.1 (a) Illustration of an inflorescence with female flowers in the basal section already open
and male flowers in the fop still not open. (b) Erect plant architecture. (¢) Defoliated plant illustrat-
ing the four consecutive flowering (and branching) events. (d) Highly branching plant architecture
of a clone planted by farmers in Central Ghana
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Every flowering event, therefore, results in branching (Fig. 5.1c). Some genotypes
flower early and several times (starting from 3 MAP and up to five times) during a
growth cycle and others flower little or late (e.g. once at eight MAP). Erect, non-
branching types are frequently preferred by farmers because this plant architecture
facilitates cultural practices and results in good production of vegetative planting
material, and its transport and storage are easier (Fig. 5.1b). Longer stems can with-
stand a longer storage period and may be a key trait to deal with climate change
(Ceballos et al. 2012). In Africa, on the other hand, early branching clones are
sometimes preferred by farmers (Fig. 5.1d); an advantage may be early canopy clo-
sure to help control weeds.

The general advantages of erect clones which do not branch or branch late in the
season result in a dilemma for the breeder because the production of botanical seed
from these genotypes is sparse and slow and, ultimately, more expensive. There are
indeed many cassava clones with profuse, early and frequent flowering. These
materials would facilitate greatly the production of segregating seed. However, as
stated above, this flowering behaviour is closely related to an early (i.e. low to the
ground) and frequent branching (Fig. 5.1c, d), which is generally undesirable.
Since initiation, frequency and prolificacy of flowering are under genetic control,
the progenies from early flowering types tend to inherit the trait and, along with it,
the undesirable branching plant architecture. Perhaps one of the most important
areas of research to accelerate and improve the impact of breeding, therefore,
would be the development of a protocol for temporarily inducing flowering in cas-
sava. Conventional breeding would benefit by reducing the costs and time cur-
rently required to make crosses and obtain seeds. Induction of flowering would
also facilitate the development of inbred progenitors through successive self-polli-
nations. Accelerated and synchronized flowering in cassava crossing blocks would
also be useful for the implementation of genomic selection. There are ongoing
approaches to induce flowering through grafting, photoperiod modulation and the
use of plant growth regulators.

The development and growth of cassava are rather simplistic; it does not mature
from the phenological point of view. After planting the buds sprout to produce leaves
and stems. As the leaf area index increases, excess photosynthates are produced by
the source (canopy) and are then stored in the sink (roots). The only function of the
storage root of cassava is as an energy reserve organ for the mother plant. As the
conditions are conducive for photosynthesis (e.g. adequate light, water and tempera-
ture), the plant continues growing and partitioning photosynthates into the roots.
The root does not reach physiological maturity at any given time. If environmental
conditions become limiting for further growth (e.g. a dry season begins or tempera-
tures fall below optimum), the plant ceases growing; starch accumulation will cease
or become very slow. In most cassava-growing regions of the world, there will be a
“dormant” period in which the plant stops accumulating energy in the root. It is usu-
ally at the end of that time when farmers harvest the crop. The roots will have opti-
mum quality (particularly in relation to dry matter content — DMC), and harvested
stems will have to be stored for a short period of time before growing conditions
improve (e.g. rains arrive). If the plants are left in the ground, growth will restart
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using the energy stored in the roots. DMC in the root, therefore, falls drastically if
plants are allowed to restart growth before they are harvested. Some genotypes
quickly recover DMC but not others. The capacity of recovering DMC after a sec-
ond growth stage is an important characteristic in those systems when harvest is
extended to take place during a second year of growth as is done in Southern Brazil
and Paraguay.

The fact that cassava roots can be harvested at any time or age of the plant (pro-
vided that they are old enough to have had adequate time to accumulate starch) is a
great advantage for cassava and explains the remarkable food security role of the
crop. Farmers can leave the crop in the field until needed. Cassava does not have a
phenological stage during its growth when it is particularly vulnerable to environ-
mental constraints (such as water stress during flowering of cereals), thus its recog-
nized drought tolerance.

5.3 Genetics

Cassava is frequently considered an historical polyploid species based on the basic
chromosome number of species in the Euphorbiaceae family (Westwood 1990).
However, cytogenetic analyses during meiosis consistently have found the presence
of 18 bivalents which are small and similar in size (Hahn et al. 1990; Umanah and
Hartmann 1973; Wang et al. 2011). In some cases, occurrence of univalents/triva-
lents and late bivalent pairing has been reported. Cassava is therefore a functional
diploid (2n = 2x = 36) (Jennings 1963; Westwood 1990; De Carvalho and Guerra-M
2002; Nassar and Ortiz 2008). Magoon and co-workers suggested in 1969 that cer-
tain portions of the genome may be duplicated, and, therefore, cassava may be a
segmental allotetraploid.

Very few Mendelian genetic studies have been conducted and reported in cas-
sava. Gongalves Fukuda and co-workers summarized in 2002 a few cases in which
inheritance of different traits had been reported. Narrow-lobed leaves are a domi-
nant trait controlled by a single gene, and darker colour of the external root peel is
dominant over the light coloration (Graner 1942; Jos and Hrishi 1976). Male steril-
ity is a recessive monogenic trait (Jos and Bai 1981; Jos and Nair 1984). Pale green
in the stem collenchyma is dominant over dark green and controlled by a single
gene; yellow root parenchyma is partially dominant over white and controlled by
two genes (Hershey and Ocampo-N 1989; Iglesias et al. 1997; Morillo-C et al.
2012). The stem in zigzag is a recessive trait, and it has been used as a marker gene
in cross identification. However, since some nutrient deficiencies can also cause the
zigzag trait, the genetic component may not always be clear. Red is dominant to
green in leaf nerves and has also been used to distinguish clones derived from
crosses from those of self-pollinations (Kawano et al. 1978). Unfortunately, none
of these traits (except parenchyma pigmentation which is linked to higher carot-
enoids content) have economic relevance. More recently, the inheritance due to a
single recessive mutation was confirmed for waxy (amylose-free) starch (Aiemnaka
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et al. 2012). Resistance to cassava mosaic disease-CMD (a devastating disease
present in Africa, India and Sri Lanka) seems to be controlled in some cases by a
single dominant gene (Rabbi et al. 2014a).

Quantitative genetic information, on the other hand, has been more widely stud-
ied. The vegetative reproduction of cassava allows the quantification of within-
family genetic variation, which, in turn, allows a test for epistasis in diallel crosses
(Cach et al. 2005; Pérez et al. 2005a, b). These diallel studies covered progenitors
adapted to three different agroecological regions of Colombia. The most relevant
results from these studies have been summarized in Table 5.1 for two key traits
(fresh root yield, FRY, and DMC). Two features are worth highlighting. The use of
heterozygous progenitors results in large within-family genetic variation.
Nonadditive genetic effects (dominance and epistasis) are clearly relevant for the
expression of these two traits but particularly for FRY. This type of information has
been useful in the prediction that genomic selection would not be effective for traits
such as FRY.

Additional quantitative genetic information has been produced in Africa and
Asia. These studies can be grouped as diallel analyses and North Carolina II designs
(Bueno 1991; Chipeta et al. 2013; Easwari Amma et al. 1995; Kamau et al. 2010;
Lokko et al. 2006a; Njenga et al. 2014; Owolade et al. 2006; Parkes et al. 2013;
Were et al. 2012; Zacarias and Labuschagne 2010). In general, all these papers sup-
port the information presented in Table 5.1 regarding the importance of nonadditive
genetic effects for FRY.

Cassava, as most outcrossing species, shows considerable inbreeding depression
for FRY (Gongalves Fukuda et al. 2002; Kawuki et al. 2011b; Rojas-C et al. 2009).
When inbreeding depression is important in a crop, it is often the case that heterosis
will also be prevalent. The relative importance of nonadditive genetic effects for
FRY suggested by diallel and North Carolina II Designs agree with the inbreeding
depression observed for this trait by several studies.

Table 5.1 Variance estimates (standard errors within parenthesis) for FRY and DMC in three
different diallel sets evaluated in the three environments for cassava production in Colombia

Fresh root yield (t/ha™") Dry matter content (%)
Genetic Acid Mid- Acid
parameter soil Subhumid | altitude soil Subhumid | Mid-altitude
o’ (between) 1.65 13.09 42.78 1.60 0.77 0.35
(2.95) (4.74) (13.27) (0.66) (0.29) (0.12)
6% (within) 21.08 127.21 288.93 3.22 5.56 0.12
(2.30) (7.65) (1918) (0.17) (0.31) (0.12)
0%, (additive) —-1.49 17.82 11.88 3.38 1.45 0.99
(6.32) (13.75) (24.67) (2.40) (0.99) (0.47)
6%, (dominant) 9.03 23.87 152.11 0.87 0.77 -0.21
(7.93) (11.15) (49.08) (0.67) (0.50) (0.13)
Epistasis test 15.05 100.40 168.91 0.87 4.26 -0.32
(6.74) (12.74) (39.72) (1.29) (0.67) (0.92)
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5.4 Germplasm: Intra- and Interspecific!

One of the challenges in Manihot taxonomy is that interspecific hybridization
between cultivated cassava and wild relatives, and among some of the wild relatives,
occurs readily. It is feasible therefore that many wild species may have experienced
important introgression of cultivated cassava alleles and vice versa. This has been
suggested, for example, in the case of M. glaziovii (Nassar 2000; Bredeson et al.
2016). Ideally, wild species should be collected in isolated areas where no cassava
is cultivated. This is critically important. The first source of resistance to cassava
mosaic disease (CMD), a devastating virus disease in Africa, was first reported in
M. glaziovii by the East African Agriculture and Forestry Research Organization,
based at Amani (then Tanganyika). That program then developed interspecific
hybrids to generate the first cassava clones with resistance to CMD, sources which
are still widely used in breeding in both East and West Africa.

As for any crop, the future potential of cassava to contribute to the sustainable
benefit of humankind will rely fundamentally on safe long-term conservation of
broad-based genetic resources and their use in effective breeding programs. These
resources are basically the landrace varieties that evolved for centuries under
farmer and natural selection and about 100 wild species of the genus Manihot. The
genus is native to the Americas, and most of the genetic diversification has
occurred here. Traders first introduced cassava into Africa and later into Asia.
Both continents have become important secondary centres of genetic diversity,
especially Africa.

Cassava is a vegetatively propagated crop, while all the wild Manihot species are
seed-propagated in their natural environments. In order to preserve the genetic
integrity of a landrace, cassava must be conserved in vegetative form. The most
common forms of conservation are as field-grown plants or as plantlets started from
meristem tips, cultured on sterile artificial media, under light, temperature and
media conditions that induce slow growth. For either field or in vitro conservation,
expensive periodic regeneration is required, at a much higher frequency (typically
every 12-24 months) than is typical for seed conservation.

Many cassava-growing countries have established a gene bank of local landra-
ces, managed by government organizations. Most of these collections have been
established since the 1970s, but some much more recently. Up until the 1970s, and
through the 1980s, relatively few landraces had been lost due to broad-scale
replacement by new, bred varieties. However, the risks are now much higher for
genetic erosion of landraces, due to multiple factors, including success of new vari-
eties, replacement of cassava by other crops in some regions (e.g. southern cone of
South America), crop intensification and the associated trends towards less on-farm
variety diversity and, possibly, climate change.

'The following section draws heavily from an extensive survey and review of cassava genetic
resources supported by the Crop Trust and published as part of their series on Crop Conservation
Strategies (Hershey 2008).
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Most countries note collection gaps (less so for Asia), due to lack of funding,
losses of diversity due to natural disasters and social conflict, difficult access to
areas for collecting and inadequate collecting techniques of the past. Nearly all
programs rely primarily on field-grown plants but may have part of their collection
in vitro as well. In vitro collections have had a mixed success except in the few
institutions where they are well funded for the long-term such as Embrapa, Brazil;
CIAT, Colombia; and IITA, Nigeria. Globally, only about one-quarter of accessions
held by national programs appear to be conserved in vitro. Two international centres
(CIAT and IITA) maintain regional collections for the Americas and Asia (CIAT)
and for Africa (IITA). There are very few national gene banks that have the capacity
to carry out safe international exchange in situations where viruses, of quarantine
significance, are present. Most international exchange is facilitated via the interna-
tional centres.

About two-thirds of cassava is currently grown in Africa, but probably well over
half the landraces occur in the Americas. This is to be expected in view of origin of
the species in the Americas. A study in 2008 (Table 5.2) estimates that some 27,000
distinct landraces of cassava are conserved in situ and about 10,000 maintained in
gene banks. Hershey (2008) proposed that a total of about 15,000 landrace varieties
should be conserved ex situ in order to represent the complete genetic diversity of
the species. However, these estimates are based on very tentative results from
genetic diversity studies, and much more information from molecular diversity
studies will be needed to develop more precise information.

Currently CIAT curates the gene bank with the largest number of cassava land-
race varieties (about 5500 accessions), sourced from throughout the crop’s origin in
the Americas and from Asia. IITA holds an extensive collection from West Africa
and is developing plans to incorporate a larger representation from East Africa. A
conservation strategy should consider security, cost and efficiency in its design
(Epperson et al. 1997). Security is a function of both the number of replications of
a gene bank (in different sites or in different forms) and the management level of
each. Field gene banks are the least secure, followed by in vitro slow growth and,
finally, cryo-conservation. Although cryo-conservation has been researched for
more than two decades for cassava, and with relatively good success, there are as yet
no cassava gene banks which rely on it as a main form of conservation.

Table 5.2 Estimates of cassava landraces in situ and ex situ in major growing regions

Est. total Est. no of landraces
landrace Est. total ex situ Est. in CGIAR missing from CGIAR
Region varieties accessions® gene banks gene banks
Africa 7480 3743 2112 5368
Asia 2965 1132 257 2708
Americas 15,925 5148 4851 11,074
Global 26,986 10,068 7205 19,954

Source: Hershey (2008)
aLandraces held in gene banks, excluding breeding lines and estimated duplicates within and
across collections
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Hershey (2008), based on survey and workshop results, proposed a comprehensive
conservation strategy consisting of the following elements:

* Collecting in priority areas is carried out to fill gaps, with the aid of genetic
diversity studies and GIS.

* National program gene banks and international centre gene banks are systemati-
cally compared for matching and non-matching accessions, based on passport,
morphological and molecular information. This would evolve into a common
cassava registry at a global level.

e CIAT and IITA duplicate all the landraces of national program collections, in
their respective regions of responsibility (CIAT: Americas and Asia; IITA:
Africa). Currently they appear to maintain about 50-60% of these accessions.

e National programs commit to at least one working gene bank that serves the
purposes both of conservation at a moderate level of security and evaluation.

e CIAT and IITA maintain at least two forms of each accession. Currently this may be
an in vitro active gene bank plus a black box duplicate kept in another centre. In the
future, cryopreserved accessions will be either the main or the backup gene bank.

* CIAT and IITA commit to making the material they maintain available to national
program gene banks, when requested.

e CIAT and IITA commit to meeting the demands and phytosanitary requirements
for international exchange of cassava landrace varieties under terms of the
International Treaty. Along with this, it is urgent to develop protocols for the safe
movement of vegetative germplasm between the Americas and Africa.

e There is a mechanism developed for periodic interaction among stakeholders.
Most notably this will be between the international centres and the national pro-
grams. Each will have a formal responsibility to periodically inform the other of
the status of collections.

Duplicate identification, further improvements for in vitro slow growth tech-
niques, improving cryo-conservation, and flower induction for seed conservation
are all research areas outside the funding stream for routine conservation, but which
will contribute to greater conservation and use efficiencies in the long term. Cryo-
conservation is clearly an option for effective, inexpensive, secure long-term con-
servation, but work remains to be done on achieving an adequate recovery level for
about one-third of accessions (based on results from CIAT’s core collection).
Research should continue on improving recovery of these recalcitrant types before
committing to large-scale cryo-conservation of any gene bank.

As a future alternative to vegetative cassava gene banks, the seed from self-
pollinated accessions could be a less expensive and more efficient conservation
method and would be equally or more effective for breeding programs. Since
many cassava accessions do not readily flower, there is a need for research on the
induction of flowering in order to have a broadly applicable strategy for seed con-
servation. Long-term, a conservation strategy that consists of a combination of
cryo-conserved meristem shoots and seed maintained in conventional cold stor-
age might be envisioned. This would combine the advantages of both seed and
vegetative conservation in a low-cost, secure system.
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The wild Manihot species present a situation that is simpler in some aspects but
more complex in others, compared to cassava. It is simpler in that only a handful of
institutions are involved in conservation — mainly Embrapa and the University of
Brasilia in Brazil, CIAT and IITA. It is more complex in that:

* The taxonomy of species is still poorly defined.

* The highest concentration of species is native to threatened habitats. This is espe-
cially true in the Campo Cerrado of South-Central Brazil, where the expansion
of agriculture and urbanization are rapidly encroaching on the wild species
habitats.

* A secondary centre of diversity, with a distinct set of species, exists in
Mesoamerica. Here, and especially in Mexico, cassava is a relatively unimport-
ant crop, and it is difficult for these governments to justify investment in Manihot
conservation in terms of value addition to the crop per se.

» Fewer than half the species are conserved in vitro, and very few are protected in
national or regional reserves, in their native habitat.

* Wild species conservation presents many challenges, especially with regard to
regeneration. Progress is being made both in seed and in vitro propagation, but
much remains to be done.

e The value of the wild species is continually becoming more evident as new char-
acters are identified with potential for transfer to cassava, and the techniques for
efficient transfer and selection of specific genes are developed.

* Genes from cultivated cassava may have been introgressed into wild relatives.

Cassava is unusual among major crops in that there is relatively little differentia-
tion between landrace varieties and “modern”-bred varieties. This is due in large
part to the late and relatively low investment that cassava breeding has had and to
the fact that the large majority of clients for new varieties are the small-holder farm-
ers who grow the crop with minimal inputs for traditional markets (especially in
Africa). This relatively low differentiation between landraces and bred materials has
allowed breeders to continue to make wide use of gene banks to introduce new traits
into breeding populations and to derive superior individuals without the need for
extensive further crossing to eliminate unfavourable genes. However, this is chang-
ing, and breeders will ultimately broaden the gap between what is available in gene
banks or in situ, compared to new varieties for modern management and markets.

Cassava gene banks have been moderately to well evaluated for basic agronomic
traits like plant architecture, yield in multiple agroecosystems, DMC, cyanogenic
glucosides (CG) and reaction to a range of pests and diseases. In addition, signifi-
cant numbers of accessions have been evaluated for nutrient use efficiency, multiple
root quality traits such as amylose/amylopectin ratio, sugar, and carotenoid content
and tolerance to PPD. Systematic efforts to screen for useful recessive traits, such as
amylose-free starch (Morante et al. 2016), need to be conducted. As we face new
challenges such as climate change and the spread of pests and diseases, and new
opportunities with new markets, novel genetic diversity will become ever more
important, such as capacity to withstand long storage periods of the stems. From the
standpoint of ease of use by breeders, the first step should be the full exploration of
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the M. esculenta gene pools. There is little advantage — and many disadvantages — to
the extraction of genes from wild species if the same genes are available in cassava
landraces. For example, the use of M. glaziovii as a source of resistance to cassava
mosaic disease required decades of breeding in order to restore agronomic perfor-
mance in genotypes carrying the CMD resistance. Initially it was believed that there
were no sources of resistance within the cultivated species, but more recently it has
been shown that variation for resistance does exist. Molecular markers will ulti-
mately allow more efficient identification and extraction of genes from wild species
(Duitama 2017). There is an urgent need to collect, conserve and evaluate these
species as a resource for future breeding.

5.5 Crossing Approaches

Controlled pollinations in cassava result in the production of full-sib families
(Fig. 5.2a). Several publications illustrate crossing techniques (Kawano 1980;
Byrne 1984; Jennings and Iglesias 2002; Gongalves Fukuda et al. 2002). There is no
evidence of incompatibility, but there is variation in the success of seed set among
different crosses (Njoku et al. 2015a). A maximum of three seeds per pollination
can be obtained, although averages in controlled pollinations are considerably lower
(ranging from one to two seeds). Making controlled pollinations in cassava is not
difficult. Male flowers, ready for anthesis, are collected in the morning hours before
they open. At the same time, on the day of anthesis, female flowers are covered
(before stigmas are exposed). Field workers can easily recognize those flowers that
will open each day, and they do these operations efficiently. Collecting or covering
flowers before anthesis prevents contamination with undesired pollen.

Open pollinations can also be used as source of botanical seed. Polycross nurser-
ies are planted following a special field design to favour pollinations of different
genotypes (Wright 1965). At CIAT all the seeds collected from a given female pro-
genitor in a polycross define a unique half-sib family. The female parent is known,
since the seeds are collected from identified genotypes. The source of pollen that
generated each seed is unknown, but a set of potential male progenitors is restricted
to the genotypes that make up the polycross nursery each year.

The major bottleneck in the production of seed in cassava breeding programs is
the scarcity of flowering and/or problems of synchronizing the flowering of
particular pairs of genotypes that the breeder wants to cross. Efforts to develop a
protocol for pollen conservation several decades ago were unfortunately fruitless
(Orrego and Hershey 1984). The preference in many regions of the world for erect
plant architecture aggravates matters further because this phenotype implies late
flowering and few flowering events that the breeder can exploit. Certain environ-
mental conditions may favour flowering. Longer photoperiods and cooler tempera-
tures have been reported to stimulate flowering (De Bruijn 1977; Keating 1982).
Lack of balance in the number of crosses representing each progenitor has implica-
tions for breeding. Indirect information suggests that at least 200-300 genotypes
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Fig. 5.2 (a) Illustration of female (top left) and male (mid-left) flowers and procedure used in
controlled pollinations (botfom left) which take place in the afternoon. Female flowers are covered
with bags before they open and the bags are removed 2-3 days after pollination (centre top). Bags
are placed again over near-mature fruits to collect seeds after dehiscence. Male flowers are col-
lected in the morning and kept in plastic containers until needed (centre bottom). (b) Example of
“asparagus” phenotype (top) and aerial view of a trial where it was compared with cassava geno-
types with normal phenotype

would be required to properly assess the breeding value of a given progenitor
(Ceballos et al. 2016a). This figure is often difficult to attain and breeders may have
to wait for 2-3 years until enough crosses from a given set of progenitors have been
made and the resulting seed harvested.

The late flowering habit of erect plant types implies that breeders typically need
18-24 months to produce an acceptable number of seeds (e.g. at least 20-30) from
any planned cross. This time frame was not a problem for ordinary breeding proj-
ects where the main objective was developing high-yielding materials adapted to a
particular agroecological zone. If seed from a given cross could not be evaluated in
one year, it would be included in the following year. However, as breeding projects
sought to develop clones with special attributes (e.g. high carotenoids or special
starches), the slow rate in the production of botanical seed became a logistic prob-
lem as crosses were usually concentrated during 12—-18 months. Special breeding
projects are usually supported by time-constrained research grants that impose a
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restriction in the time allocated to make crosses. The Next-Generation Cassava
Breeding Project (www.nextgencassava.org) is evaluating the potential of genomic
selection in cassava (de Oliveira et al. 2012; Ly et al. 2013; Rabbi et al. 2014b;
Wolfe et al. 2016a, b). It recognized, early on, that the induction of flowering was a
key requirement because it would allow the achievement of a more balanced num-
ber of progenies from each progenitor and shorten the length of each recurrent
selection cycle.

Another example of difficulties in making crosses in cassava can be given with
the so-called “asparagus cassava” (Fig. 5.2b). This particular phenotype is charac-
terized by leaves without petiole and absence of flowering within the first 8—10 MAP
(no or very late branching). This very particular phenotype could be a new plant
type as it is well adapted for high planting densities (e.g. 40,000 pl ha™! instead of
the normal 10,000). Preliminary results have demonstrated that “asparagus cassava”
responds better to high densities than ordinary phenotypes (CIAT, unpublished
results). However, breeding this type of cassava would be nearly impossible due to
the current difficulties producing segregating seeds.

Because of the reasons described above, the induction of flowering in cassava
has become an important research objective. Grafting of stems from non-flowering
genotypes into a rootstock from an early and frequently flowering genotype has
induced flowering in some genotypes, but not in others (Ceballos et al. 2017). There
are ongoing efforts to induce earlier flowering and stimulate number of flowers
produced and seed set through modulation of photoperiod or application of plant
growth regulators. These efforts have been successful in some genotypes but not in
others. Preliminary results indicate that the application of certain growth regulators
has been successful for inducing flowering in the “asparagus cassava” (CIAT,
unpublished data). Genetic transformation modulating the FT locus has also been
successfully achieved (Adeyemo et al. 2008).

5.6 Breeding Schemes

Several reviews on cassava breeding have been made over the years (Byrne 1984;
CIAT 1991; Gongalves Fukuda et al. 2002; Jennings and Hershey 1985; Jennings
and Iglesias 2002; Ceballos et al. 2004, 2007a, 2010, 2012; Kawano and Cock
2005; Kawuki et al. 2011a). These reviews provide new information regarding dis-
coveries of new sources for relevant traits, consolidated information regarding the
relative importance of genotype, environment and their interaction for productivity
and, more recently, on the potential of molecular markers. However, basically the
breeding scheme has remained unchanged since the inception of modern cassava
breeding in the late 1960s. Below is a brief description of the scheme used at
CIAT. All programs apply some variation of a scheme which begins with selection
of parents; crossing to produce a segregating population; seedling nurseries where
each individual is genetically distinct; then a series of clonal trials of increasing plot
size; number of replications and number of testing sites, ending in regional and
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on-farm trials; and finally official release. Typically, the time frame from selection
of parents to release is at least 10 years and often longer. Under highly accelerated
schemes, release could take place in as few as 6 or 7 years.

Figure 5.3 illustrates a general scheme of the different trials used in cassava breed-
ing. In the case of cassava, botanical seeds from a cross between two heterozygous
parents are normally referred to as the F, generation, in contrast to common use of the
term to refer to progeny from two homozygous parents. Botanical seeds from full- or
half-sib families are germinated and the resulting seedlings grown in a screenhouse
for 1-2 months. Some programs, however, germinate the seeds directly in the field, a
possibility especially under high soil temperature conditions. Vigorous and healthy
seedlings are then transplanted to the field and grown for 10—11 months. The size of
seedling nurseries varies considerably depending on seed availability, regions, objec-
tives and program resources to manage nurseries. If selection can be effectively made
on a one-plant plot, i.e. for traits with high heritability, then the F, nurseries tend to
be relatively large (>15,000 plants). Strong selection pressure is used at the seedling
plant stage in few specific cases where the breeder aims at selecting for a high-heri-
tability trait: resistance to CMD (Rabbi et al. 2014a; Jennings and Iglesias 2002),
bio-fortification for enhanced carotenoids content (Belalcazar et al. 2016; Ceballos
et al. 2013), waxy starch (Aiemnaka et al. 2012) or white vs. brown root surface.

When the goal is to generate clones with good agronomic performance and high
productivity, in the absence of a limiting factor such as CMD, selection based on a
single plant plot is not reliable. In these cases, therefore, selection pressure cannot be
high at the F, stage, and the nursery size tends to be smaller, such that the large
majority of genotypes can be cloned for more complete evaluation in larger plots.

Fy SRT PYT AYT UI’T

Plants 1 68 10 2025 2025
Reps (1) (1) (3) (3) (3)
Locs (1) (1) (1) (2-2) (n)

Fig. 5.3 Illustration of the different stages of evaluation used at CIAT in the selection of clones
eventually released for commercial growth by farmers. The number of plants per plot, replications
and locations for each stage is indicated at the bottom



5 Cassava (Manihot esculenta Crantz) 145

Seedling nurseries at CIAT for a particular target environment are typically <10,000
plants. Genotypes with undesirable phenotypes (e.g. poor vigour, susceptibility to
thrips, chlorosis, very low or high harvest index, etc.) are also eliminated by default
(Fig. 5.4a). The seedling plants (F; in Figs. 5.3 and 5.4a) are used as source of planting
material for the next stage in the selection process and must, therefore, provide six to
eight good quality cuttings. At CIAT, the seedling nursery is planted at Palmira
Experimental Station, which offers nearly ideal growing conditions (including irriga-
tion) to guarantee excellent nutritional and sanitary conditions of the resulting plant-
ing material. The next stage in the selection process is the single-row trial (SRT)
which is planted in the target environment. In Colombia, CIAT has four main targets:
subhumid, acid-soil savannas, mid-altitude valleys and the highland environments.

In SRT each genotype is planted in a single row with six to eight plants per row
(the number may change from one year to another, but it is uniform for each trial).
These are large experiments with 1500-2500 genotypes (1-2 ha) and therefore
prone to large experimental errors (Fig. 5.4b). Target environments and evaluation
plots lack uniformity which reduces the precision of evaluations and reliability of
data. At CIAT, therefore, the SRTs are split in three to four blocks (strata), and
selection is made within each stratum (Ceballos et al. 2007a). This strategy reduces
the environmental variation among strata in the selection process (Gardner 1961).

Fig. 5.4 Illustration of different types of trials in the cassava breeding scheme. (a) Seedling nurs-
ery (F)) in which adequate plant architecture, vigour, health and harvest index are key selection
criteria; (b) single-row trials (SRT) are usually very large (up to 2 ha); (¢) preliminary yield trials
(PYT) follow a special design that leaves one empty row between plots to reduce plant competition
among different genotypes. Notice the difference in plant height in two neighbouring clones; (d)
plots in advanced yield trials (AYT) and uniform yield trials (UYT) are larger, and only the six or
nine central plants are harvested, to eliminate effects of inter-genotypic competition. The sur-
rounding plants in the plot periphery are left in the field and used as source of planting material
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A selection index (SIN, described in next section) is used to facilitate selection of
genotypes evaluated at SRT.

The following stage in the selection process is the preliminary yield trails (PYT)
in which each genotype is planted in three replications with ten-plant plots (two
rows of five plants). The six to eight plants from SRT are used as source of planting
material for the PYTs. Because of limitation in the amount of planting material
available, a special design is often used for PYTs. In cassava there is still consider-
able variation in the farmer-preferred plant architecture, ranging from short and
bushy to tall and erect (Fig. 5.1). To minimize inter-genotypic competition arising
from differences in plant height and architecture, an empty row is left between
neighbouring plots (Fig. 5.4c). Plant spacing is set to 0.8 x0.8 m within plots and
1.6 m between plots, for a final plant density of 9600 pl ha~!. The number of geno-
types evaluated in PYTs is still relatively large (200-500), and therefore they are
split into three to five separate trials with 50-100 clones each. Selection is con-
ducted within each trial but is not as stringent as for SRT. About 50120 genotypes
are selected for the following stage (advanced yield trials or AYT).

Plots in AYT have four (or five) rows with five plants each. The six (or nine)
central plants are harvested and the resulting data used for selection. The surround-
ing plants in the periphery are left in the field and used as source of planting material
when needed (Fig. 5.4d). Occasionally AYT may be planted for two consecutive
years or at two or more locations. The same selection index is used throughout the
different stages of the selection process, but as the number of genotypes is gradually
reduced, more information is taken in later stages (e.g. boiling time, cooking qual-
ity, CG etc.).

The last stage in the breeding scheme is the uniform yield trials (UYT) which are
conducted in several locations and at least two consecutive years. About 20-25
experimental clones and 5—8 commercial checks/controls are involved in these tri-
als, which have three replications and plots similar to those used in AYT. Genotypes
reaching UYT are usually incorporated as progenitors in crossing blocks and the
best two to three may be considered for release as official varieties.

There are many variations that can be introduced to this generalized scheme, to
achieve specific goals for any given breeding program or to adapt to local conditions
and resources. For example, CIAT uses a disease “hotspot” in the eastern plains
region (Llanos Orientales) to screen all material that has reached intermediate selec-
tion stage. For example, at the same time a set of genotypes is evaluated in the PYT
in the principal target environment of the Atlantic coast region (subhumid tropics),
a set of the same genotypes is evaluated in a SRT in the Llanos for resistance to
bacterial blight and super-elongation disease.

5.7 'Traits

For many years, the main objective of cassava breeding programs was to produce
high-yielding clones that were adapted to the target environments and tolerant to
their main biotic and abiotic stresses. However, several traits, in addition to high and
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stable productivity, are required in order for clones to be adopted by farmers. Some
of these additional characteristics are common across regions (e.g. capacity of stems
to withstand long storage period or fast and vigorous sprouting of the cuttings). But
others may be contrasting and region specific (e.g. erect plant architecture is pre-
ferred in many Asian and Latin American countries, whereas bushy types may be
preferred in certain regions of Africa).

Depending on the target region, different biotic stresses have to be considered
by breeders. Bacterial blight (CBB) is found widely across the three continents.
Across Africa, in India and Sri Lanka, different strains of CMV are a major threat
to cassava. Cassava brown streak virus (CBSV) originated in East Africa but is
spreading westward. In Latin America, cassava frogskin disease (CFSD) (whose
aetiology is not clearly established) is a problem that can be managed with simple
cultural practices (e.g. confirm that roots are symptomless before collecting the
stems as source of planting material an approach that is also useful for CBSV) but
may also be a target for resistance breeding. Thrips can have a devastating effect
on cassava. Fortunately, pubescence of newly emerging leaves at the shoot tips
offers an excellent and stable source of resistance. Whiteflies can cause direct
damage to cassava, but their most serious impact is transmitting viruses such as
CMYV and CBSV. An excellent source of resistance has been found in landraces
from Ecuador and Peru (Bellotti and Arias 2001). Mites can have detrimental
effects on cassava, particularly during the dry seasons. There is an interesting
example of interaction between genotype and biological control in relation to
mites. In Africa, the management of the cassava green mite problem is achieved
through biological control by exotic predatory mites. However, cassava morpho-
logical traits can be improved to provide better shelter and ensure continuous
survival of the natural enemies of the cassava green mite (Chalwe et al. 2015;
Molo et al. 2016).

End uses of cassava drastically define the traits that breeders have to take into
consideration. For starch, ethanol or dried chips for animal feeding the key traits
will be DMC and FRY. White parenchyma is preferred by the starch industry, but
the enhanced nutritional quality of yellow roots would be preferable for animal
feeding. The great diversity of food uses of cassava was thoroughly described by
Balagopalan (2002). Some regional and ethnic uses of cassava such as farinha and
casabe (Amazon basin), kokonte (Ghana), gaplek and krupuk (Indonesia) or tapi-
oca pearls (India) would also benefit from adequate DMC and FRY. However other
ethnic uses require additional traits. Boiled cassava roots require low levels of CG,
reduced boiling time and consumer-preferred texture. On the other hand, African
products such as fufu and gari require proper poundability or mealiness. It is not
clear which are the anatomical or biochemical characteristics that define cooking
quality, mealiness or poundability, and there is ongoing research to elucidate these
characteristics to facilitate the selection process made by breeders.

As breeding techniques and cassava utilization evolved, however, there has been
a growing tendency to shift from breeding to develop general-purpose cultivars
towards more specialized, market-oriented products. This new trend is a result of
the confluence of different circumstances briefly described below.
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The first modern cassava varieties started to be released in the early 1980s
through early 1990s. These varieties fulfilled the basic requirements of adequate
levels and stability of productivity, acceptable levels of DMC and, depending on the
end uses, root quality traits. This early group of varieties includes, for example, the
very successful variety KU50 released in Thailand in 1992 (FAO 2013; Fisher et al.
2014; Kawano 2003; Kawano and Cock 2005; Kawano et al. 1998). A second wave
of improved clones was released during the 2000s, and a third wave is being released
in the 2010s. The varieties released were very successful in increasing productivity
(particularly in SE Asia where it basically doubled in the last 30 years). However,
genetic gains in the second and third waves of new varieties seem to have plateaued
(Ceballos and Hershey 2016). The breeders’ hopes of producing new clones with
higher productivity than that of already-released varieties face increasing chal-
lenges. It has been postulated that the difficulties of increasing productivity in cas-
sava arise from the heterozygous nature of the progenitors used and the strong
influence of nonadditive genetic effects already described in Table 5.1 (Ceballos
etal. 2015, 2016a). These problems require change(s) in the current breeding meth-
ods, which will be discussed later in this chapter.

At the same time that breeders recognized the need for alternative breeding
approaches for increasing productivity, their attention has also shifted towards other
traits with commercial relevance and with higher heritabilities. This is the case of
breeding for increased carotenoids content (Ceballos et al. 2013; Esuma et al. 2016;
Morillo-C et al. 2012; Njenga et al. 2014; Njoku et al. 2015b; Ssemakula and Dixon
2007) or cassava with special starch functional properties (Carvalho et al. 2004;
Ceballos et al. 2007b, 2008; Morante et al. 2016).

The identification of traits with high commercial value (such as starch mutants)
or the development of clones with desirable nutritional traits (e.g. high carotenoids
or low levels of CG) highlight the importance of a thorough and complete screening
of gene banks as indicated in the section of germplasm resources. The development
of reverse genetic molecular approaches (such as Eco-TILLING) or similar tech-
nologies (such as pooled targeted resequencing of DNA to detect rare SNPs in spe-
cific genes) would make the identification of useful traits much easier (Duitama
et al. 2017). As we expand our understanding of the specific needs for the ever-
widening uses of cassava, these molecular tools offer a very appealing alternative
for the identification of useful (recessive) traits.

Cassava roots spoil quickly due to PPD. The short shelf life of roots imposes
many limitations to post-harvest handing, transport and processing of cassava roots
(Beeching et al. 1993; Reilly et al. 2007; Vlaar et al. 2007). Sources of tolerance to
PPD have been reported (Morante et al. 2010; Moyib et al. 2015), but changes dur-
ing root storage, including starch losses, limit the shelf life after harvest to less than
2 weeks (Sanchez et al. 2013). Little progress can be achieved through conventional
breeding to reduce the negative impact of PPD until an adequate protocol for proper
screening is developed. The experimental errors associated with PPD are huge and
the effect of genotype-by-environment interaction unacceptably large (CIAT
unpublished data).
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Increase in levels of atmospheric CO, is one of the most certain expectations of
climate change and the environmental conditions for the next few decades. It is
expected that increased CO, will have a positive effect on cassava productivity by mak-
ing photosynthesis (specifically CO, fixation) more efficient. This is an interesting
situation because it would result in reducing the physiological advantages that C4
crops such as maize, sugar cane and sorghum have over C3 plants such as cassava,
wheat or soybean (Long et al. 2004, 2006). Free-Air CO, Enrichment (FACE) methods
allow field evaluation of crops under elevated CO, concentrations that simulate the
predicted levels for the decades to come (El-Sharkawy 2009). Modelling and FACE
results could be very useful guides in the molecular optimization of the photosynthetic
apparatus to maximize carbon gains without increasing crop inputs (Zhu et al. 2007,
2010). Preliminary results indicate that increases in productivity under elevated CO,
concentrations failed to meet theoretical expectations. If this is confirmed, it can be
hypothesized that some bottlenecks in the complex metabolic processes following CO,
fixation during photosynthesis prevent the theoretical expectations. Overcoming these
potential bottlenecks may allow breeding to maximize the enhanced productivity that
elevated CO, concentrations will have on cassava in years to come.

5.8 Field Trialling and Selection Approaches

The experimental design used for the different stages of breeding trials is basically
a randomized block. Excel spreadsheets satisfy the needs and allow for the use of
tablets or small portable computers for direct data uploading in the field. Statistical
analyses (e.g. ANOVA) are not used routinely as statistical significances are not as
relevant as properly ranking the different genotypes according to their perfor-
mance — although error variances do give a good indication of what reliance one can
place on the trial results in general. A method for the adjustment for missing plants
has been developed (Pérez et al. 2010). However, correcting for missing plants may
have the negative effect of rewarding genotypes with weak sprouting capacity after
a normal storage period of the stems. A critical concept in the implementation of
evaluation trials is to stratify them when they are large and the field is variable
(Gardner 1961). Alternatively, large trials can be split into few smaller ones.

A few traits are broadly accepted across breeding programs as common key goals
for improvement: high FRY, high and stable DMC, suitable plant architecture, resis-
tance to locally important pests and diseases and harvest index (HIN). At CIAT, in
addition to individual ratings, breeders integrate plant architecture and resistance to
biotic/abiotic stresses into a single score indicating overall desirability of the above-
ground plant appearance (plant type score or PTS) where 1 is very good and 5 is
very poor. This is essentially a subjective answer to the question: “How much do I
like the overall appearance of this genotype, based on the above-ground parts of the
plant?” It is a sort of subjective ideotype, based on the breeder’s experience and
skill, and may be included among the more objective “select” or “reject” criteria.
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Because of the low heritability of FRY in early stages of selection, cassava
breeders for many years have applied indirect selection for yield by using corre-
lated traits with higher heritabilities, such as HIN (Kawano et al. 1998). Since 2000,
CIAT has used a selection index (SIN) that integrates four high-priority variables,
assigning them best judgement weight (in italics in the formula below). These
weights have been established by the breeder’s experience (Ceballos et al. 2012)
and can be modified with time:

SIN = (FRY* 10) + (DMC* 10)- (PTs* 5) +(HIN' 3)

In the case of PTS, the desired target is a lower score. Therefore, a negative sign
is assigned to the respective term in the SIN equation. The variables used in SIN are
measured in units that differ drastically in magnitude. To overcome this problem,
standardized values are used (x; — X/o, where x; is the individual observation, X is the
average across genotypes and o is the standard deviation) in the estimation of SIN.
About 15% of clones evaluated in SRT are selected. Other traits, such as cooking
quality, may be incorporated in the selection process but in later stages (AYT or
UYT). Selection pressure is gradually relaxed through the scheme (e.g. 30-40% of
clones evaluated in AYT may be selected for evaluation in UYT).

The selection process and criteria described above are ideally suited for a goal of
high productivity. However, as stated earlier, other traits may be required for varietal
adoption, particularly where cassava plays an important role in food security.
Participatory breeding approaches (Gongalvez Fukuda and Saad 2001; Gongalves
Fukuda et al. 2002; Griineberg et al. 2009; Kamau et al. 2011; Manu-Aduening
et al. 2006) are ideally suited for these conditions. Participatory breeding allows for
much broader selection criteria, e.g. taking into account traits such as “maturity”
period, suitability for intercropping, leaf production, taste, bitterness, processing
amenability and cooking quality and even some traits that may just have a role as
morphological markers such as petiole or shoot colour, leaf lobule shape or branch-
ing characteristics (Benesi et al. 2010). Participatory breeding emerged as a response
to failures observed in some breeding efforts that limited the benefits of the green
revolution in many developing countries for different crops. Many of the participa-
tory breeding principles were initially developed in cassava (Ashby et al. 1987;
Prudencio et al. 1992). Because of the size of the early trials (SRT and PYT), par-
ticipation by farmers in the selection process may start in AYT or UYT.

Participatory approaches are based on the farmers’ ability to select what is best
for his/her conditions, a process which proved its power most significantly through
the domestication of crops. However, it must also take advantage of the scientific
knowledge generated in the past century. A major issue that is particularly acute in
participatory schemes relates to the negative impact of genotype-by-environment
effects (Griineberg et al. 2009). Local selection of germplasm may fail to take
advantage of selection based on multilocation evaluations where stability of per-
formance is a key objective. If possible, the same set of genotypes should be grown
in different environments by farmers that have common interests. Farmers may
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select the materials of their preference, but breeders can then select for the best
across-environment genotypes which should offer a more stable performance.

A critical decision that breeders constantly take and debate about is the progeni-
tors to be included in the crossing blocks. More often than not, progenitors used in
cassava breeding are just clones with outstanding performance or carrying a desir-
able trait (e.g. resistance to CMD or CBB, amylose-free starch or high carotenoids,
etc.). Alternatively, the use of breeding value or general combining ability (Falconer
1981) as a criterion for choosing progenitors in cassava breeding has been proposed
(Ceballos et al. 2004). This initial idea was renewed (in a more sophisticated way)
with the implementation of genomic selection (de Oliveira et al. 2012; Rabbi et al.
2014a, b). The usefulness of selection of progenitors based on breeding values is
reduced by their heterozygous nature and the resulting within-family genetic varia-
tion (Ceballos et al. 2016a). Additionally, at least for fresh root yield, there is a
strong influence of nonadditive genetic effects, further reducing the predictive value
of general combining ability (Table 5.1, Ceballos et al. 2015, 2016a).

Another important factor affecting the selection process is the relationship between
different characteristics that can be positively or negatively correlated. For many
years, for example, selection in early stages such as SRT was based preferably on
HIN rather than FRY (Kawano 2003). The rationale was that these two variables are
closely associated, but HIN has higher heritability than FRY (at least in unreplicated
trials). An analysis of the selection process after 14 years of continuous evaluations in
the subhumid environment of Colombia was recently published (Joaqui et al. 2016).
In this study, the benefits of using HIN as an indirect selection criterion for enhanced
productivity in SRT were questioned. HIN will still be a key criterion for selection at
the seedling plant stage (F1). Another interesting observation was that the relationship
between FRY and DMC was weakly but positively associated in SRT (r = 0.21) a
result similar to the one reported by Kawano et al. in 1987. However, that relationship
gradually becomes negative in successive stages of the selection process. In UYT the
correlation was r = —0.42. This clear and consistent trend suggests that cassava geno-
types attain high dry matter productivity by maximizing DMC or FRY, or else through
a compromise for “acceptable” levels in both variables simultaneously. But it is dif-
ficult for a given genotype to express simultaneously maximum levels of DMC and
FRY. The nature of the association between DMC and FRY cannot be properly stated
without a clarification in which stage of the selection process this association is being
considered. Similar conclusions can be drawn from Kawano et al. (1998).

New technologies are likely to have a positive impact on cassava breeding, and
one of these is high-throughput phenotyping. The way that near infrared spectros-
copy (NIR) benefited breeding for high carotenoid content has already been reported
(Belalcazar et al. 2016; Davrieux et al. 2016; Sanchez et al. 2014). The use of drones
has become a standard strategy to analyse canopy size and health. However, little
progress has been made for monitoring root growth in cassava until now. The use of
ground penetrating radar offers promising results that would allow non-destructive
monitoring of root growth through the growing season (Delgado et al. 2017). Early
bulking has been among the traits sought after by cassava breeders, particularly in
Africa (Kamau et al. 2011; Okechukwu and Dixon 2009; Olasanmi et al. 2014;
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Tumuhimbise et al. 2014). But the resources required to managing multiple harvests
for many genotypes, and chronic lack of planting material during the selection pro-
cess, prevent breeders from sacrificing some plants to assess FRY before the usual
harvesting time (11-12 MAP). This new technology offers promising advantages
not only for selection of genotypes but also adequate cultural practices, for example,
in the type and timing of fertilizers.

Cassava production in many regions of the world is seasonal. It is very common
to have a large peak of availability of roots for periods of only 3—6 months. This is
a major problem for large processing facilities that can operate only a few months
of the year. An alternative solution to this problem is to delay harvest for a few
months. This is how the cassava starch sector operates in Southern Brazil and
Paraguay. Cassava is planted in early spring (e.g. August) and harvest can be split in
two batches. Farmers may harvest part of the field early the following year in April—
June and leave the rest for a delayed harvest in November—February. This approach
benefits not only processors that can have their facilities operational for most of the
year but also for farmers. Delayed harvests imply a sharp increase in the productiv-
ity (almost doubled, without a major increase in the costs). A key requirement for
this approach, however, is that DMC at harvest time is at an optimum. In the system
described above, DMC drops when plants reinitiate growth in August. This is a
well-known phenomenon related to starch hydrolysis in the root (van Oirschot et al.
2000). When a similar strategy was attempted in tropical regions, however, DMC in
available clones did not recover after 1 or 2 months after re-initiation of growth.
There are ongoing efforts to select for a rapid recovery of DMC in delayed harvests.
However, to do so, special trial arrangements are required: in the same locations,
plots need to be harvested at the standard age (10—11 MAP) and then in delayed
harvests (15-16 and 18—19 MAP).

5.9 Tissue Culture and Clonal Production

Tissue culture plays several fundamental roles related indirectly or directly to cas-
sava breeding. The applications of tissue culture techniques are similar in cassava to
those in other vegetatively propagated crops. Tissue culture has been used in cas-
sava for rapid multiplication of clean planting material (Wasswa et al. 2010;
Wongtiem et al. 2011), conservation/exchange of germplasm (Angel et al. 1996;
Escobar et al. 1997; Roca 1984), embryo rescue approaches in interspecific crosses
(Akinbo et al. 2010; Biggs et al. 1986; Fregene et al. 1999) and as a required system
for genetic transformation (Bull et al. 2009; Ibrahim et al. 2008; Liu et al. 2011;
Mongomake et al. 2015; Raemakers et al. 2001; Taylor et al. 2001, 2012). These are
just representative reports that can be found in the literature for this broad range of
applications of tissue culture. The conservation and exchange of germplasm have
direct impact on breeding activities. Rapid multiplication and cleaning of planting
material from diseases (particularly viruses) are important for the spreading and fast
adoption of new varieties.
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Tissue culture systems have been developed and used in cassava since the 1970s
and are quite refined for routine use, such as for slow growth plantlet culture in
sterile media for germplasm conservation and international exchange. For these sys-
tems, essentially any genotype can be successfully cultured in vitro with a single
media formulation and light/temperature conditions. The wild species are more
complex, and different media and growth conditions are required for different spe-
cies. The development of friable embryogenic calli for transformation or gene edit-
ing is also rather genotype-sensitive, though many genotypes have now been
successfully cultured for transformation.

Cassava is one of the few vegetatively propagated crops where important tissue
culture efforts have been made for the production of doubled haploids. Ceballos
etal. (2015) have listed the advantages that the use of inbred progenitors would have
for the genetic enhancement of cassava:

* Implementing the back-cross scheme and trait introgression. The deployment
and impact of desirable traits (resistance to diseases and pests, special starch
quality traits, herbicide tolerance, etc.) is slow and limited because their intro-
gression requires breeding for a new variety de novo. Back-crossing is a highly
successful breeding scheme used in many crops (Xu and Crouch 2008), but it
cannot be applied to cassava because of the heterozygous nature of the progeni-
tors currently used. The relevance of the homozygote advantage has been
recently highlighted by the efforts to deploy commercial cassava varieties with
the waxy (amylose-free) starch. Introgressing a single recessive gene implied
developing a new variety. The best varieties from the first batch of waxy clones
had a productivity level similar to normal (non-waxy) clones released 30 years
ago. Although the second generation of waxy varieties are expected to quickly
catch up (Karlstrom et al. 2016), the cost of introgressing a simple trait is unac-
ceptably high.

* Doubling of breeding value: Self-pollinating a heterozygous source of resis-
tance to a given pest or disease and selecting a homozygous descendent would
double the breeding value of the material when used as progenitor. Whereas
50% of the gametes produced by the heterozygous source carry the resistance
gene, 100% of gametes from the homozygous version do (Ceballos et al. 2016a;
Kaweesi et al. 2016).

* Reduction of genetic load: Inbreeding exposes undesirable recessive alleles and
allows a rapid reduction in their frequency (which tends to be relatively high in
heterozygous populations).

* Discovery of useful recessive traits: There are many examples in the literature of
useful recessive traits including in cassava (Ceballos et al. 2007b, 2008).

* Facilitated germplasm exchange and conservation: When inbred progenitors are
available, their conservation and exchange could be through true-breeding
botanical seed.

* Development of superior hybrids by design, not by trial and error: Hybrid
vigour (e.g. nonadditive genetic effects) can be progressively improved, but
only through reciprocal recurrent selection methods (Bernardo 2014; Hallauer
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and Miranda Fo 1981) or through inbred line development within heterotic
groups. Improving heterosis would be slow if no inbreeding were employed.
The impact that the use of inbred progenitors has had in maize is unquestionable
(Troyer 2006). The use of inbred progenitors offers the chance to maintain
favourable gene combinations at different loci controlling the small, but criti-
cally relevant, nonadditive genetic effects as demonstrated in the case of maize
(Crow 2000).

* Facilitated conventional and molecular genetic studies: The availability of
homozygous progenitors would facilitate greatly the logistics of conventional
and molecular genetic studies (Gallais and Bordes 2007; Tuvesson et al. 2007).

» Shortening the length of breeding cycles: The starting point for the selection
process in Fig. 5.3 could be, for example, 30 plants (as currently required for
PYT).

e True collaboration and synergies among the few cassava breeding programs:
Development and sharing of inbred lines with known characteristics and
combining abilities by land granted US universities were the backbone of
maize research during a significant part of the last century. Today, the col-
laboration between cassava programs is limited because of problems related
to sharing germplasm (in vitro) and because the materials shared are finished
products whose main characteristic is an outstanding performance in certain
environments. Ideally, however, breeding programs should exchange good
progenitors that can be used by other programs in crosses with local
germplasm.

Inbred lines could be produced after successive self-pollinations. A few pro-
grams, especially CTCRI in India and IITA in Nigeria, have had medium- or long-
term inbreeding programs. The first reported sequenced genome in cassava was on
an S; line developed at CIAT (Prochnik et al. 2012), which demonstrates that this
is a feasible approach for cassava. However, successive self-pollinations are not
practical because unavoidably it favours the production of early flowering types
which are not desirable for breeding purposes and would require too many years
(12—15 years). Instant homozygosity can be achieved through the production of
doubled haploids, an advantage that was recognized many years ago (Woodward
and Puonti-Kaerlas 2001). There are important ongoing efforts to develop a pro-
tocol for the production of doubled haploids through different strategies based on
anther and microspore culture (androgenesis), ovary and ovule culture (gynogen-
esis) and wide crosses with Ricinus communis or irradiated pollen (parthenogen-
esis). There has been considerable progress towards inducing cell division in
gametic tissue during the past few years (Perera et al. 2012, 2013), and research is
now focusing on regenerating plants. Protocols for early embryo rescue (7-14 days
after pollination) have also been developed, and plants were successfully regener-
ated. Early embryo rescue is fundamental in gynogenesis and parthenogenesis
because the absence or abnormal fertilization in which these technologies are
based results in weak embryos, poor or absent endosperm development and a
strong tendency for fruit abortion.



5 Cassava (Manihot esculenta Crantz) 155
5.10 Seed Production and Marketing

This chapter will mostly refer to seed as the botanical seed resulting from hybridization
and used in the initial stages of selection of breeding programs. In this section, how-
ever, seed refers to the stem pieces or other clonal propagules used for planting the crop
in other experimental or commercial production conditions. For the large majority of
cassava production around the world, seed systems used by farmers have changed little
over the past centuries. Because it is a vegetatively propagated crop, farmers are able
to save planting material from their own production fields or trade informally with their
neighbours, without any perceived need for a formal seed system to provide certified
disease-free, high-quality and true-to-type seed. Farmers are generally underinformed
about the potential improvements that can be made to seed quality, and scientists gen-
erally have inadequate research evidence to convince farmers of better options. This is
due to the inadequate research on the subject, to the poor dissemination of results in
easily accessed publications and to the generally poor extension systems to dissemi-
nate available information.

The basic feature of this traditional seed system is that farmers either store
stems over a short period of time (from several days to a few months but typically
a few weeks) or plant immediately after harvest of the previous crop without any
significant storage period. Usually there is little or no discrimination between
plants that are used for seed and those that are used strictly for root production.
There are, however, efforts to promote the idea that part of the field should be tar-
geted as the source of planting material for the following season. This system is
described below.

This traditional system will adequately supply grower needs under stable pro-
duction conditions and where no new varieties are being introduced. But obvi-
ously the goal of breeders is to see dissemination and impact from new varieties
as efficiently and as quickly as possible. Multiplication and dissemination
through traditional systems are very slow processes. This has the advantage of
minimizing risk, in that any new variety will be well-proven over many years
before it is grown on a large area, making dramatic failure unlikely. Cassava’s
traditional slow multiplication rate is thus a built-in risk-management system to
give varieties a chance to progressively prove themselves in real-life farm and
market situations. On the other hand, for varieties that are truly superior, the
impacts of their advantages and benefits may only be felt slowly and for a limited
number of end users.

This informal system has obvious advantages and a proven track record of suc-
cess. It has allowed cassava to succeed and expand as a crop over many centuries.
Nonetheless, there are a number of changes impacting current and future cassava
production which will drive changes in the way seed is produced and marketed. This
section will review the drivers of change in cassava seed production and the oppor-
tunities afforded by new technologies and new systems.

Traditional seed systems work just fine where there are few production con-
straints and where farmers have no need or motivation to adopt new varieties at a
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higher pace. But these conditions are increasingly rare in modern times. Cassava
production has continued to expand rapidly in the past 50 years, with much of this
expansion in areas of stress such as poor soils and periodic drought, conditions
which affect seed quality. In addition, pests and diseases are spreading, especially in
Asia and Africa, and one of their primary modes of dispersion is through infested or
infected stems used as planting material. Climate change includes enhanced uncer-
tainty in the initiation of the rainy season. Delayed arrival of the rains implies
extended storage period of the stems and (eventually) the possibility of sharp reduc-
tion in their sprouting capacity.

Consequently, improved seed systems have two main functions, which may be
combined or independent in any given situation. First, seed systems are needed to
improve access to high-quality seed even where current varieties are grown and
used on-farm. Second, seed systems are needed to accelerate access to new varieties
by farmers. The CGIAR Research Program on Roots, Tubers and Bananas (CRP-
RTB) has developed a framework for intervening in seed systems, specifically
aimed at the major vegetatively propagated crops (RTB 2016).

5.10.1 Improving On-Farm Seed Production of Current
Varieties

Typically, under stable production systems, about 10% of the plants in a cassava
field need to be used for seed for the next planting season, i.e. a reproduction rate
of about 1:10. This varies with variety and growing conditions. Typically, farmers
do not make a distinction between managing plants that will be used for seed and
those that will not. In other words, the planting material may be chosen on the
basis of various factors, such as harvest date (i.e. material harvested closest to
next planting season will be used for seed) or convenience for transportation of
seed to next field for planting. There is generally little perception that different
management practices can have significant effect on the quality of seed and con-
sequently yield of the subsequent crop. Nonetheless, some broad guidelines can
be provided that will allow farmers to maximize seed quality and the resulting
contributions to yield.

A basic tenet of producing high-quality seed on-farm is that production man-
agement specifically oriented towards seed quality will be different from man-
agement aimed at maximizing returns from harvesting and selling roots. At the
same time, since the commercial product (the roots) are not propagative material,
there may be no, or only a small, trade-off between maximizing income from
roots and producing highest-quality seed. A concept promoted at CIAT and with
the Colombian national research agency, Corpoica, is the “corner of prosperity”
for seed management. For maintaining the same area of the same varieties from
year to year, a farmer will need to use about 10% of the plants from each variety
to supply the next season’s planting material. CIAT and Corpoica suggest that
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10% of the production area (the “corner of prosperity”’) be dedicated to
management that will optimize quality of stem cuttings. This strategy will
involve, in broad terms:

* Selection of the best part of the field (well-drained; most fertile soil; protected
against mammalian invaders such as deer, wild pigs, etc.; easiest access to irriga-
tion if available).

» Fertilizer to optimize plant health (which may be at levels that are higher than
those that maximize net returns for root production).

e Irrigation where extreme drought stress will significantly impact plant growth
and development.

e Excellent weed management.

e Periodic inspection for preventive management of any negative impacts.

» Control of pests and diseases, including roguing if virus symptoms appear.

e Harvest of stems near to next season planting, to minimize seed deterioration
during storage.

* Harvest stems from plants whose roots have been inspected to be symptom-free
from diseases such as CFSD or CBSD.

Unfortunately, there is little quantitative information to indicate specific
returns on these various management practices, and there is a high level of need
for well-designed research to obtain such data. While there are many publications
recommending practices to produce and select high-quality planting material, the
quantification of benefits that farmers should expect by specific management of a
small part of their production field for high-quality seed is still not well
established.

Even if a farmer does not manage a “corner of prosperity” specifically for
quality seed production, he or she can adopt several practices to improve seed
quality. These have been well-documented in several publications (Ceballos
and Calle 2010); Howeler and Maung Aye 2014). One of the key practices will
be “positive selection” at harvest time. This concept involves inspection of both
tops and roots in order to identify best sources of seed. In many cases, a healthy-
looking plant above ground will correspond to healthy roots, high yield, and
high-quality seed. However, there are some key seed-disseminated pathogens
that may not have visible leaf or stem symptoms. For example, cassava frogskin
disease (CFSD) and cassava brown streak disease (CBSD) may both be symp-
tomless above ground while having moderate or even severe root symptoms. In
these cases, the stems would carry the pathogen into the next production cycle
and initiate a series of cycles of degeneration of seed quality. While there are
sophisticated tools such as real-time PCR to detect the virus or phytoplasma,
farmers can make good progress in reducing inoculum pressure by harvesting
plants before cutting stems for seed and only selecting those plants without root
symptoms of CFSD or CBSD. Empirical results have demonstrated that positive
selection can efficiently keep CFSD under control in farmers’ fields.
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5.10.2 Sustainable Systems for Supplying High-Quality Seed
of New Varieties

The goal of most breeding programs is to periodically introduce new varieties to
farmers — quickly and at scale. The traditional farmer-to-farmer distribution system
will not adequately achieve this, and other, more intensive systems of intervention
will need to be developed. Unlike the situation for seed crops, and especially hybrid
varieties, the private seed sector for cassava is poorly developed and, in fact, non-
existent in most countries due to generally low and variable demand. Most com-
monly, national research and extension agencies work together (sometimes in
collaboration with processing enterprises such as starch factories) before and after
varietal release with a system of multiplication and distribution to farmers. However,
beyond the initial release and small-scale distribution, most countries do not have in
place an effective continuing system to provide quality seed.

The majority of the research on developing high-quality seed at mass scale has
focused on tissue culture systems and other forms of intensive rapid propagation.
However, to date, these intensive systems have had little practical success outside
the laboratory and experiment station. Exceptions are primarily where tissue culture
has been applied at the very earliest stages of variety multiplication, followed by
conventional multiplication through stem cuttings in later stages, up to farmer
acquisition and use. Current thinking among most donors and the CGIAR is to pro-
mote public/private sector alliances which rely on some public support for start-up
costs but ultimately are driven mainly by profits in the private sector to sustain seed
systems that provide additional profits to farmers and have zero or minimal ongoing
public sector costs. Two prominent examples are seed systems in Uganda and
Nigeria. In both cases, the emphasis is on developing viable private sectors. This is
a major challenge which has never been achieved on a significant scale. While seed
traders are common in major producing countries, there is typically little manage-
ment for seed quality. In SE Asia, for example, large-scale seed exchange occurs
across the Thai-Vietnam-Cambodia borders but with little inspection or control for
varietal purity, physiological quality or phytosanitary status. As cassava production
intensifies and new superior varieties are more in demand, likewise the incentives
for good seed systems will increase and should provide opportunities for sustain-
able public/private initiatives.

In 2016, a major cassava seed systems’ initiative was launched in Nigeria, funded
by the Bill and Melinda Gates Foundation and implemented by CRP-RTB and
IITA. This initiative pulls together the key lessons from many years of (often-failed)
seed systems work, to try to positively affect productivity and profitability in the
world’s top cassava producer. It is based, first and foremost, on the principles of
sustainability, i.e. the mutual long-term profit advantages that will accrue to both
private and public/private sector seed producers and farmers. In Nigeria, demand for
seed is expected to be driven both by the need to provide seed of varieties degener-
ated from accumulated effects of CMD and by the demand for new, higher-yielding
varieties to supply dynamic cassava markets.
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5.10.3 Rapid Multiplication
5.10.3.1 In Vitro Systems to Support Seed Production

When a cassava plant is infected with a virus or phytoplasma, there may be few
options to eliminate that pathogen other than tissue culture systems that involve
some combination of small apical meristem culturing and thermo- or chemotherapy.
Such systems have proven effective for viruses such as CMD and CBSV and for the
virus-/phytoplasma-induced CFSD. It is also effective for most bacterial and fungal
pathogens and for all insects and mites.

A system of maintaining breeder’s seed in an in vitro, pathogen-free environ-
ment is fundamental to assuring long-term access to highest-quality, true-to-type
seed. Such systems typically need to be managed by only one or a very few labora-
tories in a given country, due to costs and expertise involved. Theoretically, tissue
culture systems can also achieve very high multiplication rates — almost unlimited.
At the high end of these possibilities is somatic embryogenesis, where individual
cells can be induced to develop into somatic embryos and subsequently, through
“artificial seeds,” into plants. In this case, millions of plants could be produced
from a small amount of leaf tissue and the hardening of plantlets quickly become a
major bottleneck. There are intermediate systems, such as micropropagation from
in vitro plantlets, where nodal pieces are cut and propagated into new media, suc-
cessively until the desired number of plants is derived to harden and taken to the
field. In vitro systems have even been proposed and tested for use at the village and
farm level in order to cut costs and improve efficiency, but these systems have been
largely unsuccessful.

5.10.4 Rapid Multiplication from Sprouted Shoots
and from Mini-Stakes

Intermediate-level technologies (between the traditional stem cuttings and sophisti-
cated tissue culture systems) have been developed and used to some degree in
applied, on-farm systems. If stems are planted horizontally in beds, the growing
shoots can be harvested periodically over several months, rooted in water, hardened
in containers (e.g. pots or bags) and transplanted to the field to produce conventional
seed (mature stems) for further seed production or for commercial root production.
In this system, a single plant in the field can theoretically produce several thousand
plants within a year’s time. However, as with tissue culture systems, the practical
use has been quite limited due to costs and the feasibility of covering those costs
through added value compared to more conventional multiplication.

A very low-level technology to increase rate of reproduction for cassava is sim-
ply to reduce the length of the stem used for propagation. For example, if an aver-
age plant can produce ten 20 cm stakes, it could produce forty 5 cm stakes and
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quadruple the standard multiplication rate. The constraint to this system is that the
plants resulting from the shorter stem pieces are likely to be less vigorous and
robust, at least initially, which will require additional management inputs such as
more fertilizer, water and weed control. There are numerous successful examples of
the mini-stake system applied at the experimental level and some cases where it is
adopted by progressive farmers.

5.10.4.1 The Way Forward for Cassava Seed Management

There have probably been more failures than successes in investments aimed at
developing sustainable improved seed systems for cassava. While there is consider-
able research describing optimum seed management, there have been relatively few
cases where this knowledge has translated to consistent farmer demand for improved
seed. This demand is essential to sustain private sector investment. It now seems
clear that in the past, donor or publicly funded investments in seed systems have
overemphasized the more sophisticated approaches of tissue culture and other tech-
nologies that have been difficult to implement in ways that provide clear profit both
for seed producers and for farmer-customers. The most difficult challenge for profit-
based systems is in situations where the demand for new varieties is low. This can
be the case where high-yielding, high-quality varieties are already available, and
there is little pressure for farmers to change varieties.

This may be the situation in large areas of SE Asia, where varieties such as KU50
are already widespread and new varieties with clear superior performance are not
common. The same is true of areas of Colombia (North Coast and Llanos) and
Brazil (South) where new varieties are already widely used. While there is clearly
continuing interest in testing and adopting new varieties in these areas, there are not
compelling forces for change. On the other hand, in much of Africa, disease
pressure, especially CMD and CBSD, is forcing farmers either to look for varieties
that are resistant or to purchase clean seed of current varieties.

One of the major lessons from seed systems research in cassava is that clean seed
by itself is not sufficient to control seed-borne diseases. For example, the Great
Lakes Cassava Initiative (CRS 2010) attempted to produce and distribute seed free
of CMV as a means of controlling the disease. However, the reinfection rate was too
high, even during the seed multiplication process, such that the farmer had only a
small or a short-term advantage to clean seed if the varieties were susceptible. It
now seems clear that, in the case of some of the key pathogens, a strategy combining
resistance and clean seed systems is essential to success.

5.11 Biotechnology Tools and Their Use in Cassava

A wide array of biotechnology tools has been developed during the past three
decades. To facilitate a description of their impact and potential in cassava
breeding, they will be grouped into five types and discussed separately below.
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The applications and huge potential of tissue culture protocols have already
been described earlier.

5.11.1 Molecular Markers for Diversity and Identity Studies

Isozymes were the first type of molecular markers used in cassava. Typically, the
first applications focused on analysing genetic diversity or for identification pur-
poses (Ramirez et al. 1987; Hussain et al. 1987; Lefevre and Charrier 1993).
During the 1990s, different types of (DNA or RNA) molecular markers were
gradually developed and used for these same initial purposes (Asante and Offei
2003; Carmo et al. 2015; Carvalho and Schaal 2001; Chepkoech et al. 2015;
Kawuki et al. 2009; Maredia et al. 2016; Marmey et al. 1993; Moyib et al. 2007,
Rabbi et al. 2015; Zacarias et al. 2004). Markers have also been used to distin-
guish hybrids from self-pollinations in breeding nurseries (Otti et al. 2011). These
applications for molecular marker technologies offer clear advantages that become
even more evident with their constant reduction of costs and enhancement of dis-
criminating capacity.

The use of markers to identify clones grown by farmers is a powerful tool for
impact assessment studies which are always relevant for cassava, considering the
informal or weak seed systems. More often than not, there is no reliable way to
know the area planted to different cassava varieties (with the exception of
Thailand). Diversity studies based on molecular markers have been particularly
useful to assess the relationship among different Manihot species and the evolu-
tion of this genus (Deputié et al. 2011; Olsen and Schaal 2001; Roa et al. 1997,
Second et al. 1997).

There is a growing interest and need to conduct diversity studies aiming at
identifying potential heterotic groups in cassava. One of the proposed strategies
to be able to resume strong genetic gains for productivity would be the imple-
mentation of reciprocal recurrent selection (Ceballos et al. 2015) as already done
in sweetpotato. This approach relies on two (perhaps three) breeding populations
which exhibit high heterosis when crossed with each other (Hallauer and Miranda
Fo 1981; Bernardo 2014). Unfortunately, genetic distances, based on molecular
markers, do not seem to be good predictors for identifying potential heterotic
groups in cassava (Ceballos et al. 2016b). A strategic effort needs to be made in
cassava to develop a population structure that would facilitate the creation or
identification of heterotic groups. One way to achieve this would be to focus on
diverse gene pools that have evolved isolated from each other over a long period
of time. CIAT has been working on the definition of diverse gene pools from its
large germplasm collection using SNPs markers. Eight subpopulations have
emerged from this diversity study (Becerra Lopez-Lavalle 2015). Representatives
of each pool could be used initially as a proto-heterotic grouping.
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5.11.2 Molecular Markers for Diagnostic Tools and Plant
Health

Molecular diagnostic tools can be used for diseases of complex aetiology, such as
frogskin disease (Alvarez et al. 2009; Calvert et al. 2008), detection and quantification
of viral diseases (Monger et al. 2001; Kaweesi et al. 2014) and analysis of their genetic
diversity (Calvert et al. 2008; Legg et al. 2011; Monger et al. 2001), in the character-
ization and diversity studies of fungal and bacterial diseases (Restrepo and Verdier
1997; Alvarez et al. 2003; Wydra et al. 2004) as well as in gene expression studies in
host-pathogen interactions (Kemp et al. 2004, 2005; Fregene et al. 2004; Maruthi et al.
2014). An interesting application of molecular markers has been for the dissection of
the pathway leading to post-harvest physiological deterioration (PPD) in cassava roots
(Reilly et al. 2007). This is not a comprehensive list of publications on the subject.

The availability of tools for understanding genetic diversity of pests and diseases
is an important asset for developing strategies for durable and efficient resistance in
cassava. Reliable and affordable diagnostic tools are fundamental for the safe
exchange of cassava germplasm.

5.11.3 Marker-Assisted Selection (MAS)

The first molecular map for cassava was published nearly two decades ago (Fregene
et al. 1997). Since these pioneering days, a large number of research articles have
been published and will not be exhaustively listed here. QTL maps for a broad range
of traits (reaction to anthracnose, CMD, CBB, whiteflies, HCN or CG, DMC, early
bulking, PPD, plant architecture, carotenoids and protein contents in roots, FRY, etc.)
and based on different type of markers (RFLP, AFLP, SSR, DArT, RAPD, etc.) are
available (Akinbo et al. 2007, 2011, 2012; Blair et al., 2007; Chen et al. 2012;
Ferguson et al. 2012; Kizito et al. 2007; Kunkeaw et al. 2011; Okogbenin and Fregene
2002, 2003; Mkumbira et al. 2003; Whankaew et al. 2011 to list just a few). A com-
prehensive summary of applications of molecular markers in cassava and progress so
far achieved was published by Ferguson and co-workers in 2011. In the last two
decades, the cost of genotyping has been drastically reduced. The latest technology
of genotyping by sequencing based on SNPs has also been applied to cassava (Rabbi
et al. 2014b) and opens up the possibility of implementing genomic selection and
marker-assisted recurrent selection as described in the following section.

CMD is not present in Latin America, and therefore nearly all cassava germ-
plasm from this region appears to be susceptible to the disease (Okogbenin et al.
1998). Resistance was reported to be controlled by a single dominant gene, desig-
nated as CMD2 (Akano et al. 2002; Fregene et al. 2000) although evidence for dif-
ferent sources has also been reported (Lokko et al. 2006a, b; Okogbenin et al. 2012).
CIAT, in collaboration with cassava breeding programs in the African National
Agriculture Research System and International Institute of Tropical Agriculture
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(ITTA), has exploited CMD?2 for the development of CMD-resistant Latin American
germplasm in the centre of origin using MAS (Akano et al. 2002; Okogbenin et al.
2007, 2012). This is the first report of MAS in cassava. The advantage of the appli-
cation is obvious: because CMD is absent in the Americas, the availability of molec-
ular markers was the only alternative for selection.

To this day, the selection for resistance to CMD is the only example of MAS
applied to cassava (Ferguson et al. 2011). Although markers are available for other
traits (e.g. waxy starch, yellow root parenchyma, etc.), their use is economically not
competitive. For these high-heritability traits, selection could be made as early as
6 months after planting a seedling nursery (Belalcazar et al. 2016), with the advan-
tage that along with the key trait, the breeder can select for other characteristics
(vigour, plant architecture, resistance to thrips, etc.). Typically, a seedling nursery
for these types of traits has around 15,000-20,000 genotypes. Growing 1-2 ha of
seedling plants is still much less expensive than extracting and analysing DNA sam-
ples for so many genotypes, but costs for the latter continue to decline.

The use of markers for selection purposes in a large segregating population has so
far failed to deliver the expected benefits. MAS, however, could have interesting
applications for the selection of progenitors (Ceballos et al. 2016a). For example,
progenitors that are homozygous for CMD2 would have twice the breeding value (for
this trait) compared with heterozygous progenitors. Markers could be used to identify
genotypes that are homozygous for CMD?2. In the case of carotenoids, it may be
desirable to reduce the activity of carotenoid f-hydroxylase, controlling the conver-
sion of B-carotene into other molecules. Molecular markers could be used to identify
genotypes heterozygous for this gene, self-pollinate them and select progenies that
are homozygous recessive (Ceballos et al. 2013; Morillo-C et al. 2012). Again, by
this process, the breeding value of such self-pollinated genotypes would be better
than that of its progenitor. As is often the case, application of new technologies to
cassava requires special adaptation. Most efforts to apply MAS in cassava have been
for selection in segregating progenies, which has until now had negligible impact.
However, no effort has been made so far, in the selection of better progenitors.

The genome of cassava has been sequenced (Bredeson et al. 2016; Prochnik
et al. 2012). The information generated by these studies and the public access to it
is very relevant. For example, it has been used for determining the sequence in cas-
sava of key genes related to starch biosynthesis or herbicide tolerance. With that
information, reverse genetic approaches to screen germplasm collections in search
of sources of useful alleles is an alternative that has been already been initiated
(Duitama et al. 2017) as described earlier.

5.11.4 Genomic Selection

Genomic selection (GS) simultaneously tags many loci across the entire genome to
estimate genomic estimated breeding values or GEBV. It offers several advantages
and overcomes key problems of MAS based on QTLs. Key among the different
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advantages is that several different traits can be improved simultaneously through a
selection index, similar to those based on phenotypic traits and economic values. de
Olviera and co-workers suggested the potential of GS for cassava in 2012. GS was
also proposed for other crops (Heslot et al. 2012) characterized by the fact that
breeding is based on the use of inbred progenitors. Different articles emphasize that
GS would maximize genetic gains by unit of time (De Oliveira et al. 2012; Heffner
et al. 2009). Like conventional breeding, GS has serious limitations for the selection
of low narrow-sense heritability traits because of their low additive genetic effects
in relation to the phenotypic variance. Genotype-by-environment interactions also
affect the precision of GS estimates as well as the relatedness among genotypes.
Ceballos et al. (2015) predicted that GS would be effective in high-heritability traits
such as plant architecture, pest and disease resistance or DMC. However, GS was
not expected to be efficient in improving FRY because of the relatively high influ-
ence of nonadditive genetic effects and the large within-family genetic variation
generated by the heterozygous progenitors used in cassava (Table 5.1). Other fac-
tors may limit further the usefulness of breeding value in cassava (Ceballos et al.
2016a; Joaqui et al. 2016).

There is an ongoing project (NextGen Cassava Project) to test GS in cassava led
by Cornell University with field work in Uganda and Nigeria (Rabbi et al. 2015). As
expected, GS is proving to be efficient improving traits such as resistance to CMD
(Wolfe et al. 2016b; Rabbi et al. 2014a). Whereas DMC was also increased consid-
erably, progress increasing FRY was, as predicted, not satisfactory (Wolfe et al.
2016a). An honest assessment of cost/benefit for technologies such as GS will have
to be made in the years to come. It should be pointed out that improving resistance
to CMD or increasing DMC is not enough for such an expensive approach that has
the additional restriction of the need of “closed” breeding populations. The use of
inbred progenitors would overcome some of the problems that implementing GS in
cassava has. The induction of flowering would also benefit greatly the success of
GS. Alternatives of GS combined with reciprocal recurrent selection would also be
an interesting approach to overcome, at least partially, the problems of nonadditive
genetic effects influencing FRY, which is ultimately the most important trait to
improve.

5.11.5 Genetic Transformation and Gene Editing

The first published reports of genetic transformation in cassava date back from two
decades ago (Li et al. 1996; Raemakers et al. 1996; Schopke et al. 1996; Sarria et al.
1995). The technology offers a great potential considering the problems related to
trait introgression discussed earlier, challenges to improve the productivity after
successful clones such as KUS50 were released and limited knowledge of genetic
variability available in cassava germplasm. As it is often the case, genetic transfor-
mation initially suffered from genotypic dependency: initially a single genotype
could be efficiently transformed (60444). However, protocols were improved



5 Cassava (Manihot esculenta Crantz) 165

quickly, and many genotypes have now been transformed (Chauhan et al. 2015; Liu
etal. 2011; Raemakers et al. 2001; Taylor et al. 2004, 2012; Zainuddin et al. 2012).
The commonly used methods for the genetic transformation of cassava include
Agrobacterium-mediated gene delivery and particle bombardment. The explants
used for transformation include somatic cotyledons and friable embryogenic calli.

A broad range of traits have been considered for genetic transformation: (a)
Resistance to CMD and CBSD (Bi et al. 2010; Chellappan et al. 2004; Ntui et al.
2015; Patil et al. 2011; Vanderschuren et al. 2007; Zhang et al. 2005; Yadav et al.
2011); (b) Enhanced nutritional quality of the roots including high carotenoids, Fe,
Zn, proteins as well as reduction in cyanogenic glucosides (Jgrgensen et al. 2005;
Leyva-Guerrero et al. 2012; Sayre et al. 2011; Welsch et al. 2010); (c) Quantity and
quality of starches (Ihemere et al. 2006; Koehorst-van Putten et al. 2012; Zhao et al.
2011); (d) Reduction of PPD (Zidenga et al. 2012) and physiological traits such as
leaf retention (Zhang et al. 2010); (e) Herbicide tolerance (Sarria et al. 2000, ini-
tially reported in 1995); (f) Induction of flowering (Adeyemo et al. 2008).

Genetic transformation for new starch types (e.g. waxy starch) has been success-
ful and the phenotype of transgenic material fulfilled expectations regarding amy-
lose content in the starch (Koehorst-van Putten et al. 2012; Zhao et al. 2011). The
discovery of a spontaneous mutation for waxy starch may have reduced the appeal
of waxy transgenic cassava. However, the complications of introgressing a single
recessive gene into successful commercial varieties should be taken into consider-
ation, at least for countries where the growth and commercialization of transgenic
crops/products are more relaxed. Improving AGPase activity can contribute to the
conversion of sugar to starch and subsequently increase the starch quantity. Early
work (Themere et al. 2006) suggested that this is indeed the case. However, no
further research on the subject has been published since then. Smith (2008) pointed
out some of the potential stumbling blocks that may explain why no further efforts
in this area have been published.

With the support of the Bill and Melinda Gates Foundation and several years of
global cooperation, the BioCassava Plus project team has developed a number of
transgenic cassava lines with value-added traits, such as improved protein content
and increased vitamin A, iron and zinc contents. In spite of the promising results
forecasted by Sayre and co-workers in 2011 - genetic transformation regarding
enhanced nutritional quality, not a single product has shown promising results in the
field. In the case of high carotenoids, transgenic materials show a drastic reduction
of DMC. Early claims for enhanced protein content in the root had to be retracted.
In addition, attempts to elevate protein levels in roots had impacts on overall nitro-
gen allocation between leaves and roots reflecting the strong leaf sink strength for
reduced nitrogen (Leyva-Guerrero et al. 2012). Recent efforts by BioCassava Plus
initiative using a new construct for enhanced Fe and Zn in the roots have yielded
promising results (Gaitdn-Solis et al. 2015).

The alternative to develop virus resistant transgenic cassava is also a justified
and relevant objective. Although there is genetic resistance to CMD, apparently it
is based on a single source. Chance of the resistance breaking down is a feasible
threat, thus justifying the development of a new source of resistance. In the case



166 H. Ceballos and C.H. Hershey

of CBSD, available natural resistance is not as effective as in the case of CMD2,
and, therefore, efforts have concentrated on resistance to CBSD. Transformed
materials have shown excellent levels of resistance to CBSD (Chauhan et al. 2015;
Odipio et al. 2014; Vanderschuren et al. 2012). However, transgenic material
resistant to CBSD would not be useful if they are susceptible to CMD. Therefore,
farmers preferred varieties carrying the CMD?2 resistance were transformed to
incorporate the proven resistance to CBSD. Unfortunately, the process of somatic
embryogenesis used to regenerate cassava caused the resulting plants to become
susceptible to CMD, even though the original clones carried the CMD?2 resistance
(Beyene et al. 2016). This is a systematic process observed by two independent
research groups.

Genetic transformation remains a promising technology. Early experiences have
been humbling and have helped expose the complexities in plant physiology and
metabolism. Hopes to increase productivity or enhanced levels of proteins in the
roots may need a long time to materialize. But for simpler goals such as starch vari-
ants, virus resistance (in spite of the current drawback of loss of CMD?2 resistance),
herbicide tolerance and (perhaps) tolerance to PPD, the technology may have a
positive impact. Advances have also been made regarding the legal framework for
field evaluation of transgenic materials in different African countries, Colombia,
Indonesia and China. No commercial exploitation of transgenic cassava has been
requested or authorized yet.

Associated with the potential of genetic transformation is the emerging alterna-
tive of gene editing, for example, based on CRISPR (Odipio et al. 2016). Gene edit-
ing can overcome some of the regulatory problems that genetic transformation has.
Regeneration of protoplasts is feasible in cassava (Sofiari et al. 1998). This is impor-
tant because regulatory issues are less limiting when regeneration is from edited
protoplasts. Four copies of the GUS gene have already been edited in cassava
(P. Chavarriaga, personal communication), and it is expected that soon field evalua-
tions of edited cassava will be reported. Editing inbred progenitors would also allow
overcoming the regulatory issues, and this is yet another reason justifying the need
to develop inbred cassava.

5.12 Future Prospects and Outlook

Cassava is today a key food security staple and a competitive commodity for differ-
ent industries. It will be even more important in the next few decades. Population
growth will be particularly high in Africa, where cassava is a fundamental source of
calories for the diet of millions of people. Increases in the concentration of CO, in
the air will improve its productivity, thus reducing the physiological advantage that
C4 crops such as maize have as a feedstock for industrial processes. There is, how-
ever, an urgent need to fundamentally change the way cassava is bred, so that major
advances in productivity can be attained again and new technologies can finally
have a positive impact on the crop.
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Cassava is the only diploid species, among the major staple crops, whose breeding
is based on the use of heterozygous progenitors. Breeding should shift from the cur-
rent system in which elite progenitors are crossed — hoping to find an outstanding
hybrid by a process that is largely trial and error — to improving progenitors that
would more predictably produce better clones. Initially, this approach is more com-
plex because a pre-breeding step (e.g. parental development) needs to be added.
However, the added complexity is only temporary. Once a group of a few elite inbred
progenitors, producing outstanding hybrids, is identified, the system becomes much
simpler and more efficient. There are several advantages that justify the use of inbred
progenitors: genetic variability would be conveniently partitioned in ways that breed-
ers can more easily exploit; dominance and epistatic effects can be efficiently and
predictably exploited when inbred progenitors are used; heterosis can gradually and
systematically be enhanced; trait introgression would not result in yield penalties as
is happening today and back-crossing could be implemented; storage and exchange
of germplasm (as botanical seed that breeds true) would be facilitated; and collabora-
tion among the few cassava breeding programs will be greatly facilitated allowing
true synergies among them.

Genomic selection offers a great potential. It allows identifying genotypes carry-
ing a set of desirable alleles that can reliably be identified as such. However, genomic
selection only allows “seeing” the good and bad alleles that each genotype has.
Combining desirable alleles and maintaining them together are nearly impossible if
heterozygous progenitors are used. On the other hand, if inbred progenitors are
used, desirable alleles can gradually and systematically be assembled in a given
genotype. Every step accumulating desirable alleles is maintained. In the current
system, every meiotic event recombines randomly the alleles, essentially erasing a
considerable proportion of the genetic progress made in generating the genotype
where it takes place. Current applications of GS in maize breeding could be readily
implemented for cassava, if inbred progenitors were available.

Other applications of molecular markers can have an impact in cassava breeding
as well. However, cost/benefits should be taken into account. MAS for the sake of
using it should be avoided. There are examples where molecular markers offer
appealing advantages that have not been exploited. Improving the breeding value of
progenitors could have an immediate and obvious impact. Molecular markers could
be used to screen germplasm collections in search of sources of useful mutations.
The discovery of the waxy starch mutation in cassava illustrates the wealth of
genetic diversity that has remained hidden in germplasm collections and needs to be
exposed and exploited. Screening germplasm collections through conventional phe-
notyping methods is cumbersome, time consuming and expensive. Molecular tools
offer clear advantages that have not yet been considered. These applications of
molecular markers are helpful to support the idea that new technologies in cassava
need to be applied but in ways that differ from the conventional uses for other crops.

Genetic transformation in cassava has evolved considerably in the last two
decades. Protocols of genetic transformation in cassava have improved considerably
in the last two decades. Protocols are efficient and many cultivars can be trans-
formed. A broad set of traits have been addressed by several laboratories that have
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succeeded transforming cassava in Africa, Asia, Latin America, Europe and the
USA. Although there have been unexpected drawbacks, they have contributed to a
better understanding of the complexities of gene regulation and expression, and
some of them should be quickly overcome. It would be very useful to have at least
one example of commercial exploitation of transgenic technologies in cassava.
Surprisingly no effort has been made to release herbicide-tolerant transgenic cas-
sava. Weed management is labour-intensive (requiring one to two person-months
each year per hectare) and is often carried out by women. Herbicide tolerance would
also allow direct planting, with further protection of the environment, reducing
costs and allowing more mechanized operations. This would also be fundamental
for the future of cassava as a competitive feedstock for industrial uses.

Finally, as different emerging technologies are developed and applied, there is a
tension between the old and the new approaches. Young scientists, trained in novel
technologies, have the legitimate interest in applying them to cassava. Cassava
research now is a multipronged effort with limited coordination. Scientists unavoid-
ably promote the use of the technologies with which they work. This is a reasonable
attitude. However, farmers’ needs require that the best and most efficient technolo-
gies are used to maximize the chances of developing superior hybrids. There is also
a tension between centres that specialize in a particular technology and scan for
opportunities to apply them. The commitment of these centres is for these technolo-
gies, not to cassava. Ideally, resources should be allocated to institutions and pro-
grams that have clear and long-standing commitment to cassava research.
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