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Abstract

BACKGROUND: By 2050, Africa’s population is projected to hit two billion. Africa will
have to increase food production more than 50% in the coming 50 years to meet the
nutritional requirements of its growing population. Nowhere is the need to increase
agricultural productivity more pertinent than in much of sub-Saharan Africa where it is
currently static or declining. Optimal pest management will be essential as intensification of
any system creates heightened selection pressures for pests.

RESULTS: Plant-parasitic nematodes and their damage potential are intertwined with
intensified systems and can be an indicator of unsustainable practices. As soil pests,
nematode are commonly overlooked or misdiagnosed, particularly where appropriate
expertise and knowledge transfer systems are meager or inadequately funded. Nematode
damage to roots produces symptoms similar to nutrient deficiency, often leading to a
misdiagnosis and consequent overuse of fertilizers. Damage in subsistence agriculture is
exacerbated by growing crops on degraded soils and in areas of low water retention where
strong root growth is vital.

CONCLUSION: This review focuses on the current knowledge of economically important
nematode pests affecting key crops, control methods and the research and development needs
for sustainable management, stakeholder involvement and capacity building in the context of

crop security in Kenya, Tanzania, Uganda and Zimbabwe.

Key words: Africa, agricultural nematology, capacity building, development needs, food

security, pest management.
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1. INTRODUCTION

Nematodes, either alone or in combination with other pathogens, constitute an important
constraint to world food production.! Although not all plant-parasitic nematodes (PPN) are of
economic importance, nematode damage to agricultural crops is estimated globally to cause
losses in the range of 8.4-20.6% in life sustaining and economically important/commodity
crops (Table 1). Although precise data are difficult to calculate, the value of these losses is
estimated to exceed US $125 billion.?® Amongst the most widespread and economically
important nematodes are species of the genera Helicotylenchus, Meloidogyne, Pratylenchus,
Radopholus and Scutellonema, all of which have wide host ranges and are capable of
attacking many different crops (see Table 2). In addition, a small number of species of some
genera can act as virus vectors (e.g., species in the genera Longidorus, Paralongidorus,
Trichodorus and Xiphinema), and some are post-harvest pests, including Meloidogyne,
Pratylenchus sudanensis Loof & Yassin, 1971 and Scutellonema bradys (Steiner & Le Hew,
1933) Andrassy, 1958 on stored yam or potato,*® thereby reducing the longevity and
marketability of the harvested crop.® Nematode infection is also known to compromise plant
resistance to other soil-borne plant pathogens. In addition to disruption of the usual root
functions, processes such as nitrogen fixation in the nodules of leguminous plants is
suppressed by species of Meloidogyne, the so-called root-knot nematodes (RKN),”® even
when there is no visual reduction in nodulation.® Reduction in root depth extension caused by

nematodes also increases crop susceptibility to water stress leading to wilting and yield loss.

The damage caused by PPN, their behavior and control have received little attention in many
countries in sub-Saharan Africa (SSA), despite indications that crop productivity can be

severely reduced.®!! Information concerning PPN problems in much of Africa is all too
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scarce, often being restricted to gray literature in institute reports rather than globally
disseminated and accurate crop loss damage is lacking for many crops and cropping systems,
particularly those practised by smallholders. This lack is of particular concern as it is
predicted that tropical and subtropical nematology will face ever more complex and
economically important problems, especially in subsistence agriculture?, such problems being
exacerbated by the effects of climate change. There is therefore an urgent need in SSA for
nematode surveys, accurate pest identification, the establishment of distribution maps, and
the gathering of accurate crop damage and yield loss data, not only for commodity crops, but
also for staples. Such information will underpin the requirement from agricultural research
and development programmers to investigate nematode problems and to develop
management systems for sustainable cropping systems. With this in mind it is highly
desirable to exploit the good farming practices, including conservation agriculture and
integrated crop and pest management, that form a part of ecosystem services and which have
been proven to provide optimum production potential, input efficiency, economic benefit and
environmental protection. Implementing good practices and applying integrated pest
management (IPM) at the smallholder level will benefit the rural poor, increase agricultural
productivity and enable farmers to grow more food, thereby leading to better diets and
potentially higher farm incomes. With income derived from more efficient and sustainable
crop management, farmers are more likely to diversify production and grow higher-value

crops, benefiting not only themselves but also the broader economy.*?

This review stems from a Gatsby Charitable Foundation initiative aimed at capacity building
in agricultural nematology in certain countries in East and Southern Africa (ESA). With
particular emphasis being placed on the status quo in Kenya, Tanzania, Uganda and

Zimbabwe, the review endeavors to serve as a ‘call to action’ by summarizing the currently
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available knowledge of: i) the economically important nematode problems affecting key
crops; ii) nematode control/management methods; and iii) highlighting the research and
development needs for future management, soil health, stakeholder involvement and capacity

building in the context of crop security.

1.1  Common cropping systems in East and Southern Africa

The countries within ESA, as defined above, possibly have the greatest concentration of
poverty in the world and, for the foreseeable future, will continue to struggle to overcome
widespread food insecurity and malnourishment.*®* Population growth, drought and degraded
soils coupled with the long term impact of climate change, are new and disturbing challenges
that are likely to lead to a further reduction in crop security and thereby to increased poverty.
Predicted increase in extreme weather patterns, particularly heavy rains and drought, will be
detrimental to farmers, their crops, and the rural economy. Although there are many examples
of good agricultural practice, the vast majority of the rural poor in ESA are smallholder
farmers working in conditions of either static or declining productivity. Agriculture accounts
for 60% of the region’s GDP, employs 70% of the total labor force and is its main livelihood.
These resource poor farmers produce the vast majority of food on the continent and they need
to increase production 1-2% per year to offset growth in populations both rural and in the
enlarging mega-cities. Present food production in SSA will only be able to meet 13% of the

continent’s food needs by 2050.1415

The major farming systems in ESA are largely determined by the rainfall pattern (total annual
amount and distribution). Farming systems cover a wide range of activities, including the

production of cash and food crops and livestock. Eleven broad farming systems have been
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identified? and these share many similarities (Table 3). In each system, production is typically
done by subsistence smallholder producers, many of whom are women, using relatively
rudimentary technology. However, at the other end of the spectrum there are also
industrial/export crops that are grown on a much larger scale with a commensurate increase
in inputs and technology. As 40% or more of the soils in SSA are degraded, changes in

cropping systems and support for the challenges faced by small farmers are urgently needed.

Increasing urbanization within the region has produced a more commercial attitude to
horticultural enterprises such as export vegetables, fruits, spices, and cut flowers. For
example, Kenya, South Africa, Zimbabwe, Zambia, Ethiopia and Uganda have all witnessed
the creation of new horticulture industries.'®*® These operate in open fields and screen-
houses, with extensive irrigation and use of pesticides and chemical fertilizers. Upland
plateaux are considered the best location for horticulture, hence the selective developments in
Kenya, Tanzania, Zambia, Zimbabwe and other countries such as Ethiopia, although lower
altitude areas with high humidity and warmer nights can also be suitable, as in Uganda. The
horticultural sector is growing rapidly, underscoring its increasing rank as a major, non-

traditional, foreign exchange earner.16-18

1.2 Nature of nematode problems and sustainability of cropping systems in East and

Southern Africa

The traditional farming systems in Africa usually consisted of mixed crops (even including
trees or woody perennials) that provided an ecosystem in which farmers manipulated and
derived advantage from local resources and natural processes. This required the application

of agro-ecology principles to manage soil fertility, pests, diseases, weeds and available
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genetic resources in the context of climate and land use. However, the rapidly increasing
human population and increased competition for land has led to the abandonment of
traditional farming systems in favor of larger, more intensive and specialized systems
characterized by monocultures with new varieties, crop protection aids and inorganic
fertilizers. The intensification of agricultural land use is often associated with natural habitat
decline at farm and landscape level. This landscape simplification has increasingly negative
effects, including a long-term decrease in sustainability of cropping systems due to nutrient

extract agricultural practices.

Crop losses due to pests and diseases appear to be more frequent in simplified landscapes and
decrease in sustainability is indicated by increased incidence and higher populations of PPN
leading to elevated damage levels. By contrast, in more diverse agro-ecosystems where soils
are populated by a broader range of microorganisms, including bacterial and fungal feeding
nematodes (important to convert nutrients to forms accessible to plants), PPN can be

suppressed to densities below the economic threshold.®

PPN are among the major constraints to improvement in crop productivity, attainment of food
security and poverty alleviation in SSA. Rarely is any crop free from nematode attack in
smallholder farmer fields, orchards and home gardens, yet their presence is generally not
recognized due to the cryptic nature of the perpetrators. Their importance in SSA is relatively
higher due to a number of factors operating singly or interactively. For example, shorter
nematode life-cycles in warmer soils and continuous crop growing seasons result in more
rapid population build-up, and negatively impact upon crops and antagonistic
microorganisms. In most cases, crop roots are simultaneously parasitized by several

economically important nematode species (Table 2), yield losses being estimated from 8-50%
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(Table 1). Component species of the mixed nematode population often differ from crop to
crop, country to country and region to region, making diagnosis and prediction of damage
much more difficult and thereby complicating the development of management strategies.
Interestingly, one of the major influences on the distribution of nematodes appears to be
altitude, several studies having investigated its role in ESA (Table 4). Such complexity also

impacts upon the advice given to growers by the extension services.

2 NEMATODE PROBLEMS ON KEY STAPLE AND ECONOMICALLY

IMPORTANT CROPS

The majority of nematology research in ESA has, perhaps unsurprisingly, mainly focused on
high value crops destined for export (e.g., cotton, maize, sugar cane and tobacco). Research
on the staple food crops of an area and awareness of nematode problems in the local farming
communities is limited. However, the limited data available in ESA (addressing this
limitation is one of the major keys to ameliorating the problem) indicates that PPN are
widespread and cause significant losses in bananas,?>?* maize,?>?® yam,?”*° and vegetables.3!"
%0 The examples and discussions presented here have been selected to demonstrate that
nematodes are frequently a limiting factor on a wide range of crops commonly grown in

ESA, particular focus being given to Kenya, Tanzania, Uganda and Zimbabwe.

2.1 Cereal crops

Cereals constitute ESA’s most important source of food and include maize (Zea mays L.),

sorghum (Sorghum vulgare L.) and rice (Oryza sativa L.), maize being the most important of

these crops on a regional basis.*°
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Rice has gained in popularity and is grown as a rain-fed lowland and upland crop in much of
Uganda and as an irrigated crop in Kenya and Tanzania.! Sorghum, a traditional African
cereal crop, is drought-tolerant and regularly out-yields maize in semi-arid parts of the region
where rainfall is both insufficient and unreliable.! It is also more resistant to water-logging,
yields well in infertile soils, and can be ratooned. Meloidogyne acronea Coetzee, 1956 causes

damage on sorghum in Malawi and South Africa.°

Maize occupies the pre-eminent position in terms of production, acreage and source of
nutrition and is a major staple in many rural and urban communities.'° Maize has also
recently been identified as one of the non-traditional cash crops — traded regionally and
purchased by relief organizations for distribution to internally displaced persons. Production
of crops such as maize and other cereals will be the most effective in increasing food security
as they act as a source of cash for poorer households and benefit farmers indirectly by
allowing them to diversify into higher-value crops, thus improving their incomes and

reducing urban poverty.

PPN constitute serious impediments to intensified cereal production in SSA and several
species have been associated with cereals in Uganda®® and Kenya.®?3® So far, pathogenicity
of Pratylenchus zeae Graham, 1951 and Meloidogyne spp. on maize has been
demonstrated.?3* These nematodes occur very frequently and abundantly in maize roots and
their rhizosphere.?>?%3 Analysis of the relationship between nematode densities, soil
physical/chemical properties and cropping history revealed that intensified cereal systems
with low frequency of non-cereal rotations increased the risk of P. zeae infestation, especially

if the soils were loamy sand, sandy loam or sandy clay loam,?® and could be associated with

10
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yield losses up to 37%.3* Symptoms, especially those above ground, are not specific and are
characterized by irregular patches of stunted plants randomly distributed throughout the
fields. Reduced root/shoot growth, leaf necrosis, proliferation of fibrous roots, and the
presence of small blackish root lesions also occur.®® Other important cereal pests are RKN,
particularly on maize and rice. RKN are regularly found in combination with P. zeae, the

latter apparently being more detrimental to crop productivity.*

2.2  Bananas and plantains

Bananas and plantains (Musa spp.) have received great attention regarding PPN (Table 2) and
their control. Starchy bananas and plantains are often grown by small-scale farmers?? and are
of great importance in the highlands of countries such as Burundi, Democratic Republic of
Congo (Kivu region), Rwanda, Tanzania (Kagera region) and western Kenya and Uganda,
where they are an important staple food and cash crop.?* However, banana yields in the
highlands of Kenya and Uganda have shown a steady decline per unit land area due to a

range of factors that include infection and damage by a complex of PPN,

Plant-parasitic nematodes associated with damage and reduced yields in banana and plantain
include: Helicotylenchus spp., Meloidogyne spp., Pratylenchus coffeae (Zimmermann, 1898)
Filipjev & Schuurmans Stekhoven, 1941, P. goodeyi Sher & Allen, 1953, Radopholus similis
(Cobb, 1893) Thorne, 1949 and Rotylenchulus reniformis Linford & Oliveira, 1940 (Tables 1
and 2). Heavy infestations of root nematodes have been associated with toppling, a problem
initiated by PPN where root lesions become so extensive that secondary fungal infections
cause the roots to rot, thereby reducing nutrient and water uptake and compromising

anchorage of the plant in the soil. This affects the growing banana plant, especially those in

11
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bunch, to such an extent that they topple, the developing fruit being lost, reduced in value or

fit only for livestock consumption.

Although there is little work on interrelationships between nematodes and other organisms,
one example is that between P. goodeyi and a non-pathogenic strain of Fusarium oxysporum
in a root-rotting complex of highland bananas in Kenya.®*® Nematodes are found on all
varieties of bananas, but there is some evidence to suggest that there are differences in
susceptibility among the most commonly grown varieties, two widely known and confirmed
sources of resistance to R. similis being: ‘Pisang Jari Buaya’ and ‘Yangambi km5’.4%4
Breeding resistance into local varieties, supported by other management strategies such as
heavy application of organic matter (‘trash’) can result in substantial yield responses with

little financial input from the smallholders.*->

2.3 Legumes

Legumes are important crops as they have the potential to fix nitrogen and therefore improve
the fertility of the soil. They are also an important source of nutrition in that they are a vital

source of protein.

The common bean (Phaseolus vulgaris L.) has a centre of origin and genetic diversity in the
highland regions of Africa and has become a crop of major importance in subsistence
agriculture and food security in the countries of the highlands of ESA.> The most serious
nematode pests include the RKN species M. incognita and M. javanica and losses up to 60%

have been attributed to RKN in experimental work done in Kenya.®53

12
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The cultivated groundnut (Arachis hypogaea L.) is a legume originating in South America
although it is now widely grown throughout Africa and is an important crop rich in both
carbohydrate and protein. PPN are primary pests in all groundnut producing areas with
estimated losses of 12%.? Important nematode parasites of groundnuts in Africa include
RKN, although the crop is also host to the lesion nematode Pratylenchus brachyurus
(Godfrey, 1929) Filipjev & Schuurmans Stekhoven, 1941, the spiral nematode Scutellonema
cavenessi Sher, 1964, and the stem nematode Ditylenchus africanus Wendt, Swart, Vrain &
Webster, 1995, which affect productivity and may reduce marketability (Table 2).
Aphelenchoides arachidis Bos, 1977, originally reported and described damaging groundnut
pods and seeds in Nigeria, is now also known from South Africa and, if not already present in

other countries of ESA, certainly represents a quarantine risk.

2.4 Root and Tuber Crops

2.4.1 Cassava and yam

Cassava (Manihot esculenta Crantz) and yam (Dioscorea spp.) are very important staple food
crops and provide food security and income for millions of smallholders® — in some African

countries, cassava constitutes 80% of the per capita consumption of starchy staples.®

Cassava is often viewed as being resistant to, or uninfected by, nematode pests. However,
although it is host to a wide range of nematodes, RKN and P. brachyurus are the most
important pests, causing consistent losses.?”*> Damage appears to be more severe when
infection occurs on young plants.® The damage caused to cassava depends on nematode

isolate (race) and cassava cultivar.l®®” For example, high yielding elite varieties were

13
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introduced to Mozambique from Nigeria (where they had fared well) yet became heavily
damaged by RKN and were consequently unsuitable for local production (Coyne DL, pers.

obs.).

Yams (Dioscorea spp.) are a starch staple crop across Africa. The major nematode pest, S.
bradys, which occurs mostly in West Africa, affects the tubers and causes ‘dry rot disease’.
Infected tissues discolor, initially becoming light brown before eventually turning black, the
most severe symptoms occurring during storage.?’ Dry rot causes a marked reduction in
quality and marketable value of the tubers while infected tubers suffer major deterioration in
storage. In Uganda, P. sudanensis has been observed causing similar symptoms to S. bradys,
while RKN are particularly prevalent and damaging, causing rotting and necrosis, especially
during storage.*?® Nematode-damaged tubers used as planting material also re-infect the

subsequent crop and so perpetuate the problem.?”:3

2.2.2 Potato

Potato (Solanum tuberosum L.) is traditionally grown in cool environments, although in
recent years it has expanded its range in Africa to relatively warmer, more humid zones, the
latter being optimal for many pests, including nematodes. In cooler areas, where the potato
cyst nematode (Globodera spp.; PCN) has been introduced, it is a major problem and is
currently acknowledged by EPPO (European and Mediterranean Plant Protection
Organization) and NAPPO (North American Plant Protection Organization) as a potentially

important quarantine pest (www.eppo.int/QUARANTINE/listA2.htm;

http://www.pestalert.org/opr_search.cfm). RKN attacks the roots and tubers and is a major

constraint to both productivity and marketability of potatoes.®® It also reduces seed quality

14
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and, where infected material is used for seed, is easily spread from one field or country to

another.

Another quarantine species, Ditylenchus destructor Thorne, 1945, also known as the Potato
Rot Nematode, has been associated with potatoes in Kenya.'® It causes internal rotting to the
tubers and thereby reduces yield and marketability of the crop. It is easily dispersed by using

infested planting material.

Given the increasing importance of the crop, and with the exception of South Africa, there is

a serious lack of knowledge on nematode pests in many of the African potato cropping areas.

2.2.3 Sweet Potato

Sweet potato (Ipomoea batatas (L.) Lam) is host to a wide range of PPN species, although
only a few are of economic importance. Rotylenchulus reniformis, RKN and Pratylenchus
spp. infect sweet potato in mixed cropping systems and can result in severely distorted and
cracked tubers.5*® Little is known about the nematode pests of sweet potato in the countries

of ESA.

2.5 Cash Crops

2.5.1 Coffee

In many coffee-producing countries in ESA, PPN reduce productivity and increase

production costs. Meloidogyne spp. and Pratylenchus spp. are the most economically

15
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important nematodes (Tables 1 and 2) causing estimated yield losses of at least 15% and
affecting many plantations. A number of Meloidogyne species occur on coffee in ESA
including M. incognita (Kofoid & White, 1919) Chitwood, 1949, M. africana Whitehead,
1959 from Kenya (also found in Zaire), M. decalineata Whitehead, 1968 from Tanzania (also
found in Sao Tomé),'° and recently M. paranaensis Carneiro, Carneiro, Abrantes, Santos &
Almeida, 1996 in Uganda (Carneiro R, pers. obs.), and M. hispanica Hirschmann, 1986 and a
non-described species from the Tanga Region of Tanzania.®® At least two endemic
Meloidogyne species occur in ESA: M. africana Whitehead, 1959 from Kenya (also found in
Zaire), and M. decalineata Whitehead, 1968 from Tanzania (also found in Sao Tomg).*°
There are other non-described species of Meloidogyne from northern Tanzania which infest
trees in both monocropped plantations and in smallholder farms where coffee is grown as a
mixed crop.’® Little information is available on the biology and yield losses caused by
African coffee RKN and the taxonomy and identification of these pests is both complex and
difficult, often requiring relatively sophisticated molecular methodologies for reliable species
diagnostics. As a result, appropriate management options for coffee need to be developed,
necessitating interdisciplinary research to: i) evaluate sampling strategies for assessment of
field populations and epidemiology; ii) assess their effect on productivity and resistance of
coffee genotypes (arabica and robusta); iii) evaluate cultural and chemical management

strategies; and iv) investigate parasite physiology, behavior and practical diagnostics.

2.5.2 Cotton

Within semi-arid subsistence agricultural systems cotton is often planted to generate cash and
can be grown as an insurance crop in regions where unreliable rain may cause staple food

crops to fail. Cotton is Tanzania’s larger export crop after coffee, contributing $90 million to

16
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export earnings® (http://www.worldbank.org/afr/wps/wp42.pdf; http://www.cotton.or.tz/).

RKN are among the most important nematode pests of cotton, M. incognita being the most
widely distributed species and causing severe yield losses. It has been found in Tanzania,
Uganda and Zimbabwe.®® Infected plants are more prone to Fusarium wilt in adverse
conditions, such as drought and high temperature. The M. incognita cotton isolate that occurs
in Tanzania is a serious pest and is related to an increased incidence of Fusarium wilt caused
by Fusarium oxysporum f.sp. vasinfectum (G.F. Atk.) W.C. Snyder & H.N. Hansen; it has
also been shown to break Fusarium resistance in F. oxysporum resistant lines.>®* In addition,
the nematode facilitates dissemination of the wilt fungus in infected seed.'®® The ‘African
cotton root nematode’, M. acronea, originally described from Malawi, does not produce galls
but causes an increase in fine lateral root growth around the feeding site.!° In Tanzania, R.
reniformis, the ‘reniform nematode’, produces some field symptoms that resemble those of
RKN. Although not producing root galling, it reduces root growth, especially on
seedlings.®®*% There are many other species of PPN associated with cotton including
Scutellonema aberrans (Whitehead, 1960) Sher, 1961, S. brachyurus, S. clathricaudatum

Whitehead, 1959, S. magniphasmum Sher, 1964 and S. unum Sher, 1964 in Tanzania.%636°

2.5.3 Sugar Cane

Sugar cane is a plantation crop but is also planted by resource-poor farmers. Because it is a
plantation crop and of global importance it has been the focus of much research.* The number
of species of nematode affecting sugarcane is greater than for any other crop.®” This is in part
due to its continuous monoculture with no more than a few months break between removal of
the old ratoon crop and replanting, but is also related to its extensive mat of surface roots

which is conducive to the build-up of the root lesion nematode (Pratylenchus spp.) of which
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P. zeae is reported to be the most common in Kenya.®®%® RKN are also of importance on
sugar cane throughout ESA, M. incognita and M. javanica (Treub, 1885) Chitwood, 1949

being recorded as the most prevalent.

2.5.4 Tobacco

Tobacco, although not a food crop is an economically important crop in many parts of Africa,
including the countries of ESA, particularly in Zimbabwe. There is a large and substantial
literature on tobacco nematodes’® as PPN occur wherever it is grown, although the extent of
the problem is influenced by climate and soil type. The most important PPN on tobacco in
Africa are RKN and lesion nematodes (Pratylenchus spp.), although there are also other
species which can be problematic. Tobacco also exhibits a considerable degree of resistance
to different populations of nematodes’® and has recently become a transgenic model plant to

investigate the role of various genes that may play a role in nematode resistance.”

2.6 Vegetable Crops

Vegetables are an important component of human nutrition and with increasing urbanization
they therefore play an increasing role in periurban cropping systems, thereby requiring the
development of intensive cropping systems with a drive towards more efficient/commercial
production systems. The lack of knowledge of PPN and their behavior in these new systems
remains a major challenge to vegetable production in ESA. Such intensive cropping will
doubtless result in a buildup of PPN and consequent damage and reduced yield.”>"® However,
despite high losses, PPN associated with vegetable production are often overlooked and

misdiagnosed with many nematode pests remaining unknown.!t3! As a result, many farmers

18



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Agricultural nematology in Africa: problems and strategies

are unaware of PPN as pests,'! even though successful production of vegetables is reliant on
appropriate nematode management, this being especially necessary in intensified periurban
systems where RKN, if left unchecked, can devastate the crop.”* Although not all
smallholders have recognized nematodes as a biological constraint, up to 20% of vegetable

producers use nematicides when growing tomatoes.’3"

Root-knot nematodes are a concern to many smallholders and commercial producers.”>’® An
estimate of 20% loss has been attributed to RKN in Kenya, but losses may be up to 50% and
total crop failure, principally due to M. incognita and M. javanica, is not uncommon.’® Other
high yield losses reported in the region include 50% in beans; 38% in spinach and 32% in

okra.”

RKN have been identified among the major pests of cabbage (Brassica oleracea var. capitata
L.),”" and are the main pests of tomato (Solanum lycopersicum L.), causing considerable yield
losses.31"® Meloidogyne incognita is often the most commonly identified pest, although given
the complexity of RKN diagnostics, it seems likely that a range of morphologically similar
species is present.”* Correct species identification is complex and with around 100 named
species to date, there are probably still many more waiting to be described’®. In a recent
survey carried out in vegetable fields (i.e., tomato, green pepper, cassava, sweet pepper, okra
and carrot) in Tanzania and Uganda, species such as M. arenaria, M. enterolobii, M hapla,
M. javanica, and M. incognita were biochemically identified by esterase patterns and SCAR
markers.”® Rapid and accurate diagnostics, such as those offered by appropriate molecular
tools, may be vitally important when determining which resistant cultivars to plant and also
when recommending crop rotations aimed at reducing nematode populations, many

indigenous leafy vegetables, for example, also being susceptible to attack.?!
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Pratylenchus spp. (lesion nematodes) are known for their impact on crop yields globally. In
Kenya, Pratylenchus has been identified as a threat to vegetable production.”” This lesion
nematode occurs at very high population densities in the Central, Eastern and Rift Valley
Provinces of Kenya. Among the species that have been found associated with vegetables are
P. brachyurus, P. loosi Loof, 1960, P. neglectus (Rensch, 1924) Filipjev & Schuurmans
Stekhoven 1941, P. scribneri Steiner, 1943 and P. zeae.”” In Uganda, lesion nematodes have
been reported in carrot, cabbage, pepper, tomato, cucumber and okra.’! The presence of
lesion nematodes at high population densities is a matter for substantial concern considering
their migratory endoparasitic mode of feeding and ability to attack a wide variety of field

crops.

Helicotylenchus spp. (spiral nematodes) are also frequently present, often occurring in large
numbers and as several different species. These nematodes also have a wide host range and
have been found on various vegetables, including cabbage, pepper, tomato, carrot and
cabbage in both Kenya and Uganda.®>’" The nematode partially burrows into the roots of
vegetable crops and feeds within the cortex, leading to brown necrotic areas on attacked

roots.

The reniform nematode, Rotylenchulus spp., has consistently been associated with beans,
pepper, tomato, okra and cabbage in both Kenya and Uganda,®>’" although opinions vary as

to its overall importance in yield reduction.

Other relevant species in fruit and vegetable crops include Pratylenchus vulnus Allen &

Jensen, 1951 in strawberries in the Central province of Kenya.!® Other genera reported
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associated with many of vegetable crops in Kenya include Belonolaimus, Hemicycliophora,
Hoplolaimus, Longidorus, Paratrichodorus, Trichodorus, Tylenchorhynchus, Scutellonema,
and Xiphinema. In Uganda, various nematodes have been found associated with vegetables,
among them Criconemoides, Hemicycliophora, Hoplolaimus, Quinisulcius, Scutellonema and
Xiphinema. Tylenchus, Filenchus and Coslenchus are also abundant, although they do not
appear to have any significant economic importance as they tend to be fungal feeders or

epidermal root browsers.3!

2.7 Ornamentals

The flower industry in ESA countries utilizes land that previously grew agricultural crops.
Consequently, many nematode problems affecting these crops have adapted to ornamental
plants, often causing severe damage. In Uganda, the screen-houses for ornamental plants
were erected on land previously cropped with bananas and there have been several nematode
problems on carnations and roses. Because the industry is export driven and there are strict
limitations and international restrictions on which pesticides can be used (i.e., Global GAP
guideline observation), nematodes are becoming an increasingly major problem. There are
few, if any, nematicides on the market that can be used and they are extremely expensive.
The foliar chrysanthemum nematodes Aphelenchoides spp., the bulb nematodes Ditylenchus
spp. and RKN have been reported from ornamental plants in ESA (Gowen SR,
unpublished).!® All three genera are commonly associated with perennial herbaceous
ornamentals, a rapidly expanding segment of the floriculture industry in the region.
Vegetative propagation of many of these plants may also result in increased spread and
distribution of PPN. Symptoms of nematode infection may range from virtually none to poor

growth, stunting, wilting, nutrient deficiency, or even death when in combination with
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secondary organisms. For example, the fungus Botryotinia fuckeliana (de Bary) Whetzel
1945 (= Botrytis cinerea) commonly infects leaves previously infected with foliar nematodes,

thereby masking nematode induced symptoms and increasing plant mortality.

With the increasing importance of nematodes in the ornamental industry, diagnosis of
nematodes as the cause of disease is an important step. For example, in Kenya, carnation
(Dianthus caryophyllus L.) is estimated to be grown on more than 500 ha, mainly under
greenhouse conditions, due to expanding market demand.'”® The very major challenge lies
in educating growers involved in the flower industry about the existence of nematode
problems and the need to do a nematological survey of land previously used for a different
crop prior to establishment of ornamentals. However, this situation also provides a great
opportunity to raise the awareness of nematodes as a constraint to crop production, and for
nematologists to be seen to provide strategies in PPN management that are both sustainable
and acceptable. There remains a great need to research nematode host status, soil and nursery
sanitation, heat treatment, solarization, biofumigation and alternative chemical control for

nematodes in ornamentals.

2.8 Nematode risks to new crops and varieties introduced in Africa

Scientists involved in ongoing international efforts to introduce new crops (some of them
biofortified staple crops) should be aware of the potential risks that nematodes can pose.
Sweet potato is considered a ‘lifesaver’ crop that rescued Uganda in the 1990s when a virus
ravaged the cassava crop, and also in Southern and Central Mozambique in 2009/2010 after a
severe drought caused a 32% loss of cassava. The release of orange-fleshed sweet potato

(OFSP) drought tolerant, virus resistant, varieties has helped to address both crop insecurity
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and the widespread problem of vitamin A deficiency in SSA® and it is intended that OFSP
will be adopted in Burkina Faso, Ghana, Nigeria and Tanzania. The Ahipa project (funded by
the Belgian Development Cooperation), which was launched by the International Potato
Center to enhance the nutrient-rich yam bean or ahipa (Pachyrhizus tuberosus (Lam.)
Spreng.), is an effort to improve human nutrition, food security and sustainability of farming
systems in Central and West Africa. Ahipa fixes nitrogen in the soil, making it highly suited
to the needs of small farmers as an integral component of sustainable land use. Sweet potato
and ahipa are both susceptible to PPN, including RKN, and the implementation of
international programs to introduce these crops into African countries must consider the

potential of nematodes becoming a serious pest.

3 MANAGEMENT STRATEGIES AND CONTROL MEASURES

The completion of the nematode life-cycle is dependent on three interacting components: the
host plant, the parasite species and the environment (both biotic and abiotic). All
management strategies (Fig. 1) are geared to break this ‘pest triangle’ by manipulating one or
more of these factors. However, the diversity of PPN makes any overall control strategy
problematic. Whatever the strategy, the intent is similar: to reduce the initial PPN in the soil
prior to planting and to reduce the subsequent rate of nematode increase on the crop. An
overview of technologies applicable to PPN management can be seen in Figure 1. We will

review only a few, which are practised in subsistence farming in the region.1%!

3.1 Healthy Planting Material
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A cost effective method of protecting crops is to ensure that planting material is free from
PPN. Clean and healthy planting material is the easiest management strategy to protect crops
from PPN. Seeds, including tubers and suckers, should not become a source of inoculum as
the management of PPN infested soil is much more difficult and costly’>"3. Ensuring nursery
beds are free from PPN and employing care over soil sanitation also adds to best practice.
The burning of trash on the seedbed prior to seeding is practised by some farmers to produce
healthy plants for transplanting;’2 solarization,’* incorporation of either crotalaria or Mexican
marigold (Tagetes minuta) seedlings, and biological control agents introduced in the seedbed
have been also tried against RKN."? Other techniques include, hot water treatment of seed

stocks,® paring, and use of vitro (tissue culture) plants in banana.®”&

3.2 Cultural practices

Following harvest, PPN on the roots can be killed by destruction of root material. Cultural
practices that expose nematodes to extreme environments (e.g., temperature and/or water
stress) will all reduce numbers and are considered good practice.”® Uprooting harvested crops
and burning infected roots, or even just exposing the roots to sunlight, can all reduce PPN.
Trap cropping,”* where a nematode host is planted and then removed before the nematode
can reproduce, can also reduce nematode infestations, although it is labor intensive and costly

and is not usually the method of choice.

3.3 Exploiting natural resistance and crop rotation

Many PPN do not reproduce equally well on all crops, or even on different cultivars of the

same crop. Even RKN, generally regarded as polyphagous, do not reproduce equally well on
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different plants or even crop cultivars®®® and this knowledge can be exploited to develop
crop rotation strategies. Sources of resistance to RKN have been found in locally available
genotypes of various popular crops grown by resource-poor farmers, including Brassicaceae,
green pepper, maize and tomato.®* However, there are few crops for which totally nematode

resistant varieties are available.

The use of crop rotation in a sequential cropping system is widely practised and is useful for
managing PPN both in traditional and modern agriculture.*® Crop rotation, either on its own
or in conjunction with other cultural control measures, is the most practical method of
nematode management for African agriculture. Farmer participation aimed at ensuring the
use of technologies to control RKN on tomato through the use of micro-organisms, cultural
techniques and plant resistance within the cropping system preferred by the farmers has been
conducted in Kenya.”>"® Farmer participatory experimentation on organic cotton has shown
that rotation systems can be profitable, sustainable and equitable®>®. This experience can be
transferred to countries like Tanzania which is fostering organic cotton, a crop that can be

severely affected by RKN.

3.4 Chemical Control

The use of nematicides has been a preferred option to control nematodes.”?"* However, they
are expensive and toxic, and most are being phased out because of their environmental
impact and health hazard. Pesticide-related ill health in several African countries and
cropping systems has been documented mainly in smallholder production systems (http://pan-
afrique.org). Data from Tanzania have identified smallholder vegetables as high risk with

73% farmers applying pesticides weekly.®® There is a need to fund training for farmers’ field

25


http://pan-afrique.org/
http://pan-afrique.org/

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Agricultural nematology in Africa: problems and strategies

research and develop ways to increase consumer and market demand for alternative
approaches so that an efficient transition between chemical phase-out and phase-in of

alternatives can be ensured.

3.5 Biological Control and Green Manures

The field application of biological control agents (BCA) such as species of the rhizobacteria
Bacillus and species of the obligate parasite Pasteuria, as well as the nematophagous fungus
Pochonia chlamydosporia (Goddard) Zare & W. Gams, 2001, and others has shown promise
in highly managed crop production systems®’. Recent advances in the use of BCA based on
bacterial seed treatments in an IPM context are having major effects on production in large
scale farming. For example, Pasteuria nishizawae (Clarica R) is being applied to soybean
seed on millions of hectares for soybean cyst nematode control and P. penetrans (Thorne
1940) Sayre & Starr, 1986 for nematode control on other crops. Both bacteria can be
produced in large amounts under commercial fermentation and their use over time could lead
to suppressive soils. The use of Bacillus firmus (Votivo R) as a bacterial seed treatment on
maize, cotton and soya, in combination with fungicide or insecticide to reduce PPN and
simultaneously other pests and diseases, is planted on millions of hectares of land in North
America. These forms of BCA applications should be examined for use in African
agriculture. Seed treatment with selected BCA could have a major impact on nematode
management in subsistence farming. Scientists in Africa can easily isolate new local and
effective strains of bacteria and fungi that could help in nematode management.® Inoculation
of tissue culture seedlings of horticultural crops with fungal antagonists, especially
mutualistic fungal endophytes is also being tested in Uganda and Kenya for nematode

management in banana and other crops®*%%nd the fungus Purpureocillium lilacinum (Thom)
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Luangsa-ard, Houbraken, Hywel-Jones & Samson, 2011 (= Paecilomyces lilacinus) is also
marketed in southern Africa for use in vegetable production and is being investigated for
banana applications.?® Isolates of P. chlamydosporia can be effective in controlling RKN
under glasshouse and periurban agriculture conditions.®® The search and isolation for African
isolates of the fungus from RKN has been done in Ghana, Kenya, Malawi, South Africa and
Zimbabwe.%!

Soil amendments improve organic matter levels, help with moisture retention, and stimulate
microbial activity, thereby contributing to nematode and pathogen control. Pochonia
chlamydosporia is usually added to soil in a colonized rice substrate which acts as an energy
source for the fungus. However, in some fungi, high nitrogen/carbon levels can repress
infection-related genes and may compromise parasitic ability.> One study in Kenya to
determine the efficacy of P. chlamydosporia and P. lilacinum in combination with labor
practices, such as the addition of different organic amendments and crop rotation to control
Meloidogyne in tomato, resulted in increased tomato yield (by up to 64-65%).%3
Purpureocillium lilacinum strain 251 (PL Plus®), organic substrates, and one botanical
pesticide (azadirachtin 0.15%) used in an experiment to asses PPN control in carnations
(Dianthus caryophilus L.) showed that all treatments reduced PPN; a significant reduction
also occurred in RKN egg mass production and root galling with the fungus treatment.’.
Other nematophagous fungi such as Trichoderma spp. are starting to be researched alongside

resistant tomato varieties for root-knot nematode management in Kenya.%

3.6 Genetically Modified Crops/Organisms

Genetically modified (GM) crops or organisms (GMO) have a role to improve yield per unit

of land by mitigating biotic constraints such as pest and disease damage and competition
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from weeds. It is expected that GM plants will help protect against abiotic constraints such as
drought and salinity, and enhance food-quality, post-harvest and processing properties
without further expansion of the agricultural frontier.®®> An example of GM approaches for
PPN control are banana and plantain (Musa spp.) which often depend on nematicides to
increase yield. Musa is the third most important crop of SSA, a region that produces 35% of
world bananas.®® Most edible bananas are sterile and therefore produce no seed, a feature that
hampers traditional cross-pollination techniques and thus opens the way to biotechnology
approaches that can provide partial resistance to plants against a wide range of nematodes.
Transgenic Musa have been generated by using East African Highland Banana (EAHB) and
plantain OcIADS86 (a protein-engineered version of the rice cystatin Ocl) transformed lines in
Uganda (International Institute of Tropical Agriculture). Another approach with transgenic
Musa includes the integration of synthetic peptides that disrupt the chemosensation of
nematodes in a non-lethal manner, thereby reducing the number of nematodes that can locate

and invade the roots.?®

Biotechnology risk assessment capacity building is required as biosafety assessments for
GMOs are usually conducted under National Biosafety Frameworks (NBFs). Many SSA
countries have draft NBFs but only few have passed full legislation for GMO release.
Regulatory costs imposed on biotechnology created varieties are also a significant hurdle for
the development of GM crops suited to developing country farmers. There are some institutes
and research groups that make use of biotechnological methods that do not involve high
research and registration costs, such as conservation and multiplication of germplasm and

phytosanitation.*®

3.7 Integrated Pest Management
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The two major constraints on controlling PPN in Africa are the lack of knowledge of the
biology of PPN, and identifying control measures that are effective and applicable,
particularly for small-scale farmers.!! Nematode management should become an integrated
program of practices to provide sustainable control systems. The pros and cons of the most
important concepts of Integrated Pest Management (IPM) for nematode management for
tropical and subtropical crops growing in Africa have been outlined and discussed.”® Each
farming situation requires a different set of production and protection management inputs for
greatest profitability, and to complicate matters further, these requirements may change from
year to year. Climate, soil type, cropping system, nematode pest history, cultural practices,
cultivar and environmental factors may all affect the nematode problems of a given site. In
some areas where resistant cultivars have been deployed, their effectiveness has been rapidly
reduced by lack of crop rotation, the emergence of new host races of the target nematode

species, or by the emergence of new pests to which the crop is not resistant.

4 NEMATODES AS BENEFICIAL INVERTEBRATES THROUGH ECOSYSTEM

SERVICES

Not all nematodes are detrimental to crop productivity — they can also be a benefit to growers
by helping to control insect pests and, perhaps more importantly, in the recycling of nutrients.
Recently, their importance in food webs has become recognized and they are increasingly

being used as indicators of environmental disturbance and reduced biodiversity.18°7:%

4.1 Environmental Indicators
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Due to the cosmopolitan distribution of nematodes, they inhabit most environments and play
a key role in the food webs of many microbial ecosystems, including agricultural soils.%
Nematode community analysis is attracting increased attention'®! as they are good
monitors of biodiversity and environmental indicators.®” Bio-safety evaluation of the effect of
transgenic banana was performed in Uganda using ecological indices such as Trophic
Diversity, Shannon-Weiner Diversity, Simpson’s Diversity and various other structure

indices of nematode community composition and diversity.1%?

4.2 Entomopathogenic Nematodes

Entomopathogenic nematode (EPN) species occur in the genera Steinernema and
Heterorhabditis. They have great potential for the biological control of insect pests because
they are easy to mass culture and apply, have low host specificity, and are very safe to the
user and environment. They serve as an effective, naturally occurring, mechanism for
suppressing soil-dwelling insect pests, or insects with at least one life stage inhabiting the
soil, and their occurrence usually indicates a well-balanced and diverse soil ecosystem. In
East Africa, only a few studies have focused on EPN, these largely being aimed at
establishing the presence of indigenous EPN so as to obtain isolates for future use in IPM

systems, for example, in Ethiopia,'®®'%* Tanzania (Haukeland S, pers. comm.) and Uganda.

The immediate need is to improve the capacity of scientists to characterize native EPN using
modern molecular methods (essential as they are morphologically conserved and require
molecular sequencing techniques for accurate diagnostics), and to provide the basic data and
experience for the extensive use of EPN as microbial control agents, thus providing a

potentially viable alternative to chemical insecticides, at least in certain situations such as
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shadehouses, nurseries, etc. This will also serve as stimulation for the development of novel
and innovative approaches to pest management and indirectly help open new markets for
agricultural products abroad where concern over chemical residues in agricultural products

may limit exports.

5 CHALLENGES

The association of PPN with other soil pathogens in disease complexes, as well as with
abiotic stress conditions in crop physiological syndromes, ranks them high on the list of
major economic constraints, even if many small holders are unaware of the nature and danger
of nematode infestations and overlook these damaging and economically important pests.
There are no reliable estimates of the magnitude of annual losses for many crops, but surveys
have shown that PPN are widespread in ESA and cause more damage to crops than
recognized.10287273.778184  Thejr association with other soil pathogens in disease
complexes,%5:1051% a5 well as with abiotic stress conditions in crop physiological syndromes,
ranks them high on the list of major economic constraints. As most PPN are root parasites,
they greatly affect water uptake, causing significant losses in the production of principal
crops, especially in the context of predicted climate change where restricted and/or

increasingly unreliable water resources is expected to impact many African countries.

5.1 Education and Capacity Building

In ESA, nematology is a relatively new science within the plant protection disciplines.
Although there are regional research institutes established, only a few agricultural faculties at

Universities teach nematology, whilst only a few national agricultural research institutions
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conduct research projects in nematology. The number of nematologists (Table 5) is
inadequate for the maintenance of a vibrant community. This shortage is exacerbated as most
trained nematologists leave the discipline due to lack of suitable positions, institutional and
peer support. Another factor is the low profile of nematology in some crop protection and
plant pathology programs. Consequently, few research and training institutions employ
nematologists who work full time in the discipline. The poor recognition of nematology at
management and decision making levels usually results in poor and inadequate resourcing for
nematologists. Networks and critical mass are key to harmonized efforts and to prevent

isolation while engendering team spirit for accessing support and research resources.

5.1.1 University Sector

Recent consolidated activities such as the Post-Graduate Nematology Course (PINC)
supported by the Belgian Government or the Nematology Initiative for East and Southern
Africa (NIESA), supported by the Gatsby Charitable Foundation (UK), for example, have
provided important, focused support to nematology. However, greater buy-in from national
programs, etc., is needed for its impact to be realized. Nematology needs to be incorporated
into the curricula of a greater number of agriculture colleges and universities in the region

and trained staff need to be available as instructors.

In Kenya there has been an increase in the number of permanent staff and postgraduate
students in nematology, although these numbers are still inadequate. In Kenyatta University
faculty members actively involved in nematology funded projects are increasing and a new
MSc course on plant nematology is available. Overall, the number of postgraduate students

working in NIESA-participating institutions on nematodes of legumes, cabbages, tomatoes
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and management of RKN on indigenous vegetables has increased from zero to over 15 during
2008-2013, and more MSc students at Sokoine University of Agriculture in Morogoro
(Tanzania) have opted to do their research in plant nematology. Although promising progress
has been made, there is still a great need for sponsorship of postgraduate students to do

nematology research in ESA.

5.1.2 Extension and knowledge transfer: links to farmers

The absence of extension staff has been noted in nematode workshops and training courses
held in the region. This group needs to be specifically targeted since they are well positioned
to facilitate transfer of tested technologies to growers. Although direct interaction with
individual farmers has been limited, capacity building projects have had an impact on
smallholder farmers. Rotations involving maize have been used to reduce RKN infestations
in tomato during the second cropping season in Kenya'®’. This is a technology that farmers
understand and can adopt. The effect of different cropping cycles on RKN infestations has
been recognized by smallholders in areas where nematode surveys were carried out in
Zimbabwe. Farmers saw the benefits of cropping sequences that included a poor host to the
nematode pest or a long fallow period. Some growers are now able to distinguish between a
root system that has been damaged by nematodes and one that is healthy. There has also been
an increase in the number of samples being submitted to laboratories for analysis, more
requests for field visits and an increased awareness of dissemination of nematodes through
contaminated soil and the potential exclusion of pests.

The delivery of extension services has met with limited success worldwide. The ‘going

public’ and mobile ‘Plant Health Clinic’ examples (www.plantwise.org) are a positive

innovation in the region in the two-way communication between researchers and farmers.1%
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However, they depend upon the availability of trained diagnosticians (including
nematologists) to attend public gatherings and disseminate appropriate knowledge to the
farmers. Extension scientists should also be knowledgeable regarding the role of quarantine
agencies and the need for appropriate diagnostics in preventing the introduction of new pest

nematodes.

5.1.3 Agricultural Research and Development

Another constraint to nematology in the region is the importance of agricultural research and
development as a driver of innovative crop protection. Establishing collaborative,
interdisciplinary research (soil scientists, soil ecologists, breeders, economists, statisticians,
sociologists) within and among countries is necessary to raise the profile, and hence funding,
of nematology in the region, especially if linked to developing effective IPM programs for

the major crop-nematode combinations so as to improve crop health and yield.

Additionally, there is a critical need to quantify crop losses and develop related damage
thresholds. Gathering meaningful data on yield losses caused by PPN in the region is crucial
but has been hampered by several factors, amongst them:
e the area of land held by small/poor-resource farmers (up to 70% of farmers own less
than 2 ha).108.109
e the multitudinous combinations of vegetables and other staple crops grown in such
plots, these crops being potential hosts to several different species of PPN, amongst
them the various species of RKN.
Lack of knowledge can be dealt with through concerted action protocols between

stakeholders and execution of carefully planned experiments to resolve problems for the

34



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Agricultural nematology in Africa: problems and strategies

major nematode pests on a regional basis and to analyze and quantify the costs of nematode
damage to the grower. This should be combined with devising effective alternatives of
nematode control in smallholder farm landscapes, developing, for example: i) rotations
coupled with studies of nematode host-ranges; ii) evaluating solarization as an important
control measure; iii) giving priority to development and deployment of host resistance for
nematode control; and iv) using demonstration plots, preferably in collaboration with local
farmers, to show the potential of soil amendments, biological control agents, field sanitation,
destruction of residual infected roots and clean planting material as important components of
integrated nematode control strategies and integrated biology management through
manipulation of farming systems, the environment and the host to enhance/develop a soil

biological community capable of suppressing nematode pests.'*

The diversity of unique crops grown in many areas and different climatic zones, in
combination with local cropping systems, are often poorly understood with regard to
nematodes and their impact on crops. Solutions to these problems cannot simply be imported
using experiences and data from other regions of the world as these are often inapplicable or
inappropriate for the climatic, cropping systems or socio-economic factors that prevail. A
knowledge bank needs to be produced in ESA if we are to address the increasing food

shortages that seem likely to develop.

5.1.4 Plant Inspection and Quarantine Services

One of the basic principles in crop protection is the exclusion of pathogens from uninfected
areas. Whereas opportunities for the introduction of new nematodes are numerous and

frequent, ordinary plant quarantine regulatory actions within ESA are not well adapted to the
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detection of PPN, most quarantine actions still relying upon simple visual inspections
supplemented by a hand lens or low power microscope, rather than molecular diagnostic

tools.

Although some endemic (e.g. Aphelenchoides arachidis, Ditylenchus africanus, Globodera
capensis, Meloidogyne ethiopica, Scutellonema bradys) and non-endemic African PPN
species (i.e. Globodera rostochiensis) currently have a limited distribution, they represent
potential threats to ESA countries and national quarantine regulations need to be
implemented. African nematodes such as M. ethiopica are included in the alert quarantine list
of international quarantine bodies such as EPPO (European and Mediterranean Plant
Protection  Organization) https://www.eppo.int/QUARANTINE/Alert_List/alert_list.htm)

because of their potential economic impact.

5.1.5 Nematode diagnostic services

Careful sampling and accurate identification of nematodes present in planting material or in
established crops are essential to determine whether the species found are potentially
injurious, are the cause of existing disease problems, or can be classified as non-injurious.
Examination for PPN is usually valueless unless precise laboratory extraction protocols are
employed and identification is done by experienced nematologists. The use of image
databases and other expert identification systems, in conjunction with molecular techniques
with robust and standardized protocols in accredited official laboratories, are required for
analysis of plant materials so as to assure reliability and consistency. How this infrastructure
should be funded is a moot point, but contributions from national governments, overseas

agencies, grower’s organizations or crop levies are all possible.
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Currently, classical methods of nematode identification based on morphological and
morphometric characteristics, supplemented with host range tests, are used. The procedures
involved can be subjective, time-consuming and cannot always provide prompt answers and
timely advice to farmers. In addition, the specialized skills required for nematode
identification at the species level are not usually available and are becoming less so as
experienced taxonomists retire. Problems in this area could be alleviated through the use of
molecular, immunological and biochemical methods of nematode diagnosis, possibly in the
form of kits, which are more rapid, require less specialized skills and enable the identification
of cryptic species and juveniles. There is presently no centre within ESA that has the facilities
and expertise to do this. The laboratories established in ESA countries are equipped for
morphological work but would need to be upgraded in order to support appropriate molecular
and biochemical diagnostics. Molecular diagnostics of nematodes is an area that will need to
be developed as a matter of priority but needs to overcome the challenges due to limited
economic resources, infrastructure and trained personnel.!'! Quality Plant Pest Diagnostic
Services can be costly since they require “quality science, training, infrastructure” and in the
system of informal, low value food chains of staple crops prevalent in many African nations
it is not clear how such costs can be supported. A key issue is the positioning of plant health
standards to stimulate private sector engagement and a greater volume of formal local and

regional trade.!!!

Examples of initiatives to build up pest diagnostic capacity include training projects,
networks and regional centers of excellence as exemplified, among others, by Bioscience
East and Central Africa (BeCa) in Kenya, the International Plant Diagnostic Network (IPDN)

a USAID-support initiative with two regional networks in West and East Africa, and NIESA.
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The PlantWise worldwide diagnostic program (www.plantwise.org) of plant clinics

developed by CABI is a valuable resource for plant protection scientists in Africa and around

the globe, although nematology remains an area requiring further development.!'!

5.2 Knowledge Transfer: links to farmers

The absence of extension staff has been noted in nematode workshops and training courses
held in the region. This group needs to be specifically targeted since they are well positioned
to facilitate transfer of tested technologies to growers. Although direct interaction with
individual farmers has been limited, capacity building projects have had an impact on
smallholder farmers. Rotations involving maize have been used to reduce RKN infestations
in tomato during the second cropping season in Kenya.'%” This is a technology that farmers
understand and can adopt. The effect of different cropping cycles on RKN infestations has
been recognized by smallholders in areas where nematode surveys were carried out in
Zimbabwe. Farmers saw the benefits of cropping sequences that included a poor host to the
nematode pest or a long fallow period. Some growers are now able to distinguish between a
root system that has been damaged by nematodes and one that is healthy. There has also been
an increase in the number of samples being submitted to laboratories for analysis, more
requests for field visits and an increased awareness of dissemination of nematodes through

contaminated soil and the potential exclusion of pests.

5.3 Partnerships with stakeholders

Countries such as Kenya and Uganda have been considered to “support the highest number of

national agriculture-related PhD and have some of the best-equipped laboratories™!! but
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despite professional expertise and infrastructure, they remain vulnerable to new and emerging
pests, prompting partnerships with Non-Governmental Organizations (NGOs) and the private
sector. Capacity building is a key area that connects commonalities within the discipline of
nematology in ESA and can develop synergy in activity. PPN control requires the creation
and maintenance of a network of nematologists that contribute to the pipeline between
research, development and the transfer of this knowledge to the grower. A policy that is
supportive of organizations and stakeholders, such as governments, research institutes,
universities, businesses, NGO, growers (large and small scale), extension workers, retailers,
consumers, educators and trainers engaged in delivering increased crop security through the

control of PPN, is needed.

5.3.1 Call to action and delivery pipeline

There is an on-going need to establish a set of wider scientific links with other nematologists
and/or institutions in the region for collaborative research projects targeted at local needs.
Such a campaign requires the establishment of nematological networks fostered by the use of
the internet to increase communications among regional nematologists and to provide access
to information resources. This will maintain and increase the critical mass of skilled people
via short term training aimed at the regional extension and plant inspection services. Implicit
in this is the requirement for career structures to allow ‘new-blood’ nematologists (i.e., PhD
trained) to develop their careers as full-time nematologists, and require the provision of the
necessary infrastructure, such as laboratory space and essential capital equipment, to establish
and maintain research laboratories within the discipline. A key component will be the

engagement of numerous stakeholders that straddle the traditional boundaries between the
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public sector, private sector and academia, not to mention gaining the support of other crop

protection scientists in other disciplines.

5.3.2 Growers

Throughout the whole area the systems of agricultural production practised by growers is
hugely diverse (Table 3) and nematology has to fit within this context. From poorly resourced
subsistence farmers undertaking low intensity mixed cropping for local consumption, to
highly intensive crop production systems that are mechanized to a large degree to produce
commaodities for national and international markets, nematology needs to fit within, and adapt
to, an overall crop protection context. Between these two extremes there are smallholder
farmers that primarily employ subsistence production techniques but also plant commodity
crops to bring in necessary cash for basic requirements and also act as an insurance in the
event of crop failure. Although described here as polar opposites, there is actually a
continuum from low intensity agriculture to high intensity agriculture that is dependent on
infrastructure parameters such as proximity to markets and communication systems. Within
this crop protection context there are various stakeholders and organizations with which

growers need to interact.

5.3.4 Non-Governmental Organizations

The number and influence of agricultural NGOs working in Africa has grown exponentially
over the past 30 years,'*2 and their contribution to the development and delivery of
technology to farmers is evident through increased advocacy at local and national level

related to promoting policy and research to benefit specific sub-groups of a population, and
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influencing the strategy through which funds are allocated or projects designed. Seeking
complementarity and synergy with NGOs would improve community access to nematode
management technologies, especially when considering scale and impact, and the means by
which local knowledge and ideas can be leveraged to promote appropriate adoption of the
technologies. Clearly, the dissemination of knowledge through the development of online

data bases such as PlantWise (www.plantwise.org) as mentioned above should be built upon

and exploited through a coordinated approach.

5.3.5 Private Sector

This group includes commercial companies commonly associated with input supply or output
markets, and farmers' associations on crop or area basis. An input supplier provides an
avenue for collaborating with nematologists who would undertake extension activities of the
supplier as a part of marketing of the inputs. Extension and information channels may include
written information, posters, farmer meetings, radio, on-farm demonstrations, exhibits at farm
shows, and the use of mobile phones and the internet. In Zimbabwe, for instance, a mobile
information system has been set up that provides regular market information and agronomic
tips to farmers. This system could easily be exploited to provide basic information on
available nematology services. These new information channels will also provide an
opportunity to the nematologist to build and maintain good relations with farmers as they will

be providing information regarding access to, and use of, inputs.

Engaging commercial companies associated with output markets could be achieved through
providing extension services to their contract growing schemes where extension activities

allow close and frequent contact with their farmers. Engaging farmers' associations in
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nematode management technology delivery might be more difficult as the association must

have revenue to provide services to their members.

5.4 Raising Awareness of Damage Caused by Nematode Pests Among Farmers,

Scientists and Policy Makers.

Fundamentally, raising awareness is an educational issue that can be achieved through
training programs at various levels: training of trainers, training workshops, farmer schools,
postgraduate training, conference presentations, publications, development of interactive
websites. Although there is better appreciation of nematodes as crop pests among scientists
and some farmers, it remains essential to raise awareness among policy-makers. International,
regional and national training workshops can be designed and presented for different
audiences. This is achievable, as shown by a nematode awareness presentation in Arusha
during the Tanzania Horticultural Association (TAHA) annual meeting in 2008. The fact that
the meeting was for all stakeholders throughout the horticulture field, including farmers,
extension staff, researchers, people from micro-finances and politicians, provided a unique
opportunity to discuss the economic importance of nematodes in crops involving policy-

makers, although addressing such a diverse audience is challenging.

5.5 Climate Change

Future climate projections indicate Africa as one of the most vulnerable continents to climate
change and climate variability, a situation aggravated by the interaction of ‘multiple stresses’,
occurring at various levels and low adaptive capacity.'>® The projections to 2100 for Africa

consist of increased warming throughout the continent, and in all seasons, of up to 1.5 times
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higher than the global average; decrease in annual rainfall in Mediterranean Africa and
Southern Africa but an increase in East Africa, and an increase in frequency and intensity of

droughts and floods!*

. Agricultural production will be severely compromised due to land
loss, shorter growing seasons, and greater uncertainty about what and when to plant*>-17,
Higher soil temperatures may increase reproductive fitness and pathogenicity of soil-borne

diseases and pests, including PPN,'8 as well as leading to the evolution of more pathogenic

populations of diseases that are currently benign.

5.6 Capacity Building and Retooling

There is a need to increase nematology research, extension service and training capacity, both
through funding of projects by institutional grants and support of advanced training
programmers. National agricultural research systems must be improved and strengthened
financially and technically to act as centers of excellence for the advancement of regional
agricultural nematology. This will facilitate research, development and implementation of
national nematode pest management programs; engage in training and delivery of
information to ensure increased nematode recognition by the farming community; develop
databases that quantify the relationship between nematode populations and crop-yield losses
under the prevailing biotic and abiotic factors; and reduce losses caused by nematodes by
implementing sustainable, environmentally friendly and more productive agricultural

systems.

It is advisable that efforts aimed at technology dissemination use demonstration plots and
participatory approaches. Initially, awareness must be created amongst the farmers, followed

by facilitated access and promotion of technologies such as the use of improved varieties or
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good crop management practices so as to reduce pests and disease and improve post-harvest
handling. Capacity building and facilitating access to information is urgently needed by all

participants in the value chain.

6 CONCLUSIONS

There is a serious lack of knowledge on nematode pests of staple food crops in ESA cropping
areas and consequently only minimal awareness among farmers, extension workers and
politicians of the damage they cause. This lack poses numerous problems in securing
improved crop security through PPN control, including the procurement of essential funding.
Whilst preparing this review it became clear that research is most developed with respect to
cash crops grown for export, with little or no research on staple food crops, particularly those
grown by smallholders in multi-crop systems. Familiarization of smallholders with
nematodes has only been a small part of internationally funded projects aimed at developing
and encouraging control strategies for pests and diseases, the main targets of funding
initiatives being insects and fungal pathogens that attack the plant above ground. Whilst this
may be understandable from a macro-economic point of view, attention needs to be re-
focused further down the supply chain, particular objectives being food security,
sustainability and poverty alleviation. Farmer/researcher linkages must be developed so that
the latter are aware of nematode-related problems developing in the field and the former can
be informed of appropriate management programs. It is important that the damage caused by
nematodes and the benefits attained from their control are adequately demonstrated to the
farmer so that uptake success can be enhanced. More support and facilities will result from
increased awareness among growers and administrators. Future priorities include:

e Capacity building in nematology, including appropriate diagnostic services
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e Extension as a key factor in knowledge dissemination between farmers, academia, and
local phytosanitation services (i.e., health inspectors)

eFocus on major nematode pests include species of root-knot nematodes
(Meloidogyne), Pratylenchus, Ditylenchus and Helicotylenchus

e Channel efforts towards creating information on the economic importance of these
nematodes on staple crops such as cassava, maize and vegetables, but also major
commodities (e.g., banana, coffee, cotton, peanut, ornamentals)

e Attracting appropriate funding to deliver priorities

In the context of predicted climate change and the possibility of diminishing water resources,
as well as the need to intensify crop production systems, PPN are likely to become
increasingly problematic in Africa. The opening and maintenance of communication channels
throughout the crop protection pipeline, from appropriate basic research and its development

to the delivery of nematode control, is therefore essential.

ACKNOWLEDGEMENT

The authors thank The Gatsby Charitable Foundation for financial support for the NIESA
(Nematology Initiative for East and Southern Africa) capacity building initiative, a project

that was envisaged and led by the late Professor Brian R Kerry.

REFERENCES

1 Luc M, Bridge J and Sikora RA, Reflections on nematology in subtropical and tropical

agriculture, in Plant Parasitic Nematodes in Subtropical and Tropical Agriculture, ed.

45



N

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Agricultural nematology in Africa: problems and strategies

by Luc M, Sikora RA and Bridge J. CAB Publishing, Wallingford, UK, pp. 1-10
(2005).

2 Chitwood DJ, Research on plant-parasitic nematode biology conducted by the United States
Department of Agriculture-Agriculture Research Service Pest Manag Sci 59 :748-753
(2003).

3 Smiley R, Plant parasitic nematodes affecting wheat yield in the Pacific West. Oregon State
University Extension Services EM 8887 (2005).

4 Mudiope J, Coyne DL, Adipala E and Talwana HAL, Damage to yam (Dioscorea spp.) by
root-knot nematode (Meloidogyne spp.) under field and storage conditions in Uganda.
Nematropica 42 :137-145 (2012).

5 Coyne DL, Akpheokhai LI and Adeniran AF, The yam nematode (Scutellonema bradys), a
potential threat to potato (Solanum tuberosum) production in West Africa. Plant Pathol
60 :992-997 (2011).

6 Sharma SB, Price N and Bridge J, The past, present and future of plant nematology in
International Agricultural Research Centres. Nematol Abstracts 66 :119-142 (1997).

7 Duponnois R, Neyra M, Senghor K, Ba AM, Effects of the root-knot nematode
Meloidogyne javanica on the symbiotic relationships between different strains of
Rhizobium and Acacia holosericea (A Cunn. ex G. Don). Eur J Soil Biol 35 :99-105
(1999).

8 Kimenju JW, Karanja NK and Macharia I, Plant parasitic nematodes associated with
common bean in Kenya and the effect of Meloidogyne infection on bean nodulation.
Afr Crop Sci J 7 :503-510 (1999).

9 Coyne DL and Oyekanmi EO, Symbiotic nitrogen fixation of two soybean genotypes as

affected by root-knot nematodes and microsymbionts. J Biol Sci 7 :122-226 (2007).

46



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Agricultural nematology in Africa: problems and strategies

10 Bridge J, Plant nematodes of different crops and cropping systems in Africa. South
African Nematology Symposium, March (1995).

11 Bridge J, Nematode management in sustainable and subsistence agriculture. Ann Rev
Phytopathol 34 :201-255 (1996).

12 von Braun J, Swaminathan MS and Rosegrant MW, Agriculture, Food Security, Nutrition
and the Millennium Development Goals, 2003-2004 IFPRI Annual Report (2004).

13 World Bank, World Development Report 2008: Agriculture for Development. The World
Bank, Washington DC, USA (2008).

14 The Montpellier Panel Report, Sustainable intensification: A new paradigm for African
Agriculture.  Agriculture  for  Impact, Imperial College, London, UK

www.ag4impact.org (2013).

15 Dixon J, Gulliver A and Gibbon D, Farming Systems and Poverty: Improving Farmers
Livelihoods in a Changing World. Rome, Italy, and Washington, D.C.: FAO and The
World Bank (2001).

16 Achterbosch T, Allbritton A, Quang DV, de Jager A, Njue E, Sonko R, Stallen M,
Wertheim-Heck S, van Wijk S (2005) Pro-Poor Horticultural Growth in East Africa and
South East Asia.
rad.dfid.gov.uk/PDF/Outputs/EC.../ProPoorHorticultureFinalReport.pdf

17 Kimenju JW, Wachira PM, Lang’at JK, Otieno W and Mutua GK, Evaluation of selected
methods in the control of plant parasitic nematodes infecting carnation. J Agric Sci 6
:2014. Doi: 10.5539/jas.v6n3p31 (2014).

18 Lnagat JK, Kimenju JW, Mutua GK, Muiru WM and Otieno W, Response of free-living
nematodes to treatments targeting plant parasitic nematodes in carnation. Asian J Plant

Sci 7 :467-472 (2008).

47


http://www.ag4impact.org/

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Agricultural nematology in Africa: problems and strategies

19 Viaene N, Coyne DL and Kerry BR, Biological and cultural management. In: Plant
Nematology, ed. by Perry RN and Moens M, pp. 346-369, CABI, UK (2006).

20 Kashaija IN, Speijer PR, Gold CS and Gowen S, Occurrence, distribution and abundance
of plant parasitic nematodes of bananas in Uganda. Afr Crop Sci J 2 :99-104 (1994).

21 Speijer PR, Gold CS, Karamura EB and Kashaija IN, Banana weevil and nematode
distribution patterns in highland banana systems in Uganda: preliminary results from
diagnostic survey, in Proceedings of the First International Crop Science Conference
for Eastern and Southern Africa, ed. by Adipala E, Bekunda MA, Tenywa JS, Ogenga-
Latigp MW and Mugah JO. Kampala, 14-18 June 1993, Makerere University,
Kampala, Uganda, pp. 285-289 (1994).

22 Seshu Reddy KV, Prasad JS, Speijer PR, Sikora RA and Coyne D, Distribution of plant-
parasitic nematodes on Musa in Kenya. InfoMusa 16 :18-23 (2007).

23 Bridge J, Nematodes of bananas and plantains in Africa: research trends and management
strategies relating to the small-scale farmer. Key note. International Conference on
Banana and Plantain for Africa. Kampala, 14-18 October, 1996. Leaflet 23 (1996).

24 Frison E and Sharrock S, The economic, social and nutritional importance of banana in the
world, in Bananas and Food Security, ed. by Picq C, Fouré E and Frison EA.
Proceedings of an International Symposium held in Douala, Cameroon, 10-14
November, 1998, INIBAP, Montpellier, France, pp. 21-35 (1999).

25 Kimenju JW, Waudo SW, Mwangombe AW, Sikora RA and Schuster RP, Distribution of
lesion nematodes associated with maize in Kenya and susceptibility of maize cultivars
to Pratylenchus zeae. Afr Crop Sci J 6 :367-375 (1998).

26 Talwana HL, Butseya MM and Tusiime G, Occurrence of plant parasitic nematodes and
factors that enhance population build-up in cereal-based cropping systems in Uganda.

Afr Crop Sci J 16 :119-131 (2008).

48



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Agricultural nematology in Africa: problems and strategies

27 Bridge J, Coyne D and Kwoseh CK, Nematode parasites of tropical root and tuber crops,
in Plant Parasitic Nematodes in Subtropical and Tropical Agriculture, ed. by Luc M,
Sikora RA and Bridge J, CAB International, Wallingford, UK, pp. 221-258 (2005).

28 Coyne DL, Talwana LAH and Maslen NR, Plant parasitic nematodes associated with root
and tuber crops in Uganda. African Crop Protection 9 :87-98 (2003).

29 Coyne DL, Tchabi A, Baimey H, Labushagne N and Rotifa I, Distribution and prevalence
of nematodes (Scutellonema bradys and Meloidogyne spp.) on marketed yam
(Dioscorea spp.) in West Africa. Field Crops Res 96 :142-150 (2006).

30 Mudiope J, Speijer PR, Coyne D, Maslen RN and Adipala E, Nematode distribution and
damage to yam in central and eastern Uganda. Afr Crop Sci J 15 :93-99 (2007).

31 Bafokuzara N, Incidence of different nematodes on vegetable and fruits crops and
preliminary assessment of yield loss due to Meloidogyne species in Uganda. Nematol
Bras 20 :32-43 (1996).

32 Kimenju JW, Kagundu AM, Nderitu JH, Mambala F, Mutua GK and Kariuki GM,
Incorporation of green manure plants into bean cropping systems contributes to root
knot nematode suppresion. Asian J Plant Pathol 4 :404-408 (2008).

33 Gheysen G, Kyndt T, Soraya de Carvalho F, Hofte M, Bert W, Janssen T, Mibey RK and
Njira PN, Analysis of endophytic fungi and plant-parasitic nematodes from irrigated
and upland rice ecosystems in Kenya. In Proceedings 6™ International Congress of
Nematology, 4-9 May 2014, Cape Sun, Cape Town South Africa, p. 112 (2014).
[Abstract]

34 Kagoda F, Genetic studies and recurrent selection for nematode resistance in maize. A
thesis submitted in partial fulfillment of the requirements for the degree of Doctor of

Philosophy (PhD) in Plant Breeding. African Centre for Crop Improvement School of

49



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Agricultural nematology in Africa: problems and strategies

Agricultural Sciences and Agribusiness Faculty of Science and Agriculture University
of KwaZulu Natal, Pietermaritzburg, South Africa (2010).

35 Mc Donald AH and Nicol JM, Nematode parasites of cereals, in Plant Parasitic
Nematodes in Subtropical and Tropical Agriculture, ed. by Luc M, Sikora RA and
Bridge J, CAB International, Wallingford, UK, pp. 131-192 (2005).

36 Nyombi K, Towards sustainable highland banana production in Uganda: opportunities and
challenges AJFAND 13 :7544-7561 (2013).

37 Gowen SR, Quenéhérvé P and Fogain R, Nematode parasites of bananas and plantains, in
Plant Parasitic Nematodes in Subtropical and Tropical Agriculture, ed. by Luc M,
Sikora RA and Bridge J, CABI, Wallingford, UK, pp. 611-643 (2005).

38 Speijer PR and Sikora RA, Influence of a complex disease involving Pratylenchus
goodeyi and a non-pathogenic strain of Fusarium oxysporum on banana root health, in
Biological and Integrated Control of Highland Banana and Plantain Pests and
Diseases, ed. by Gold CS and Gemmill B, International Institute of Tropical
Agriculture, Ibadan, Nigeria, pp. 231-239 (1993).

39 Price NS and Bridge J, Pratylenchus goodeyi (Nematoda, Pratylenchidae), a plant-
parasitic nematode of the montane highlands of Africa. J Afr Zool 109 :435-442 (1995).

40 Wehunt EJ, Hutshinson DJ and Edwards DI, Reactions of banana cultivars to the
burrowing nematode. J Nematol 10 :368-370 (1978).

41 Pinochet J and Rowe PR, Progress in breeding for resistance to Radopholus similis on
bananas. Nematropica 9 :76-78 (1979).

42 Sarah JL, Blavignac F, Sabatini C and Boisseau M, Une méthode de laboratoire pour le
criblage variétal des bananiers vis-a-vis la résistance aux nématodes. Fruits 47 :559-

564 (1992).

50



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Agricultural nematology in Africa: problems and strategies

43 Price NS, Field trial evaluation of nematode susceptibility within Musa. Fund Appl
Nematol 17 :391-396 (1994).

44 Viaene N, Duenas J and De Waele, D, Screening for resistance and tolerance to
Radopholus similis and Pratylenchus coffeae in banana and plantain, in Programme
and Abstracts of the 24" International Symposium of the European Society of
Nematologists, 5-8 Aug. 1998, ed. by Brown D, Dundee, UK, p. 125 (1998).

45 Fogain R and Gowen SR, Yangambi km5 (Musa AAA, Ibota subgroup) a possible source
of resistance to Radopholus similis and Pratylenchus coffeae. Fund Appl Nematol 21
:75-80 (1998).

46 Stoffelen R, Verlinden R, Pinochet J, Swennen RL and De Waele D, Host plant response
of Fusarium wilt resistant Musa genotypes to Radopholus similis and Pratylenchus
coffeae. Int J Pest Manag 46 :289-293 (2000).

47 Stoffelen R, Verlinden R, Xuyen NT, Swennen RL and De Waele D, Host plant response
of Eumusa and Australimusa bananas (Musa spp.) to migratory and root-knot
nematodes. Nematology 2 :907-916 (2000).

48 Okech SHO, Gold CS, Speijer P, Ssali H and Karamura E, Relationships between soil
fertility, banana weevil and nematodes in the East Africa highland cooking banana in
Ntungamo, south western Uganda. In Proceedings of the First International
Conference on Banana and Plantain for Africa, ed. by Craenen K, Ortiz R,

Karamura EB and DR Vuylsteke. ACTA Horticulturae 540 :505-511 (2000).

49 Mclntyre BD, Speijer PR, Riha SJ and Kizito F, Effects of mulching on biomass,

nutrients and soil water in banana inoculated with nematodes. Agronomy Journal 92

:1081-1085 (2000).

51



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Agricultural nematology in Africa: problems and strategies

50 Ssali H, Mclntyre BD, Gold CS, Kashaija IN and Kizito F, Effects of mulch and
mineral fertilizer on crop, weevil and soil quality parameters in highland banana,
Nutr Cycl Agroecosys 65 :141-150 (2003).

51 Gold CS, Okech SH, Mclintyre BD, Kagezi G, Ragama PE and Night G, Effects of
mulch on banana weevil Cosmopolites sordidus (Germar) populations and damage in

Uganda, Crop Protection 25 :1153-1160 (2006).

52 Blair MW, Gonzalez LF, Kimani PM and Butare L, Genetic diversity, inter-gene pool
introgression and nutritional quality of common beans (Phaseolus vulgaris L.) from
Central Africa, Theor Appl Genet 121 :237-248 (2010).

53 Ngundo BW and Taylor DP, Effect of Meloidogyne spp. on bean yields in Kenya. Plant
Dis Rep 58 :1020-1023 (1998).

54 Gedil M and Sartie A, Perspectives on molecular breeding on Africa’s main staple food
crops cassava and yam, in Aspects of Applied Biology 96, Agriculture: Africa’s “engine
for growth” — plant science & biotechnology hold the key, ed. by Bruce T, Foyer C,
Halford N, Keys A et al. Association of Applied Biologists, Warwick, pp. 123-135
(2010).

55 Coyne DL, Nematode parasites of cassava. Afr Crop Sci J 2 :355-359 (1995).

56 Makumbi-Kidza NN, Speijer PR and Sikora RA, The influence of Meloidogyne incognita
on growth and storage-root formation of young cassava, Manihot esculenta Crantz,
plants. Suppl to J Nematol 32(4S) :475-477 (2000).

57 Bridge J, Otim-Nape GW and Namaganda JM, The root-knot nematode, Meloidogyne
incognita causing damage to cassava in Uganda. Afro-Asian J Nematol 1 :116-117

(1991).

52



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Agricultural nematology in Africa: problems and strategies

58 Scurrah MlI, Niere B and Bridge J, Nematode parasites of Solanum and sweet potatoes, in
Plant Parasitic Nematodes in Subtropical and Tropical Agriculture, ed. by Luc M,
Sikora RA and Bridge J, CAB International, Wallingford, UK, pp. 193-219 (2005).

59 Akoroda MO, Aikpokpodion P, Aliyu TO, Fabunmi TO, Fatunbi AO and Olofinji EB,
Holistic sweet potato breeding and selection schemes: clonal trials in southwest
Nigeria. In: Proc. 5th African Potato Association Conference, pp. 61-67 (2000).

60 Coyne D, Nematodes - Section 4.8.4 within Chapter 4 Pests, disease and the agro-
ecosystem, in Manual for Sweetpotato Integrated Production and Pest Management
Farmer Field Schools in sub-Saharan Africa, ed. by Stathers T, Namanda S, Mwanga
ROM, Khisa G and Kapinga R. International Potato Centre, Kampala, Uganda, pp. 64-
65 (2005).

61 Verhaeven M, Root-knot nematodes in Tanzania: biocontrol and species characterization
based on isozyme phenotypes and mitochondrial sequences, MSc Thesis, Ghent
University, Belgium (2014).

62 Baffes J, Tanzania’s cotton sector: constraints and challenges in a global environment.
Africa Region Working Paper Series No. 42. World Bank Group. December 2002, 49
pp. (2002).

63 Bridge J, Nematodes, in Cotton Diseases, ed. by Hillocks RJ, CAB International,
Wallingford, UK, pp. 331-353 (1992).

64 Sidhu G and Webster JM, Genetics of resistance in the tomato root-knot nematode-wilt-
fungus complex. J Hered 65 :153-156 (1974).

65 Hillocks RJ and Bridge J, The role of nematodes in Fusarium wilt of cotton. Afro-Asian J
Nematol 2 :35-40 (1992).

66 Birchfield W, Host-parasite relations of Rotylenchulus reniformis on Gossypium hirsutum.

Phytopathology 52 :862-865 (1962).

53



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Agricultural nematology in Africa: problems and strategies

67 Cadet P and Spaull VW, Nematode parasites of sugarcane, in Plant Parasitic Nematodes
in Subtropical and Tropical Agriculture, ed. by Luc M, Sikora RA and Bridge J, CAB
International, Wallingford, UK, pp. 645-674 (2005).

68 Chirchir AK, Kimenju JW, Olubayo FM and Mutua GK, Abundance and distribution of
plant parasitic nematodes associated with sugarcane in Western Kenya. Asian J Plant
Pathol 2 :48-53 (2008).

69 Chirchir AK, Kimenju JW, Olubayo F and Mutua G, Cultivar resistance of sugarcane and
effects of heat application on nematodes in Kenya. International Journal of
Agricultural Research 6 :93-100 (2011).

70 Johnson CS, Way J and Barker KR, Nematode parasites of tobacco, in Plant Parasitic
Nematodes in Subtropical and Tropical Agriculture, ed. Luc M, Sikora RA and Bridge
J, CAB International, Wallingford, UK, pp. 675-708 (2005).

71 Priya, DP, Somasekhar N, Prasad JS, Kirti PB, Transgenic tobacco plants constitutively
expressing Arabidopsis NPR1 show enhanced resistance to root-knot nematode

Meloidogyne incognita. BMC Res Notes; http://www.biomedcentral.com/1756-

0500/4/231; 231 (2011). Theor Appl Genet 121 :237-248 (2010).

72 Gowen SR, Integrated management of root-knot nematodes on vegetables in Kenya, in
Final Technical Report (1 October 1999-30 September 2002), Reading, UK, DFID
R7472 Crop Protection Programme, pp. 52 (2002).

73 Gowen SR, Promotion of sustainable approaches for the management of root-knot
nematodes of vegetables in Kenya, in Final Report, Crop Protection Programme,
Reading, UK, DFID, pp. 39 (2005).

74 Sikora, RA and Ferndndez E, Nematode parasites of vegetables, in Plant Parasitic
Nematodes in Subtropical and Tropical Agriculture, ed. by Luc, M, Sikora RA and

Bridge J. CAB International, Wallingford, UK, pp. 319-392 (2005).

54


http://www.biomedcentral.com/1756-0500/4/231
http://www.biomedcentral.com/1756-0500/4/231

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Agricultural nematology in Africa: problems and strategies

75 Oruko L and Ndun’gu B, in Final socio-economic report for the Peri-Urban Vegetable
IPM thematic cluster, CABI/KARI/HRI/NRI/University of Reading/IACR Rothamsted
Collaborative Project, pp. 49 (2001).

76 Kanyagia ST, A survey of vegetable nematodes in Kenya. Horticulture Research and
Development Project, Field Document No. 8, Thika Horticultural Research Station,
Kenya (1980).

77 Maina MJ, Waceke JW and Kariuki JM, Plant parasitic nematodes associated with
cabbages in Nyandarua and Embu Districts, 12" KARI Biennial Scientific Conference
Proceedings. Kenya Agricultural Research Institute, Nairobi, Kenya, pp. 613-619
(2010).

78 Otipa MJ, Kimenju JW, Mureithi JG and Kyalo G, Potential of rotation crops in managing
root knot (Meloidogyne spp.) nematodes in tomato. African Journal of Horticultural
Science 2 :111-123 (2009).

79 Carneiro RMDG, Almeida MRA Aldemiro Junior J, Mattos VS, Correa VR and Coyne
DL, Characterization of Meloidogyne spp. from Uganda and Tanzania. In Proceedings
6" International Congress of Nematology, 4-9 May 2014, Cape Sun, Cape Town South
Africa, p. 178 (2014). [Abstract]

80 Coyne DL, Fourie D and Moens M, Current and future management strategies in resource-
poor regions, in Root-knot Nematodes, ed. by Perry RN, Moens M and Starr J, CAB
International, Wallingford, UK, pp. 444-475 (2009).

81 Nchore SB, Waceke JW and Kariuki JM, Incidence and prevalence of root-knot nematode
Meloidogyne species in selected indigenous leafy vegetables in Kisii and Trans-mara
Counties of Kenya. 12" KARI Biennial Scientific Conference Proceedings, Kenya

Agricultural Research Institute, Nairobi, Kenya, pp. 675-681 (2010).

55



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Agricultural nematology in Africa: problems and strategies

82 Menete Z, Andrade M, Ricardo J, Naico A, Alvaro A, Munhaua B, Harahagazwe D,
Grineberg W and Low J, Mitigating Disaster and fighting Vitamin A deficiency with
new drought-tolerant, orange fleshed sweetpotato. Leaflet October 2011. International
Potato Center, Maputo, Mozambique (2011).

83 Sasser JN, Root-knot nematodes — a global menace to crop production. Plant Disease 64
:35-41 (1980).

84 Mc Donald AH, De Waele D, Fourie, D, Daneel MS and Mahela PW, Evaluation of
various practices approaches and technologies for sustainable nematode management in
resource poor production sectors. Programme and Abstracts of papers, 10" African
Crop Science Society Conference, 10-13 October 2011, Maputo, Mozambique, p. 262
(2011).

85 John J, Better food security for Senegal’s organic farmers. Pesticides News 84 :21-23
(2009).

86 Williamson S, Addressing agrochemical externalities and food security in food & fibre
supply chains: Pesticide action network UK and Africa experience from the field, in
Aspects of Applied Biology 102. Delivering food security with supply chain led
innovations: Understanding supply chains, providing food security, delivering choice,
ed. by Martindale, W. Association of Applied Biologists, Warwick, UK, pp. 65-73
(2010).

87 Davies KG and Spiegel Y, Root patho-systems nematology and biological control, in
Biological Control of Plant-parasitic Nematodes: Building Coherence between
Microbial Ecology and Molecular Mechanisms, ed. by Davies K and Spiegel Y,
Springer, pp. 291-303 (2011).

88 Luambano-Nyoni, N, Potential of biocontrol agents and compatible cultural practices for

root-knot nematode management in tomato, Thesis, Doctor of Philosophy in Plant

56



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Agricultural nematology in Africa: problems and strategies

Nematology Department of Plant Science and Crop Protection, Faculty of Agriculture
University of Nairobi, Kenya, pp. 113-124 (2009).

89 Kilama P, Dubois T, Coyne D, Niere B, Gold CS and Adipala E, Antagonism of
Paecilomyces spp. Isolated from banana (Musa spp.) roots and rhizosphere against
Radopholus similis. Nematropica 37 :215-225 (2007).

90 Manzanilla-Lopez RH, Esteves I, Finetti-Sialer MM, Hirsch PR, Ward E, Devonshire J,
Hidalgo L and Kerry BR, Pochonia chlamydosporia: advances and challenges to
improve its performance as a biological control agent of sedentary endo-parasitic
nematodes. J Nematol 45 :1-7 (2013).

91 Bourne JM, Karanja PK, Kalisz H, Karanja DK, Mauchline TH and Kerry BR, Incidence
and severity of damage caused by Meloidogyne spp. and isolation and screening of the
nematophagous fungus Pochonia chlamydosporia from some of the main vegetable
growing areas in Kenya. International Journal of Nematology 14 :111-122 (2004).

92 Ward E, Kerry BR, Manzanilla-Lépez RH, Mutua G, Devonshire J and Hirsch PR, The
Pochonia chlamydosporia serine protease Gene vcpl is subject to regulation by carbon,
nitrogen and pH: implications for nematode biocontrol. PLoS ONE 7(4) :e35657
(2012).

93 Luambano N. Kimenju, JW and Waceke JW, Colonisation of the biological control agent
Pochonia chlamydosporia on the rhizosphere of plants which are poor host to root-knot
nematodes. 10" African Crop Science Society Conference 10-13 October 2011,
Maputo, Mozambique (2011).

94 Kibunja JW, Birgen JK, Kariuki GM and Coyne DL, The use of Trichoderma spp.
alongside resistant tomato varieties for root-knot nematode management under field
conditions in coastal Kenya. In Proceedings 6™ International Congress of Nematology,

4-9 May 2014, Cape Sun, Cape Town South Africa, p. 267 (2014). [Abstract]

57



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Agricultural nematology in Africa: problems and strategies

95 Hull R, Bosse M and Tzotzos G, Training for implementing risk assessment regulations
for the release of GM crops, in: Aspects of Applied Biology 96. Agriculture: Africa’s
“engine for growth” — Plant Science & biotechnology hold the key, ed. by Bruce T,
Foyer C, Halford, N, Keys A, et al. Association of Applied Biologists, Warwick, UK,
pp. 1-8 (2010).

96 Atkinson HJ, Arinaitwe G, Kiggundu A and Tripathi L, Designing nematode resistant
crops from Africa: progress and constraint, in Aspects of Applied Biology 96.
Agriculture: Africa’s “engine for growth” — Plant Science & biotechnology hold the
key, ed. by Bruce T, Foyer C, Halford N, Keys A, et al. Association of Applied
Biologists Warwick, pp. 119-122 (2010).

97 Wilson M and Kakouli-Duarte T, Nematodes as Environmental Indicators, CABI,
Wallingford, UK, (2009).

98 Thuo AK, Kimenju JW, Kariuki GM, Karuku GN, Wendot PK and Melakeberhan H,
Seasonal variations of nematode assemblages and diversity in vertisols, cambisols and
arenosols soil groups in Kenya. In Proceedings 6" International Congress of
Nematology, 4-9 May 2014, Cape Sun, Cape Town South Africa, p. 228 (2014).
[Abstract]

99 Costa SR, van der Putten, WH and Kerry BR, Microbial ecology and nematode control in
natural ecosystems, in Biological Control of Plant-parasitic Nematodes: Building
Coherence between Microbial Ecology and Molecular Mechanisms, ed. by Davies KG
and Spiegel Y, Springer, pp. 61-67, (2011).

100 Ferris H and Bongers T, Indices developed specifically for analysis of nematode
assemblages, in Nematodes as Environmental Indicators, ed. by Wilson M and

Kakouli-Duarte T, CABI, Wallingford, UK, pp. 124-145 (2009).

58



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Agricultural nematology in Africa: problems and strategies

101 Neher DA and Darby BJ, General community indices that can be used for analysis of
nematode assemblage, in Nematodes as Environmental Indicators, ed. by Wilson M
and Kakouli-Duarte T, CABI, Wallingford, UK, pp. 107-123 (2009).

102 Nakacwa R, Characterization of soil nematode diversity and community composition in a
field planted to transgenic bananas as a basis for biosafety assessment in Uganda. MSc
Thesis submitted to the Directorate of Research and Graduate Training Makerere
University, Tanzania (2011).

103 Nguyen KB, Tesfamariam M, Gozel U, Gaugler R and Adams BJ, Steinernema
yirgalemense n. sp (Rhabditida: Steinernematidae) from Ethiopia Nematology 6 :839-
856 (2004).

104 Mweke AN, Kimenju JW, Seif AA, Mutitu EW and Mutua GK, Potential of sequential
cropping in the management of root knot nematodes in okra. Asian J Plant Sci 4 :399-
403 (2008).

105 Kariuki PM, Kariuki F, Kariuri GM and Coyne DL, The effect of different tomato
genotype on root-knot nematode-fusarium wilt complex in coastal Kenya. In
Proceedings 6™ International Congress of Nematology, 4-9 May 2014, Cape Sun, Cape
Town South Africa, p. 266-267 (2014). [Abstract]

106 Muriuki LK, Kariuki GJ, Kinyua ZM, Gathu RK and Coyne DL, Management of root-
knot nematodes-bacterial wilt complex using resistant tomato varieties in coastal
Kenya. In Proceedings 6™ International Congress of Nematology, 4-9 May 2014, Cape
Sun, Cape Town South Africa, p. 268 (2014). [Abstract]

107 Waceke JW, Minimizing pest damage on crops in SSA, Falling Walls Conference, 8-9"
November 2011, Berlin, Germany [Abstract].

108 Duncan A and Howell J, Structural Adjustment and the African Farmer. Overseas

Development Institute, London, UK (1992).

59



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Agricultural nematology in Africa: problems and strategies

109 Jayne TS, Yamano T, Weber M, Tschirley D, Benfica R, Chapoto A and Zulu B,
Smallholder income and land distribution in Africa: Implications for poverty reduction
strategies. Food Policy 28 :253-275 (2003).

110 Stirling GR, Biological Control of Plant-parasitic nematodes, 2" Edition, CABI,
Wallingford, UK (2014).

111 Smith J, Waage J, Woodhal JW, Bishop SJ and Spenece N, The challenge of providing
plant diagnostics services for Africa. Eur J Plant Pathol 121 :365-375 (2008).

112 Walsh S, Leveraging Non-Governmental Organizations for Scale and Impact: Lessons
Learned from the Crop Crisis Control Project. Catholic Relief Services, Bujumbura,
Burundi, 6 pp. (2008).

113 Oyekale AS, Gedion KE. Rural households’ vulnerability to climate-related income
shocks and adaption options in central Malawi. J Food Agric Environ 10 :1505-1510
(2012).

114 UNFCCC (United Nations Framework Convention on Climate Change). Climate
change: impacts, vulnerabilities and adaptation in developing countries (2007).

115 Boko M, Niang I, Nyong A, Vogel C, Githeko A, Medany M, Osman-Elasha B, Tabo R
and Yanda P, Africa, in Climate Change 2007: Impacts, Adaptation and Vulnerability.
Contribution of Working Group Il to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change, ed. Parry ML, Canziani OF, Palutikof JP,
van der Linden PJ and Hanson, CE. Cambridge University Press, Cambridge, UK, pp.
433-467 (2007).

116 Christensen JH, Hewitson B, Busuioc A, Chen A, Gao X, Held I, Jones R, Kolli RK,
Kwon W-T, Laprise R, Magafia Rueda V, Mearns L, Menéndez CG, Raisanen J, Rinke
A, Sarr A and Whetton P, Regional Climate Projections, in Climate Change 2007: The

Physical Science Basis. Contribution of Working Group | to the Fourth Assessment

60



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Agricultural nematology in Africa: problems and strategies

Report of the Intergovernmental Panel on Climate Change, ed. by Solomon S, Qin D,
Manning M, Chen Z, Marquis M, Averyt KB, Tignor M and Miller HL, Cambridge
University Press. Cambridge, UK and New York, NY, USA, pp. 847-940 (2007).

117 Roberts J, Solving Kenya’s food crisis, one indigenous crop at a time. Solve Climate News (2

Sep 2009), http://solveclimatenews.com/news/20090902/solving-kenya%E2%80%99s-

food-crisis-one-indigenous-crop-time?page=2 (2009).

118 Tubiello FN, Soussana J and Howden SM, Crop and pasture response to climate change.
PNAS 104 :19686-19690 (2007).

119 De Waele D and Elsen A, Challenges in tropical plant nematology. Annu Rev
Phytopathol 45 :457-485 (2007).

120 Kerry BR and De Leij FAAM, Key factors in the development of fungal agents for the
control of cyst and root-knot nematodes, in Biological Control of Plant Diseases, ed. by
Tjamos EC, Papavizas GC and Cook RJ, Plenum, London, pp. 139-144 (1992).

121 Sikora RA, Niere B and Kimenju JW, Endophytic microbial biodiversity and plant
nematode management in African agriculture, in Biological Control in IPM systems in
Africa, ed. by Neuenschwander P, Borgemeister C and Langewald J, CAB
International, Wallingford, UK, pp. 179-192 (2003).

122 Arim OJ, Waceke JW and Kimenju JW, Effects of Canavalia and Mucuna intercrops on
P. zeae damage and yield of maize in subsistence agriculture. Plant Soil 284 :243-251
(2006).

123 Kimenju JW, Karanja NK and Nyongesa MW Diversity and abundance of nematodes in
agroecosystems of Kenya. Journal of Tropical Microbiology 3 :24-33 (2004).

124 Bridge J, Plant nematode pests of banana in East Africa with particular reference to

Tanzania, in Les nematodes et le charancon du bananier: Situation et perspectives de

61


http://solveclimatenews.com/news/20090902/solving-kenya%E2%80%99s-food-crisis-one-indigenous-crop-time?page=2
http://solveclimatenews.com/news/20090902/solving-kenya%E2%80%99s-food-crisis-one-indigenous-crop-time?page=2

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Agricultural nematology in Africa: problems and strategies

la recherche, Actesdun seminaire, Bujumbura (BDI) 1987/12/07-11. INIBAP:
Montpellier (FRA) (1988).

125 Nsemwa LTH, Problems of banana weevil and nematodes in the Southern Highlands of
Tanzania. Fruits 46 :541-142 (1991).

126 Mbwana ASS, Waudo SW and Seshu-Reddy KV, Host range of the lesion nematode,
Pratylenchus goodeyi, highly destructive on highland bananas in East Africa.
Proceedings of the 22" International Symposium of the European Society of
Nematologists, Gent, Belgium (abstract), p. 88 (1994).

127 Speijer PR and Fogain R, Musa and Esente nematode pest status in selected African
countries. Mobilizing IPM for sustainable banana production in Africa. Proceedings of
a workshop on banana IPM held in Nelspriuit 1998/11/23-28. INIBAP, Montpellier,
France, pp. 99-108 (1999).

128 Page SLJ, Mguni C and Sithole S, Pests and diseases of crops in communal areas of
Zimbabwe, ODA Technical Report, 1985, London, UK (1990).

129 Mai WF, Nematodes. American Phytopathological Society, pp. 93-101 (1980).

130 Franco J, Potato cyst nematodes: Globodera spp. Technical Information Bulletin 9 :21
International Potato Center, Lima, Peru, (1981).

131 Dobson H, Cooper J, Manyangarirwa W, Karuma J and Chiimba W, Integrated
Vegetable Pest Management. Natural Resources Institute, University of Greenwich, UK
(2002).

132 Muturi, J, Waceke W, Gichuki C and Runo SM, Use of isoenzymes phenotypes to
characterize the major root knot nematodes (Meloidogyne spp.) parasitizing indigenous
leafy vegetables in Kisii, 12" KARI Biennial Scientific Conference, Kenya, Kenya

Agricultural Research Institute, Kenya, pp. 605-612 (2010).

62



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Agricultural nematology in Africa: problems and strategies

133 Kavuluko JM, Waceke JW, Gichuki C. and Runo SM, Characterization of RKN
(Meloidogyne spp. from selected legumes in Mbeere District using isoenzymes
phenotypes, 12" KARI Biennial Scientific Conference, Kenya, Kenya Agricultural
Research Institute, Kenya, pp. 92-97 (2010).

134 Caveness FE, Root knot nematodes. Annual Report IITA, Ibadan, Nigeria, pp. 64-65
(1981).

135 McSorley R, Ohair SK and Parrado JL, Nematodes of cassava. Nematropica 13 :261-287
(1983).

136 Coyne DL and Namaganda JM, Root knot nematodes, Meloidogyne spp. incidence on
cassava in two areas of Uganda. Roots Newsletter 1 :2-3 (1994).

137 Campos VP and Villain L, Nematode parasites of coffee and cocoa, in Plant Parasitic
Nematodes in Subtropical and Tropical Agriculture, ed. by Luc M, Sikora RA and
Bridge J. CABI Publishing, Wallingford, UK, pp. 529-580 (2005).

138 Kagoda F, Dereraa J, Pangirayi, T and Coyne DL, Awareness of plant-parasitic
nematodes, and preferred maize varieties, among smallholder farmers in East and
Southern Uganda: implications for assessing nematode resistance breeding needs in
African maize. International Journal of Pest Management 56 :217-222 (2009).

139 Rashid MH, Yasmin L, Kibria MG, Millik AKMSR and Hossain SMM, Screening of
okra germplasm for resistance to yellow vein mosaic virus under field conditions. Plant
Pathol J 1 :61-62 (2002).

140 Kimani WNE, Studies on fungal disease agents and their interractions with nematodes,
nutrition and genotypes on pyrethrum wilt development. PhD thesis, University of
Nairobi, Kenya (2001).

141 Bond JP, McGawley EC and Hoy JW, Distribution of plant-parasitic nematodes on

sugarcane in Louisiana and efficacy of nematicides. J Nematol 32 :493-501 (2000).

63



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Agricultural nematology in Africa: problems and strategies

142 Edgerton CW, Tims TC and Mills PJ, Relation of species of Pythium to the root-rot
disease of sugarcane. Phytopathology 19 :549-564 (1969).

143 Spaull VW, Nematodes associated with sugarcane in South Africa. Phytophylactica 13
:175-179 (1981).

144 Nzioki HS, Survey on genera, distribution and abundance of plant-parasitic nematodes in
the South Nyanza sugarcane zone. Kenya Sugar Research Foundation Technical
Bulletin 1 :14-24 (2007).

145 Njuguna LK and Bridge J, Plant parasitic nematodes of Irish potatoes (Solanum
tuberosum) in Central Province and sweet potatoes (Ipomoea batatas) in Central,
Nyanza and Coast Provinces of Kenya. International Journal of Nematology 8 :21-26
(1998).

146 Kalele DN, Affokpon A, Coosemans J and Kimenju JW, Suppression of root knot
nematodes in tomato and cucumber using biological control agents African Journal of
Horticulture 3 :72-80 (2010).

147 Nono-Womdim R, Swai IS, Mroso LK, Chadha ML and Opena RT, Identification of
root-knot nematode species occuring on tomatoes in Tanzania and resistant lines for
their control. Plant Dis 86 :127-130 (2002).

148 Beije CM, Kanyagia ST, Muriuki SJN, Otieno EA, Seif AA and Whittle AM,
Horticultural Crops Protection Handbook, National Horticultural Research Station,
Thika, Kenya (1984).

149 Sutherland JA and Kibata G, Technical Report Il KARI/ODA Crop Protection Project,

National Agricultural Research Laboratories (1993).

64



