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Introduction

Cassava (Manihot esculenta Crantz) is a 1-5 m high woody perennial shrub grown for
its starchy tuberous roots (Figure 1). Cassava belongs to the Euphorbiaceae, which
also contains other commercially important plants like castor bean (Ricinus communis
L.) and rubber (Hevea brazilienesis L.). The genus Manihot comprises 98 species and
all the species studied so far have a chromosome number of 2n = 36 (Rogers, 1963;
Rogers and Appan, 1973; Nassar, 1978; Hersey, 1983; Bai et al., 1993). The plants
contain lactifers and produce latex, andM. glazioviiis used as a minor source of rubber
(Cock, 1985). Cassava is native to tropical South America, and is one of the oldest
cultivated crops (Jennings, 1976) with possibly two centres of origin. Since cassava
does not exist in the wild state, and its wild progenitors are not known, the regions of
its domestication are disputed (Renvoize, 1972; Rogers and Appan, 1973; Rogers and
Flemming, 1973; Nassar, 1978). From Latin America cassava was introduced to
Africa in the 16" century and to Asia in the late 17" century, and today it is cultivated
world-wide in more than 80 countries between 30° south and 30° north of the equator.
Cassava is best suited to warm, humid lowland tropics, but it can be cultivated in most
areas where the mean annual temperature exceeds 20°C and the annual precipitation
varics between 500 mm and 8000 mm. Cassava roots are usually harvested 612
months after planting, but in areas where a cool season, e.g. at high altitudes arrests
plant growth and the accumulation of starch in the roots, the growing period can be up
to three years.

Cassava is well adapted to poor soils, allowing acceptable harvests even on
marginal and eroded soils unable to support any other crop without costly external
inputs, and it has the unique advantage over, for example, cereal crops, in that its
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Figure 1. {(a) Young cassava plants in the field. (b) Cassava rools

harvesting time is highly fiexible. This makes it an excellent famine reserve because
the plants can also be partially harvested and left growing in the ground until the roots
are needed. After an initial establishment period cassava is able to survive even
prolonged seasonal drought and other adverse environmental conditions. Cassava is
propagated vegetatively from lignified stem cuttings, ‘stakes’, which means that none
of the yield, roots, needs be set aside to secure planting material for the next season.
Most of the harvest is used for human food, either fresh or in various processed forms.
The rest is processed to animal feed and industrial products. As raw material, cassava
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Table 1. Production, labour requirement and calorie yicld estimates of some tropical crops (De Vries
et al., 1967; Coursey and Haynes, 1970; Onwueme and Charles, 1994).

labour energy food energy yield yield 10%cal/
person days/ha 10 cal/ha/day 10° cal’ha ha/month
cassava 180 250 12 i.l
yams 300 266 7 0.8
rice 200 i76 5 1.0
maize 80 200 8 1.8

can be processed into a wide variety of products for food and industrial uses, such as
starches, flours, alcohol, glucose and others. Much of the processing can be done focally,
providing rural employment and income (Balagopalan et al., 1988; Carrizales, 1991).

In the tropics, cassava is the most important root crop and the fourth most important
calorie source, after rice, maize and sugarcane. Cassava roots contain starch upto 85%
of their dry weight and provide basic staple for over 500 billion people. In many
developing countries cassava is also the cheapest available calorie source. It produces
the highest calorie yields per hectare of all staple crops and has a high efficiency of
energy unit per labour input ratio, as its cultivation requires much lower labour input
than most tropical crops (Table 1) (De Vries et al., 1967; Coursey and Haynes, 1970,
Onwueme and Charles, 1994). It is mainly grown by small-scale and subsistence
farmers in the poorer regions. World-wide, 65%-80% and in Africa 90% of the
harvest is used for human consumption (Balagopalan er al., 1988; Bokanga, 1994a;
Onwueme and Charles, 1994), and for example, in 15 sub-Saharan counteies, 30
million people get up to 60% of their daily calorie intake from cassava, while in some
of the indigenous groups in the Amazonian area over 80% of food energy is derived
from cassava (Roca, 1984; Cock, 1985; CIAT, 1994; Dufour, 1994, 1995: Kochet al.,
1994). The highest annual cassava consumption per capita on a country basis is 346.6
kg in the Democratic Republic of Congo (Zaire), followed by Congo (254.9 kg) and
Ghana (245.7 kg). Of the 12 countries where the annual consumption per capita
exceeds 100 kg, 11 are in sub-Saharan Africa, the other one is Paraguay (Table 2a)
(FAQ, 1997). In certain regions cassava leaves are also used as a major component of
the diet to provide supplementary protein, minerals and vitamins to complement the
carbohydrate rich staple.

The annual production of cassava in 1996 was 162 million metric tonnes (Table 2a).
The largest cassava producers are Nigeria, Thailand, Indonesia, Brazil and the
Demaocratic Republic of Congo, and the highest yields are obtained on Barbados andin
India (27.3 t/ha and 23.5 t/ha, respectively), while the lowest root yields only
reach up to 1.8 t/ha in Sudan (FAQ, 1997). Cassava production has risen steadily
during the past decades, partly due to increased growing area, but also due to
introduction of new high-yielding varieties. Much of the increase has been due to the
expansjon of cassava cultivation in Thailand (Table 2b), which exports most of its
production as dried chips and pellets to the European Union.

Constraints to cassava use and cultivation

Despite its integral part in food security in developing countries, cassava was long
neglected in breeding programmes, and often considered as a hardy crop with litte
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Table 2a. Cassava preduction in 1996, consumption in 1995 (FAG, 1997).

area yield production consumplion
harvested t/ha 10° metric kg/persfyear
10° ha tonnes
Africa 99 8.4 83.2
Congo Dem. Rep. 2.1 83 17.5 346.8
Mozambique 1.0 42 4.2 1947
Nigeria 29 107 315 [72.0
Asia 35 13.0 46.3
India 03 235 6.0 6.0
Indonesia 13 £2.1 154 549
Thailand 12 13.3 16.0 3.8
Latin America
and Caribbean 27 118 314
Brazil 1.94 12.6 24.6 525
Colombia (.18 938 18.0 36.2
Paraguay 175 149 2.6 148.8
World 16.3 9.98 162.9

Table 2b. Development of cassava production during 1970-1999, million metric tonnes (FAG, 1997).

1970 1980 1985 1990 1992 1994 1996

Africa 40.5 483 58.2 64.1 80.9 829 83.2
Nigeria 10.2 [1.5 13.5 17.6 29.2 30 315
Congo Dem. Rep. 10.3 13.1 15.5 17.0 202 18.1 7.5
Mozambique 2.9 3.6 3.6 5.0 32 34 4.2
Asia 23.2 458 48.5 52.0 51.4 49.3 46.3
{ndia 5.2 58 5.7 50 58 58 6.0
Indonesia 16 13.6 14.0 16.3 16.5 15.7 15.4
Thailand 34 16.5 19.3 21.9 20.4 19.1 16.0
Latin America

and Caribbean 34.7 292 29.6 337 28.6 31.2 314
Brazi! 29.5 235 231 254 220 245 24.6
Colombia t.2 22 L4 4.0 1.7 1.8 18
Paraguay L6 20 29 4.0 26 25 2.6
World 98.7 E24.1 135.7 152.4 161.1 163.5 162.9

problems. Up to 80 t/ha roots can be produced under optimal conditions in a 12 month
culture period (CIAT, 1980), but the actual yields are severely reduced due to poor
agricultural practice, and infestations by insect pests and diseases (Table 2a). On
average, various pests and diseases are estimated to cause 20%-50% yield losses
world-wide, and locally they can lead to total crop failures. Other important, stili
unsolved problems are the low protein content of the roots, the poor storability of
freshly harvested roots and the cyanogenic nature of cassava.

POST-HARVEST DETERIORATION

The poor storability of fresh cassava roots is one of the main constraints for urban
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marketing of cassava. Cassava roots can be kept on plants growing in the soil even for
years, but once harvested they must be processed quickly to prevent their deteriora-
tion, which in most cultivars takes place within 5-7 days of harvest (for review, see
Wenham, 1995). In most varieties the physiological deterioration of the roots com-
mences within 24 hours, and is first characterized by vascular discolouration (streaking),
followed by general discolouration of the storage parenchyma and secondary deterio-
ration caused by microbial pathogens, which renders the roots unacceptable for
human, animal or industrial use. Although still poorly understood, many of the
metabolic changes during the initial physiological deterioration resemble those ob-
served during normal plant wound response reaction, and it has been speculated that
the cause of the physiological deterioration could be a sustained wound reaction
spreading systemically from the wound site into the whole root (Beechinger al., 1994,
1995). If this is the case, then the regulation of the wound reaction and wound healing
in cassava roots, which have no function in plant propagation and are physiologically
inactive in comparison to other roots like yams or sweet potato, may be deficient.
Increased levels of among others, flavonols and other secondary metabolites are
produced during the primary deterioration, and this is accompanied by activation of
the enzymes of the phenylpropanoid pathway and also by initiation of de nove protein
synthesis (Tanakaet al., 1983, Rickard, 1985; Wheatley and Schwabe, 1985: Beeching
et al., 1994, 1995).

CYANOGENESIS

Cassava is cyanogenic, i.e. all parts of the plant produce hydrogen cyanide when
damaged. Hydrogen cyanide is the breakdown product of cyanogenic glucosides,
linamarin and lotaustralin, which are derived from valine and isoleucine, respectively,
via three hydroxylation steps followed by glucosylation (Koch et al., 1992). When
cassava tissues are disrupted, linamarin and lotaustralin are brought to contact with a
B-ghucosidase, linamarase, which catalyses their hydrolysis to glucose and
cyanohydrins. The breakdown products of cyanohydrins are a ketone and hydrogen
cyanide (HCN). This reaction is catalysed by an a-hydroxynitrilase, but can also
proceed spontaneously if the pH is higher than 4.0 (for review see Hugheseral., 1995).
The cyanogenic potential of cassava is highly variable between individual plants, and
even between individual roots of one plant, and it is also influenced by the entviron-
ment (Bokanga, 1994a; Bokangaet al., 1994). On average, unprocessed fresh cassava
roots contain about 150 mg/kg (15-440 mg/kg) cyanide eguivalents, while high
cyanide cultivars can contain up to 1500 mg/kg (O’Brienet al., 1992). The safety limit
for cyanogens for cassava products has been set at 10 mg/kg dry weight (Codex
Alimentarius Commission, 1989), and a cyanide dose of 50-100 mg can be lethal
within minutes (Rosling er al., 1993). To prevent cyanide poisoning, linamarin and
lotaustralin have to be removed by labour-intensive processing, and shortcuts in
processing can have fatal consequences (Akintowa ef al., 1994). All known cassava
cultivars contain cyanogenic glucosides, and despite considerable efforts no
acyanogenic variety could be found or produced (Jennings, 1976; Bokanga, 1994a;
Dixon et al., 1994). High cyanide varieties are favoured in some areas, as they are
considered more high yielding, tolerant to environmental stress and also safer from
theft by mammals (Rosling er al., 1993). On the other hand, severe neurological



334 J. PUONTI-KAERLAS

disorders have been shown to be closely linked to long-term exposure to cyanide
(Osuntokun and Monekosso, 1969; Tylleskir, 1994; Tylleskir er al., 1992, 1695). In
addition to the health risks of cassava-based food, the waste waters from cassava
processing plants often contain toxic amounts of cyanide, and consequently can be
serious pollutants (Manilal er al., 1983).

DEISEASES AND PESTS

Some of the main diseases of cassava are cassava bacterial blight, superelongation
disease, frog skin disease and the African cassava mosaic disease, which can lead up
to 100% yield losses (Lozano and Booth, 1974). Cassava bacterial blight caused by
Xanthomonas campestris pv manihotis is one of the main biotic constraints in cassava
cultivation world-wide, and heavy infestations of bacterial blight can destroy the
whole crop (Lozano, 1979; Boher and Verdier, 1994; Mahunguet al., 1994). The main
local dispersal mechanism of the pathogen is rain splashes, and the use of infected
planting material and tools can carry the disease considerable distances. By tradifional
breeding, some resistant varieties have been produced, but so far the resistance
obtained appears to be effective only under low infestation pressure (Cooper et al.,
1995).

Low root yields in Africa are largely due to heavy disease and pest infestations of
cassava plants. Affican cassava mosaic disease causes losses of up to 40%—50% of
total yields throughout the continent, and can locally destroy the whole harvest
{Thresh ef al., 1994; Otin-Nape, 1995). It is caused by the African cassava mosaic
virus (ACMV) which is transmitted by white flies (Bemisia tabaci), and also via
infected tools and planting material. There have been several epidemics of ACMV in
the past, and the occurrence of the disease throughout the continent is very high. The
most recent pandemic, possibly caused by a new variety of ACMV, which has caused
famine-related deaths and huge losses in cassava production, is spreading from north
to south through Uganda and western Kenya at 15-20 ki/year (Otim-Nape, 1995;
Otim-Napeez al., 1994a,b, 1997; Gibsonet al., 1996). So far, no cassava variety com-
pletely resistant to ACMYV could be produced by traditional breeding (Hong et al.,
1996}, but in Uganda the use of new varieties and disease-free planting material have
showed a positive effect (Bock, 1994; Otim-Nape et cl., 1997). On the other hand, as
the resistance to ACMY appears to be recessive and polygenic (Hahn er al., 1980),
breeding of new varieties may lead to the loss of local land races, and genetic
engineering may be necessary to transfer only the desired traits to these cultivars.

Cassava is a long-season crop, often grown by subsistence farmers, for whom the
repeated or continual use of pesticides to prevent prolonged attacks of pests is
economically prohibitive, in addition to being environmentally unsound. Due to its
long growth period, 8-24 months, cassava is susceptible to prolonged and repeated
attacks from several insect pests (Bellotti, 1979; Bellotti ef a/., 1994). White flies can
severely damage the plants, in addition to spreading ACMV. Mealybugs and green
mites are the main insect pests of cassava in Africa, where green mites cause losses up
to 80% (Yaninek, 1994), while leaf consumers like grasshoppers can also cause severe
damage locally (Bellotti, 1979, Beliott ef af., 1994; Le Rii and Calatayud, 1994).

. Nematodes can cause up to 98% losses, and the problem is increasing world-wide in
severity in areas of intensive cassava cultivation, where crop rotation and fallow
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periods are either shortened or abandoned altogether (Coyne, 1994). Cassava
hormworms (Erinnyis ello) can completely defoliate the plants and also attack tender
stem parts and lateral buds, killing young plants. Defoliation and stem damage reduce
the starch quality of the roots and also cause yield losses between 10% and 50%,
depending on plant age and the intensity of the attack (Bellotti and Arias, 1979).
Recently, stem borers have been identified as one of the main problems in cassava
cultivation in Latin America (Roca, pers. comm.)

Role of biotechnology in cassava improvement

Traditional breeding of cassava is difficuit due to the fact that the highly heterozygous
plants do not reproduce true to type via seeds. In addition, the low fertility and out-
crossing nature with strong inbreeding depression of the plants prevent inbreeding the
plants to homozygosity; and the limited gene availability in the sexually compatible
germplasm further restricts the use of traditional breeding in cassava improvement.
Many of the available resistance traits are polygenic and/or recessive, which makes
breeding for such characteristics complicated. Thus introgression of the desired
characteristics to the numerous land races (as cassava is vegetatively propagated,
every cultivar is basically a clone), adapted to specific environments will be compli-
cated and slow. Biotechnology is a powerful tool to complement traditional breeding,
and can extend the genetic pool for useful gene sources over species barriers. It also
offers the possibility of engineering single traits precisely, without the problems
encountered in traditional breeding that arise from the introduction of additional, often
undesirable genetic material. The transfer of multigenic traits also lies within the scope
of biotechnology, once the essential basic techniques have been established. These
techniques comprise reliable in virro culture and regeneration methods compatible
with regeneration methods, which aliow production of transgenic plants, combined
into a routine and efficient system easily transferable between different laboratories.
Characterisation of cassava genome, gene isolation and the development of molecular
maps are prerequisites for the development of marker-assisted breeding programmes
and map-based gene cloning, as well as for further studying and manipulating
metabolic pathways in cassava. '

Tissue culture (Figure 2) is used routinely for production of disease-free planting
material and for mass propagation of sclected cassava lines (for reviews see Roca,
1984; Raemakerset al., 1997a), but until lately, cassava was considered recalcitrant to
genetic engineering. A recent breakthrough was achieved, when first reports on
regeneration of transgenic cassava plants were published (Li ef al., 1996; Racmakers
ef al., 1996; Schopke et al., 1996). Besides genetic engineering technology, great
advances have also been made in developing methods for in vitro conservation,
molecular mapping, gene isolation and microbial processing techniques.

Tissue culture and regeneration of cassava

MERISTEM CULTURE AND DISEASE ELIMINATION

Cassava is propagated vegetatively, and hence it is susceptible to diseases that are
carried from one generation to the next through infected planting material. Especially
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Figure 2. In virro culwre znd regeneration methods in cassava. (a) Shoot regeneration from node culture.
() Multiple shoot regeneration from meristem. (¢} Torpedo stage and maturing somatic embryos.
{d)y Germinatung somatic embryos. (¢) Embryogenic suspension. () Shoot regencration via organogeacsis

international exchange of plant material, but also the maintenance of plant germplasm
require the use of disease-free stocks {Rocaer al., 1982; Schilde-Rentschler and Roca,
1987). Meristem cultures can be used to maintain and propagate cassava cultivars in
vitro and to produce clean planting material free of viruses and other diseases. In vitra
culture of cassava meristemns was first reported in 1974 by Kartha, who could
regenerate shoots from five cassava varieties, and showed that the growth of and shoot
regeneration from the meristems is promoted by addition of 0.1 mg/l BA, 0.04 mg/1
GAS and 0.2 mg/l NAA in the culture medium (Kartha, 1974), Meristem cultures were
used to produce plants free from cassava mosaic virus, when explants smaller than 0.4
mm were used (Kartha and Gamborg, 1975). Meristem culture can be combined with
thermotherapy to improve the elimination rate of a number of viruses and bacteria, and
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it also allows the use of larger meristem explants up to 0.8 mm (Kartha and Gamborg,
1973). For disease elimination of field grown material, cassava stakes are grown in the
greenhouse at 35°C or 40°C/35C day/night temperatures for 3-4 weeks, after which
the meristems of the sprouting shoots are isolated and cultured in virro for 3—-6 weeks.
The shoots formed by the meristems are then tested for the presence of infectious
agents, and if clean can be used for in vitre storage, micropropagation and for
germplasm exchange. The meristems from still infected shoots can be isolated again
and subjected to thermotherapyin vitro (Roca, 1984; Nger al., 1990; Rocaet al., 1991
Frison, 1994. Escobar er al., 1995). By use of meristemn culture and thermotherapy
90%—100% success has been reported in eliminating among others cassava bacterial
blight. frog skin disease (Schilde-Rentschler and Roca, 1987), cassava brown streak
virus {Kaiser and Teemba, 1979) and African cassava mosaic virus (Adejare and
Coutts, 1981). Cleaning the material of pathogens has been shown to increase the
productivity of cassava 50%—100% in the farmers’ fields (Mabanza ef al., 1993),

MICROPROPAGATION

Multiplication and delivery of improved cassava lines and disease-free plants to the
farmers is essential to ensure sustained cassava cultivation. Propagation of cassava via
stakes is slow, as one plant can produce onty 10-20 stakes per year (Roca, 1984). New
techniques based on single leaf-bud cuttings increase the multiplication rate consider-
ably (Roca et ai., [980), with a potential up to 300 000 new stakes per plant per year.
Micropropagation in vitro based on meristem culture has even greater potential.
Meristems cultured 1 virre can be induced to form multiple shoots on cytokinin-
containing medium. BA at concentrations between 0.5 and 10 mg/] alone or in
combination with low amounts of auxins can be used to break down the apical
dominance of axillary or apical meristerns, which allows the proliferation of multiple
shoots that can be harvested until several months after culture initiation. Culturing
cassava shoot tips on a medium containing | mg/l BA led to the formation of rosette
cultures, from which up to 20 shoots per original explant could be harvested weekly
(Roca, [984). In theory, the potential of the most efficient multiple shoot induction
protocols has been estimated to be up to 1.2 x 10 new shoots in one.year (Smither al.,
1987), and in China 800 000 transplantable plantlets of a high-yielding genolype Nan-
Zhi 188 have been produced for distribution to the farmers in two years using an
efficient low-cost iz vitre propagation system {Guo and Liu, 1995},

GERMPLASM CONSERVATION

Because cassava does not breed true to type, the collected lines cannot be stored as
seeds. Cassava genc banks throughout the world conserve cassava germplasm either
as field collections or in vitre. Field collections are maintained as continuous clonal
cultivations. which are bulky and require large areas. Also, they expose the plants to
environmental hazards, genetic erosion, diseases and pests. In vitro gene banks are an
alternative for field collections. To reduce the amount of work involved and to
minimize the risk of infections through frequent subculturings in maintenance of
vitro banks, slow growth shoot culture techniques have been developed. The shoots
are maintained under low light conditions on modified MS (Murashige and Skoog,
1962) medium supplemented cither with no growth regulators or with 0.01 mg/l NAA,
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0.02 mg/l BA and 0.1 mg/l GA, (Roca e al., 1989). CIAT (Centro Internacional de
Agricultura Tropical} in Cali, Colombia, has the world mandate for cassava, and
maintains the largestin vitro collection of cassava containing almost 6000 accessions,
requiring about 50 m? space (Escobar er al., 1993, 1997). The suitability of in vitro
collections for maintaining genetic stability in cassava has been recently confirmed on
the molecular Ievel in plants retrieved from cultures kept under slow growth condi-
tions for ten years (Angel ef al.,, 1996).

Even slow growth cultures may, however, be subject to genetic and physiological
changes, and the most stable form of germplasm conservation is cryopreservation,
where the tissues are frozen and stored under lignid nitrogen at —196°C. Early studies
showed that cryopreservation of cassava meristems, seeds and somatic embryos is
possible (Bajaj, 1977, Karthaer al., 1982; Marinet al., 1990; Mycockeral., 1995), and
recently an improved protocol for cryopreservation of cassava shoot tips allowing
50%—70% plant recovery was reported (Escobar er al., 1997). Shoot tips were isolated
from in vitro grown shoot cultures, pre-cultured on a medium containing 182.2 g/l
sorbitol and 0.78% DMSQ, treated with cryoprotectant (182.2 g/l sorbitol and 10%
DMSQ, 4% sucrose), for 2 hours and dehydrated for 1 hour on filter paper, after which
they were cooled stepwise to—40°C, and finally transferred to liquid nitrogen. Regrowth
of shoots from cryopreserved shoot tips was initiated on shoot culture medium after a
recovery period of two days first on 25.7% sucrose and 0.25% activated charcoal and
then on one-third strength MS medium with 12.8% sucrose and 1 g/l inositol in the
dark. Originally 11 out of 15 tested varieties could be successfully regenerated after
cryopreservation, but later modifications of the protocol allowed also some of the
initially recalcitrant cultivars to be regenerated at high frequency.

EMBRYO RESCUE

The survival and germination rates of cassava seeds are low, which can severely
constrain breeding programmes (Byme, 1984; Bai, 1987; Ogburia and Adachi, 1993).
Plant germination from seeds could be improved from 1%-15% to 41%-80% by
isolating and culturing embryonic axes from mature seeds at 30°C on a medium
containing 0.25 mg/l IBA under continuous light (Biggs et al., 1986). Newly matured
seeds had the highest germination rate, and in ageing seeds the germination rate
reduced rapidly. Both mature and immature embryos of cassava and wild Manihot
species could be induced to germinate in vifro on a medium containing half strength
MS salts. Up te 100% plantlet growth could be obtained when mature embryos were
cultured on a medium supplemented with 3% sucrose, while immature embryos
responded best on a medium supplemented with 4% sucrose, 15% coconut water and
5 mg/l IAA (Ng. 1992). When cultured on a medium supplemented with 2% sucrose
and 1 mg/l GA, immature embryos isolated 35 days after pollination showed the
highest germination rate (Catano er al., 1993).

DE NOV( REGENERATION

Multiple shoot induction

Meristems cultured in vitro on shoot culture medium containing no, or only low
amounts of, growth regulators produce one shoot, but they can be induced to form
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multiple shoots on cytokinin-containing medium. Most of the shoots are derived from
pre-existing axillary meristems (see section on micropropagation), but also de nove
formation of new meristems and shoots has been described {Konanet al., 1994a, 1995,
1997). Axillary buds could be induced to swell to bulb-like structures on media
containing 2-10 mg/l BA, and transfer of such structures to media supplemented with
cither 0.1 mg/INAA, 1 mg/l BA, 0.1 mg/l GA,, or with 1-2 mg/l BA Ied to production
ofup to 14 multiple shoots per explant (Konanet al., 1994a; Frey, 1996; Puonti-Kaerlas
et al., 1997a). Bhagwat er al. (1996) showed that a pre-treatment in lquid culture
medium containing 0.025-0.05 mg/1 thidiazuron increased the frequency of multiple
shoot formation from nodal explants in several cultivars on solid culture medium
containing 0.5 mg/l BA and 0.5 mg/l GA,. Addition of the surfactant Pluronic-F68 in
the medium for a two-week period during the multiple shoot induction on 10 mg/l BA
also increased the shoot proliferation in cultivars responding poorly to BA treatment
alone, and in the best responding cultivars allowed up to 25 shoots to be harvested per
explant (Konan et al., 1997). Using a similar protocol, mutltiple shoots could also be
induced from apical meristerns, but the number of shoots was lower than when axillary
buds were used (Frey, 1996; Puonti-Kaerlas er af,, 1997a).

Somatic embryogenesis

Production of somatic embryos was first reported from cotyledons and embrycnic
axes of cassava zygotic embryos in 1982 (Stamp and Henshaw, 1982), and somatic
embryogenesis is now the most commonly used regeneration method for cassava
(Figure 3). The competence for somatic embryogenesis in cassava is restricted to

primary
embryo somatic
maturation and «— embryogenesis
germination
- .
” . g
s . Y-\
rd B
. :
‘/
organogenesis v .
g 'g cyclic
X shoot growth somatic
\ - embryogenesis
; .
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callus

Figure 3. Regencration schemes based on somatic embryogenesis in cassava, Dashed lines show
regeneration via organogenesis, dotted lines regeneration from somatic embryos not directly regenerable to
plantlets via germination.
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meristernatic and embryonic tissues, and somatic embryos can only be induced on a
limited number of explants, e.g. cotyledons or embryonic axes from zygotic embryos
(Stamp and Henshaw, 1982, Konan et al., 1994a,b), immature leaf lobes (Stamp and
Henshaw, 1987a; Szabados ef al., 1987; Mathews ef al., 1993; Raemakers, 1993;
Raemakers er al., 1993a; Li er al., 1995, 1996, 1998), meristems and shoot tips
{Szabadoser al., 1987; Narayanaswamiet al., 1995; Puonti-Kaerlaser al., 1997a), and
immature inflorescences (Mukherjee, 1995; Puonti-Kaerlas and Woodward unpub-
lished data) on auxin-containing media. Picloram at 1-12 mg/l, dicamba at 1-66 mg/
Iand 2,4-D at 1--16 mg/l have been used to induce primary somatic ernbryogenesis, the
efficacy of the different growth regulators depending on the explant and the cultivar
used (Ng, 1992; Mroginsky and Scocchi, 1993; Sudarmonowati and Henshaw, 1993;
Taylor et al., 1993; Li et al., 1995, 1998). The embryogenic potential in general in
cassava is highly genotype dependent, and there are some cullivars from which,
despite repeated efforts, no somatic embryos could be obtained so far. Pretreatment of
the donor plants with 2,4-D (Matsumoto ef al., 1991; Raemakers, 1993), and the
addition of ABA (Konan ef al, 1994b), or supplementary cupric suiphate to the
embryo induction medium (Schopke et al., 1993), have been shown to improve the
embryo induction frequency in some cassava cultivars. Often it is possible to induce
proembryonic structures, or even globular embryos on explants from recalcitrant
cultivars, but these do not develop further to torpedo-shaped or maturing embryos
(Sudarmonowati and Bachtiar, 1995; Raemakerset al., 1997b; Puonti-Kaerlas unpub-
lished data).

‘When maintained on auxin-containing medium, some of the somatic embryos
spontanecusly start developing to torpedo-shaped and eventually mature embryos
with greening cotyledons. This process is enhanced if the embryos are transferred to
hormone-free medium or to a medium containing low amounts of BA and auxin
(Stamp and Henshaw, 1982,1987a). The frequency of germination of mature somatic
embryos, however, is usually low, and the root development is incomplete. A two-step
protocol is therefore normally applied first to allow shoot elongation of the mature
somatic embryos on a medium containing 0.1-1.0 mg/i BA and 0.01 mg/ 2,4-D and
then to root the shoots on a hormone-free medium or a medium containing low
amounts of auxin. A new methed including a culture step on hormone-free medium
containing 0.5% activated charcoal foliowed by desiccation before transfer to hor-
mone-free medium allowed up to 83% plant regeneration from germinating embryos
with normal root development (Matthews ef al,, 1993). Likewise, additional Gzﬂ\3 was
shown to be beneficial for the further development of shoots from somatic embryos
(Matsamoto et al., 1991; Szabados et al., 1987).

Primary somatic embryos can be induced to produce secondary somatic embryos by
further subcuituring on auxin-containing medium (Stamp and Henshaw, 1987b). In
contrast to primary embryogenesis, also NAA can be used to induce secondary
embryogenesis {Raemakers eral., 1995a; Sofiari ezal., 1997). By constant subculturing
of somatic embryos, a cyclic embryogenesis system can be established either in liquid
or solid mediom, where the embryos rarely pass the torpedo stage, until transferred to
germination medium. Paclobutrazol used in combination with 2,4-I) has been shown
to increase the frequency of secondary somatic embryogenesis, and substituting
maltose for sucrose in the embryo induction medium increases the rate of somatic
embryogenesis, germination and plant regeneration, allowing up to 24 plants to be
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regenerated per original explant (Li ef al., 1995, 1998). The efficiency of secondary
somatic embryogenesis has been shown to be higher in liquid cultures than on solid
cultures (Raemakers ef al., 1993b,c; Li er al., 1995), and the use of NAA allows
efficient production of somatic embryos with high germination capacity. To obtain
maturing embryos with complete shoot and root poles from NAA induced embryo
cultures, desiccation and further culture on a medium containing 0.1-4 mg/l BA is
necessary, bt then the efficiency is higher than when embryos maintained on 2,4-D
are used (Raemakerser al., 1997c; Sofiariefal., 1997). In most tested cultivars the BA
treatment enhanced both germination and root formation of NAA induced embryos,
while in 2,4-D induced embryos with one exception only the root formation frequency
was improved. Controlled desiccation experiments showed that the highest germina-
tion rate is obtained when embryos were allowed to dry to 60% of their ori ginal weight
(Raemakers ef al., 1997¢).

Friable embryogenic callus and embryogenic suspensions

A fraction of the cycling somatic embryos maintained on a MS medium supplemented
with 12 mg/l picloram is able to produce a new tissue type which consists mainly of
small globular embryo-like structures. When isolated, it will produce a highty friable
embryogenic callus (FEC) (Taylorer al., 1996). The frequency of FEC production can
be increased by substituting the MS medium with GD medium (Gresshoff and Doy,
1974). Once pure FEC has been obtained it can be easily transferred to liquid culture
to establish a rapidly proliferating embryogenic suspension in liquid SH (Schenk and
Hildebrandt, 1972) medium supplemented with 6% sucrose and 12 mg/I picloram. By
transfer to hormone-free medium, development of maturing embryos is induced. The
efficiency of the maturation step could be improved by transferring the cultures
maintained on 10 mg/l picloram to a medium supplemented either with 1 mg/l
picloram or 1 mg/l NAA, which allows the globular embryos to continue their
development to torpedo stage and germinating embryos. The conversion of globular
embryos is still the limiting step of the regeneration protecol, as only a small fraction
of the embryos is able to develop into torpedo stage embryos, and the variation in the
cultures is high (Raemakers et al., 1997¢).

Organogenesis

Early results of shoot regeneration from cassava callus (Tilquin, 1979} couid never be
repeated, and only recently an efficient alternative regeneration system via organo-
genesis has been developed in order to circumvent the problems encountered when
regeneraling plants via germinating somatic embryos (Li er al., 1995,1996,1998).
Shoot primordia were induced directly on cotyledon explants from germinating
cycling somatic embryos. A cydling system where the secondary somatic embryos
were induced on cotyledon explants from maturing somatic embryos was established.
To induce shoot organogenesis, cycling somatic embryos were transferred to matura-
tion medium containing 0.1 mg/l BA, and the developing young green cotyledons
were harvested, cut to pieces, transferred to organogenesis medium containing 1 mg/
1 BA and 0.5 mg/l IBA and cultured for 20 days in the darkness. After a passage on
elongation medium containing 0.4 mg/l BA, the regenerating shoots could be easily
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rooted on hormone free medium and transplanted into soil in the greenhouse, Shoot
induction frequency of different cassava cultivars varied between 42% and 67% and
shoot primordia could be induced on cotyledons from cycling embryos maintained
either on 2,4-D or picloram. Cotyledon explants derived from cycling somatic
embryos showed the highest competence for organogenesis, while those from primary
somatic embryos responded very poorly. Compared to regeneration via germination
of embryos derived from suspensions, shoot regeneration via organogenesis is faster,
thus requiring less time in tissue culture. Using organogenesis, transplantable shoots
can be regenerated from cotyledon explants within 6065 days. In addition, the
germination/maturation steps in the protocol ensure the selection for highly regenera-
tion competent embryos, hence minimizing the risk of producing embryogenic
cultures that will be arrested in their development.

Genetic transformation

Production of stably transformed plants requires several factors to be fulfilled (Potrykus,
[991). First, an efficient in vitro culture system that allows regeneration of plants has
to be developed. Plant cells are generally considered to be totipotent, thus being able
to regenerate whole plants from singie cells in vitro. The ability to react to external
stimuli and to regenerate fn vifro is, however, often limited to certain tissues and
developmental stages, as discussed in the previous chapter on cassava regeneration,
and the requirements for transformation and regeneration competence may not always
be compatible. Secondly, a method for efficient transfer and stable integration of the
transgenes into the plant genomic DNA is ¢ssential; this also includes means for
identifying and selecting for transformed cells. Finally, the introduced genes must be
correctly expressed in the primary transgenic plants and stably transmitted to their
progeny. In the case of cassava, which is vegetatively propagated, the transgenes can
be fixed already at the level of the primary transgenic plants, and stable inheritance is
of concern only when the transgenic plants are to be incorporated in breeding
Programnes.

There are several methods for delivering foreign DNA into plant cells (for a set of
protocols, see Potrykus and Spangenberg, 1995). The most commonly used transfor-
mation method is Agrobacterium-mediated gene transfer. Not all plant species,
however, are amenable toA grobacterium-mediated gene transfer, and for these, direct
gene transfer methods have to be developed. Of the vectorless methods, particle
bombardment is the most frequently used, other technigues include among others
chemically induced DNA uptake, electroporation, microinjection and electrophoresis.

AGROBACTERIUM-MEDIATED GENE TRANSFER

In nature, the crown gall disease on plants is caused by virulent sirains of Agrobacterium
tumefaciens (for review, see Kado, 1991). These strains contain a large plasmid (Ti-
plasmid), from which a sequence (T-DNA) is transferred into the nucleus of the plant
cells and integrated stably into their genomic DNA. Expression of the genes encoded
by the T-DNA cause, among other things, uncontrofled proliferation of the trans-
formed cells, which leads to gall formation. T-DNA is delimited by borders, 25 base
pair long direct repeats, which are the only T-DNA sequences essential for T-DNA
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recognition, excision and transfer. The whole DNA sequence inside the borders can be
replaced by any passenger sequence, which will subsequently be transferred into plant
cells by the engineered Agrobacterium. Non-oncogenic vectors, which no longer
carry the genes leading to tumour development, and allow regeneration of normal
plants, have been developed (e.g. Zambryski er al., 1983) and are widely used for
transformation of a number of plant species. Cassava has been shown to be susceptible
to Agrobacterium (Calderon-Urrea, 1988), but the efficiency of different strains is
highly variable and genotype-dependent (Chavarriaga-Aguirre ef al., 1993: Sarria et
al., 1993a; Li et al., 1996; Puonti-Kaerlas ef al., 1997b,¢c).

VECTORLESS SYSTEMS

‘Naked’ DNA was first delivered into plant protoplasts by chemically induced DNA
uptake (Davey et al, 1980; Krens ef al, 1982). Transformation of protoplasts by
electroporation was first reported in 1985 (Fromm er af., 1985, Shillito et al., 1985).
The disadvantage of protoplast techniques is that the regeneration of whole plants
from protoplasts is still limited to a few plant species. The use of complex explants can
circumvent the need for protoplast regeneration, but the cell wall was long considered
abarrier to DNA transfer into intact plant cells. The development of particle guns and
tissue electroperation methods made it possible to transfer DNA also into plant cells
surrounded by cell wall and o whole tissues. First transgenic plants were regenerated
from electroporated immature embryos of maize with partially digested cell walls and
from maize embryogenic caltus that had been mechanically wounded (D'Halluin ef
al., 1992}, and later it was shown that no wounding is required for DNA transfer (K16t
ef al., 1993). Although transgenic rice plants could be produced from electroporated
embryo tissues (Xu and Li, 1994), the transformation frequencies obtained using
tissue electroporation are relatively low, and the technique is not widely used.

Biolistic methods are based on particle guns which use microprojectiles that are
accelerated into plant cells through the cell walls. The transforming DNA is bound to
the particles that carry it into the cells. Particle acceleration is based either on
gunpowder explosion (Klein et al., 1987 Sanford et al., 1987), instantaneous water
vaporisation (McCabe and Christou, 1993) or on gas bursts (Finer ef al., 1992). The
advantages of biolistics are that cell layers situated under the surface can be reached,
and little tissue specificity in the efficiency of particle delivery has been observed so
far. Bombardment parameters can be easily optimized using transient expression
studies of visual markers, but high transient expression after particle bombardment
does not always correlate with high stable transformation frequency. On the other
hand, both electroporation and particle bombardment require access to highly devel-
oped equipment, whereas transformation via Agrobacteriun: only necessitates use of
standard laboratory facilities.

SELECTABLE AND SCREENABLE MARKER GENES

Stable transformation frequencies are low, and the use of different marker genes is
necessary to allow the identification and selection of the stably transformed cells (for
review, sec Schrott, 1995). Of the visual markers, GUS encoded by the uidA gene
(Jefferson, 1987, Jefferson er al., 1986) is the most commonly used. In a histochemi-
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cal assay a blue indigo precipitate indicates the activity of theuidA gene in transformed
plant cells. The disadvantage of the GUS assays is that they are lethal, and in only few
cases can be used to select for and to produce transgenic plants (Christou, 1990:
Christou and MecCabe, 1992). Other visual non-lethal marker genes include the CJ
and Bperu that can be used to induce biosynthesis of anthocyanin in transformed cells
{Ludwig er ., 1990; Bilang er al., 1993; KlIoti et /., 1993), the green fluorescent
protein gene (Chalfie ef af., 1994), and the luciferase genes from the firefly Phorinus
prralis{Ow et al., 1986) and from the soft coral Renilla reniformis (Mayerhoferet af.,
1995). Transformed plant cells expressing the luciferase genes emit light when
supplied with an appropriate substrate, and transgenic Dendrobium plants could be
produced using luciferage as the sole marker system for identifying and isolating
transgenic tissues (Chiaet gf., 1994). Luciferase 1§ an efficient, sensitive non-invasive
detection method, but its use requires access 10 costly equipment like a charged-
coupled device camera for detection and localization of the bioluminescence from
transformed cells.

Selectable marker genes render plant cells resistant to an antibiotic, a metabolic
analogue or a herbicide, thus allowing the cells containing and expressing the
transgene to survive and proliferate, while the wild-type cells are either arrested in
their growth or killed. The most commonly used selectable marker genes include
nptll, which encodes resistance to aminoglycoside antibiotics like kanamycin, neo-
mycin, geneticin and paromomycin (Bevan e al., 1983; Fraley er al.,, 1983;
Herrera-Estrella et al., 1983; Potrykus et al., 1983), hpt, which encodes resistance
agamnsthygromycin {van den Elzeneral., 1985; Waldroner al., 1985), and par and bar
which encode resistance against phosphinotricin, the active ingredient in many
herbicides (Murakami er af., 1986; De Block er al., 1987; Thompson et al., 1987,
Wohllenben er a/., 1988).

Transformation of cassava

MERISTEMS

Transient and stable expression of both GUS and luciferase have been demonstrated
in meristems and meristem-derived somatic embryos and multiple shoot clusters after
particle bombardment (Puonti-Kaerlas er al,, 1997a) or cocultivation with Agro-
bacterium (Konaner al., 1995; Puonti-Kaerlas eral., 1997a). Transgenic sectors could
be detected in the developing shoots, but so far no fully transgenic plants have been
regenerated.

SOMATIC EMBRYOS

Both primary and secondary somatic embryos develop from groups of cells, usually
located at or pear the vascular tissue (Stamp, 1987; Raemakers ef ol., 1995b). The
multicellular origin of the somatic embryos makes them poorly suited for genetic
engineering, and their location under the plant epidermis also limits their accessibility
o Agrobacterium. Transgenic sectors were detected in somatic embryos after
electroporation, but up till now no transgenic plants have been regenerated from the
electroporated embryos (Luong et al., 1995). Particle bombardment of embryogenic
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clusters has led to high transient expression of visible marker genes in several
laboratories, but at best only sectorial transgenic embryos could be regenerated from
bombarded embryos. Transgenic catlus can be easily obtained from explants from
cycling somatic embryos, but as a rule the competence for embryogenesis is lost when
the cultures are treated with antibiotics to select for transformed cells {Chavarriaga-
Aguirre ef al., 1993; Schopke et al., 1993; Puonti-Kaerlas unpublished data).

There is only one report on successful regeneration of transgenic cassava plants via
secondary somatic embryogenesis with PCR data to show the presence of transgenes
in the regenerants (Sarria et al., 1995). In this case, secondary somatic embryos were
induced on cotyledon explants from primary somatic embryos of cultivar MPeru183
after cocultivation with the wild-type Agrobacterium strain CIAT 1182 carrying the
genes encoding GUS and resistance to the herbicide Basta. Selection on 16-32 mg/]
Basta allowed the regeneration of putative transgenic secondary gmbryos that could be
germinated to plants. The cultivar MPerul83 and the Agrobacterium strain CIAT
1182 were selected after a screen for the most efficient combination to ensure high
transformation frequency (Sarria er al., 1993a). The reproducibility of this method is
still to be tested, and its main current disadvantage is that the CIAT 1182 is still
oncogenic and thus its use for production of transgenic plants on routine basis is
limited. Disarming of the vector should in the future offer great potential for further
improvement of Agrobacterium-mediated transformation methods.

EMBRYOGENIC SUSPENSIONS

In contrast to the primary or secondary somatic embryos, the new embryogenic units
in friable embryogenic callus develop from the surface cells of the globular embryo
clusters, and appear to be of single cell origin, which makes them good targets for
transformation (Taylor et al., 1996). Particle bombardment of embryogenic suspen-
stons of cultivar TMS 60444 allowed regeneration of transgenic cassava plants viatwo
different approaches. One was based on selection for resistance to paromornycin
(Schépke eral., 1996), the other on visual selection using firefly luciferase (Raemakers
et al, 1996). When antibiotic selection was used, the bombarded tissues were first
grown for two weeks after transformation in liquid medium containing 12 mg/l
picloram, after which paromomycin was added to the liquid culture at 15 mg/l. After
4-5 weeks of liquid selection the developing embryogenic units were transferred to
solid culture medium under the same selective conditions and cultured further for
another 4 weeks. Regeneration of plants was only possible, when no selection was
applied. Therefore, after the transgenic units were multiplied as friable embryogenic
callus, shoot regencration was initiated by sequential transfer and culture on a series
of media to induce the differentiation of globular and torpedo stage embryos (1.2 mg/
! picloram}, development of cotyledons (0.93 mg/l NAA) and maturation (0.5%
activated charcoal, no growth regulators) of embryos. Before attempting to root the
regenerants, a multiplication step to induce multiple shoot formation from the apical
meristem of the germinating embryos was applied (1 mg/l BA). The regeneration
capacity differed greatly between the selected lines, and in some cases no plants could
be regenerated. Southern blot data were published to prove the presence of the UidA
gene in one regeneraied shoot.

When firefly luciferase was used to identify and select for transgenic tissues, the
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embryogenic suspensions were cultured for one day after bombardment on solid
mediurn containing 6% sucrose, and then transferred either to liquid medium contain-
ing 6% sucrose or to solid medium on which the sucrose concentration was reduced
from 6% to 2% in two 3-day subculture steps. Two weeks after bombardment the
cultures were monitored for the first time for luciferase activity, and clusters of
embryogenic units at and around the luciferase positive spots were isolated and
cultured further. The luciferase screen and tissue selection was repeated at 2-week
intervals, until 2 months after bommbardment the friable embryogenic calli clusters
containing at least 1% luciferase positive units were transferred to maturation medium
containing | mg/l picloram for development of somatic embryos. The maturing
luciferase positive embryos were further multiplied via secondary somatic embryo-
genesis on media containing either 10 mg/l NAA or 8 mg/l 2,4-D, and in subsequent
steps of cyclic somatic embryogenesis 10 mg/l NAA. After desiccation, the somatic
embryos were induced to germinate on a medium containing I mg/l BA, and then
muitiplied as shoot cultures by nodal cuttings. The efficiency of the secondary embryo
formation from selected embryos was 83%, but only 1--15% of the embryos could be
germinated to transplantable shoots. Southern blot data confirmed the transgenic
nature of three plants. A method combining antibiotic selection using phosphinotricin
and luciferase showed that use of 20 mg/l phosphinotricin allowed the development of
both transformed and non-transformed maturing embryos from bombarded friable
embryogenic callus, but the luciferase screening could be efficiently used to exclude
escapes, and inclusion of 20 mg/l phosphinotricin in the maturation medinm effi-
ciently blocked the maturation of non-transgenic ermnbryos (Snepvangers ef al., 1997).

The use of the protocols described above depends on the availability of embryo-
genic suspensions, the establishment of which is highly genotype dependent and
labour intensive. The low regeneration rates and the regeneration of possibly abnor-
mal plants reduce the transformation efficiencies obtained after bombardment of
embryogenic suspensions (Taylor et al., 1996; Racmakers efal., 1997b,c; Snepvangers
etal., 1997). In all the protocols where embryogenesis is used as a way of regeneration,
the use of antibiotic selection, with the possible exception of phosphinotricin, reduces
the regeneralive potential of the transgenic material. To avoid this, relatively compli-
cated, time-consuming and labour-intensive regeneration schemes must be followed,
which may increase the risk of somaclonal vartation in the transgenic plants.

ORGANOGENESIS

The shoots regenerated via organogenesis develop from cells at or close to the cut
edges of the cotyledon explants, which makes them good targets for Agrobacterium-
mediated gene transfer. In contrast to the protocols based on somatic embryo production,
both calius and shoot development were inhibited by similar amounts of antibiotics,
and both geneticin, hygromycin and phosphinotricin could be used as selective agents
(Lieral., 1996; Puonti-Kaerlas et al., 1997a,b). In compatibility tests conducted with
four different Agrobacterinm strains carrying an intron-interrupted wuidA gene
(Vancanneyt ef al., 1990), cassava cotyledon explants cocultivated with LBA4404
(pTOK233) (Hoekema et al., 1984; Hiei er al., 1994) and 1.BA4404(pBinSCGusint}
{Holtorf et al., 1925) showed the highest transient transformation frequencies. Pre-
induction of the Agrobacteria with acetosyringone increased the transformation
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frequency considerably, and a two-hour preinduction time was found to be optimal.
Extending the cocultivation time to four days resulted in the highest transient
transformation rates without excessive bacterial contamination. The developmental
state of the explants was also found to be a critical factor in the transformation
procedure. Cotyledons from newly germinated embryos were very senmsitive to
Agrobacteria, and survived the cocultivation procedure poorly, which resulted in low
transformation rates. Cotyledon explants from older embryos survived better, but
explants from germinating embryos older than 20 days regenerated less efficiently.
The highest regeneration and transformation frequencies were obtained by using
cotyledon explants from somatic embryos cultured for 15 days on maturation me-
dium.

Following cocultivation, callus and small resistant shoot primordia developed on
selection medium containing 15 mg/l hygromycin or 20 mg/l geneticin from the
cotyledon explants cocultured with LBA4404(pBin9GuslInt) or LBA4404(pTOK233),
respectively. In GUS assays three out of 27 regenerated geneticin resistant shoot
primordia and six out of 30 hygromycin resistant shoots stained blue. After rooting,
the putative transgenic shoots could be transferred to soil in the greenhouse (Li e al.,
1996). Cloned plant material was stained for GUS activity in order to asses the
expression of the 358 promoter in different cassava tissues. In contrast to earlier
reports based on transient assays after particle bombardment (Arias-Garzén and
Sayre, 1993), the 355 promoter was shown to be highly expressed in all cassava
tissues, including all parts of the roots. The highest expression levels, as determined by
the intensity of the blue colour, were in the youngest tissues, including apical and
axillary meristems and root tips (Puonti-Kaerlas et al., 1997b,c). The stable integra-
tion of the transgenes into cassava nuclear DNA was demonstrated in five transgenic
plants and Northern data to prove the transcriptional activity of the transgenes were
presented. The selection system still needs further improvement, as some escapes
could be found, but by use of PCR the escapes can be easily identified and discarded.

Potential of genetic engineering in cassava improvement

DISEASE RESISTANCE

African cassava mosaic virus (ACM V) has been ranked the most serious vector-borne
plant disease in Africa (Geddes, 1990), and it is a severe constraint {o cassava
cultivation. There are few means to protect the plants in the field from being infected
with the virus, except hy trying to control the spread of the vector, whitefly, by
agrochemicals, which, for the subsistence farmers, is unviable economically and also
unsound environmentally (Fishpool and Burbank, 1994). Virus resistance has been
introduced to over 20 plant species by genetic engineering (for review, sce Kahl and
Winter, 1995}, and there are indications from heterologous species (Frischrmuth and
Stanley, 1991; Hong and Stanley, 1996; Hong et al., 1996; Stanley er al., 1990; von
Amim and Stanley, 1992) that resistance against ACMYV could also be transferred 10
cassava. Genetically engineered resistance against bacteria has been achieved, e.g. in
tobacco and beans by either using genes rendering the plants resistant to bacterial
toxins or expressing plant or non-plant defence genes or genes regulating cell death in
infected tissues (for review, see Herrera-Estrella and Simpson, 1995). Such an
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approach could aiso be used to enhance resistance of cassava against bacterial blight
in the future.

PEST RESISTANCE

Cassava is a long-season crop, often grown by subsistence farmers, for whom the
repeated or continual use of pesticides to prevent prolonged attacks of pests is
economicalty prohibitive, in addition to being environmentally unsound (Bellotti er
al., 1994). The soil bacterium Bacillus thuringiensis carries a set of crygenes encoding
insect specific d-endotoxins (Bt toxins), which are efficient against a variety of
msects. Spraying Bacillus thuringiensis has been shown to be efficient in biological
control of cassava hornworm (Bellotti and Arias, 1979), and the spraying of Bt toxins
has been recommended as a biclogical control method for cassava hornworm (Anon,
1978). Bt toxins have been shown to be very efficient in rendering transgenic plants
resistant against several lepidopteran, dipteran and coleopteran species, and promis-
ing results are also emerging on nematode and mite control {DeWald, 1995: Kahl and
Winter, 1995). An attractive alternative to spraying of commercial Bt products would
be the production of the toxin in the plants themselves. Transgenic tobacco (Barton er
al., 1987, Vaeck er af., 1987}, tomato (Fischhoff er al., 1987), cotton (Perlak er al.,
1990), potato (Chen ef al., 1992) and rice (Wiinn ef al., 1996) expressing transferred
cry genes have been shown to be effectively protected from pest attacks. Expression
of the cry genes in transgenic cassava would complement the available methods for
pest control in an envirenmentally and economically sustainable way.

CYANOGENESIS

The cyanogenic nature of cassava makes it necessary to process the roots or leaves
before use, which is time consuming and laborious, and if not conducted property also
presents a health hazard to censumers.

By maniputating the key enzymes in linamarin synthesis, e.g. the cytochrome P-450
oxidase (Kocher al., 1994), by downregulation via antisense technology, the levels of
cyanogenic glucosides in cassava roots could be reduced. As the fear of possible
poisoning is an obstacle to selling fresh cassava roots directly from the farms in certain
parts of Africa, production of acyanogenic cassava would also contribute to the
household income in these regions. Alternatively, increased expression of linamarase
and o-hydroxynitrilase, the enzymes breaking down linamarin (Hughes ef al., 1995),
would offer a way to enhance the rate of cyanide release during cassava processing.
This would reduce the time and effort required for processing, which is the most
labour-intensive phase of cassava utilisation, and also help to save firewood, at
premium in many sub-Saharan countries. The residual cyanohydrins in processed
cassava have been shown to be the main source of dietary cyanide (Tylleskir et al.,
1992}, and thus maintaining a high activity of the u-hydroxynitrilase during cassava
processing would be of high interest.

DIETARY SUPPLY OF PROTEIN AND VITAMINS

One of the problems of cassava consumption is the low protein content of the roots,
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which can lead to qualitative protein malnutrition in areas where the diet is based
mainly on cassava. Also, protein deficiency has been shown to aggravate symptoms
related to cassava toxicity (Rosling, 1988). Introduction of a storage protein gene into
cassava roots would improve the nutrient balance of cassava, and provide a cheap
protein source, Cassava leaves contain valuable protein and provide a reliable, cheap
source of vitamins, minerals and proteins (Balagopalan er al., 1988; Bokanga, 1994b;
Dahniya, 1994). However, frequent leaf harvesting reduces root production, and
therefore leaves can only be harvested every two months in order to minimize losses
in root yields (Bokanga, 1994b). Prolonging the life of individual leaves could help to
maintain a satisfactory photosynthetic area while allowing more frequent harvesting
of leaves. As the market value of leaves is often higher than that of the roots (Lutaladio
and Ezumah, 1981). this could also contribute to household economies. Prolongation
of leaf life has already been demonstrated in transgenic tobacco using a senescence-
regulated promoter to control cytokinin production in ageing leaves (Gan and Amasino,
1995).

Vitamin A is vital to normal development in humans, and the consequences of
vitamin A deficiency range from night blindness through total blindness to reduced
resistance to various terminal diseases (Sommer, 1988; West Ir. ef al, 1989).
According to UNICEF, approximately 124 million children in the world suffer from
vitamin A deficiency {Sommer, 1988, Humphrey er al, 1992). Expressing the
corresponding genes from plants producing B-carotene, the precursor for the synthesis
of vitamin A, in cassava roots would provide a step towards alleviating this problem.
Cassava roots have a basic capacity for P-carotene synthesis, as shown by the
identification of cassava cultivars with yellow roots containing carotenoids (Moorthy
etal., 1990; Adewusi and Bradbury, 1993). Thus the expression of the first enzyme in
the pathway, phytoene synthase might be sufficient to produce yellow cassava roots.
Burkhardter af. (1997) have recently shown that it is possible to engineer this pathway
in plants.

Genomic mapping, molecular markers and gene cloning in cassava

Cassava is a highly heterozygous species, and the results from cylogenetic studies
have led to the proposition that cassava is either a segmental allotetraploid (Magoon
et al., 1969} or an allopolyploid (Umannah and Hartiman, 1973). Isozyme studies,
however, have revealed a predominantly disomic inheritance pattern (Levefre and
Charrier, 1993; Sarria et al., 1993b; Fregene er al., 1995), which would indicate that
cassavanow behaves like a diploid. There is no classical genetic map of cassava, as the
use of the traditional linkage analysis is constrained by the paucity of morphological
markers in cassava. A genetic linkage map, which shouid greatly help in understand-
ing the complexity of cassava genome, has recently been constructed in cassava
(Fregene ef al., 1997). A set of RFLP markers was developed (Angel er al., 1993) in
order to select those showing the highest polymorphism for the construction of a
framework molecular map, and RFLP and RAPD markers were developed to identify
the intraspecific cross to produce the F1 mapping population (Gomezef al., 1996). As
the parents used to produce the intraspecific F1 mapping population were hetero-
zygous, the framework map consists of female and male parent maps, and covers
approximately 60% (931.6 cM) of the cassava genome. The female parent map
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contains 132 RFLP, 30 RAPD, 3 microsatellite and 3 isoenzyme markers, and consist
of 20 finkage groups spanning about 60% of the cassava genome, with an average
marker density of 1 marker per 7.9 ¢M. The second map consisting of 107 RFLP, 50
RAPD, 1 microsatellite and 1 isoenzyme markers was constructed for the male parent.
The maps revealed a significantly higher recombination rate in the gametes of the male
parent than in the female parent; also the pattern of marker distribution shows that
recombination does not occur uniformly in the cassava genome. The joining of the
female and male maps and the addition of more markers to the map to produce a highly
saturated map with tightly linked markers will allow its use in marker assisted
breeding, map-based gene isolation and in more detailed characterization of the
genome structure in cassava.

Genomic and cDNA libraries from leaves, roots, and cotyledons of cassava have
been constructed (Hughes er al., 1992; Salehuzzaman er al., 1992; Tenjo and Mayer,
1993; Bohl et al., 1997). These can be used to isolate genes and promoters from
cassava, and also 1o characterize cassava germplasm {Beeching ef a/., 1993). Branch-
ing enzyme (Salehuzzaman et al., 1992) and granule-bound starch synthase
(Salehuzzaman ef al., 1993) genes have been cloned as cDNAs {rom cassava root
libraries. Expression studies showed that both enzymes are highly expressed in roots,
but the branching enzyme signal is also highly abundant in the stems, while that of the
granule-bound starch synthase is abundant in leaves of ir vitro grown plants
{(Salehuzzaman er af., 1994). Both the granule-bound starch synihase and ADP
glucose pyrophosphorylase B gene, the key enzyme in starch synthesis, have been
shown to be low copy number genes, while the branching enzyme is asingle copy gene
{(Salehuzzaman er al., 1992, 1993; Munyikwaet al., 1995). The genes involved in the
breakdown of cyanogenic glucosides, linamarase (Hughes er of., 1992), and -
hydroxynitrilase (Hughes et al., 1994) as well as the gene encoding the last enzyme in
the linamarin synthesis pathway UDPG-glucosyltransferase (Hughes er al., 1993)
have been cloned as cDNAs. The linamarase gene appears to belong to a small gene
family, while the o-hydroxynitrilase may be a single-copy gene (Hugheser al., 1995).
Using in site hybridisation it has been shown that in cassava leaves the expression of
the linamarase is restricted to the latex vessels (Pancoro and Hughes, 1992). Isolation
of a genomic clone of cassava PEP carboxylase has also been reported (Tenjo and
Mayer, 1993).

Processing technology

The cyanogens in cassava roots as well as the perishability and bulkiness of the roots
constrain their use. Processing removes the cyanogens, and processed products have
a longer shelf-life, are easier to transport, and also offer a wider variety of dishes for
consumption. Microbial fermentation has been used in cassava processing tradition-
ally in preparing fermented cassava products like farinha in Latin America, gari in
Alfrica and tape in Indonesia. Bacteria, mostly of the genus Lactobacillus and
Corynebacterium, and fungi, including Aspergillus and Saccharomyces, are used to
detoxify cassava and to modify the taste, nutritional value and properties of cassava-
based meal. A number of microbial strains and species involved in this process have
been studied in order to develop more efficient methods for producing high quality
products with high consumer acceptance, and also for developing new food and non-
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food products (Balagopalan ef af., 1988; Bokanga, 1993, 1995; Oguntimein er al.,
1995; Padmaja and George, 1995; Suismono er al., 1995; Zakhia er al., 1995).
Programmes directed towards products like protein-enriched animal feed (Dunger af.,
1995; Pham et al., 1995), and recycling of effluents from starch factories, containing
high amounts of organic matter and cyanide to produce e.g. microbial protein enriched
animal feed (Balagopalan and Ray, 1993; Balagopalan ef al., 1993; Soccol et al.,
1995a,b) also show a great promise. New value-added products based on cassava
include among other things food colourings, ethanol, citric acid, sweeteners and
vitamin C (Balagopalan and Ray, 1993; Balagopalan er al., 1995; Sriroth, 1995;
Zakhia et al_, 1993). Fermentation of cassava to produce sour starch dried in the sun
has been shown 1o be essential for the production of cassava flour that can be used for
bread-making without the addition of gluten or rising agents (Westley and Cereda,
1994; Zakhia ef al.. 1995, Figueroa Jr., 1997).

Conclusions

The development of new techniques allowing more efficient use and improvement of
cassava has proceeded rapidly in the past few years. The new processing technologies
provide possibilities for more diversification in the cassava industry, and for more
efficient treatment of effluents. Genetic characterization and map construction of
cassava are progressing, and will be a great asset for marker-assisted breeding, and for
map-based gene isolation. Isolation of promoters and genes as cDNAs and genomic
clones from cassava will contribute to the increased knowledge of metabolic path-
ways, their regulation, and eventually, their genetic engineering. Some examples of
future projects, in addition to those discussed before, are the manipulation of starch
composition in cassava and the preduction of biodegradable plastics. It has been
shown that a transgenic potato Jine producing amylose-free starch could be obtained
by expressing an antisense construct of the cassava granule-bound starch synthase
gene in potato (Salehuzzaman et af., 1993). As a first step towards production of
biodegradable plastics in plants, accumulation of polyhydroxyalkanoates has been
demonstrated in transgenic Arabidopsis plants expressing bacterial PHA genes
(Poirier ef al., 1995). As soon as more information is available about post-harvest
deterioration of cassava roots, means to control this problem may also be developed,
possibly by manipulating the regulation of the key enzymes involved in the wound
response reaction in cassava roots.

it is now possible to regenerate transgenic cassava plants, but so far there is little
information on the transferability of the current protocols to other cultivars beyond the
model cultivars used, or to other laboratories, and genetic improvement of cassava via
biotechnology is still constrained by the lack of routine, efficient and genotype
independent transformation methods. Despite the recent breakthroughs, transforma-
tion technology will still be one of the greatest bottlenecks in applying genetic
engineering to cassava improvement, until a reliable routine technique, compaiible
with as many cultivars as possible has been developed. Different transformation
systems may be needed for different cassava cultivars, and thus both direct gene
transfer methods as well as those based on Agrobacterium should be developed
further. The high proliferation rate of embryogenic suspensions will make the
multiplication of transgenic tissues efficient. and embryogenic suspensions also
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appear to have some potential as sources of regeneration competent protoplasts
{Sofiari, 1996; Raemakers et al., 1997¢). There is preliminary evidence suggesting
that the embryogenic suspensions are compatible with Agrobacterium-mediated
transformation systems (Puonti-Kaerlas unpublished data), which would make this
system less dependent on use of costly equipment. Likewise, the use of green
fluorescent protein instead of tuciferase might dispose of the need for the expensive
detection system needed for luciferase assays. On the other hand, organogenesis may
be a less genotype-dependent regeneration mode for cassava than germination of
somatic embryos, and it will also allow more flexibility in the choice of selectable
marker genes. The compatibility of the organogenesis-based regeneration system with
particle bombardment is currently being tested, in order to overcome potential
compatibility problems between cassava cultivars and Agrobacterium. The main
limitation to the rapid development of new techniques for cassava is, and has been, the
fack of funding for research in this area. It is to be hoped, that the progress achieved so
far with limited resources will help to increase the interest in this important crop.

Acknowledgements

I would like to thank ali my colleagues who shared their data prior to publication. The
financial support to the work conducted in my group from the Swiss Federal Institute
of Technology and from the Swiss Developmental Cooperation via the Swiss Centre
for International Agriculture is gratefully acknowledged.

References:

ADEJARE, G.O. aND CouTTs, R.H.A. (1981). Eradication of cassava mosaic disease fron
Nigerian cassava clones by meristem-tip culture. Plant Cell Tissue and Organ Culture 1,
25-32.

ADEWUSI, 5.R.A AND BRADBURY, J H. {1993). Carotenoid profile and tannin content of some
cassava cultivars. In Proceedings of the 151 International Scientific Meer of the Cassava
Biotechnology Network, Cartagena, Colombiza, ed. W.M. Roca and A.M. Thro, CIAT
working decument 123, 270--276.

AKINTOWA, A., TUNWASHE, O. AND ONIFADE, A. (1994). Fatal and non-fatal acute poisoning
attributed to cassava-based meal. Acta Horticulturae 375, 285-288%.

ANGEL, F., ARIAS, D1, TOHME, ], IGLESIAS, C. AND ROCA ,W.M. (1993). Toward the
construction of a molecular map of cassava {(Manihor esculenta Crantz): Comparison of
restriction enzymes and probe sources in detecting RFLPs. Journal of Biotechnology 31,
133-113.

ANGEL, F., BARNEY, V. E., TOHME, J. AND ROCA \W.M. {1996). Stability of cassava plants at
the DNA level after retrieval from 10 years of in vitro storage. Euphytica 90, 307-313.

ANONYMOUS (1978). Pest control in tropical root crops. Pans Manual 4. Ministry of Overseas
Development, UK: Centre for Overseas Pest Research.

ARIAS-GARZON, DL AND SAYRE, R.T. (£993). Tissue specific inhibition of transient gene
expression in cassava (Manihot esculenta Crantz). Plant Science 93, 121-130.

Bai, K.B.V. (1987), Recent advances in cassava genetics and cytogenetics. In Cassava
Breeding: A Multidiciplinary Review, ed. C.H. Hersey, 35-49.

Bal, K.V.B., ASIEDU, R. AND DIXON, A. {1993). Cytogenetics of Manihot species and
interspecific hybrids. In  Proceedings of the Ist Internarional Scientific Meet of the
Cassava Biotechnology Nenwork, Cartagena, Colombia, ed. W.M. Roca and A.M. Thro,
CIAT working document 123, 5[-55.

Bajal, Y.P.S. (1977). Cional multiplicaticn and cryopreservation of cassava through tissue
culture. Crop Improvement 4, 198-204.



Cassava biotechnology 353

BALAGOPALAN, C. AND RAY, R.C. (1993). Biotechnological approaches for cassava utitization
in India. In Proceedings of the Ist International Scientific Meet of the Cassava Biotech-
nalogy Network, Cartagena, Colombia. ed. W.M. Roca and AM. Thro, CIAT working
document 123, 283-291.

BALAGOPALAN, C., PADMAJA, G., NANDA, S.K. AND MOORTHY, S.N. (1988). Cassava in food,
feed and industry. Boca Raton, USA: CRC Press,

BALAGOPALAN, C.,RAY, R.C., SHERIFF, ] T. AND RAJALEKSHMY, L. ([995). Biotechnology for
the value addition of waste waters and residues from cassava processing industries. In
Cassava Biotechnology Network: Proceedings of the 2nd International Seientific Meeting,
Bogor, Indonesia, CIAT working document [50, 690-701.

BARTON, K.A., WHITELEY, HR. AND YANG, N.S. (1987). Bacilius thuringiensis  delta-
endotoxia expressed in transgenic Micotiana iabacim provides resistance to Lepidopteran
insects. Plant Physiology 85, 1103-1109.

BEECHING, J.R., MARMEY, P.. GAVALDA, M.C., NOIROT. M., HAYSOM, H.R., HUGHES, M.A.
AND CHARRIER, A. (1993), An assessment of genetic diversity within a collection of
cassava (Manihot esculenta Crantz) germplasm using molecular markers. Annals of
Botany 72, 515-520.

BEECHING, ].R., DODGE, A.D., MOORE, K.G., PHILLIPS, HM. AND WENHAM, LE. (1994),
Physiological deteriaration in cassava: possibilities for control. Tropical Science 34, 335—
343

BEECHING, J.R., DODGE, A.D., MOORE, K.G. AND WENHAM, I E. (1995}, Physiological
deterioration in cassava: an incomplete wound response? In Cassava Biotechnology
Network: Proceedings of the 2nd International Scientific Meeting, Bogor, Indonesia.
CIAT working document 150, 729-736.

BELLOTTI, A.C. (1979). An overview on cassava pathology. In Proceedings, Cassava Protec-
tion Workshop, CIAT, Cali, Colombia 1977, ed. T. Brekethaum, A, Beliotti, and J.C.
Lozano, 17-28. '

BELLOTTI, A. AND ARIAS, B. (1979). Biclogy, ecology and biological control of cassava
hornworm (Erinnyis ello). In Proceedings, Cassava Protection Workshop, CIAT, Cali,
Colombia 1977, ed. T. Brekelbaum, A. Bellotti, and 1.C. Lozano, 227-232.

BELLOTTI, A.C.,BRAUN. AR, ARIAS, B., CASTILLO, J.A. AND GUERRERO, |.M. (1994). Origin
and management of neotropical cassava arthropod pests. African Crop Science Journal 2,
407-418.

BEVAN, M.W., FLAVELL, R.B. AND CHILTON, M-D. (1983). A chimaeric antibiotic resistance
gene as a selectable marker for plant cell transformation. Nature 304, 184-187.

BHAGwAT, B., VIEIRA, L.G.E. AND ERiCKSON, L.R. (1996). Stimulation of in vitro shoot
preliferation from nodal explants of cassava by thidiazuron, benzyladenine and gibberellic
acid. Plant Cell Tissue and Organ Culture 46, 1-7.

BIGGS, B.J., SMiTH, M.K. AND ScOTT, K.J. (1986). The use of embryo culture for the recovery
of plants from cassava (Manihot esculenta) seeds. Plant Cell Tissiee and Organ Culture 6,
229-234.

BILANG, R., ZHANG, S., LEDUC, N., IGLESIAS, V.A., GISEL, A., SIMMONDS, J., POTRYKUS, 1.
AND SAUTTER, C. {1993). Transient gene expression in vegetative shoot apical meristems
of wheat after ballistic microtargeting. Plant Journal 4, 735-744.

Bock, K.R. (1994). Control of African cassava mosaic geminiviras by using virus-free planting
material. Tropical Science 34, 102-109.

BOHER, B. AND VERDIER, V. (1994). Cassava bacterial blight in Africa: the state of knowledge
and implications for designing control strategies. African Journal of Root and Tuber Crops
2, 505-509.

BOHL, S., POTRYKUS, 1. AND PUONTI-KAERLAS, 1. (1997). Searching for root specific promoters
in cassava. In Proceedings of the 3rd International Scientific Meet of the Cassava
Biotechnology Network, Kampala, Uganda. African Crop Science Journal, in press.

BOKANGA, M. (1993). Cassava processitg and biotechnology. In Proceedings of the Ist
International Scieniific Meet of the Cassava Biotechnology Network, Cartagena, Colom-
bia, ed. W.M. Roca and A.M. Thro, CIAT working document 123, 277-282.

BOKANGA, M. (1994a). Distribution of cyanogenic potential in cassava germplasm. Acta
Horticulturae 375, 117-123.



354 J. PUONTI-KAERLAS

BOKANGA. M. (1994b). Processing of cassavaleaves for humanconsumption. Aeta Horticulnrae
375, 203-207.

BOKANGA M. (1995). Biotechnology and cassava processing in Africa. Food Technology 49,
8G90,

BOKANGA, M., EXAYANAKE, LI, DIXon, AGO. anND PorTO, C.M. (1994). Genotype-
enviropment interactions for cyanogenic potential in cassava. Acta Hortictdturae
375,131-140.

BURKHARDT, P.K., BEYER, P., WUNN, 1., KLOTI, A., ARMSTRONG ,G.A., SCHLEDZ, M., VON
LINTIG. J. AND POTRYKUS, L (1997}, Transgentc rice (Oryza sativa) endosperm expressing
daffodi] (Narcissus pseudonarcissus) phytoene synthase accumulates phytoene, a key
intermediate of provitamin A biosynthests. Plant Journal 11, 1071-1078.

ByrNE. D, (1984). Breeding cassava. In Plant Breeding Reviews, ed. §, Janick, 73—134.

CALDERON-URREA, A. (1988). Transformation of Manihot esculenta {(cassava) using
Agrobacterium tumefaciens and expression of the introduced foreign genes in transformed
cetl lines. MSc thesis, Vrije Universiteit Brussels, Belgium.

CARRIZALES, V. (1991). Cassava bread technology and its fiture. Rome, Italy: FAO.

CATANC, C.M.L, MORNAN K., PLAZAS, J. AND ROCA W .M. (1993}. Development of method-
ofogies for the isolation and culture of cassava immature poilen and zygotic embryos. In
Proceedings of the Ist International Scienrific Meet of the Cassava Biotechnology
Nenvaork, Cartagena, Colombia, ed. W.M. Roca and A.M. Thro, CIAT working document
[23, 185-189.

CHALFIE, M., Tu ,Y.. EUSKIRCHEN, G., WARD, W.W. AND PRASHER, D.C. (1994). Green
fluorescent protein as a marker for gene expression. Science 263, 802-805.

CHAVARRIAGA-AGUIRRE, P., SCHOPKE, C., SANGARE, A., FAUQUET, C.M. AND BEACHY, R.N.
(1993). Transformation of cassava {Manihot esculenta Crantz) embryogenic tissues using
Agrobacterium tumefaciens. In Proceedings of the st International Scientific Meet of the
Cassava Biotechnology Network, Cartagena, Colombia, ed. W.M. Roca and A.M. Thro,
CIAT working document 123, 222-228.

CHEN, J., BOLYARD, M.G., SAXENA, R.C. AND STICKLEN, MLB. (1992). Production of insect
resistant potato by genetic transformation with an S-endotoxin gene from Bacilius
thuringiensis var, kurstaki. Plant Science 81, §3-91.

CHla, T.E., CHAN, Y.S. AND CHUA, N-H. (1994). The firefly luciferase gene as a non-invasive
reporter for Dendrobium transformation. Plant Journal 6, 441-446,

CHRISTOU, P. {1990). Morphological description of transgenic soybean chimeras created by the
delivery, integration and expression of foreign DNA using electric discharge particle
acceleration. Annafs of Botany 66, 379-386.

CHRISTQU, P. AND MCCABE, D.E. (1992). Prediction of germ-line transformation events in
chimeric RO transgenic soybean plantlets using tissue-specific expression patterns. Plant
Journal 2, 283-200.

CIAT (1980). Cassava Program, Annual Report 1989, Cali Colombia: CIAT.

CIAT (1994). Fuacts and Figures on Cassava. Cali, Colombia: CIAT.

Cock, JH. (1983). Cassava, New Potential for a Neglected Crop. London, UK: Westview.

CODEX ALIMENTARIUS COMMISSION. {1989). Codex regional standards, part C. Rome: FAQ,

COOPER, R.M., DESHAPPRIYA, N., CLARCKSON, .M. AND HENSHAW, G.G. (1995). Cassava
bacterial blight: pathogenicity and resistance and implications in development of resistant
lines. In Cassava Biotechnology Network: Proceedings of the 2nd International Scientific
Meeting, Bogor, Indonesia. CIAT working document 150, 473—484.

Coursey, D.G. AND HAYNES, P.H. (1970), Root creps and their potential as food in the tropics.
World Crops 22, 261-273.

COYNE, DL, (1994). Nematode pests of cassava. African Crop Science Journal 2, 355-359.

Danntya, MUT. (1994). An overview of cassava in Africa. African Crop Science Journal 2,
337-343.

DavEY, MLR., COCKING, E.C., FREEMAN, I., PEARCE, N. AND TUDOR, 1. (1980), Transforma-
tion of Petinia protoplasts by isolated Agrobacterium plasmids. Plant Science Letters 18,
3067-313.

DEBLOCK, M., BOTTERMAN, J., VANDEWIELE, M., DOCK, I, THOEN, C., GOSSELE, V., MOVVA,



Cassava bictechnology 355

N.R., THOMPSON, C., VAN MONTAGU, M AND LEEMANS, J. {1987). Engineering herbicide
resistance in plants by expression of a detoxifying enzyme. EMBQ Journal 6, 2513-2518.

DE VRIES, C.A., FERWERDA, J.D. AND FLACH, M. {1967). Choice of food crops in relation to
actual and potential production in the tropics. Netherlands Journal of Agricultural Science
15, 241-248.

DEWALD, S. {1995). Informarion Systems for Biotechnology/NBIAP News Report Special Issue
on Bt~ December, 1996 <http://www.nbiap.vi.eduw/news/specials/news95.dec.htmls,

D'HALLUIN, K., BONNE, E., BOSSUT. M., DE BEUKELER, M. AND LEEMANS. J. (1992).
Transgenic maize plants by tissue electroporation. Planr Cell 4, 1495-1505.

Dixon, A.G.O, ASIEDY, R. AND BOKANGA, M. (1994), Breeding of cassava for low cyanogenic
potential: problems, progress and prospects. Acta Horticulturae 375, 153162,

Durou, D.L. {1994). Cassava in Amazonia: lessons in utilization and safety from native
peoples. Acta Horticulturae 34, 175-182.

DurouRr. D.L. (1995). Role of cassava in the diet: urban areas and rain forests of Colombia. In
Cassava Biotechnology Netwark: Proceedings of the 2nd International S cientific Meeting,
Bogor, Indonesia. CIAT working decument {50, 19-27.

DUNG, N.L.. HoA, N.T. AND MUt N.T. (1995). Using Aspergillus niger1o process raw cassava
for animal husbandry. In Cassava Biotechnology Network: Proceedings af the 2nd
International Scientific Meeting, Boger, Indonesia. CIAT woerking document 150, 737
742.

EsCoBAR, R.H., MAFLA, G. AND ROCA, W.M. (1993). Cryopreservation of cassva shoot tips,
In Proceedings of the st Internarional Scientific Meet of the Cassava Biotechinology
Network, Cartagena, Colombia, ed. W.M. Roca and A.M. Thro. CIAT working document
123, 116-121.

ESCOBAR, R.H.. MAFLA, G. AND ROCA, W.M. (1995). Methodologics for in vitro propagation
of cassava. Curso internacional de biotechnologia para la concervacion de ia
agrobicdiversidad. Cali, Colombia: CIAT.

ESCOBAR, R.H,, MAFLA, G. AND RocA, W.M. (1997). A methodology for recovering cassava
plants from shoot tips maintained in liquid nitrogen. Plant Cell Reports 16, 474-478,

FAO (1997). FAOSTAT Database hitp://apps.fac.org/.

FiGUEROA JR.. E. {1997). Alliance of hope. Growing Affinities, May 1997, 1-7.

FINER. J.I., VAIN, P., JONES, M.W. AND MCMULLEN, M, (£992). Development of the Particle
Inflow Gun for DNA delivery to ptant cells. Plant Cell Reports 11, 323-328.

FIscH#OFF, D.A., BowDisi, K.S., PERLAK, F.J., MARRONE, P.GG.. MCCORMICK, §.M..
NIEDERMEYER, }.G., DEAN, DA, KUSANO-KRETZMER, K., MAYER. E ], ROCHESTER,
D.E., ROGERS, 5.G. AND FRALEY, R.T. (1987). Insect tolerant transgenic tomato plants.
Bio/Technalogy 5, 8G7-813.

FISHPOOL, L.D.C. AND BURBANK, C. (1994). Bemisia tabaci, the whitefly vector of African
cassava mosiac geminivirus. Tropical Science 34, 5-72.

FrRALEY, R.T., ROGERS, 5.G., HORSCH, R.B., SANDERS, P.R., FLICK, [.S., ADAMS, S.P.,
BITTNER, M.L., BRAND, L.A., FINK, C.L., FRY, 1.S., GALLUPPI ,G.R., GOLDBERG, 5.B.
AND HOFFMAN, N.L. {1983). Expression of bacterial genes in plant cells. Proceedings of
the National Academy of Sciences, USA 80, 4803-4807 .

FREGENE, M., ANGEL. F., GOMEZ, R., RODRIGUEZ, F., CHAVARRIAGA, P., BONIERBALE, M.,
TOHME, [, IGLESIAS, C. AND ROCA, W. (1993). A linkage map of cassava (Maniho!
esculenta  Crantz) based on RFLP and RAPD markers. In Cassava Biotechnology
Network: Proceedings of the 2nd International Scientific Meering, Bogor, Indonesia,
CIAT working document 150, 49-67.

FREGENE, M., ANGEL, F., GoMEZ, R., RODRIGUEZ, F., MAYA, M., BONIERBALE, M., ROCA, W.
AND TOHME, J. (1997}, A molecular genetic map of cassava Manihiof esculenta (Crantz).
Theoretical Applied Genetics 95, 431-441.

PREY. P. (1996). Towards regeneration and transformation of cassava meristems. MSc thesis,
Swiss Federal Institute of Technology, Ziirich, Switzerland.

FRISCHMUTH, T.AND STANLEY, J.([991). African cassava mosaic virus DI DNA interferes with
the replication of both genomic components. Virology 183, 539-544.

FrISON. E.A. {1994}, Sanitation techniques for cassava, Tropical Science 34, 146153,



356 J. PUONTI-KAERLAS

FrOMM, M., TAYLOR, L. AND WALBOT, V. (1985). Expression of genes transferred into
monocot and dicot plant cells by electroporation. Proceedings of the National Acadenty of
Sciences, USA 82, 58245828 .

GAN, 5. AND AMASINO, R M. (1995). Inhibition of leaf senescence by autoregulated production
of cytokinin. Science 270, 1986-1988.

GEDDES, AM.V. (1990). The relative importance of crop pests in sub-Saharan Africa. Natural
Resources Institute Bulletin 36, Chatham, UK.

GIBSON, R.W,, LEGG, J.P. AND OTIM-NAPE, G.W. {1996). Unusuaily severe symptoms are a
characteristic of the current epidemnic of mosaic virus disease of cassava in Uganda. Annals
in Applied Biology 128, 479-490.

GOMEZ, R., ANGEL, F., BONIERBALE, M.W ., RODRIGUEZ, F., TOHME aND J., Roca, W.M.
(1996). Inheritance of random amplified polymorphic DNA markers in cassava (Manihor
esculenta Crantz). Genome 39, 1039--1043.

GRESSHOFF, P. AND DOY, C. (1974), Derivation of a haploid celi line from Viris vinifera and the
importance of the stage of meiotic development of the anthers for haploid culture of this
and other genera. Zeitschrift fiir Pflanzenphysiologie 73, 132-141,

Guo, J-Y. anD Liu, Y.O. (1993). Rapid propagation of cassava by tissue culture and its
application in rural distribution in China. InCassava Biotechnology Network: Proceedings
aof the 2nd International Scientific Meeting, Bogor, Indonesia. CIAT working document
150, 183-189.

HaHN, S.K., TERRY, ER. AND LEUSCHNER, K. (1980). Cassava breeding for resistance to
cassava mosaic disease. Euphytica 29, 673-683.

HERRERA-ESTRELLA, L. AND SIMPSON, J. {1993). Genetically enginecred resistance to bacterial
and fungal pathogens. World Journal of Microbiclogy and Biotechmology 11, 383-392,

HERRERA-ESTRELLA, L., DE BLOCK, M., MESSENS, E., HERNALSTEENS, J.P., VAN MONTAGU,
M. AND SCHELL, J. (1983). Chimaeric genes as dominant selectable markers in plants.
EMBO Journal 2, 987-995.

HERSEY, C.H. (1983). Cassava (Manihot esculenta Crantz). In Genetic improvement of
vegetable crops, ed. G. Kalloo and B.O. Bergh, 669-69§.

HiEL Y., OHTA, S., KOMARI, T. AND KUMASHIRO, T. (1994). Efficient transformation of rice
(Oryza sativa 1.) mediated by Agrobacterium and sequence analysis of the boundaries of
the T-DNA. Plant Journal 6, 271-282,

HOEKEMA, A., HOYKAAS, P. AND SCHILPERQORT, R. (1984), Transfer of octopine T-DNA
segment to plant cells mediated by different types of A grobacteriun tumor or root inducing
plasmids: generatity of virulence systems. Journal of Bacteriology 158, 383-385,

HOLTORF, S., APEL, K. AND BOHLMANN, H. (1995}. Comparison of different constitutive and
inducible prometers for the overexpression of transgenes in Arabidopsis thaliana. Plant
Molecular Biology 29, 637-646.

HONG, Y.G. AND STANLEY, 1. (1996). Virus resistance in Nicotiana benthamiana conferred by
African cassava mosaic virus replication associated protein (AC1) transgene. Molecular
Plant Microbe Interactions 9, 219-225.

HONG, Y., SAUNDERS, K., HARTLEY, M.R. AND STANLEY, J. (1996). Resistance to gemini virus
infection by virus-induced expression of dianthin in transgenic plants. Virology 220, 119-
27,

HUGHES, |, PANCORO, A., BROWN, K., HAYSOM, H., MCCARTNEY, H., KELLY, K_, FLETCHER,
M. AND HUGHES, M. A. (1993). Mclecular studies of cyanogenesis in cassava. In Proceed-
ings of the lst International Scientific Meer of the Cassava Biotechnology Nerwork,
Cartagena, Colombia, ed. W.M. Roca and A.M. Thro, CIAT working document [23, 384—
389.

HUGHES, ., DECARVALHO, J.P.C. AND HUGHES, M.A. (1994). Purification, characterization,
and cloning of o-hydroxynitrile lyase from cassava (Manihiot esculenta Crantz). Archives
of Biochemistry and Biophysics 311, 496-502.

HUGHES, MLA., BROWN, K., PACORO, A., MURRAY, B.S., OXTOBY, E. AND HUGHES, J. (1992).
A molecular and biochemical analysis of the structure of the cyanogenic B-glucosidase
{linamarase) from cassava {Manihot esculenta Cranz). Archives of Biochemistry and
Biophysics 295, 273-279.



Cassava biotechnology 357

HucHES, MLA, HucHEs, J., LIDDLE, S, AnD KERESZTESSY, Z. (1995). Biochemistry and
molecular biology of cyanogenesis. In Cassava Biotechnology Network: Proceedings of
the 2nd fnternational Scientific Meeting, Bogor, Indonesia. CIAT working document 50,
385-395.

HumpHREY, JH., WEST JR, KF. AND SOMMER, A. (1992). Vitamin A deficiency and
attributable mortality among under-S-year-olds. Bulletin of the World Organisation 70,
225-232,

JEFFERSON, R.A. (1987). Assaying chimeric gencs in plants: the GUS gene fusion system. Plan
Molecular Biology Reports 5, 387403 .

JEFFERSON, R.A., BURGESS, S.M. AND HIRSH, D. (1986). B-Glucuronidase from Escherichia
coll as a gene-fusion marker. Proceedings of the National Academy of Sciences, USA 83,
8447-8451 .

JENNINGS, D.L. (1976). Cassava Manihot esculenta (Euphorbiaceae). In Evolution of Crop
Plants, ed. N.W. Simmonds, 81-84.

Kapo. C.L {1991). Motecular mechanisms of crown gall tumorigenesis. Critical Reviews in
Plant Science 10, 1-32

KAHL, G. AND WINTER, P. (1995). Plant genetic engineering for crop improvement. World
Journal of Microbiology and Biotechnology 11, 449-460.

KAISER. W.J. AND TEEMBA, L.R. (1979). Use of tissue culture and thermotherapy to free East
Alrican cassava cultivars of African cassava mosaic and cassava brown streak diseases.
Plant Disease Reports 63, 7180-784,

KARTHA, K.K. (1974). Regeneration of cassava plants from apical meristems, Plant Science
Letters 2, 107-113,

KaRTHA, K K. AND GAMBORG, O.L. (1975). Elimination of cassava mosaic disease by
meristemn culture. Phyiopathology 65, 826-828 .

KARTHA, K.K., LEUNG ,N. AND MROGINSKI, L.A. (1982). In vitro growth responses and plant
regeneration from cryopreserved meristems of cassava (Manihot esculenta Crantz).
Zeitschrift fiir Pflanzenphysiologie 107, 133-140.

KLEIN, T.M., WOLF, E.D, WU, R. AND SANFORD, J.C. (1987). High-velocity microprojectiles
for delivering nucleic acids into living cells. Namwre 327, 70-73 .

KLOTI, A.. IGLESIAS, V.A., WUNN, ], BURKHARDT, P.K, DATTA, $.K. AND POTRYKUS, L.
{1993). Gene transfer by electroporation into intact scutelium cells of wheat embryos.
Plant Cell Reports 12, 671-675.

Koch, B., NIELSEN, V.S, HALKIER, B.A.,, OLSEN, CE. AND MOLLER, B.L. (1992). The
biosynthesis of cyanogenic glucosides in seedlings of cassava (Manihot esculenta Crantz).
Archives of Biochemistry and Biophysics 292, 141-150.

KocH, B.M., SIBBESEN, O., SWAIN, E., KAHN, R A, LIANGCHENG, D, BAK, S., HALKIER, B.A.
AND MOLLER, B.L. (1994). Possible use of a biotechnelogical approach to optimize and
regulate the content and distribution of cyanogenic glucosides in cassava to increase food
safety in tropical Africa. Acta Horticulturae 375, 45-60.

KONAN, N.K., SANGWAN, R.S. AND SANGWAN-NORREEL, B.S. (1994a). Efficient in vitro shoot
regeneration systems in cassava (Manihot esculenta Crantz). Plant Breeding 113, 227~
236.

KonaN, N.K., SANGWAN, R.S. AND SANGWAN-NORREEL, B.S. ([994b). Somatic embryogen-
esis from cultured mature cotyledons of cassava (Manihot esculenta Crantz). Identification
of parameters influencing the frequency of embryogenesis. Plant Cell Tissue and Organ
Culture 37, 91-102.

KONAN, N.K., SANGWAN, R.S. AND SANGWAN-NORREEL, B.8. {1995). Nodal axiilary meristems
as target tissue for shoot production and genetic transformation in cassava (Manikot
esculente Crantz). In Cassava Biotechnolagy Network: Proceedings of the 2nd Interna-
tional Scientific Meeting, Bogor, Indonesia. CIAT working document 150, 276-288.

KonaN, NK., SCHOPKE, C., CARCAMO, R, BEACHY, RN, aND FAUQUET, C.K. (1997). An
efficient mass propagation system for cassava (Manikot esculenta Crantz). based on nodal
explants and axillary bud derived meristems. Plant Cell Reports 16, 444-449,

KRENS, F.A., MOLENDIIK, L., WULLEMS, GJ. AND SCHILPEROORT, R.A. (1982). In vitro
transformation of plant protoplasts with Ti-plasmid DNA. Nature 296, 72-74.



358 J. PUONT-KAERLAS

LE RU, B. AND CALATAYUD, P.A. (1994}, Interactions between cassava and arthropod pests.
African Crop Science Journal 2, 385-390,

LEFEVRE, F. AND CHARRIER, A. (1993). Heredity of several isozyme loci in cassava Manihor
esculenta (Crantz). Euplivtica 66, 171-178.

LI, H-Q., HUANG, Y-W, LIANG, C-Y. anD Guo, Y, (1995). Improvement of plant regencration
from cyclic somatic embryos in cassava. InCassava Bivtechnology Network: Proceedings
of the Znd International Scientific Meeting, Bogor, Indonesia. CIAT working document
150, 289-302.

Li. H.Q., SAUTTER, C., POTRYKUS, . AND PUONTI-KAERLAS, 1. (1996). Genetic transformation
of cassava (Manihot esculenta Crantz}). Nature Biotechnology 14, 736-740.

Li, H-Q., HUANG. Y-W., LIaNG, C-Y., Guo, J-Y,, Liu, H-X., POTRYKUS, I. AND PUONTI-
KAERLAS, 1. (1998), Regeneration of cassava plants via shoot organogenesis. Plant Cell
Reports, in press.

LozaNo, 1.C. {1979). General considerations on cassava pathology. Proceedings, Cassava
Protection Workshop. CIAT, Cali 1977, 17-28.

LozaNO, J.C. aND BooTH, R.H. (1974). Diseases of cassava. PANS 20, 30-54.

LUDWIG, 5.R., BOWEN, B., BEACH, L. AND WESSLER, S R. (1990). A regulatory gene as a novel
visible marker for majze transformation. Science 247, 449-450.

LuonG, H.T., SHEWRY, P.R. AND LAZZERI, P.A. (1995). Transient gene expression in cassava
somatic embryocs by tissue electroporation. Plant Science 107, 105—15.

LUTALADIC, N.B.AND EZUMAH, H.C. (1981). Cassavaleaf harvesting in Zaire. In Tropical Root
Crops: Research Strategies for the 1980s, ed. ER. Ferry, K.A. Oduro and F. Caveness,
134-136.

MaBANZA, J., RODRIGUEZ-ANDRIYMASI, A.V., MAHOUKA, J. AND BoumBa, B. (1995).
Evaluation of cleaned cassava varieties in Congo. In Cassava Biotechnology Network:
Proceedings of the Znd International Scientific Meeting, Bogor, Indonesia. CIAT working
document 150, 194-201.

Magoon, MLL., KRiSHNAN, R. AND Bat, K.B. (1969). Morphology of the pachytene chromo-
somes and metosis in (Manihot esculenta Craniz). Cvtology 34, 612-626.

MAHUNGU, N.M., DIXON, A.G.O. AND KUMBIRA, I.M. (1994). Breeding cassava for multiple
pest resistance in Africa. African Crop Science Journal 2, 539-552.

MANILAL, V.B., BALAGOPALAN, C. AND NARAYANAN, C. (1983). Physico-chemical and
microbiological characteristics of cassava starch factory effluents, Jowrnal of Reot Crops
8,27-41.

MaRrmN, MLL., MaFLa, G, Roca, W.M. AND WITHERS, L.A. (1990), Cryopreservation of
cassava zygotic embryos and whole seeds in liquid nitrogen. Cryo-Letters 11, 257-264.

MATHEWS, H., SCHOPKE, C., CARCAMO, R., CHAVARRIAGA, P., FAUQUET, C. AND BEACHY,
R.N.{1993). Improvement of somatic embryogenesis and plant recovery in cassava. Plant
Cell Reporis 12, 328-333,

MaTsuMoTe, K., CABRAL, G.B., TEIXEIRA, JB. AND RECH, EL. (1990). Embriogenese
somatica a partir de fothas imaturas de mandioca in vitro. Revista Brasileira de Fisivlogia
Vegertal 3, 107-110.

MAYERHOFER, R., LANGRIDGE, W.H.R., CORMIER, M.J.AND SZALAY, A A. (1995). Expression
of recombinant Renifla luciferase in transgenic plants results in high levels of Hght
emission. Plant Journal 7, 10311038,

MCCABE, 13. AND CHRESTOU, P. (1993). Direct DNA transfer using electric discharge particle
acceleration (ACCELL technology). Plant Cell Tissue and Organ Culture 33, 227-236.

MOORTHY, SN, JOs, 1.5, NAIR, R.B.AND SREEKUMARE, M.T. (1990). Variability of beta-
carotene content in cassava germplasm. Food Chemistry 36, 233-236.

MROGINSKI, L.A. AND S8COCCHI, A.M. (1993). Somatic embryogenesis of Argentine cassava
varieties leaf tissues. In Proceedings of the Ist International Scientific Meet of the Cassava
Biotechnology Network, Cartagena, Colombia, ed. W.M. Reca and A.M. Thro, CIAT
working document 123, 175-179.

MUKHERIEE, A. (1995). Embryogenesis and regeneration from cassava calli of anther and leaf.
In Cassava Biotechnology Nerwork: Proceedings of the 2nd International Scientific
Meeting, Bogor, Indonesia. CIAT working document 150, 375-381.



Cassava biotechnology 359

MURAKAMI, T., ANZAIL H., IMAL S, SATOH, A., NAGAOKA, K. AND THOMPSON, C.J. {1986).
The bialaphos biosynthetic genes of Streptomyces hygroscopicus: molecular cloning and
characterization of the gene cluster. Molecular and General Genetics 205, 42--50.

MURASHIGE, T. AND SKOGG, F. (1962). A revised medium for rapid growth and bioassays with
tobacco tissue cuitures. Physiologia Plantarwn 15, 473497,

MUNYIKWA, T.R.I., CHIPANGURA, B., SALEHUZZAMAN, $.N.LM., JACOBSEN, E. AND VISSER,
R.F.G. (1995). Cloning and characterization of cassava genes involved in starch biosyn-
thesis. InCassava Biotechnology Network: Proceedings of the 2nd International Scientific
Meeting, Bogor, Indonesia, CIAT working document 150, 639-643.

Mycock. D.J.. WESLEY-SMITH, . AND BERJAK. P. (1995). Cryopreservation of somatic
embryos of four species with and without cryoprotectant pretreatment. Annals of Botany
75, 331-336.

NARAYANASWAMI, T.C., RAMANSWAML N.M. AND SREE RANGASWAMI, S.R. (1995). Somatic
embryogenesis and plant regeneration in cassava. In Cassava Biofechnology Network:
Proceedings of the 2nd International Scientific Meeting, Bogor, Indonesia. CIAT working
document 150, 324335,

NASSAR, N.MLA. (1978). Genetic resources in cassava: 4-chromosome behaviour in some wild
Manihot species, Indian Journal of Genetic Plant Breeding 3, 135-137.

NG, 5.Y.C. (1992). Tissue culture of root and tuber crops atIITA. In Biotechnology: Enhancing
Researchon Tropical Crops inAfrica, ed. G. Thettapilly, L.M. Monti, D.R. Mohan Raj and
A W. Moore, 135-141},

NG, 8.Y.C., ROSSELL, HW. aNp THOTTAPILLY, G. (1990). The role of tissue culture in the
establishment of disease-free germptasm for international distribution. In Proceedings of
Conference on Integrated Pest Managemens for Tropical Rot and Tuber Crops, Tbadan
Nigeria [987, ed. S.K. Hahn and F.E. Caveness, 73-77.

(F'BRIEN, G.M., MBONE, L., TAYLOR, A.J. AND POULTER, N.H. {1992). Variations in cyanogen
content of cassava during village processing in Cameroon. Food Chemistry 44, 131136,

OGBURIA, MLN. AND ADACH], T. (1995). Embryo sac morpho-structural analysis of develop-
mental pathways of fertilization failure, seed abortion and poor germination in cassava
(Manihor esculenta Crantz). Cyvtologia {Tokyo) 60, 75-84.

OGUNTIMEIN, G.B., AKINBALA, J.O., BOLADE, M.K. AND ABASS, A.B. (1995). The effect of
processing parameters on gari quality. In Cassava Biotechnology Network: Proceedings
aof the 2nd International Scientific Meeting, Bogor, Indonesia. CIAT working document
150, 753-767.

ONWUEME, L.C. AND CHARLES, W.B. (1994). Tropical root and tuber crops. Production,
perspectives and future prospects. FAO Plant Production and Protection Paper 126.
OSUNTOKUN. B.O. AND MONEKOSSO, G.1. (1969). Degenerative tropical neuropathy and diet.

Brivish Medical Journal 3, 178—183,

OTIM-NAPE, G.W. (1995). The Africa cassava mosaic virus (ACMV): a threat to food security
in Africa. In Cassava Biotechnology Network: Proceedings of the 2nd International
Scientific Meeting, Bogor, Indonesia. CIAT working document 150, 519-527.

OTIM-NAPE, G.W., BUA, A. AND BAGUMA, Y. (1994a). Accelerating the transfer of improved
production technoloogies: controlling the African cassava mosaic virus disease epidemics
in Uganda. African Crop Science Journal 2, 479495 .

OTM-NAPE, G.W ., SHAW, M.W. AND THRESH, § M. (1994b). The effects of African cassava
mosaic geminivirus on the growth and yield of cassava in Uganda. Tropical Science 34,
43-54.

O1M-NaPE, G.W., BUa, A., THRESH, TM., BAGUMA, Y., OGWAL, S., SEMAKULA, G.N.,
AcCOoLA, G., BAYBAKAMA, B. AND MARTIN, A, (1997). Cassava mosaic disease in Uganda:
the current pandemic and approaches to control. Natural Resources Institute, Chatham UK.

Ow, D.W., WooD, K.V, DELUCA, M., DE WET, 1.R., HELINSKI, D.R. AND HOWELL, S.H.
(1986). Transient and stable expression of the firefly luciferase gene in plant cells and
transgenic plants. Science 234, 856-859 |

PANCORO, A. AND HUGHES, ML.A. (1992). In situ localization of cyanogenic B-glucosidase
{linamarase) gene expression in leaves of cassava (Maniho! esculenta Crantz) using non-
isotopic riboprobes. Plant Journal 2, 821-827.



360 J. PUONTI-KAERLAS

PADMAJA, G. AND GEORGE, M. (1995). Animproved package for optimal detoxification of high
cyanide cassava roots and peel. In Cassava Biotechnology Network: Proceedings of the
2nd International Scientific Meeting, Bogor, Indonesta. CIAT working document 50,
769-783.

PERLAK, F.J., DEATON, R. W ., ARMSTRONG, T.A., FucHs, R L., SIMMsS, S.R., GREENPLATE, J.T.
AND FISCHHOFF, D.A. (1990). Insect resistant cotton plants. Bio/Technology 8, 939-943.

PHAM, C.B., LAT, M-R.L.Y, RAMIREZ, T.]., QUINLAT, M.J. AND PHAM, L.J. (1995). Enriching
cassava protein using solid state fermentation. In Cassava Biotechnology Network:
Proceedings of the 2nd International Scientific Meeting, Bogor, Indonesia. CIAT working
document 150, 672-689.

POIRIER, Y., NAWRATH, C.AND SOMERVILLE, C. { 1995). Production of polyhydroxyalkanoates,
a family of biodegradable plastics and efastomers, in bacteria and plants. Bio/Technology
13, 142-150.

POTRYKUS, 1. (1991). Gene transfer to plants: assessment and perspectives. Physiologia
Plantarum 79, 125-134.,

POTRYKUS, 1. AND SPANGENBERG, G. {1995). (eds). Gene Transfer to Plants. Berlin, Germany:
Springer-Verlag.

POTRYKUS, L., SAUL, MW, PETRUSKA, J., PASZKOWSKI, J. AND SHILLITO, R.D. (1985). Direct
gene transfer to cells of a graminaceous monocot. Molecular and General Generics 199,
183188 .

PUONTI-KAERLAS, 1., FREY, P. AND POTRYKUS, L (1997a). Development of meristem gene
transfer techniques for cassava. In Proceedings of the 3rd International Sciemific Meet of
the Cussava Biotechnology Network, Kampala, Uganda. African Journal of Root and
Tuber Crops, in press.

PUONTI-KAERLAS, J., L1, H-Q., SAUTTER, C. AND POTRYKUS, L. (1997b). Production of trans-
genic cassava (Manihot escudenta Crantz) via organogenesis and Agrobacterium-mediated
transformation. In Proceedings of the 3rd International Scientific Meet of the Cassava
Biotechnology Network, Kampala, Uganda. African Journal of Root and Tuber Crops, in
press.

PUONTI-KAERLAS, T, LI, H-Q. AND POTRYKUS, L (1997¢). Production of transgenic cassava
(Manihot esculenta Crantz). Journal of Root Crops, in press.

RAEMAKERS, C.J.J.M. (1993), Primary and cyclic somatic embryogenesis in cassava (Manihot
esculenta Crantz). Phd thesis. Agricultural University of Wageningen, Netherlands.
RAEMAKERS, C.J.J.M., BESSEMBINDER, J.LE., STARITSKY, G., JACOBSEN, E. AND VISSER,
R.G.F. (1993a}. Induction, germination and shoot development of somatic embryos in

cassava, Plant Cell Tissue and Organ Culture 33, 151-156.

RAEMAKERS, C.J.1 M., AMATI, M., STARITSKY, G., JACOBSEN, E. AND VI$$ER, R.G.F. (1993h).
Cyclic somatic embryogenesis and plant regeneration in cassava.Annals Botany 71, 289--294,

RAEMAKERS, C.J.IM., SCHAVEMAKER, C.M., JACOBSEN, E., VISSER, R.G.F. (1993¢). Im-
provements of cyclic somatic embryogenesis of cassava (Manihot esculentaCrantz). Plamt
Cell Reports 12, 226220,

RAEMAKERS, C.LIM., SOF1AR], E., KANIU, E., JACOBSEN, E., VISSER, R.G.F. (1995a). NAA-
induced somatic embryogenesis in cassava. In Cassava Biotechnology Network:
Proceedings of the 2nd International Sciemific Meeting, Bogor, Indonesia. CIAT working
document 150, 355-363.

RAEMAKERS, C.LLM., JacOBSEN, E. AND VISSER, RG.F. (1995b). Histology of somatic
embryogenesis and evaluation of somaclonal variation. In Cassava Biotechnology Net-
work: Proceedings of the 2nd International Scientific Meeting, Bogor, Indonesia. CIAT
working document 150, 336--354.

RAEMAKERS, C.1.J.M, SOFIARL E., TAYLOR, N., HENSHAW, G., JACOBSEN, E. AND VISSER,
R.G.F. (1996). Production of transgenic cassava (Manihot esculenta Crantz) plants by
particle bombardment using luciferase activity as selection marker. Molecular Breeding
2, 339-349.

RAEMAKERS, C.J.J M., JACOBSEN, E. AND VISSER, R.G.F. (1997a). Micropropagation of
Manihot esculenta Crantz (Cassava). In Biotechnology in Agriculture and Forestry, ed.
Y P.S. Bajaj, Vol. 39, 77--102.



Cassava biotechnology 361

RAEMAKERS, C.J.JM., SOFIAR], E., JACOBSEN, E. AND VISSER, R.G.F. {1997b). Regeneration
and transfromation of cassava. Euphytica 96, 153-161.

RAEMAKERS. C.1.5.M., ROZEMBOOM, M.G.M., DANSO, K., JACOBSEN, E. AND VISSER, R.G.F.
(1997c). Regeneration of plants from sematic embryos and friable embryogenic callus of
cassava Manthot esculenta (Crantz). In Proceedings of the 3rd International Scientific
Meet of the Cassava Biotechnology Network, Kampala, Uganda. African Journal of Root
and Tuber Crops, in press.

RENVOIZE, B.S. (1972). The area of origin of M. esculenta as a crop plant — a review of the
evidence. Economic Botany 26, 352-360.

RICKARD, LE. (1985). Physiological deterioration in cassava reots, Journal of the Science of
Food and Agriculiire 36, 167-176.

ROCA, W.M, (1984). Cassava. In Handbook of Plant Cell Culture, ed. W.R. Sharp, D.A. Evans,
P.V. Ammirato and Y. Yamada, 269--301.

RoCA, W.M., RODRIGUEZ, A.A., PATENA, L.F.. BARBA, R.C. AND TORrG, 1.C. (1980). Improve-
ment of a prapagation technique for cassava using single feaf-bud cuttings: a preliminary
report. Cassava Newslerter 8, 4-5.

RoCA, W.M., RODRIGUEZ, J., BELTRAN, |, ROA, J. AND MAFLA, G. {1982). Tissue culture for
the conservation and internationai exchange of germplasm. Plant Cell Tissue and Organ
Culture 8, 771-72.

Roca, WM., CHAVEZ, R., MARTIN, M.L., ARIAS, DI, MAFLA, G. AND REYES, R. (1989). In
vitro methods of germptasm conservation. Genome 31, 813-817.

Roca, W.M., NoLT, B., MAFLA, G,. Roa, ). AND REYES, R, (1991). Eliminacion de virus y
propagacion de clones en la yuca Manihot esculeata (Crantz). In Cultivado de tejidos en
agricultura: fundamentos y aplicaciones, ed. W.M. Roca and L. A. Mroginski, 403-420.

ROGERS, DL (1963}, Studies on Manihot esculenta Crantz (cassava) and related species.
Bulletin of the Torrey Botanical Club 99, 42-34.

ROGERS, D.J. AND APPAN, S.G. (1973). M. manihotoides (Euphorbiaceae). Flora Neotropica,
monograph no 13. NY, USA: Hafner Press.

ROGERS, D.J. AND FLEMMING, H.S. ([973). A monograph of Manihot esculenta with an
explanation of the taximetric methods used. Economic Botany 27, 1-113.

ROSLING, H. (1988). Cassava Toxicity and Food Security. Unicef, Aftican Household Security
Programme. Uppsala, Sweden: Tryck Kontakt.

ROSLING, H., MLINGL, N., TYLLESKAR, T. AND BANEA, M. (1993). Causat mechanisms behind
human disesases induced by cyanide exposure from cassava. In Proceedings of the 1st
International Scientific Meet of the Cassava Biotechnology Network, Cartagena, Colom-
bia, ed. W.M. Roca and A.M. Thro, CIAT working document 123, 336375,

SALEHUZZAMAN, S.N.L M., JACOBSEN, E. AND VIssEr, R.G.F.(1992). Cloning, partial sequencing
and expression of a cDNA coding for branching enzyme in cassava. Plant Molecular
Biology 20, 809-819.

SALEHUZZAMAN, S.N LM, JACOBSEN, E. AND VISSER, R.G.F. (1 993). Isolation and characteri-
zation of a cDNA encoding granule-bound starch synthase in cassava (Manihot esculenta
Crantz) and its antisense expression in potato. Plant Molecular Biclogy 23, 947-962.

SALEHUZZAMAN, S.N.LM., JACOBSEN, E. AND VISSER, R.G.F. (1994}, Expression patterns of
two starch biosynthetic genes in in virre cultured cassava plants and their induction by
sugars, Plant Science 98, 53-62.

SANFORD, .C., KLEIN, T.M., WOLF, E.D. AND ALLEN, N. (1987). Delivery of substances into
cells and tissues using a particle bombardment process. Journal of Particle Science
Technology 5, 27-37 .

SARRIA, R., GOMEZ, A., CATANG, M., VIDAL, P., CALDERON, A., MAYER,J E,. ANDROCA, W.M,
(1993a). Towards the development of Agrobacterium tumefaciens and particle bombard-
ment-mediated cassava transformation. In Proceedings of the 1st International Scientific
Meet of the Cassava Biotechnology Network, Cartagena, Colombia, ed. W.M. Roca and
AM. Thro, CIAT working document 123, 216-221.

SARRIA, R.A., OCAMPO, C., RAMIREZ, H., HERSEY, C. AND ROCA, W.M. (1993b). Genetics of
esterase and glutamate oxaloacetate transaminase iscenzymes in cassava. In FProceedings
of the Ist International Scientific Meet of the Cassava Biotechnology Network, Cartagena,



362 J. PUONTI-KAERLAS

Colombia, ed. W.M. Roca and A.M. Thro, CIAT working document §23, 75-80.

SARRIA, R A, TORRES, E., BALCAZAR, N, DESTEFANG-BELTRAN, L. AND ROCA, W.M. (1995).
Progress inAgrobacterium-mediated transformation of cassava Manihot esculenta (Crantz),
In Cassava Biotechnology Network: Proceedings of the 2nd Internarional Scientific
Meeting, Bogor, Indonesia. CIAT working document 150, 241-244.

SCHENK, R.U. AND HILDEBRANDT, A.C. (1972). Medium and techniques for induction and
growth of monocotyledonous and dicotyledonous plant cell cultures. Canadian Journal of
Botany 50, 199-204.

SCHILDE-RENTSCHLER, L. AND ROCA, W.M. (1987). Tissue cubture for the international
exchange of potato and cassava germplasm. In Biotechnology in Agriculture and Forestrv,
ed. Y.P.S. Bajaj, 453-465.

SCHOPKE, C., CHAVARRIAGA, AP, FAUQUET, C. M. AND BEACHY, R.N. (1993). Cassava tissue
culture and transformation: improvement of culture media and the effect of different
antibiotics on leaf tissues. In Proceedings of the Ist International Scientific Meet of the
Cassava Biotechnology Network, Cartagena, Colombia, ed. W.M. Rocy and AM. Thro,
CIAT working document §23, (40145,

SCHOPKE, €., TAYLOR, N., CARCAMO, R., KONAN, N.K., MARMEY, P., HENSHAW, G.G.,
BEACHY, RIN. AND FAUQUET, C. (1996). Regeneration of transgenic cassava plants
(Manihot esculenta Crantz) from microbombarded embryogenic suspension cultures.
Nature Biotechnology 14, 731-735.

SCHROTT, M. (1995). Selectate marker and reporter genes. In Gene Transfer to Plants, ed. 1.
Potrykus and G. Spangenberg, 325-336 .

SHILLITO, R.D., SAUL, MW ., PASZKOWSKI, J., MULLER, M. AND POTRYKUS, 1. (1985). High
efficiency direct gene transfer to plants. Bio/Technology 3, 1099-1103 .

SMITH, MLK., BIGGS, B.J. AND SCOTT, K.J. (1987). In vitro propagation of cassava (Manihor
esculenta Crantz). Plant Cell Tissue and Organ Culture 6, 221-228.

SNEPVANGERS, S.C.H.J., RAEMAKERS, C.J.J.M., JACOBSEN, E. AND VISSER, R.G.E. {1997).
Optimization of chemical selection of transgenic friable embryogenic callus of cassava
using the luciferase reporter gene system. In Proceedings of the 3rvd International
Scientific Meet of the Cassava Biotechnology Nerwork, Kampala, Uganda. African
Journal of Root and Tuber Crops, in press.

Soccor, C.R., STERTZ, 5.C., RAIMBAULT, M. AND PINHEIRO, L.L (1995a). Biotransformation
of solid waste from cassava starch production by Rhizopus in solid state fermentation, Part
I: Screening of strains. Argentina Biologie Tecnologie (Curitiba) 38, 1303-1310.

SoccoL, C.R,, STERTZ, 5.C., RAIMBAULT, M. AND PINHEIROQ, L.1. (1995b). Biotransformation
of solid waste from cassava starch production by Rhizopus in solid stste fermentation. Part
I11: Scale-up studies in different bioreactors. Argenrina Biologie Tecnologie (Curitiba) 38,
1319-1326.

SOFIARI, E. {1996). Regeneration and transformation of cassava Manihot esculenta (Crantz).
PhD thesis, Agricultural University of Wageningen, Netherlands,

SOFIARL E., RAEMAKERS, C.I1.JIM.,, KANIU, E., DANSO, K., YAN LAMMEREN, A M., JACOBSEN,
E. anD VISSER, R.G.F. (1997). Comparison of NAA and 2,4-D induced somatic embryos
in cassava. In Proceedings of the 3rd International Sciemtific Meet of the Cassava
Biotechnology Network, Kampala, Uganda. African Journal of Root and Tuber Crops, in
press.

SOMMER, A. (1988), New imperatives for an old vitamin (A). Journal of Nutrition 119, 96-100.

SrRIROTH, K. (1995). Recent developments in cassava wutilization in Thailand. In Cassava
Biotechnology Network: Proceedings of the 2nd International Scientific Meeting, Bogor,
Indonesia. CIAT working document 150, 646-050.

STAMP, 1A, ([1987). Somatic embryogenesis in cassava: the anatomy and morphology of the
regeneration process. Annals of Botany 59, 451-459.

STamP, LA, AND HENSHAW, G.G. (1982). Somatic embryogenesis in cassava. Zeitschrift fiir
Pflanzenphysiologie 1905, 183-187.

STaMmp, 1A, AND HENSHAW, G.G. (1987a). Somatic embryogenesis from clonal feaf tissues of
cassava. Annals of Botany 59, 445-450.

STAMP, JA. AND HENSHAW, G.G. (1987b). Secondary somatic embryogenesis and plant
regeneration in cassava. Plant Cell Tissue and Organ Culture 10, 227-233.



Cassava biotechnology 363

STANLEY, J., FRISCHMUTH, T. AND ELLWOOD, §. {1990). Defective viral DNA ameliorates
symptoms of geminivirus infection in transgenic plants. Proceedings of the National
Academy of Sciences, USA 87, 6291-6295.

SUDARMONOYATL, E. AND HENSHAW, G.G. (1993). The induction of somatic embryogenesis of
recalcitrant cassava cultivars using picloram and dicamba. Tn Proceedings of the 1st
International Scientific Meet of the Cussava Biotechnology Network, Cartagena, Colom-
bia, ed. W.M. Roca ard A.M. Thro, CIAT working document 123, 128-133,

SUDARMONOWATE, E. AND BACHTIAR, A S, (1995). Induction of somatic embryogenesis in
Indonesian cassava genotypes. In Cassava Biotechnology Network: Proceedings of the
2nd International Scientific Meeting, Bogor, Indonesia. CIAT weorking document 150,
324-335.

SUISMONG, 5.D., INDRASARI, S.D. AND SANTOSA, A.S, (1993). The quality of cassava tape,
using scveral different fermenting agent preparations. In Cassava Biotechnology Network:
Proceedings of the 2nd International Scientific Meeting, Bogor, Indonesia. CIAT working
document 130, 804-822.

SZABADOS, L., HOYOS. R. AND Roca, W. (1987}, In vitro somatic embryogenesis and plant
regeneration of cassava. Plant Cell Reports 6, 248-251. i

TANAKA, Y., DATA, E.S., HIROSE, E.S., TANIGUCHI, T.AND URITANI, 1. (1983), Biochemical
changes during deterioration of cassava roots. In Tropical Root Crops, Posi-harvest
Physiological and Processing, ed, E.S. Unitani and E.D. Reyes, 79-81.

TAYLOR, N.I., CLARKE, M. AND HENSHAW, G.G. (1993). The induction of somatic embryogen-
esis infifteen African and one South American cassava cultivars expression in cassava root
and teaf tissues. In Proceedings of the Ist Infernational Scientific Meet of the Cassava
Biotechnology Nenwork, Cartagena, Colombia, ed. W.M. Roca and A.M. Thro, CIAT
working document 23, §34-139.

TAYLOR. N.J., EDWARDS, M., KIERNAN, R.J,, DAVEY, C.1D.M., BLAXESLEY, I}. AND HENSHAW,
G.G. (1996). Development of friable embryogenic callus and embryogenic suspension
culture systems in cassava (Manihot esculenta Craniz), Nature Biotechnology 14, 726
730.

TENJG, F.A.AND MAYER, 1.E. (1993). Cloning and sequence analysis of PEP-carboxylasc from
cassava. In Proceedings of the 15t International Scientific Meet of the Cassava Biotech-
nology Network, Cartagena, Colombia, ed. W .M. Roca and A.M, Thro, CIAT working
document [23, 331-334.

THOMPSON, G.A., HIATT, W.R., FACCIOTTI, D.. STALKER, DM AND COMAI, L. (E987).
Expressionin plants of a bacterial gene coding for glyphosate resistance. Weed Science 35
(Suppl) 19-23.

TurESH, .M., FisHPoOL, L.D.C., OTIM-NAPE, G.W. AND FARGETTE, D. (1994). African
cassavamosaic virus disease: an under-estimated and unsoived problem. Tropical Science
3, 3-14.

TILQUIN, J.P. (1979). Plant regeneration from stem callus of cassava. Canadign Journal of
Botany 57, 1761-1763.

TYLLESKAR, T. (1994). The association between cassava and the paralytic discase konzo. Acta
Horticulturae 375, 331-339.

TYLLESKAR, T., BANEA, M., BIKANG], N., COOKE, R.D., POULTER, N.H. AND ROSLING, H.
(1992). Cassava cyanogenesis and konzo, an upper motor neuron disease found in Africa.
Lancet 39, 208-211.

TYLLESKAR, T., BANEA, M., BIKANGI, N., NAHIMANA, G., PERSSON, L.A. AND ROSLING, H.
(£995). Dietary determinants of a non-progressive spastic paraparesis (Konzo): a case-
referent study in a high incidence area in Zaire. nternational Journal of Epidemiology 24,
949-956.

UMANNAH, E.E. AND HARTMAN, R.W. (1973). Chromosome numbers and caryotypes of some
Manihot species. Journal of the American Saciety for Horticultural Science 98, 272-274,

VAECK, M., REYNAERTS, A., HOFTE, H., JANSNES, S., DEBEUKELEER, M., DEAN, C., ZABEAU,
M. AND VAN MONTAGU, M. (1987). Transgenic plants protected from insect attack. Nature
328, 33-37.

VAN DEN ELZEN, P., TOWNSEND, J., LEE, K.Y. AND BEDBROOK, I. (1985). A chimeric



364 J. PUONTI-KAERLAS

hygromycin resistance gene as a selectable marker in plant cells. Plant Molecular Biology
5, 299-302.

VANCANNEYT, G., SCHMIDT, R., O'CONNOR-SANCHEZ, A., WILLMITZER, L. AND ROCHA-
S0sa, M. (1990). Construction of an intron-containing marker, gene splicing of the intron
in transgenic plants and its use in monitoring early events inAgrobacterium-mediated plant
transformation. Molecular and General Genetics 220, 245-250.

VON ARNIM, A. AND STANLEY, J. {1992). Inhibition of African cassava mosaic virus systemic
infection by a movement protein from the related geminivirus tomato golden mosaic virus.
Virology 187, 555-564.

WALDRON, C., MURPHY, E.B., ROBERTS,J.L., GUSTAFSON, G.D., ARMOUR, S .L.AND MALCOLM,
S.K. {1985). Resistance to hygromycin B: a new marker for plant transformation studies.
Plant Molecular Biology 5, 103-108.

WENHAM, 1LE. {1995). Post-harvest deterioration of cassava. A biotechnology perspective.
FAQ Plant Production and Protection Paper £30.

WHEATLEY, C.C. AND SCHWABE, W.W. (1983). Scopoletin involvement is post-harvest
physiological deterioration of cassava root Manihot esculenta (Crantz). Journal of
Experimental Botany 36, 783-791.

WESTJR., K.P., HOWARD, G.R.AND SOMMER, A. (1989). Vitamin A and infection: public health
implications. Annual Review of Nutrition 9, 63-86.

WESTLEY, A. AND CEREDA, M.P. (1994). Production of fermenied cassava starch (Polvitho
azedeo) in Brazil. Tropical Science 34, 203-210.

WOHLLENBEN, W., ARNOLD, W., BROER, I, HILLEMANN, D., STRAUCH, E. AND PUEHLER, A.
(1988). Nucleotide sequence of the phosphinothricin N-acetyltransferase gene from
Streptomyces viridochromogenes Tii494 and its expression in Nicotiana tabacum, Gene
70, 25-38.

WUNN, T, KLOTI, A., BURKHARDT, P.K., GOSH Biswas, G.C., LAUNIS, K., IGLESIAS ,V.A.AND
POTRYKUS, 1. (1996). Transgenic indica rice breeding line IR58 expressing a synthetic
crylA(b} gene from Bacillus thuringiensis provides affective insect pest controt. Bio/
Technology 14, 171-176.

XU, X.AND L1, B. (1994). Fertile transgenic indica rice plants obtained by electroporation of the
seed embryo cells. Plant Cell Reports 13, 237-242.

YANINEK, J.5. (1994). Cassava green mite intervention technologies. African Crop Science
Journal 2, 361-367.

ZAKHIA, N, CHUZEL, G., BRABET, C. AND DUFOUR, D. (1993), Cassava fermentation: cassava
sour starch in Latin America. In Cassava Biotechnology Network: Proceedings of the 2nd
International Scientific Meeting, Bogor, Indonesia. CIAT working document 150, 651-
672,

ZAMBRYSKI, P., Joos, H., GENETELLO, C., LEEMANS, I., VAN MONTAGU, M. AND SCHELL, J.
(1983). Ti plasmid vector for the introduction of DNA into plant cells without alteration
of their normal regeneration capacity EMBO Journal 2, 2143--2150.



