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19.1 lntroduction and Definit ions

This chapter is locused on the manasement o{'

root-knot nematodes, I[eloidognr spp. Nematode

managcment aims at the reduction or maintcn-

ance of nematode densities at lor,v, sub-damage

threshold lcr,'cls using several stratesies. thus

enablins sustainable crop production. Bv con-

trast) nematode control implies the use of a singlc

mc'zrsure to reduce or climinate nematode pests,

as outlined by Viaenc et al. (2006). The chapter is

also directed at manaqement in resourcc-poor

regions. The majority of these countrics occur

under tropical and subtropical climates, n'ith

somc countries, r,vhicli l ie rvithin the Tropics o1-

Canccr and Capricorn. having rclatir.elv cooler

or temperate climates at high altitude. Some

countries also havc economies that are bccomins

increasinsl) important on a global scalc, rvhilc

large proportions of their populations rcmain

resource-poor, subsistence smallholders.

Althoush lve have been awarc of the exist-

ence and importance of root-knot nematodes fbr

over a century, sisnificant knorvledge gaps per-

sist. Norvhere is thc disparity in knowledge on

root-knot nematodes sreatcr than that betlveen

dcr.'cloped and developing countries, althoush

much of'the pfogress in undcrstanding nematode

biolou'r,-, cpiderniologv and managcmcnt c:rn the-

oreticallv be transfcrrcd or applied to the lcss

deveioped areas of the worlcl. Nluch of the infor-

mation and technologies can also o{ten be applied

across ecoeraphical and cropping systems. 
' l-hus,

the devclopins $'orld c:rn effcctivcly benelit lrom

adr-anccs made elservherc. Dill iculties in the

tlansfer of knorvlcdge and erpertisc liom clsc-
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wherc can emerge, especially r.vhere knou'ledge o{'

distribution and identification of certain specics

w'hich is directly relevant to ccrtain managemcnt

practiccs is imprecise or unknown. However, for

more generic issues, which can be applied across

a range of situations, l imited funds in developing

countries create obstacles ficr thc use of certain

tools or implementation of particular itratcsies.

For example, molecular diagnosis is not possiblc

without the relevant equipment and routine

access to costly supplies. On a more basic level,

the simplc lack of awarene ss of-ncmatodcs as pest

problems presents a maior hurdle. In North

Carolina, USA, the der,elopment of a nematode

advisory sen'ice r,vas catalysed {bllor'r'ing thc dis-

covery of the prolound eflbcts of root-knot nema-

todcs on tobacco research (Nr.rsbaum, 1963).

Ironically, rice rescarchers in \\rest Alrica \{ere

only made a\vare of nematode problems (inclucl-

ing root-knot nematodes) following serious dam-

age to long-term upland rice {'ertility expcritnents

(Coyne et aL., 2004). re{lccting similar circum-

stances to thosc occurring altnost hall ' a celltun-

earlier in North Carolina.

In the resource-poor rcgions of the rvorld.

subsistcnce-st.vlc furming predorninatcs, ttsuz-tl lr ' '

on small areas of land. Approximatcll ' 90'70 of

the u.orld's poor l ivc in South Asia and A{iica.

r,vitlr 7 5o/o livins in rural areas) lvhere ther'

depend primarily on :rgriculture and relatcd

activities (Hazell and \\rood, 2008). Crops that

are more usualll, trssocizrted rvith commcrcial

cnterprises (e.g. coffee, cocoa) palm oil, tobacco

and cotton) -oy also bc cultir ' 'ated by smallhold-

ers, and thesc crops are cotlsidered r' l- ithin this

chapter.

Various definitions havc been used to

separate what is vien ed as subsistence agricul-

ture from commcrcia.l. high-r'aluc, intensive

systems. However, exceptions lr,ill alrvavs occur.

Subsistence agriculture tctrds to implv thc risk-

averse cultivation of lou-r'alue crops, rvith tire

primary aim of'attainins lbod securitv {br home

consumption and ofilfarm salcs of excess pro-

duce. In terms of nematology-, Brolvu (1987)

re{brred to lorv-rralue crops as those lbr rl'hich tl-re

conr.'entional use of nematicides could not llc

economically justif ied. T'he resource-poor lartner

is generally not depcndent on pesticides. but

practises organic zrgriculture by defzrult. Hotvet'er,

{br smallholder vegctable lhrmers and Asian rice

filrmers, the injudicious uscr of pesticides c'arn be

comrnonplace (e.g. .James eL al., 2005; Duxbury

and Lauren,  2006).

In resource-poor reQions, root-knot ltema-

todcs are consistently . ',. iewed as the ccotromi-

calh 'most  important  ncmatodc pests (Sasser and

Cartcr ,  19851 Luc et  a1. ,2005),  r ,vhercas in t rop-

ical and subtropical rcsions, such as South

Africa iFourie zrnd NfcDonzrld, 2001), thery arc

often vielved as the most l l ' idesprcad nt:matodes,

if not the most important lt iotic constraint.

Undoubtedlv, root-knot ncmatodcs are of'major

economic importance globall,v, particularly in

resource-poor rcgions (\V. \\Iesentael, 2008, per-

sonal communication). The w-ide host ranse of

most spccies, persisteuce, high rcproductive

capacih' and absence of' suitable/sustainable

manzrgerncnt practices secure this status. In a

sttrdv of peli-urban vegetable systcms in Bcnin

(\\ 'est Africa), origir-rally {bcusecl on insect pests,

,l lehidos,ne spp. wcrc defincd as the most iurport-

ant  pcsts f .Jamcs et  a l . ,  2005).  Sikora and

l'ernhndcz (2005) reported that in tropical and

subtropical arcas vegctable productinn is highly

dependcnt on proper nematode control, if not a

prcrcquis i te in most  cases.

Root-knot ncmatodes are pelrticr-rlarly

important in vegc-table prodr.rction. Knor'vledgc

and understanding o{'this problem are sc:rrce ancl

limited, arnolrs farmers in particular, but also

among asricultural lr,orkers and researchers (Dc

\Vaele ancl Elscn, 2007). Ir-r :r study of vegctable

production in Ghana (Ntow eL al., 2006) and of

srnallholder cropping problems in seneral

(Dinham. 2003), not a single relbrcnce to plant-

parasitic nematodes r,vas tnade, w'hile emphasiz-

ing the fundamental importance of pest

recogr-rit ion and pest managemcnt training for

cffbctir.c pest nlanagement. These shortcomings

cannot neccssarily bc apportioned to thc {:rrmer,

cxtension officer or researcher, but rather to the

system and its limited slrpport as a r,r'hole. This

situatior-r, ho\l 'evcr, can be improved by practices

that havc the bencfit of incrcasing soil sustaina-

bil in' (Bridge, 1996).

Bascd on thc substantial expcricnce of the

authors of' this chapter in Alrican larming sys-

tems, it is their firm opinion that, as a group,

root-knot nematodes posc the grcatest singlc

biotic thleat to asricultural produc-tivit,v through-

out the contiucnt, zrnd probably across resource-

poor areiis on :r global basis. T'hcrcfbre, signil icarrt

and speci{ic attention is neerdcd to et,cn begin
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addressins the cnormity of the issue. It is rvith

this in rnind that we prescnt this chapter.

Initially, wer first nced to dctermine thc

current and potential options available for
nematode management under resource-poor

conditions. However, it is not the aim to report

exhaustivcly on thesc options here, or to rcpeat

much of the already available inforrnation cxten-

sively covercd by Brown and Kerrv (1987),

Wri tehead (1998) and Luc et  a l .  (2005;.

Subsequcntly, this chapter aims to identifr the

shortcomings in the system and how thesc can

best be addressed to improve our abilitv to man-

ase root-knot nematodes in the future. Nluch of

this is naturall l.generic to ncmatolow, but here

it is specifically lbcused on root-knot nematodes

in resourcc-po()r  rcgions.

19.2 Options

Proper managemcnt implies avoidins or prevent-

ing the nematode problcm in the first instancc.

Howel'er, nematode management strategics are

rarcly a primary considcration in resource-poor

areas, not least because nematode pests are poorlv

understood. Nematology expertise remains criticalli.-
low in most devcloping countries. Thus, nemzrtode

management would be improvcd through problern

recognition and throush understanding the exact

nature of the problem, more spccificallv throush

propcr knorvledgc of nematode specics (Co1'ne

et a1.,2007). Accurate diaenosis is rcquired ro cna-

ble informed decisions on the most appropriate

management measures to bc emploved (\\'hitehead.

l99B). In most rcsource-poor situations, such a soal
remains an ambitious dream, even though many of

the available nematode managcment measures

could be emploved with reasonable effcctir,.eness,

but essentially require problem recognition, knou,-

ledgeable adr,.ice, continuous support and ultimatelr,

thrmer acceptance.

The principal management rnethods used
for plant-parasitic nematodes in scneral appl)'

also to root-knot nematodes, u,ith the usc of'
resistant or non-host crop plants, fallor,r'ing or
floodins infested land, disinfestation or prorection

of plantinu material, application of amendmcnts

or nematicides and, more recently, the use of
microbial antasonists and biocontrol agents. f 'hc

use of any single management tool, pcrhaps u'ith
ther ercepticln of nematicides, rarelv results in an

cflbctive strategy to alleviette ncmatode problems

in resource-poor areas.

19.3 Correct Diagnosis

' I 'o 
crnplov control stratcgies such as host plant

rcsistance, biolosical control and crop rotation,

accuratc charactcrization of prevailine nematode

populations is essential. The use of resistancc is
highly dependcnt on knowledse of the tarset spc-

cics against rvhich the rcsistance is focused. 
'Ihis

knou.ledge is rarely available in thc majority of
resource-poor areas. Thc situzrtion is improving
(Cook and Starr, 2006; see Starr and Nlercer,

Chaptcr 14, this volumc), but cstablishing

accurate inlormation on nematode specics for
lranv crops in resource-poor areas remains a

colossal task. For exarnple, root-knot nematodes

from co{fee in Central America arc often reported

r,vithout an). attempt at species identification

(Hernandcz et a1.,2004). Sanros and Triantaphyllou

(1992) {urther implied that where root-knot

ncmatode spccies zrre rcported lrom coffee, they
r'r'ere frequently identified incorrectly. Carneiro

et al. (2004) recently established ser,'eral roor-

knot ncrnatodes species associ:rted w,ith coffbe,
including tr,l'o unkno\\rn spccics, by using both
morphological and molecular diagnostic tech-
niques. \\ ' i th increasins use of molecular diagnos-

tic rnethods, our understanding of species divcrsity

and distribution r.vill erxp:rnd. 
'fhe 

use of molecu-

lar tcclrniclues establishcd that iv-[. .fallax was

prcsent in South Africa, although it w:rs prcvi-

ouslv unrecorded on the African continent (Fourie

et a/.,2001). ln \Vcst Africa, identification of root-

knot ncrnatodes frorn peri-urban r.cgertable sys-

tcms. bascd mostly on lemale morphology-,

revealcd a controversial ranse of species (Baimey

el a/., 2007). ,llektidogne chitwoodi, otherwisc rec-

ognized as a tempcrate specics, appears to be
cstablished in tropical Africa, as confirmcd by its

dctcction in a tropical locality of South Afiica

iFourie et al., l99B| and as yet unconfirmed occur-

rcnce in N,Iozambiquc (Coync et al., 2005) and

Ilenirr (Baimcy et a|.,2007'1. Consequently, our use

of currcntly kno'uvn sourccs of resistance may be
of limited r,'alue as our know,ledge on nematode

diversih' broadens (sec \Vhitche ad. 1969).

Irrespcctive of diagnostic precision, it is clear that

the divcrsitl of species of root-knot ncmatodes in
tropical and subtropical systerns is far greater
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than hitherto has been accepted. 
'I'he 

discovery

of Meloidogltne species that were previously

unknown or not perceived as a threat will

undoubtedly cont inue as cropping pract ices

change, develop and adapt to changing needs,

such as through the introduction of new cultir.ars

or crops. Add the further complication of

intraspecific ncmatode variation, host range and

virulent populations on some sources of resist-

ance (see N{oens et al., Chapter l, this volume,

Starr and N,{ercer, Chapter l+, this volume;

Atkinson et al., Chapter 15, this volume) and the

complexity of the situation magnifies.

Correct identification is also important, if

not critical, when assessing and implementing

biolosical control and rotation strategies. Such

strategies are designed as a function of the par-

ticular nematode species. A highly specific rcla-

tionship may be dependent on, or necessarv for,

successful biological control, ivhich demands

accurate knowledge and diagnosis. Crop resist-

ance may also be highly specific, with genusJevcl

identification insuflicient to provide a basis on

which to advisc use as a management option.

19.4 Prevention

Prcvcnting crop infcction in thc first instancc.

particularly in resource-poor agriculture, is

perhaps the single most important strateg)' to

avoid or limit crop losses in terms of qualitv

and yield. This is particularlv true since treat-

ment of nematode-infected crops, or a 'therapeu-

tic' approach, is esscntially morc complicated and

coslly ficr produccrs.

19.4.1 Healthy planting material

Botanical seeds, the senerative means of plant

propagation, are not usually inlected by root-

knot nematodes. However, when sown in inlested

soil, plants developing lrom seeds can become

inlected and be a source of inoculum. In agricul-

ture, the term 'seed' is also used for different

forms of vesetati\.e propagation materials (e.g.

tubers). This material, when produced in nerna-

tode-infested soil, can also become infected.

N{any tuber and banana and plantain crops relv

on planting material derived from the preceding

crop, which very often constitutes a primary

source of contamination for newly planted fields

and plantations, and a major source of crop loss

in resource-poor areas.

The use of clean, healthy, nematode-free

planting material is a prerequisite lor good crop

production and cannot be or.'eremphasized.

Meloidog,tne-frce sccdlings, even rvhen planted intcr

fields infested with these nematode species, r,vill

develop better and produce higher yields than

infected seedlings. Indeed, the growth stage at

rvhich seedlings become infected with root-knot

nematodes can be linked directly to performance,

lvith earlier infection leading to incrcased loss

(Bergeson, l968). The development of sound,

healthy seed production systems can result in sig-

nificant reduction of nematode problems, and

cffcctively reprcsents a long-term strategy towards

ensuring reliablc and consistent availability o{'

good-quality, pest- and disease-free seed.

For crops that are transplanted after seeding,

the managemcnt of root-knot nematodes in seed-

beds is much easier and more economical than

treating larger fields. However, it is imperative that

seedbeds are free of root-knot nematodes. In seed-

beds, root-knot nematodes can be maintained at

sub-threshold levels or eradicated through a

number o{' methods, such as nematicides, heat,

biocontrol agents, the use of nematode-free pottinu

material (e.g. sarvdust, coconut husk, peat, sand) or

commercially available inert material (e.g. ver-

miculite, rock wool). Seedbeds can also be located

at sites that are free of root-knot nematodcs, such

as locations previously subjected to prolonged

flooding paddy fields, flood plains). Alternatively,

sediment (sand or silt) can be relocated from

flooded sites or riverbeds for use in a nursery,

either in a raised bed (Fig. 19.1), or in containers.

A combination of the above strategies can be

desiened to create a L[eloidogtne-free nursery bed or

faciliry*. Howcvcr, regular cleanine, sterilization or

rener,r'-al of potting mcdium and containers is nec-

essary to maintain a Melofulogl,tne-frcc zone.

On a local basis, nursery beds and raised

constructions can readily be created. Potting or

seed trays are oltcn locally available and relatively

inexpensive. Alternatively, discarded (plastic)

containers, egg trays or other imaginative solu-

tions can provide practical alternatives lor seed-

ing individual plants. Soil lor use in nurseries can

bc pastcurized using a rclativcly simplc makcshift

mcthod, inr.olving an oil drum scmi-fillcd rvith



448 D.L. Coyne et al.

Fig. 19.1. Locally constructed nursery bed raised
above the ground for vegetable seedling production

in Malawi.

water and heated over a fire. Plastic piping is

used to direct sleam emergins from thc drum to

the soil. By covering thc soil rvith plastic sheeting

weighted down round the edees, the stcam can

be contaiued and provide hieh standards of pas-

teurization. N{eanwhile, cornmercial nurseries

can supply high-quality, healthv seedlings. often

of improved or hybrid cultivars. Seedling produc-

tion enterpriscs in rcsourcc-poor are?ls hzrve been

stimulated and shown to satisfy such a niche suc-

cessfully. In Baneladcsh, demand rvas stimulated

once the benefits of healthy seedlings became

apparent (Duxbury and Lauren, 2006). Nurseries

can ber readilv dcvclopcd, u,ith scaler dependent

on needs and capacitv. Existing s,vstems can be

used as models, such as ficrestrv sen'ice tree nurs-

eries, which can providc guidance and can be

adapted accordingly (l"ig. 19.2). Duxbury and

Laurcn (2006) also found that, primarily through

control ctI' trfebidogne s?amini(ola, ncc seedlings

prclduced in improved nurseries produced grcater

yield and, on 2r\.erzrge, \\,ere l7ori, lcss costh- to

produce than in conventional practice. This

uncxpectcd di{Ibrence \vas associated with

reduced pesticide zrpplication costs. In Thailand,

vields Iiom healthy vegetable seedlings were

betrveen 17 and 20'7n higher, compared r,vith con-

r,'entional practices (Durbury and Lauren, 2006).

This practice \\ras also adapted by cut-flowcr pro-

ducers in Nepal.

On a more commercial basis, successful

implementation of substrates has lccl to thc dcvcl-

opment of the flotation tra1. method to producc

tobacco seedlings in manv countrics, such as

Braztl, China and Zimbabr,ve, in addition to cut-

flower production in Kenya (UNFIP, 2000a;

Thomas Secdling Technology Systems, undated).

I-he technique is applicable lor both large and

small larm operations, has been extremely efTec-

tive in manv rcgions, and has been adopted in

most instanccs as an alternative to methvl bro-

mide. It has implications for smallholder thrmers

because high-quality planting matcrial bccomes

availablc. Indications are that most tobacco seed-

lings rvorldr.vide could be srown bv this method

(UNEP. 2000a).

19.4.2 Seed and seedling supply

Using aqricultural netrvorks and organizations,

nrdirncntary systems fbr production and distribu-

tion o{'seed can be introduced on an indir. ' idual

or larmer group basis, rvhich czr-n gradually

increasc in scale through interested lerrser-scale

providers and non-go\rernrnent organizations

(NGOs). Cultivation of secd material {br a par-

ticular commodiry- rnay be undertzrken at a local-

ity that is not infested rvith, and outside the

kuorvn ranse of, a particular pest or disease.

Hon'cvcr, providine healthv planting matcrial

through such a seed system production mecha-

nism requires a high standard of knowledge of-

the biologl' and distribution of pests or dise:rse in

thcse areas. Some of the best examples of sustain-

ablc healthy seed systems arc associated with

potato, such as in the Philippincs (Primavesi,

1989) and Afghanistan (Ari{-rl a/., undatcd).

19.4.3 Heat treatment

Sustainable secd systems can also be employed lor

tuber crops other than potato. For yarn (Dioscorea
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Fig. 19.2. Forestry Commission tree nursery in Uganda, with a range of hort icultural plants and trees for
domestic and commercial use.

spp.), root-knot nematodes arc an increasingh'

damaging pest across all yam-erorvinu areas

(Bridge et al., 2005). Hot water treatment (H\\"1')

can be used eflbctir.ely to dccontaminate poten-

tially infcctcd material and ensurc nctnatode-fi-ee:

seed stocks. H\V1' has proved largelv impractical

in resourcc-poor areas for treating planting

material, such as banana and root crops (c.g.

yam), Iargely due to the bulk of matcrial to be

treated, thc cost of fuel zrnd thc timc nccdcd for

such treatrnent (Vi;rcnc el al., 2006). Holvever,

locally adapted 'improvisations' can often prove

suitable, such as thc use of halved oil drums lbr

boiling water for immcrsion of material {or a short

durat ion,  e.g.  30s (Tcnkuoano et  a\ . ,2006; Viaenc

et  a1. ,2006) (Figs 19.3 and 19.4) .  Bananel  cor lns

that have bccn removed from the {ield, su}rjcctcd

to HWT and incubatcd in sar,vdust or cleirn pot-

ting material in a modilicd incubator/macroprop-

agator rcsulted in healthy, ,llektidog'zr-fiee (and

free of other pcsts and diseases) plantlets, u.hich

can bc removed, potted and used as a suitablc.

low-cost alternative to tissue culturc ('fC)

(Tenkuoano el al., 2006). Other crops that simi-

larly bud (e.g. coco.vam) can also be macropropzr-

gatecl in a similar n'ay. In Yemcu. sc\-crc inlcction

Fig. 19.3. Freshly clean plantain suckers in
Nigeria following paring away of infected roots and
corm with a knife, before treatinq in hot water.
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Fig. 19.4. lmprovised hot water tank used for disinfesting pared banana suckers in boiling water for 30s.

by M. incognita, associated with heary banana

losscs, r,vas reduced through the use of ,\[eloidogne-

free propagative stocks (Ibrahim, l9B5). However,

HWT can result in damage if care is not taken to

regulate the temperature or duration of immer-

sion; pre-assessment of crop and cultivar sensitiv-

ity may also be necessary $rhitehead, 1998;

Viaene et a1.,2006). In Nigeria, yam germination

was reduced for some cultivars following H\\'T

(D.L. Coyne, 2008, personal obsen'ation). The

process can also stimulate budding, as obsen'ed

with bananas in Uganda (D.L. Coyne, 2008,

unpublished results). Thus, the use o{- heat not

only provides healthy plantlets but also can stimu-

late faster budding and more rapid generation of

plantlets, probably through a process invoh.'ing

small heat shock proteins produced in treated cells

(Sun el a\.,2002). Other vegetative plantine mate-

rial, such as root stock, bulbs and r''inc cuttings.

are good candidates for decontamination through

use of HWT.

19.4.4 Tissue culture

For resource-poor farmers, the use of TC plants to

overcome contamination with root-knot nema-

todes is vet in its infancy. Success in TC production

of pathogen-frce planting matcrials {br cassava,

yam, banana, plantain, citrus and flowers has bcen

reported lrom countries such as Kcnya and Ghana,

and is ir-rcreasingly attracting private sector invest-

ments (N{achuka, 2001). Howner, where firrmer

a\,vareness of special requirements for handling

TC material is poor, high plantlet losses are expe-

rienced. With increasiug ar,vareness, availability

and transport inliastructure in resource-poor

areas) thc potential of TC offers grcat promise for

reducing the eflbcts of root-knot nematodes and

other pcsts and diseases (Dubois et al., 2006a).

Additionally, enhancement of TC plants with

mutualistic endophytic lungi can increase plant

visour and provide protection against root-knot

nematodes (Pinochet et al., 1997 1and pests, increas-

irg T'C matcrial durability and potential in

resource-poor regions (Sikora et al., 2003; Sikora

and Pocasangre, 2004; Dubois et a1.,2006b1;.

19.4.5 Quarantine

Phytosanitary measures arc of major irnportance

in reducing the adverse impact of tr4eloidog,tne spp.

on crops in developing countrics. Currently, 25
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species of A4eloidog,tne are on the list of exotic

nematodc plant pests of agricultural and enr-iron-

mental significance to the USA, but the list does

not include economically important species, such

as h[. chitruoodi and fu[. naasi, because they are

widely distributed in the USA and are not sub-

jected to regulatory controls (APHIS, 2008; sce

also Moens et al., Chapter 1, this volume).

Implementing phytosanitary mcasures contributes

to various regulatory systems designed to mini-

mize the transport and glob:rl spread of organisms

that are harmful to plants (Hockland et a1.,2006'1.

Quarantine and inspection sen-ices are often the

first to intercept ncmatode species ne\,v to a coun-

try, thus assistins in preventing the inadvertent

spread of species to ner,v areas. However, the

number of ne matologists in particular is declininu,

new nematode spccies arc increasinely being dis-

covcred and global trade is intensi{y'ing, posing

increasing challenges to the interception o{- ner,v

nematode pests. In resource-poor countries. quar-

antine sen'ices facc even greater challenges, w-ith

significant capacity building necessary for manv.

19.5 Cul tural  Control

19.5.1 Removal of infected material

Within an or,'erall cropping system, the physical

removal or dcstruction of plant material infected

with root-knot nematodes, particularly roots,

tubers or seeds, should be considered. In tobacco

farmins in Southern Africa, it is common prac-

tice to uproot plants after han'est and expose the

roots to the sun (Bridgc, l9B7) or burn them zz

s#a (Shepherd, 1982), thus reducing the root-knot

nematode inoculum for the succeeding crop.

However, this practice may not alu'ays be appro-

priate lor resource-poor farmers, due to labour

shortases at critical times. 
'I-he 

practice also has

limitations because it is impossible to rcmo'u'e all

roots. Roots that har.,e deteriorated and roots in

dry, hardened soil are difficult to remo\re prop-

erly. The practice should be encouragcd and

utilized r,r'herc it is suitablc and fcasible.

19.5.2 Planting date

Planting crops when temperatures are less favour-

able for root-knot nematode development and

reproduction can suppress nematode problems. In

Zimbabrve, early planting of tobacc<,r on ploughed

ridges lrras reported as a key managemcnt tactic for

root-knot nematodes (Shepherd, l9B2; Saka, l9B5).

Since genetic resistance confcrred by the ,Mz gene

in tomato is sensitive to temperature and becomes

ineflectir.c at soil temperatures above 2B"C (sce

\Villiamson and Roberts, Chapter 13, this volume),

such resistant cultivars should bc plantcd in arcas

r,vhere soil temperatures remaitr belor'r' 28 oC fbr at

least 6 u'eeks after planting. Altenlzrtively, as the

minimum temperature requircd for II. in.crtgnita

development in the root is lower than the lBoC

actii,'ity threshold for second-staee .juveniles (J2) of

l,I. incognita (Roberts et al., l9P,l), it can be exploited

for management purposes. Synchronizins date of'

planting with low soil temperaturcs r,r'as rcported to

be eflective for managemcnt of fuIeloidogtne on car-

rots (Roberts, 1987), and offers potential for tnan-

agement in cooler, higher-altitude arcas o{- the

tropics (Sikora and Fern6ndez, 2005).

19.5.3 Flooding

Land that has lain under water fbr a contirluous

pcriod of 3 months or more lbllor,r'ing either

natural or artificial flooding will be {iec of root-

knot  nematodes (Br idge,  l987).  Such soi l  is

almost per{bct for use as seedling nursery sites,

especially u-hcre thc areas available are small.

Ntemativcly, the soil may be removed for usc in

a nurser-v situated elser'vhere or for usc later in

the season. At least three root-knot nematode

spccies, namelv A'1. graminicola (Kinh et al., l9B2'),

),t. trit icorylae (,Garg et al., 1995) and lI. orltzae

(Segeren-r ' .d.  Oever and Sanchi t - l3ecker,  l9B4),

har,.e er,oh,'ed to survive undcr flooded condi-

tions. Prolonged periods of floodine and eflective

water m;rnagement in paddy rice can, however,

successfully control these species. Pclor water

managemet-)t or use of intermittent flooding,

r,r'hich is increasinely practised rvherc rvater is

becoming limiting in parts of South-east Asia,

aggrar.atcs the root-knot trematode problem (I)e

\\Iircle and F)lsen, 2007) and, furthermore) can

rcduce the tolcrance of rice to lI. graminicola

('fandingan el al., 1996'1.

Follorving the rvell-managed flooding o{. lbr

example, rice paddies, post-rice crops can benefit

from the tl'leloidogne-frec conditions. Howevcr) :rs
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water manasemcnt practices become adapted to

reduced water availabiliq,', ,1L gtaminicol,a has

become problcmatic ()n post-rice, as rvell as ricc,

crops (Gcrson dl al., 2001'). Large and sloping

areas do not facilitatc thc cllcctive use of artificial

flooding.

19.5.4 Mulching and soi l  amendments

'1'hc 
cllcct o{' soil amendments is gcne rall,v

accepted as an indirect mechzrnism lor promoting

nematodc suppression through enhanccd activitl-

of naturally oc'curring ncmatodc antagonists such

as fungi, bactcria and camivorolls nematodcs

(Fcrraz and de Freitirs, 2004). Additionalll ' . some

amcndmcnts may contain compounds r,vith

ncmaticidal activitv (e.g. brassicaccous crop resi-

dues). I '-urthcrmore, the application of soil amend-

rnents. such as fi:rt i l izers or organic mattcr, is a

rcadily acc-epted practice lor improvine crop pro-

duction. This is duc pdrnarilr. to the improvc-

ment of soil fertilitv zrnd structure, rvhich often

contriltute to a healthicr and more robust cropl

rvhich is better zrble to r,vithstand ncmatode inva-

sion and subsequent damasc.

Nurnerous zrmendments havc been assessed

and rccornmended lcrr nematodc man:rgement,

some ol'udrich appeal' particularly e{Iective. Ir"r

eeneral, arncndmcnts are divided into tlvo broad

catcgorir:s: (i) ar-nenclments that have been trans-

ported from elsnvhcrc and applied; and (ii)

amendments that havc been cultivated in situ and

incorpor?rted :rs sreen ntulch (manure). Usualil-,

amcndrnents zrre composcd of' asriclrltural bv-

products or waste products icrop or animal). but

thel' can also l:rc dcriverd lrorn naturallt- grou'ins

vegetatiou or even human \\,aste. In eeneral,

arnendments tcnd to har,'e broad-spcctrum uctir -

ity against root-knot nematodes. \\ 'astc crop br-

products, such as oilseed wzrste (cakcs, pomace.),

sar'r'dust, fruit pulp, $'aste peel, coflcc husk, oil

palm deltris and molasses, i lre all attl lctivc

amendrnents in this regard. Sccd cake applica-

tions, such as from castor |Ritinu.s clmmunLt). neem
(,l4diracltta inrlira.), cotton (,Goss,ttpium ltirsututd.

srourrdnut (Aratli.t llypogaeal and u4rite mustard
(,Sinapit alha1, appcar particularlv effcctir,e at

reducins nematodc nurnbers (see sect ion 19.9.2) .

\Vaste prodr-rcts lor usc as zrrnendments itfe

usually incxpcrnsive lt lrt rnal. bccome unattractivc

(cxpensive) through costs of transport to the field,

especiallf if high rates of application are recrom-

mended. Amcndments originatine from animal

waste, such as manures) bone meal and chitin,

and particul:rrlv the addition o{'crustacean chitin

and chicken manurc, can also be eflective in sup-

pressing populations of root-knot nematodcs.

\\Ihen considering covcr crops zrs green

marllrres, Rodriguez-Kzibana zrnd Canullo (1992)

referred to cither 'passive' or 'activc' rnanures.

Passive manures act as a poor or non-hostr conse-

quently stan'ing the tarset nernatode spccics. Active

cover crops producc compounds that are ncrnati-

cidal, eithcr during crop srowth (..g. Tagetz.s, neem)

sunn hemp) or upon dccomposition (e.g. brassica-

ccous crop$, u'ith thc process then being relerred

to zrs biolr.unisation (Kirkegaard ct al., 1996, 1998;

Tsrnr el al., 2007). Biofumigation, dcfined as 'the

zrction of volatile sultstances produced in the bio-

decornposition of-orsanic mattcr lbr plant patho-
gen control', is lteing hailed as a non-chernical

alterrratir.c to methyl bromidc (IScllo et al., 2000i:).

Biocidal compounds, such as isothiocyanates,

released by brassicaceous crops, and pases, such as

arnrnonizr. produced during the decomposition

proccss) zrct as fumig;rnts. Bello rl rzl. (2004) pur-

portcd th:rt zurv orglrnic rcnrains ('arl a(:t as a bio-

fi-rmisant against root-knot ncntatodes, the e{Iect

bcing dctermined b1, biochcmical characteristics,

doszrse and rnethod of application, and rcport

llumerous cxamples rvhere biofurnisation ellicacy

compared {hr,ourably u,'ith conventional ncrnati-

cides. Hou,e\rer) al) application rate of 50t material/

ha is seneralll' recomrnendecl, and cr,'cn up to 100 t

material/ha 'uvhcrc high root-knot ncmatode and

fungal densities arc present. 'Active' cover crops

incorpcirated fur biofumigatiol'l can vary in the

duration of crop growth the1. require bcforc incor-

poration. Lqrins and mustard need only 6 B weeks'

gr-ou.th, comp:rred rvith 6 7 months Ibr rapeseed

(Riga el al., 2004). Currently, biolumieation as a

rnodc of' root-knot ncmatode managcmcnt in

resourcc-poor areas r.vould not be construed as a

most suitable option, due mainly to the largg 1,61-

ulrles recommended, ther lack of awarencss and

undclstar-rding of thc process b1' farmers, and rcla-

tivt' scirrcitv of suitable matcrial; howevcr, with

irnproved understancling of its zLpplicability and

colrscclu( ' l l t  exposrrrc in lesourcc-poor t ' i r t 'um-

stanccs, it does oflbr luture manasement potential.

Should a baseline rccommendertion bc made

in tenns of soil amendments, application whencvcr
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and wherever possible, in as high a quantit)- as is

practical, should be practised. Consequentlv,

materials need to be inexpensive and easily acces-

sible. Mulching is beneficial for soil health and crop

productivity, but while the nematicidal effects of

amendments can often be proven (Ferraz and de

Freitas, 2004) they are less than fully understood.

Botanical extracts of amendmcnts also pro-

vide a useful aspect of root-knot nematodc man-

agement and could be used either as a targeted

application/treatment (e.g. root dip, secd drench),

or through placement of plar-rt parts in planting

holes (sect ion I9.9.2) .

19.5.5 Physical methods

Thermotherapy or hcat treatment has been uscd

widely to disinfest planting material (see section

19.4.3) or treat the soil. The use of steam is pos-

sible but expensive and not normally a considcra-

tion for resourcc-poor farmcrs (\,-iaenc et al.,

2006). Thc use of soil solarization (using plastic

or polythene shccting) to control root-knot nema-

todcs is zrnother strategv' but is contror,'crsial.

Bello zl al. (200! claim that soil solarization is

ineffective by itsel{, particularly lor mobile orsan-

isms such as nematodes. Under low solar encrg)'

situations, it is l ikely to be ine{Ibctive, althoueh

the technique proved to be e{fectivc against roor-

knot nematodes under suboptimal conditions in

Cuban vcgctzrble systcms (Fernlndez and

Labrada, 1995). Inconsistency in control lrom

soil solarization can be attributed to r.ariability in

biological and physical characteristics at the site.

resulting in l imited precision {br recommendine

its use. \Vhcn conductcd properlv, solarization of

soil infested with root-knot ncmatodes has pro-

vided hish lcvels ol' control (Gaur and Perry.

l99l). Soil solarization lor at least 4 6 u,'eeks r,vil l

usually raisc soil temperatures to bctrveen 35 and

50 "C at depths of up to 30 cm, dcpending on

sitc/soil conditions. Solarization is rnorc eflective

on lishter soils that are wet or moist (Stapelton

and DeVay, l986). Ellbctiveness is rcduced rl. ith
increasins depth and consequent rcduction of
heat penetration. Efficacy of root-knot nematode

suppression can be irnproved using double-
layered, thin (25 30 pm) polyethylene sheetinu,

transparent as opposed to black sheeting, :rnd

during periods of highest solar inrensity (Viaene

et al., 2006). Horvever, ncw plastic lbnnulations

that increasc soil tempcrature havc extendcd the
uscluhress of solarization in cool rcsions (Chase

et al., l99B). Although thinner shectine is nrore

e{Icctive. it is less durablc and morc ezrsily dam-

agcd. \Vhile it is suitablc for use on nursery bcds

and in glasshouses, rclatively largerr areas, which

help to l imit the border effbct, can bc more efTec-

tivc and practiczrl to trcat. Access to, zrnd r,rlti-

matell' disposal of, large quantities of plastic:

sheeting may also pose a problcm. For a simplis-

tic approach, small quantities of soil or compost

to raise sccdlings or {br rooting cuttinqs, con-

tained in scaled plastic bags, moistenccl and

placed on a suitable surlacc in direct sunshine for

2 r,veeks lvill provide exccllent nematocle control

(Br iduc.  l9B7).

Burnir-rg debris on the soil surlace is an alter-

nativc to soil solarization but is less cflcctive. In

traditional slash and bur-n systcms in rcsollrce-

poor aericulture, buming rnav contribute to sani-

tizing the soil in te nns of plant-parasitic

ncmatodes. 
' l 'hc 

extendcd bush and lorest fallor,v

period, prior to burnins, is l ikclv to be a more

cflcctive means of reducins nematode popula-

tions, as the burning possibly contril;utcs more to
rcducing bencficial microorgzrnisms than root-

knot nematodcs (Tchabi et ai.. 2008). Htxvever,

for small areas of land, such as nurserics, burnine

dcbris has practical rclcvance. 
'f l-re 

burnins of

rice husks on the soil surface prior to establishing

tobarcco nurscrics h:rs pror.ed e{}bctivc for root-

knot nematode rnanascment (Bridge, 1996). hi

the Philippines, post-han'est br-rrnins of rice husks

on the soil sur{ace suppressed damage by ,lzL

grantinicola and increascd yields of tl're lollorvine

or"r ion crop (Gergon el  a1. ,2001).  Nfoist  soi l  can

improvc ther conduction of lcthal heat to a greater

dcpth, incre;rsins the cfl iciency' of the process
(D.L. Coyne, 2008, unpublishcd clata). As a sani-

tation crercise, burning can also bc used tcr

destroy' material potentiallv contzrrninattcd with
root-knot nernatodcs lbllolvine han'cst.

19.6 Cropping Systems

19.6.1 Rotation

The principzrl of crop rotation lies in distancing

susceptible crops in spacc and timc fiorn the tarsct
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nematode species, in order to maintain nematode

populations at levels below damage thresholds.

The use of crop rotation to manage root-knot

nematodes has adapted and evolved in parallel

with asriculture itself and, occurs lvorldwide.

Planting crops that are poor or non-hosts of root-

knot nematodes in rotation u.ith susceptible crops

remains a highly suitable, yet often neglected, tac-

tic to manage root-knot nematodes in resource-

poor areas. In addition to the immediate eflect of

crop diversity on nematode multiplication, multi-

cropping cycles may also facilitate the increase of

microbial antagonists of nematodes (Sikora, 1992).

Successful crop rotation is therefore dependent on

a sufficient diversity of crops within the sequence

that are useful for the larmer and that prevent

root-knot nematode population increase. Netscher

(1978) stated that rotations with non-hosts and

resistant cultivars in the tropics should be recom-

mended lor use on slightly or non-infested land

only, employing their use primarilv as a preventive

nematode control measure as opposed a cure.

As a consequence of the pollphagous nature

of many root-knot nematode species, selecting

suitable crop rotation sequences can present quite

a challenge (Bridge, 1987). Additionally, su{ficient

land is necessary to enable the full rotation

sequence to be completed, n'hich may be a limi-

tation to smallholder farmers. However, a number

of crops (e.g. brassicaceous and graminaceous

crops, Allium spp. and tlmaranlhus spp.) l-rave been

identified as generally useful in managing root-

knot nematodes. Onc rotation that appears quitc

common invoh'es solanaceous crops rvith cereals,

while rotation u'ith groundnut is generallv

accepted for II. incognita manaqement (Dickson

and De Waele, 2005). Although several cultir,ars

of a crop may provide useful resistance against

root-knot nematodes, the level of control mar, dif-

fer by geographical site and variation in patho-

types and trleloidogr,ne species (Hussey andJansen,

2002; Cook and Starr, 2006). It is also worth not-

ing that the recommendation of a particular crop

for inclusion in a rotation can be misleading, as

susceptibility of individual crop cultivars to root-

knot nematode species can di{fer markedlir. For

example, sweet potato (I11omoea batataiJ c"'. Sree

Bhadra permits ,M. incognita invasion but not

development, and thus is suitable for M. incognita

management (N{ohandas and Ramakrishnan,

1996), whereas most other cultivars appear to be

susceptible and therefore unsuitable. Sasser (1954)

found sweet potato to have a rvidelv diflcring

reaction to different populations of the same spe-

cies of Meloidogr,ne, while Struble rl a/. (1966)

found that +343 di{ferent swcet potato lines

shorved extreme Variation in host suitability to

thc same A,[. incognita population. Brassicaceous

crops are recommended lor management of ,4L

chitzuoodi, but field mustard (Brassica rapa) cv.

594152, proved a good host in South A{rica

(Fourie et al., 1998). As our knowledge of

,1,feloidogr,ne spp. and their hosts expands, and

cropping practices evolve, so do the number of

exceptions to the rule. M. arenaria has becn

referred to as thc 'peanut root-knot nematode'

(Sasser, 1954), although some populations have

since been found that fail to reproduce on cv.

Florunner (Sasscr, 1966, 1979). Groundnut was

also first considered a non-host of L[. incognitu and

,lI. jauanica (Sasser, 1954), but r,vas latcr found as

host for populations of both species in trglpt

(Ibrahim and El Saedy. 1976; Taha and Yousil,

1976),  South Afr ica (Four ie et  a1. ,2007) and the

USA (Tomaszewski et al., 1994). Thercfore, whilc

sroundnut is generally susceptible to M. arenaria,

.,1,[. haltla and some M. jauanica populations, it will

usually help in controllins M. incognita (f)ickson

and De \\raele, 2005). Some crops have also been

tradi t ional l l '  r ' icwcd as resistanl  or  supprcssive to

root-knot ne matodes, such as cassava (,LIanihot

e.sculenta). but have since been shown to be hosts.

This is probably because cassava roots are natu-

rally knobbly, rvhich disguises galling. The intro-

duction of new, higher-yielding cultivars without

resistance to local populations/species of root-

knot nematodes can be highly vulnerable to local

populations, demonstrating the need for local

screenins. In coastal trast Africa, improved lines

of cassava suflbred hear,y damagc hy Mektidogtne

spp., including the storage roots (Fig. 19.5; Plate

23), shortly after their release (van den Oever,

1995; Coyne et  a| . ,2004).  In the Phi l ippines,  the

rice root-knot nematode, ,1L graminicola, was dis-

covered in all surveyed ricc fields and 7 4o/o of

onion and sarlic fields (Gergon et al., 1998). This

discor,ery in the onion garlic rotation with paddy

rice stimulated the need to identify strategies to

reduce l[. graminicola, including long-term crop

rotations (Gergon et al., 1998, 2001).

There exists a myriad of recommended crop

rotation sequences for the management of indi-

vidual species, and for root-knot nematodes as a

group. Some may be suitable lor seneral man-

agcment of 'l,Ieloidogltne spp.) w'hilc some need to

be more specificallv focused. Nlanv examples are
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Fig. 19.5. Root-knot-nematode-infected cassava storage roots with ribbed galling.

documentcd by Sasser and Carter (1985) in add-

ition to more recent publications (Chen et al.,

2001; Luc et al., 2005), precluding an exhaustive

catalogue for presentation in this volumc. Root-

knot nemzrtodc populations occurring in farmcrs'

l iclds are often composcd of rnultiple species,

whereby rotations rvith various crops may succcs-

sively support various species. Presence of multipie

Meloidogne spp. at the same locatior-r mar,' also

affect and intcrfere rvith resistancc cxprcssion

against one or more o{- the spccics present

(Eisenback, 1983). 
'fhe 

key, there{bre, is not to

cultivate the s:rme crop (cultir,'ar) on the same

land for too long, r,vhile takins into consideration

good asricultlrral practiccs for using diflbrent

c rop  t vp ( ' s  i n  the  ro la l i o l l .

19.6.2 Fal low

\Vith few exceptions, land that has lain barc lbr

several seasons or has been cle:rred {rom {brest or

natural vegetation (including weeds and other

indigenous plants) rarely has root-knot nematode

problems upon initial cultivation. In \\rest Alrican

upland rice systems, clcvated root-knot nematode

densities r,vere obsen'ed follort'ing lto or short fal-

lon's, r,vith loy.'cr populations present following

lorrser {'allorvs (Coyne et al., l99B). Similarly,

root-knot nematodes are an obvious obstaclc to

production in intcnsified peri-urban systems,

n.hich are characterized by their intensity ol'pro-

duction and lack o{- space fbr crop rotation.

Holvever, in thc traditional smallholder cropping

svstems, {allor.ving (pcrmitting natural vegetation

regrorvth) follorved by 'slash and burn' can sup-

press root-knot ncmatode problems. In adclit ion,

reduc'ed rvccd problems, reduced soil c'rosion,

and the restoration of soil fertilitv and the natural

balancc of beneficial soil microorganisms are

common additional bcnefits to fallowing. It

should not be overlooked, hou,ever, that during a

firl lou, period, the lack of'crop procluction can be

zr dctcrrent to the farrner; the loss of productivity

during fallor,v may be grezrter thzrn thc losscs duc

t o  r r e m l r t o d e  p l r r a s i t i s m .

19.6.3 Cover crops (improved fallow)

An alternativc mode of crop rotation is the use of

covcr crops, rvhich traditionally include legu-

minous cropsr but also re{br to erasscs, erain

crops. ctc. \\ 'here root-knot nematodes arc a
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problcm, the use o{- poor-host cover crops can

provide a useful manasement tactic. in addition

to their soil-erosion-limiting and soil-fcrtility ben-

efits. Legume covcr (or improved fallorv) crops

can esscntially be divided into a number of cate-

gories, based on their characteristics and uses,

narnely creeping annuals that provide good sur-

face cover (e.g. Alucutta spp., Pueraria spp.), lir.'e-

stock foragc lesumes (..g. Aeschlnomene histrix,

SQ los anthe.r guianen.siil, woody shrubs (e.g. Cro talaria

spp., Se.rhania rostrata) and legume lood crops (c.g.

Cajanus cajan, I/igna unguiculata). Some co\/cr crops

are most useful when incorporated as green

mulches, although lr.hen used as lir.estock fod-

der any mulching benefit would be oflset. A bal-

ancc is therelore required betu'cen benefits and

uses of such crops. Cover crops mav hclp in

reducins root-knot nematode problems, but, as

in all rotations, lew crop species have impact

asainst a broad spectrum of pests and diseases.

Similarly, fer,r' cor,'cr crops are universally cffec-

tir.'e against tr[ehidogl,ne spp.) r,r''ith some being

highly susceptible to certain spccics. For example,

sunn hemp is gcncrally known to provide ncma-

todc manasement, although somc species readil,v

host Lleloido.gn, spp., such as Crotalaria pallida

(M. incognita) and Crotalaria .juncea (IL jat,anica'i

(Silva et al.,1990). Velvet bean (.A,Iucuna deeringiana,

M. aterrima) and sunn hcmp are particularlv noted

for their potential lor managcmcnt of root-knot

nematodcs and, in general, constitute an cxcel-

lent cor.er crop rcrcommcndation r.vhere root-knot

nematodcs are problematic (Rodrigucz-Kibana

et al., 1992; \{ang et a1.,2007'1.

Certain crops, such as r.clvct bean, can

also induce soil suppressivcncss against nematcldes

by stimulating build-up of beneficial micro-

organisms (Vargas-Ayala et al., 2000) throusl')

their association r'r,'ith distinctive rhizosphere

microflora (Kloepper et al., 7991). Thc ultimate

eflbct of covcr crops in reducing plant-parasitic

nematode populations, specificall l '  root-knot

ncmatodes, is due to the presencre o{'bioncmati-

cidal compounds present r.vithin thc roots or

othcr plant parts (see section 19.9.2). Horvcvcr.

care is needed in selecting thc cor,'cr crop in rela-

tion to the presence o{- other plant-parasitic nem-

atodes. Barlcy (Hordeum uulgarel, lor example.

when used in a potato-based croppins svstcm

reduced M. chitwoodi populations in potato, but

led to greater densities of- thc lcsion nematodc,

Prafitlenchu.s neglectus (F-erris et al., 1991).

Difficulties in stand establishment and the

length of timc rcquired lor the suppression of

plant-parasitic ncmatodes appear to bc k",u

impediments to farmer adoption of-cover crops.

although thcir use as livestock fodder can be

attractir,'e.

19.6.4 Antagonistic or trap crops

A number of plants havc bcen identified fbr their

antagonistic (allclopathic) effect on root-knot

nematodes (Table 19.1) .  Some of  these crops are

planted {br their marketable products, while

others arc used only lor reducing damagc by zr

specific nematode species. Onc of the best stud-

icd for manasernent of root-knot ncmatodes is

Tageks spp. (marigold). Although the genus con-

tains 56 species, most reports dcal with Tasetes

erecta, T. patuLa and T. minuta (Ferraz and de

Freitas. 2004). In principal, Tagetes spp. are used

in rotation, but can also be eflbctir,'e {br root-knot

nematode lnanagemcnt u'hcn intercropped (Khan

et a/., 197l). Tageks spp. kill root-knot ncmatodes

or prevcnt thcir development lbllowing root inva-

sion; root cxudates can also ber strongly nemati-

c idal  (Siddiqui  and Alam, l987;  scct ion 19.9.2) .

Rcports on the poor host suitabilitv of Tagetes spp.

to root-knot nematodes are, hor,vever, not entirely

consistent, suggesting that somc species or culti-

vars arc lcss effective (Chitrvood, 2002). Sunn

hemp is also considered an cffbctir..e antagonist of'

root-knot nematodcs rvhcn uscd either in rotation

or as an intercrop. It has a similar mode of action

agairrst 'l[eloidogl,,ne spp. as Tagetes spp., since it

prevents ncmatodc dcvclopment alter invasion,

combined lvith nematicidal root crudatcs.

Horver.cr, somc of thc 350 knolvn Crotalaria spp.

can act as hosts for ,llektidog,ne spp. (Sllt,a et al.,

1990) and so care is required.

Nurncrous srasscs har,'e also been identified

as antagonistic to root-knot nematodes (Table

l9. l ) .  but  some are known hosts to root-knot

rrcmatodcs, such as [irasrostis tef (.cr,. SA Bruin),

Lolium mulltf lorum (cr.'. N{idmar) (Fourie et al., l99B)

and Eragro.sti.s orcuttiana (O'Bannon and Nyczepir,

1982), u,hich are reported zrs moderate/good

hosts fbr I[. chitwoodi. As w.ith rnost 'alternative'

crops, their value to the larrner remains a key

feature lor their overall acceptancc zrnd adoption.

In Ztmbabwe. use oI' Tagetes spp. by tobacco
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Table 19.1. Examples of crops known to be suppressive to root-knot nematode (Meloidogyne spp.)
populat ions through antagonist ic behaviour in the f ield."

Plant species Common name Meloidogyne species

Aeschynomene spp.
Allium sativum
Asparagus officinalis
Asparagus grayi
Bracharia decumbens
Brassica napus
Brassica campestris
Canavalia ensiformis
Centrosema pubescens
C h rysopogon zi zan ioid es
Crotalaria breviflora
Crotalaria grantiana
Crotalaria juncea

Crotalaria lanceolata
C rotal ari a I ong i rostrata
Crotalaria mucronata
Crotalaria pallida
Crotalaria paulina
Crotalaria retusa
C rotala ri a s pectab i I i s
Crotalaria striata
Cynodon nlemfuensis
Cynodon dactylon
Desmodium spp.

Digitaria decumbens
Eragrostis curvula
lndigofera spp.
Mucuna deeringiana
Mucuna aterrima
Panicum maximum
Paspalam notatum
Pennisetum purpureum
Ricinus communis
Sesamum indicum
Sesbania sesban
Sorghum bicolor
Sorghum sudanense

Stylosanthes spp.
Tagetes spp.
Tagetes erecta
Tagetes erecta x

Tagetes patula
Tagetes jalisciencis
Tagetes minuta
Tagetes patula
Hordeum vulgare

Jointvetch
Garl ic
Asparagus

Signal grass
Rapeseed
Mustard
Horsebean/jack bean
Butteffly pea
Vetiver grass
Sunn hemp

Giant star grass
Bermuda grass
Herbaceous and shrubby
legumes
Pangola grass
Weeping love grass
Hairy indigo
Velvet bean

Guinea grass
Bahra grass
Elephant grass
Castor
Sesame
Egyptian rattle pod, river bean
Sorghum
Sudan grass

Stylo, 'fodder banks'
Marigold

Meloidogyne spp.
M. incognita
Meloidogyne spp., M. hapla, M. incognita
M. incognita
Meloidogyne spp.
Meloidogyne spp.
Meloidogyne spp.
M. incognita
Meloidogyne spp.
M. incognita, M. javanica
M. incognita, M. javanica
M. incognita, M. javanica
M. arenaria, M. exigua,
M. incognita, M. javanica
M. incognita, M. javanica
M. arenaria, M. incognita
M. incognita, M. javanica
Meloidogyne spp.
M. incognita, M. javanica
M. incognita, M. javanica
M. incognita
M. incognita, M. javanica
Meloidogyne spp.
M. incognita
Meloidogyne spp.

M. incognita
Meloidogyne spp., M. javanica, M. chitwoodi
Meloidogyne spp.
Meloidogyne spp.
M. incognita
M. javanica
M. incognita
Meloidogyne spp.
M. incognita
M. incognita
Meloidogyne spp.
M. incognita
M. arenaria
M. hapla, M. incognita, M. javanica
Meloidogyne spp.
Meloidogyne spp.
Meloidogyne spp., M. incognita
M. arenaria, M. incognita, M. iavanica

M. incognita
M. incognita, M. javanica
Meloidogyne spp., M. incognita
Meloidogyne spp., M. chitwoodiBarley

"Sources:Murphy etal . (1974);Mots inger eta l . (1977);  Si lva etal .  (1990);Vi l larand Zavalela (1990);McSor ley ef  a/ .

(199a); Fourie ef a/. (1998); Whitehead (1998); Desaeger and Rao (1999); Esparrago ef a/. (1999); Chellemi (2002);

Wang ef at. (2002, 2007); Kandjil et al. (2003); Ferraz and de Freitas (2004; Sikora et al. (2005); Viaene et al' (2OO6).
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farmers has been accepted due to its adr''erse

impact on root-knot nematodes (Shepherd, l982;

Stubbs, 1999). In Nlalar,vi, the use of Tageles spp.

for management of root-knot uematodes r'vas also

promoted because of the crop's valuc as a food

colorant (D.L. Covne, 2008, personal obsen'a-

tion). In South Africa and Eg1pt, extraction of

lucrative essential oils lrom T. minuta is promoted

as a useful source of income (Senatore et al.,

2004). Woody species such as Crotalaria spp. also

have additional benefit because of their usc as

firewood and fencing. Although alternative uses

increase the potential of cover crop usc in rota-

tions, if it is primarily being employed for the

control of the prevalent root-knot nematode spc-

cies, it is important that it {ul{ils this role, u'hile

additional benefits incrcasc its acceptabilit l '  or

attractiveness to the {-armer.

19.7 Resistance

In combination rvith healthy planting material,

host plant resistance, r'vhen available, should

provide the foundation of any pest management

strategy. In most resource-poor areas) nematode

resistance breeding programmes pose more than

a challenge to any institution, as the elementar\'

information on important Meloidog,,ne species

and useful sources of resistance is mostl,v una-

vailablc or unreliable. Every effort should bt:

made to capitalize on developmcnts made in

breeding programmes elsewhere. Although crop

cultir. 'ars with resistance to root-knot nematodes

may not necessarily bc suitable or agronomi-

cally adapted to conditions outside the tarset

area, the use of such cultivars in brceding pro-

grammes to introgress root-knot-nematode-

resistant gene(s) could be valuable in dcveloping

countries (Starr and N{ercer, Chapter 14. this

volume). The deployment and use of such resist-

ance in tropical areas in particular could result

in a significant increase in specific Meloidog,tne

populations lollowing the li igh selection prcssure

e.xerted on the nematode community. For exam-

ple, A,[. enterolobii (.= A,t. malaguensis), first described

by Yang and Eisenback (1983),  presents a sub-

stantial threat in tropical and subtropical condi-

tions, where it is a particularly aggressive pcst

(Rammah and Hirschmann, 19BB). It has a n'ide

host range but, importantly, is virulent on

tomato with rLli1-based resistance. 
'I-his 

species

remained undetected until rccently, most l ikely

due to its morphological r, 'ariation, which resem-

bles that of ,l[. incognita, A,[. arenaria and ,l'L

.jat,anica (Carneiro et al., 2004). Since its discov-

ery, '14. enterolobii has been rcported from a r,r,ide

range of countries on r. 'arious crops (Anonymous,

2008). \Vith increased use of Mil-bascd resist-

ance, the pest status of M. enterolobii could rise

dramaticall l,. This questions the extent to which

further JIeloidog,,ne species remain undiscovered

and, consequently, how useful our current

sourccs of host plant resistance are for subtropi-

cal and tropical crops. An added complication

under tropical conditions involves the break-

dolr.'n of the lli gene, which is efibctive against

'\,[. arenaria, '1,[. incognita and M. jauanica, at soil

temperatures cxceeding 28 oC (see Will iamson

and Robcrts,  Chapter 13,  th is volume).

Resistance may not be a universal tool, but it

prescnts a highly useful componcnt for manage-

ment o{' root-knot nematodes, where ar.'ailable.

In resource-poor areas, our knowledge of

plant-parasitic nematode communities as well as

of resistance sources (crop cultivars and indige-

nous plants) remains sparse. It is in such areas

that we are most l ikely to discover use{ul sources

of resistance against indigenous species of root-

knot nematodes, r,r 'hich should form thc basis of

future breeding programmes. In Africa, the

indigenous rice species, Oryqa glaberrima, erhib-

ited high lel.els of rcsistance against both M.

inco,qnita and ,11. graminicola. The latter species is

not recorded lrom Africa and has developed

indcpendently from O. glaberrima (Plowright et al.,

1999). Investigating thc possible sources of'root-

knot nematode resistance rnay yield useful traits.

Leafi indigenous vegetables, such as those of the
genus Antaranthu.r, which are popular in some

peri-urban systems, appear to possess some

resistance against root-knot nematodes in

Bzrngladesh (Page, 1979), Uganda (Bafukozara,

1983) and \\ 'est Africa (James et al., 2005).

Grafting of preferred cultivars on to hardier,

pest- and disease-resistant rootstocks, an accepted

practice rvith perennial tree, shrub and vine

crops in particular) can be used to further exploit

root-knot nematode resistance. Commonly used

in coflee (Coffea spp.), Campos and Villain (2005)

imply that the only economic means of produc-

ing coffce in Brazil at sites infested with M.

incognin and i-l'L paranaaLsis is by gra{iing C. arabica on
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to C. canephlra cv. Apoatd, which is also immttne

to M. exigua. Of increasing popularity is the inno-

vative use of grafting for control of root-knot

nematodes on commercially valuable annual

crops (Sikora and Fern6ndez, 2005; Stkora et al.,

2005). Production costs associated n'ith such

grafting are increased but, through management

of root-knot nematodes, grafting is profitable

under high infestation levels in high-input sys-

tems. Use of resistant rootstocks will depend on

the species of root-knot nematode present.

Developed and practised in Japan and Korea

early in the 20th century, grafting has becn

applied lor disease and root-knot nematode con-

trol to avoid the long process of breeding for

resistance in popular tomato, aubergine, sweet

pepper and cucurbit cultivars. Grafting of such

crop plants on to resistant rootstocks or lvild

Solanum spp. can yield good but r.'ariable results

(Black et a1.,2003). The technique has merit and

potential for the resource-poor sector, particu-

larly for more valuable crops such as veeetables,

but would be dependent upon an orsanized sys-

tem using nursery pro'u'iders.

19.8 Biological Control

Emphasis on the use of biological control agents

against root-knot nematodes has increased as our

knowledge has progressed, but it has also been

catalysed by the increasingly restricted use and

removal from the market of eflective ncmaticides.

A comprehensive revietv of biocontrol agents is

provided by Hallmann et a1., Chapter 17, this

volume.

19.9 Chemical Control

Information regarding the use of nematicides in

resource-poor agricultural systems remains limi-

ted. Although their use offbrs one of the most

reliable control strategies against a n'ide rangc of'

plant-parasitic nematodes, use of these products

in subsistence agriculture on lou'r'alue crops is

more often not recommcnded (Bridge. 1996),

limited or non-existent (Sikora and Fern6ndez.

2005).
Nematicide use in resource-poor agricul-

tural systcms is repeatedly stated as lorv' for the

principal reason that farmers can il l aflbrd the

high costs. In reality, the simplicity o1'this assess-

ment undermines the complexi ty of ' the issue.

The r.'alue of a crop is a natural consideration

when deciding to use any pest management

inten'ention, especially expensive chemicals.

Horvever, relatively inexpensive compounds,

such as carbo{uran, are often commonly availa-

ble. The kev is whether the resulting gains will

provide a profitable cost:benefit ratio following

nematicide application. In most cases, the infor-

mation, as r,vell as the knowledge necessary for

making such decisions, simply does not exist. If

available for use by resource-poor farmers, such

nematicides are often unsuitable, have limitcd

instructions for application) are available in

large quantities (and thercfore expensive), have

been diluted (tampered w-ith) or mixcd with

other pesticides, are beyond the expiry date, are

not alrvays available the next season and may be

less ellective or have been applied to such an

extcnt at specific sites that they have become

ineffective through the development of rapid

microbial breakdown (Neuenschrvander, 2004;

Arbeli and Fuentes, 2007). Vegetable farmers,

hor,vever, tend to har.'e some limitcd knoi,vledge

of ncmaticides and their potcntial impact. They

may continue to apply these products as thcy

seeminglv provide thc only option for ncmatode

management, and vegetables are relatively high-

value commodities compared ivith field crops.

\\I ithout precise information on the importance

and damage incurred by root-knot nematodes

on specific crops in specific croppine systems, it

remains uncthical or unwise to advocate the use

of nematicides in most of these cases.

\\Iith more intensi{ied systcms and croppine

of more marginal land, the progressive use of

nematicides is l ikely to rise in resource-poor

areas) even on low-value crops. Despite the trend

to rcduce reliancc on nematicides, global pesti-

c ide use escalated l rom 0.49kg/ha in 196l  to

2kg/ha in 2004 (Envirostats, 2004) and, conse-

qucntly, is a factor to consider, even for resource-

poor agricultural systems. Holvever, it is equally

worth considering that no major synthetic nem-

aticides, n'ith the exception of fbsthiozate, havc

been developed and commercialized since the

mid-1970s (see Nyczepir and Thomas, Chapter

Iu, this volume). Thcrefbre, with the recent

phasing out of many r-rematicides, the identifica-

tion of altcrnative nematode manasement
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options becomes increasingly urgent and neces-

sary (UNEP, 2000b). Coupled with the loss

of eflective nematicides, the rise o{' virulent

nematode strains and the detection or spread of

nematodes to previouslv uninfested areas, rnore

complex management programmes are sought

(S iko ra  e t  a \ . , 2005) .

In seneral, nematicidc application follor,vs

similar principles r,vhcther used in commercial or

resource-poor svstems, and these are comprehcn-

sively discussed by Nyczepir and Thomas

(Chapter lB, this volume) as well as in revier,vs bl.

Johnson (1985),  Whitehead (1998),  Chi t r .vood

(2003) and Hal,dock et al. (2006).

19.9.1 Past and current nematicide use

A recent slrrvey (Haydock et al., 2006) showed

that, in terms of global crop production, veqe-

tables attract 38% of the nematicide markct, fol-

lowed by potato (.25o/o), banana (90/o), tobacco

(B%), sugarbeet (6o4) and other crops (.11o/oi).

Root-knot nematodes are the predominant sroup.
targeted by 4\o/o of global nematicide use across

crops, followed by cyst (30%) and other plant-

parasitic nematodes (22o/o). Hor,vever, to deter-

mine nematicide use in dcveloping countries,

particularly by resource-poor farmers, is currently

a difficult, if not impossible, task. N,fany of thc

nematolosists lrom developing countries respond-

ing to a recent sunrey on nematicidc use (Table

19.2) emphasized that nematode a',r,areness and

control stratesies (including chemical treatments)

are often limited to larger commercial larms and

industrial cropping (plantations) where hieh-value

cash crops are cultivated (W. Wesemacl, 2008,
personal communication). Additionally, such data

relate to plant-parasitic nem:rtodes in eeneral,
although root-knot nematodes are the major

nematode problem in most cases; this nccds to be

kept in mind r'r,hen considering thc data in Tablc

19.2. Nematicide use \.\ras reported by 90% of the

respondents from developing countrics and 100%

from least-developed countries that participatcd

in this sunrey? includine the use of both fumigant

and non-fumigant nematicides.

\\ 'hilc nematicides are being progressively

rvithdrarvn lrom world markets due to increas-

ins cn\.' ironmental and human health concerns,

r,arious products remain in use across a wide

ranse of agricultural and horticultural crops,

even in the resource-poor sector. In peri-urban

vesetable production, for example, siunificant

proportions of larmcrs are aware of the root-

knot nematode problcrn and will rcadily apply

avai lable nemat ic ides (Jamcs et  a\ . ,2005).  South

American potato {'armers apply nematicides on

a relativcly large scale (CIP, undated). Sced

trcatment or bare-root dips can bc cllective

rnethods {br optimizins nematicide application,

and minimizins excess usc and environmental

and he:rlth conccrns) particularly in rcsource-

poor arcas.

An overl' icr'r. of nematicides uscd to allevi-

ate, in particular, root-knot nematode problems

in dcr.'elopins countries was obtained through

the International lleloidoglne Pro.ject (IN,IP) dur-
ins the mid-1980s (Cabani l las,  l9B5; Davide,

l9B5: Ferraz,  1985; Ibrahim, l9B5; Kr ishnappa,

l9B5; Saka,  I  9t35;  Sosa-NIoss,  1 9U5).  Non-

Table 19.2. Relative estimated nematicide use compared with other nematode management
strategies in 13 developing and 4 least-developed countries (as indicated by the United Nations),
result ing from a global survey (W. Wesemael, Ghent, 2008, personal communication).

Management strategy
Use in developing

countries" (7o)
Use in least-developed

countr iesb (%)

Chemical
Physical
Biological
Host plant resistance
Crop rotation
Soil  amendnrents/biof umiqation
Others

'Bangladesh, Cameroon, China, Columbia, India, Kenya, Malawi, Nepal, Pakistan, Peru, Thailand, Vietnam,
Zambia; bBangladesh, Malawi, Nepal, Zambia.

43
1 1
5
4
7

26
2

5B
1 1
4
4

1 1
I
J
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Iumigants and fumigarlts were used succcssfullr-

to control root-knot nematodcs, such as in

Central America, as well ;rs in Caribbcan coun-

tr ies (Sosa-Moss,  l9B5).  In some South American

countries, such as Chile, the use of carbo{irran

and aldicarb effectively controlled root-knot

nematodes in { iu i t  t rees,  nurser ies,  orchards and

vineyards, while ncmaticidc application orl

susarcane rcsulted in significant profit marsins

for  farmers in Brazi l  (Sosa-Nloss,  l9B5).  In, \s ia,

M. incognitd was successfully controllcd in srveet

potato using 1,3-dichloropropene, cthvlene

dibromidc and products containinu chloropicrin.

while oxamyl or carbofuran were eflcctir.e

asainst A,[eloidogltne spp. on tomato in Indonesia

(Davide, l9B5). hr Soutli Korca, ,lI. hapla was

success{ully controlled in sroundnut rvith

i ,3-dichloropropene? rvhi le carbofuran succcss-

fully reduced population levels of root-knot

ncmatodes in tomato in Bangladesh (Dar.ide,

1985).  Studics on the chemical  contro l  of

Meloidogltne spp. in the \fiddle East shorved that

the mixture of  1,3-dichloropropene and ethvl-

ene dibromidc rvas higli ly successful on a ransc

of crops, w4rile fenamiphos and carbofuran

ranked next in their e ffbctivcncss acainst

l[eloidog,tne spp. on tomato and tobacco (Stephan,

1978, 1979).  In India,  a ld icarb and carbofuran

were the most r'videlv used nematicidal chemi-

cals (Singh and Reddv,  l9B1; Varma et  a l . ,

198l) .  Farmers on the A{r ican cont incnt ,  par-

ticularly in West Africa, applied oxamvl, carbo-

furan and phoratc to incrcase yields of 't 'esetablcs

(Adesiyan,  l98l)  and cash crops such as r icc

(Babatola,  1981).  l "umisants rvere also used in

Southern African countries. such as Zimbablve.

particularly against l leloidogne spp. in tobacco

(Shepherd,  l982).  A rv ide ranse of  synthct ic

nematicides is currentlv a', 'ailablc for use on

various commcrcial crops in South Africa (Ncl

et al., 2007), but are not necessaril l. used in the

resource-poor scctor.

Considcrins the limitations of nematicide

use in developing, rcsource-poor areas) a kev

question concerns the management of root-knot

ncmatodes by resource-poor larmers r,vithout

nematicides. Hor.v do lve {bresee these larmcrs

managing these parasites eflcctivcly to ensure

sustainable fbod production lollowine remor.al

of many of the available chemical products or

the products becoming ineffective? This is o{-

particular relcv:rnce lvhen considerins produc-

tion under more intensified systcms (e.e. peri-

urban and urban asr icul ture) ,  and on morc

marsinal, in{-erti le land.

19.9.2 Bionematicides

Nthough not uscd by resource-poor farrners as

such, the phasing out of methyl bromide in devel-

oped countrics by 2005 and in clcvelc4rirlg coun-

tries by 2015 (UNEP, 2000b; Havdock et al.,

2006) has further intensil icd the search lor altcr-

natives that can be used by these farmers, such as

phvtochemicals nith bionernaticidal properties

(Chitu'ood, 2002; Ferraz and de Freitas, 2004).

A number of altcrnative fumieants, such as

1,3-dichloropropcne, iodemethane and propargyl

brornide. have bccn rccommended as altcrnatives

but are unsuitablc lor subsistence larmers due to

their toricit,v, high cost (Haydock e/ a/., 2006) and

unsuitable packagc sizes. Since the application o1'

phvtochcmicals has been uscd r,r' ith success to

reduce root-knot ncmatodes acrross a rangc of

crops lChitr'r'ood, 2002; Ferraz and de Freitas,

2004), thcrc is potential for their usc in resource-

poor auriculture. A'ailability zrnd cost-efTi.-ctiveness

of bionernaticidcs rvil l, however, detcrminc their

irpplicabilitv.

AdditionallY, bionematicides havc adr.'antases

over svnthetic products, in that they: (i) contain

novel compounds thzrt plant-parasitic ncmatodes

arc lrot vct able to inactivatc; (ii) are less concen-

tratcd and thus less toxic than synthetic' com-

poutrds; (iii) biodegrade relatir.clv rapidly; and (iv)

are derived fr-om renewable sources (Chitrvood,

2002; Fcrraz and de Freiters, 200+).;\pplication of

crude phvtochernicals bv means of' cover, glccn

marlure or rotation crops, as opposed to synthe-

sized/purified formulations of these products, rvill

most probablv bc the most viable option fbr

rcsource-poor lirrmers to apply against root-knot

nemirtodes. The lonnulation of' synthesized/puri-

ficd phr.'tochemicals as pre-applic'd seed/tuber

coatings rnav. holvever, constitute a sienificant

contribution in assisting resource-poor larmers in

the continuous battlc asirinst Meloidogtne spp.

Chemical compounds rvith nematicidal

properties har,.c been identified lrom a ranse of

piants (Chi tu,ood,  1992, 1993, 2002; Fcrraz and

de Freitas, 2004) and other organisms such as

alsae. bacteria, crustaccans and {ungi (.Anke et al.,
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1995; Ehteshamul-Haque, 1997; \Varr ior  et  a l . ,

1999; Chitwood, 2002). Various bionernaticidcs

o{- a plant-, microbe- or chitin-bascd nature con-

tinue to be screened and evaluated, but are also

beginninu to work their r,vay on to the market

(Haydock el al., 2006). Some ph1'tochemicals

have antagonistic, suppressive or repcllent eflects

on plant-parasitic nematodes, rvhile othcrs are

toxic (Viaene et  a\ . ,2006).

19.9.2.1 Avermectins

Avermectins, potent macrocyclic lactones

produced by the soil-inhabiting bacrerium

Streptomlce.s auermitili.r, have actir,-it.v againsr a broad

spectrum of helminths (Cavrol et nl., 19931

Blackburn et al., 1996, Faske and Starr, 2006),

but also against insects (ZufalI et al., l9B9) and

mites (Putter et al., 198l). The chemical has also

been investigated for its nernaticidal efficacy to

control plant-parasitic nematodes in field crops

(Sasser et al.,1982; Blackburn et al., 1996; \ 'Ionlbrt

et a|.,2006), and'nvas recently registered as A'icta't
(active substance: abamectin, a mixture of ar.er-

mectins) in the USA as a cotton seed dressins
(Anonymous, 2007). For other crops, Avicra:!

continues to be cvaluated to increase its range of
application. Abamectin effectivelv controlled .1.L

incognita in vegetablcs and cotton rvhen applied as

a seed dressing comprising several avermectin-

producirrg bacterial strains (NIonfort et al., 200C1.
In contrast, Faskc and Starr (2007) Ibund limited

eflectiveness of AvictaE-trcated cotton seed; thcr-
reported that protection of the cotton tap root

from in{bction bv trf. incognita extendcd lbr onh. a
few ccntimetres of root leneth. In tenns o1-nerna-

ticidal efIicac.v, thc B sroup of averrncctins are

biologically more active than the A group (Lasota

and Dybas, l99l). Incorporation of arcrrnectin

Br into soi l  (ut  0.3,  i . l  and 3.3kg/ha) was

10 30 timcs more e{Iective than serrcral

organophosphates and carbamatcs in reducing

M. incognita populations (Putter et al., lgBl).

Althoush not currently being developed as a for-

mulation to bc applied in the soil, soil incorpola-

tion of sranular formulations of al'ermcctin B,

was also rcported to inhibit reproduction of ,1L

incognita and root galling on tobacco, at an equir'-
alent efficacy to several synthetic nematicidcs
(Sasser et a[., l9B2). Holvevcr, further develop-
ment and release of products since these earh-
investisations hzrs been slorv. Thc lorv rvatcr solu-

bilitl' and rapid degradation of avcrrnectin mcans

it is unlikely to causc contamination of soil water
(Garabedian and Van Gundy, 1983) but, con-

versel,v, may limit its potential eflectir,'encss as a
seed treatmcnt.

19.9.2.2 Neem products

Necm products, obtained ft'om the trec Aqadirachta

indica, arc amons' thc most extcnsively studied

fr\khtar, 2000) and most rvidely used bionemati-

cides, especially by farmers in India and Pakistan
(Guerena, 2006). Neem has insccticidal, anti-

fungal and antifeedant propertics {br use on a

\r' ide ranse of crops (Guerena, 2006). Various

chemical substances in neem (azadirachtin,

kaernpferol, nimbidin, nirnbin, quercetin, salan-

nin. thionemone and others) contributc to its

nematicidal properties (Khan et al., 1974; Ferraz

and de Freitas, 2004). A ransc of neem formula-

tions is commercially marketed as nernaticidcs,

ir-rsecticidcs, fungicides or miticides. According tcr
Thakur (1995a), optimal root-knot nematode

control is obtained r,vithin 3 lr.,eeks a{ter incorp-

oration of-neern, since pollphenols arc released

in thc highest concentrations durins this period.

In ztitro studies shor,ved that products from neem

seed rcsultc'd in significant mortzrlity, irnmobility

and rcduction of hatchins of .J2 of tlleloidogtne

spp. (Paruthi et al., 1996; .J:rved et al., 2008).
Incorporation of necm oilcakcs, Ieaves or leaf

por.vder in soil rcduced penctration by J2 of
,\[ellidoslne spp., gall formation and finzrl popula-

tion densities on a r,vidc ranqe of crops (Sharm:r,

1987 ;  Haseeb ,  1991 ;  Thakur ,  1995b) .

Coating of tomato seed r,r' ith Su'ccrrr or
neerlr oil reduccd ),1. incognita inlection and popu-

lation devclopment substantially (Dash, 1990;

Akhtar, 1997). Similarly, a root dip r,r ' ith necm

substantiallv delaycd the development of
lL incognita (Akthar, i996) and A,I..jauanica (Vats,

1993) on tomato scedlings. On pea, populations

oI' ,IL incognita lterc reduccd and yields increased
follorvins sced coatins rvith neem products
(\Iojunder et a1.,2002). Nurncrous examples have

iurther demonstrated the ellective management

of root-knot nematodes when necm-ltased prod-
ucrts \\'cre combined r.vith other products, includ-

ing biocontrol asents, e\ren though thc effects of
necm on ltiocontrol agents could be detrirnental.

Cornbining neem products r,r.'ith Paecilomlces

lilncintrs spores (Rao. 1997a), Pasleuria peruh'ans and
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Pasteuria lilacinus (Rcdd,v, 1997), Trichodernm

harqianum (Rao, 1997b) or arbuscular mycorrhizal

fungi (GLomu.r mosseae) (Rao, 1997c) all resulted in
substantial root-knot nematode reduction on a
range of crops.

How.ever, results are not always consistcnt

betrveen studies. Variation mav arise from incon-

sistency of product formulation, or especiallr-

from preparations made in situ from lrcsh
material, which can vary in c'ontcnr and qualitr, '
of'activc compounds betu,ccn locations and plant
parts. Althoush most reports indicatc that ncem-

based products successfullv reduce root-knot

nematodes) neem cake did not reducc A.I. jatanica

galling on tobacco rvhen applied at 100 and

200g/m2 (Krishnamurthy. 1990), for example.

Agbakli (1992) also reported a lack of nemarodc

control followins application of foliar neem

extracts on jute (.Corchoru.s oLitoriu.r), lettuce (ktducn

satira) and celosia (Celosia argenteal in Benin.
Phytotoxicity has also been recorded, such as on
tomato after application of neern oil fAkthar.
r eeT).

Neem products and locally processed lormu-

lations do, holvcver, oflcr great cost-efficient

potential for management of- root-knot nema-

todes. Neem products arc reputedly safe for
humans (Schmuttcrer, 1997) and, due to thcir
relative selcctivitv, are ideal for use in intesratcd

pest managemcnt programmes r,r' ithout causing

environmental disturbance.

19.9.2.3 Glucosinolates in Brassica spp.

Research on brassicaceous (Brassicn spp.J crops as
'natural' nematicidcs comrnenced as earlv as the
1930s (Smedie,v, 1939). Successful reduction of
Lleloidogne spp. follor.ving brassicaceous crop bio-
fumigation is now. rccorded across a rvide gco-
graphical spectrum (Stirl ing and Stirl ing, 2003;
Monfort et al., 2007; Q"g et al., 2007'1.
Brassicaceous plant rnaterial contains volatilc

sulfur-containins compounds (glucosinolatesl,

which arc hydrolysed to zrctive fungicidal, bac-
tericidal and nematicidal isothioc\-anates

(Kirkegaard et al., 1996; Brolr'n and N{orra,
1997). Stapleton et al. (.1998) demonsrrared rhe
benefit of biofumigarion in rcducins multiple soil-
borne pathogens such zrs X[. incognita, Sclerotiunt
rolfsii and Plthiurn uilimum 7 days :rfrer incorporat-
ing brassicaceous residues into the soil. Rapesecd
(Brassica napuil green manllre gro\\'n prior to

potatoes in the USA r,vas also shor,ln to signi{i-

cantlv reduce populations of lleloidog,l1, sJ]p. oll
potato (Stark, 1995). Recent r,r,ork has also shor,r,n
that exposure to sultlethal conccntrations of
isothiocyanatcs can plary a rolc in nematode sup-
prcssion b1. aflecting root-knot nematode

behaviour. Erposure ofJ2 of ).1. incognita to sub-
lethal concentrations of benzyl isothiocyanate

reduced inlectivity and virtually eliminated cgg
production (Zasada et a1.,2009).

\\Ihilc ahnost all brassicaceous crops pro-
duce slucosinolatcs, several are sood hosts Ibr
:lleloidogl;ne spp. (N{cSorley and Frederick, 1995;

Sikora and Fern6.ndez, 2005; Pattison et a\.,2006),

e.g. ficlcl mustard c\'. Norlolk (Liebanas and
Castil lo, 2004). This is gencrally explained by the
variation in slucosinolate content present, as well
as bv cnvironrnental effects (Stirling and Stirling.

2003i. Brassicaceous crops r,vith higli glucosi-
nolzrtc concentrations should thcrelbre bc selected

to obtain optirnal control of'root-knot ncntatodes.
Drrrine zr screeninq cxercise, Pattison et al. (2006)

idcrrtified a nurnbcr of.fodder radishes (,llaphanu.s

.satiitu.r') that cornbined relativcly high levels of
rcsistance r,r.ith sood biofurnigant activity. I'armers

should also be madc awarc that advcrse effccts
on crop srou,th and yield, as obsen'cd in vegeta-
bles bv Nlorrfort et al. (2007'; can occur as a rcsult

of bio{umigation. ln dryland conditions, insuffi-

cient disruption of crop tissue and incorporation

of rcsidues during periods of lorv temperaturcs

arc also factors that can contribute to the lack of
a biofurnisation effect (Stirling and Stirling,

2003).

19.9.2.4 Polythienyls rn Tagetes spp.

Goff i1936) first obscn'ed rcsistancc to plant-
parasiticr ncmatodcs in Tagete.s spp., reporting

that both T. patula zrnd Z erecla tvere poor hosts

to ,llel0idoct)z/ spp. Polythienyls in thc roors of
7 ageles spp. afc the ncmaticidal active insredient
(Chitu.ood. 2002), particularly asainst root-knot
and lesion nematodes (F'crmz and de Freitas,

2004). 
'I 'he 

lonnation of singlet ox)'sen by photo-

activatcd a-terthienyl is probably thc mechanism

prcsent in Tagetes spp. and responsible for nema-
tode mortalit l, (Ferraz and de lrreitas, 200+).
Inhibition o{'hatc}ring, as well as a reduction in
gall {brmation, number of cgg rnasses and Iinal
populirtion oI' 'V. inrcgnila, \\'el'e lecorded in
tomato and aubergine u,hcn undiluted extracts
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arrd chopped lcavcs ol Taseles spp. wcrc applied

as a combinat ion t rcatment ( \ \ ra l ia.  1997).

Intcrcropping Z erecta tntilh aubcrginc lr'as also

supcrior to carbofurar-r application in rcduc'ing

final ,1'1. jaaanica dcnsities (I)hanecr et al., 79-96),

and rvhcn intcrcroppcd r'r ' i th tornato rcsultecl in

fewer A,I..iaaanica root galls trnd increirsed grou,th.

compared rvith monocroppecl tomato (Abid and

N,laqbool, 1990). lt also providcd successful man-

agcmcnt of' root-knot ncmrltodes u.hen allel '

croppcd in 'zrnnually' rcplaced b:rnirna planta-

t ions (UNEP, 2000b).

19.9.2.5 Ricin rn Ricinus communis

Ricin, the :rctive substance in castor i, l l icinu.y

comm'uni.s). a f'a"st-sro\,vine tropical shrub. has beer-r

identified as ncmaticidal (Fcrraz and de Freitas.

2004), with numcrous cxamples attestirls its

e{Iect. On tomato, furrolv and spot application of

castor bean and mustard oilcakc cflcctivelr.

rcduccd M. incognita populations, u,'ith spot appli-

czrtions leading to a substantial increasc in vielcl

(Deka, l99i). Incorporation of castor cake in soil

resulted in a substantial decrease in ,lI. incognila

populations in dar.'ana (tTrtemisia pallenil (Pandc.v.

199a); whcn combined r,r.ith karanj (.Ponsnnio

pinnakt) and mahua (,\[ndhuta longfo[tct'l seed cake

cflcctivcly prcvcntccl penetration of J2 of

M. incognita and gall fbrmzrtion on tomato

(Ponrnima, 1997). \\rhen castor, mahua ancl

srounclnut oilcakcs cornbined rvith arbuscular

mycorrhizal lirngi (Glomu.r.fa.;ciculatunii u,erc incor-

poratcd into soil prior to stxvins blacksram ilTgna

mungo), population lcvcls ol' ,1L atcoglrla rvclc

reduced substantialh- (Sankaranar:r\-anan, 1997l.

19.9.2.6 Velvet bean compounds

Velvet bean (Ihuuna spp.) contains scr,cral corn-

pounds r,r'ith reported nematicidal actir-itr'. such

as alcohols, {attv acids, alleurtion. daucostcrol *

stigmastcrol. o-glvcoside and t.-dopa (Barbosa

et a l . ,  1999; Chi tu 'ood,  2002r.  ^r l t i rough thci r '

moclc of action is vert to be dctcnnincd. r-clvet

bean appe:rrs p:rrticularh. e{lbctive zrt reducins

populations of Meloidog"rne spp. In Brazil. fbr-

eramplc, L[..jni:anica u'as reduced bt'65% fbllou'-

ing 100 da,vs of cultivation oI' fI. aterritna bc{orc

incorporation into the soil, compared u'ith a

200t7u increase in -1L -iauanica on adjacent tomato
(Asmus and Ferraz, l9BB). Quen6hen'6 el al.

(1998), meanrvhile, demonstr:rted thc positivc

virlue of .,\'Iucuna pruriens in rcclucinu l.[. incognita

populations nhen plantcd 3 months prior to a

vegetable crop. Use ol ,l lucuna spp. can also havc

nn ach't-rse afli:ct on pzrthoucnic lungi, such as

Fusariunt lV)splrum, zrnd thcrcforc oflbrs thc possi-

bil itv of providine multiplc-purposc pcst manase-

mcnt (Fcrraz et  a l . ,  1977'1.

19.9.2.7 Monocrotaline rn Crotalaria spp.

The active substancc monocrotaline in sunrl

hemp has been reported to exhibit nematicidal

properties (N'lori el al., 2000). Incorporation ol'
(, iotalnria.spectabilis residue in soil resulted in

rcdr,rced galling bv ,lI. incogrita and If. .jauanita rn

tomato i\rillar and Zar,'zrleta, 1990), rn'hile a simi-

lerr responsc \\.as obsen ed {'or II. incognitu on okra

1\\'arrg el a/., 2007). Vil lar and Zavaletn (1990)

irrdicated that succcss{ul redur;tion o{' ' ' l I. incosnita

and -1L arenaria galling of tomzrto after inc'orpora-

tion of Ci. longiro.strnlz residues r,vas due to toric

products of microbial degradation, and not to thc

toxic exudatcs from the plant. It must be noted,

horvcr,cr, that sorne alkaloicls contained in
(totakn'in spp. have prrtved hepatotoxic to lir.'c-

stock, u.ith monocrotaline one of the most toxic

iFerraz and dc Frcitzrs, 2004).

19.9.2.8 Glucoside in cassava

'\pplicartions of- the cassava (.,l,Ianihot e.tculenta)

llour b1-product knorvn as nranipueira or cas-

sarccp have been reportcd to pror,' ide some level

<rf' corrtlol ol,\Ieloidogri?d spp. (\\rhitehc'ad, 1 998).
'[ 'hc 

cr-anoeenic glucoside linamarin prcscnt in

,l lanilrctt spp. roots is responsible lor the nemati-

cidal cflcct and has been used for managcment

of root-knot nemzrtodes in Brazil (Scna and

Ponte,  l9B2: Pontc et  a l . ,  1996).  Incorporat ion of

manipucira as a soil itmendrnent at ratcs of

20 80 mrr,/ha resulted in substantial rcductions

o{- botlr ,l'1. inrcgnita and }1. .jat,anica populations

in crkra iPonte et al., l9B7) and cassava (Ponte

and  F ranco ,  198 l ) .

19.9.2.9 Other sources of phytochemicals
with nematicidal properties

In addition to r.arious bionemzrticidcs dcrivcd

fiom plants ('I-ablc 19.2), a number of products

or cornporlnds based on :rlgae. fungi and bacteria
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(Gosr,vami, 1993; \Vhitehead, 1998; Chitwood,

2002; Haydock et a1.,2006) and crustacean chitin

(Rodriguez-K6bana, 1990; Ehteshamul-Hac1uc.

1997; Chitr,vood, 2002; Ferraz zrnd de l"reit:rs.

2004) are also antasonisti( ', suppressive or dctri-

mental to root-knot rlematodes (scc Hallmann

et al., Chaptcr 17, this volume). Thc class of plant

secondary metabolites 1,2-clcln.dropvrrolizidine

alkaloids (PAs) may have potential for manase-

ment of A,Ieloidryy^ne. In pot tests, 
'l'hoden 

el al.

(2009) found that, although .ll. halth tvas not

repelled by commerciallv available PA-containins

plants, the developmcnt o1'.J2 was completclr-

suppresscd on floss {loll'er (rkeratum houstonianunt')

and silver raqlvort (Senecio biolour). Other plant

by-products to notc, such as furfural (Al-Hamdanr-,

1999; Fcrraz antd de Freitas, 2004; Ismail, 2007'i

and molasscs (Bet t io l ,  1996; Vau.drcv,  1997),

have also bccn highlighted lor their ncmaticidal

properties. Furfural. a bv-product of sugarcanc. is

currently rcsistcred {br use against plant-parasitic

nematodcs iu a uurnber of countrics for a r:urs-c

of crops (Havdock el al., 2006; Nel rl al., 2007'i.

While the extracts of man1. plants olien

sholv potential in the laboratorv- or in glasshouse

studies, the practicaliq' of prcp:rring strch

extractions, ensurine cluality control and main-

taining thcir cll icacy under field conditions is

very often not realized, leadine to contradictory

reports, r,vhich qucstion the suitabiiitv and useful-

ness of thc product concerned.

19.10 Conclus ions and Future
Directions

In order to achieve the impror.cd productivitr.

necessary to maintain a sustainable {bod supplv

in developing countries and resource-poor areas)

larmers need to be cognizant of plant-parasitic

nematodes and constantlv upd;rte and maintain

appropriate pest lnanagernent svstems. \{arsinal

areas of poorer-quality land rvith l ir-nited \\ 'atcr

availabil ity and/or hezrry pest prcssures rvil l be

increasingly required for food production as

prime land bccomes sczrrcrer. Paradoxicallv,

expansion on to such land will challensc pcst

management systems further i lnd add to the cost

pcr unit food production. In such situations,

root-knot nematodes lvil l bccome increasinslv

prorninent. \\Ie have outlincd a variety o{-options

possible lbr rcsourcrc-poor farrning conclit ions, to

aid the asriculturist and licld ncmzrtolosist.

Ho\l ever, r..r ' ithout the expertisc to understancl

the problem in the {irst instancc, thc r-rrrious

m:lnasernent options rvil l ber of l irnitcd r.aluc.

A crucial undcrlving premisc that rcquircs immi-

nent attcntion is the scarcity of cxpc'rtise and

a\\-arencss of' nernatodc ploblerns in resourcc-

poor situations. l 'or m:lnv ycars thcrc hzrs been

continuous eurd gradual erosion glob:rl l1' of

nemzrtoloel-cxpcrtise (Cioornans. 2000; Luc et al.,

2005). Rcsource-poor areas havc traclit ionally

been deficient of ncrnatological expertisc, r,vith

compietc abscnce in manv crascs. .\ kcy objective

of tlrc Internatiornl ,lIeloidogrrr Project (fN'lP)

i1975 1985) u 'as to address th is s l ior tasc and the

limitcd a\\-areness) r'r ' i th input lrorn approri-

matelt ' 200 ncmatologists based in 70 countries

fSasser e l  a l . .  19B3).  Since then,  no othcr 'p l r i ject

or consolidatcd cf}brt h:rs corne closc to sustain-

ing the prosrcss made during this commcndablcr

efibrt. rvith the zrll-too-inevitablc loss of monlen-

tuln on the one hand and a consequent decay of

the nematological infrastructurc on thc clther.

Thus,  somc o{ ' the most-u 'ant ing placcs rcmain

thc rnost in need of such support.

During its 10 years of activity, thc accom-

plishrnents of thc I\IP inciuded the promotion of

nernatologicai a\\rareness, improvcd know'ledge

on spccies distribution. idcntification of-ne\,\r spe-

cies. impror-cd taxonomic methods and cnhanccd

rcscarch capalti l i tv in der.clopins nzrtions. Upon

conclusion o{'the INIP in 1985, kc,v prioritv irrezrs

Ibr futurc investrnent includcd ecoer:rphical dis-

tribution nnd spccies idcnti{ication rercords (sur-

ve1's). infolmatiorl on ccononric- irnportanc:e,

rcsistance identificatioll, crol) svstems rnaltagc-

rnent i inch-rdins chemical and bioloeical), trainins

of ncmatolosists and crcating awilreness.

Ironicallv. thesc 'nceds' rellect r,.erv closclv those

identified in a rcccnt svnthesis of tropical ncma-

tology iDe \\ 'aele and Elsen. 2007), rvith thc pos-

siblc cxception of an additional prioritv to attain

grcatcr understanding of thc role of'nem:rtodcs in

diseasc cornplcxcs. Conscqucntly. this begs the

qucstion as to hou'ncmatolow firr rcsource-poor

countries is proercssinc and dcvcloping. Holv is

support ultirnatelv bcing attracted fi-orn intcr-

national aid. nzrtional proeramrnes or the privatc

scctor? Horv t':rn the continuity o1' the likes of

the I\IP bc maintained? Perhaps, more irnpor-

tantlr-. lrom rvhere r.r.'ill the ncxt gcneration ol
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nematologists and soil health specialists emerge?

Support remains measre) notw-ithstanding some

truly outstanding cffbrts of nematology support

for developing countries, such as the Postsraduate

International Nematology Coursc) now supple-

mented with the European N{aster of Science in

Ncmatology (EUN,IAINE), both based at Ghent

University, rvith support from the Belgian

Government and the EU, respectivel)'; the

Nematoloprv- Initiativc in East and Southe rn

Africa (NIESA), with support from The Gatsb,v

Charitable Trust; and the Flemish-Interuniversitv

Project (V.L.I.R.) 'Nlobilising IPN{ Ibr sustainable

nematode management in household and com-

munity gardcns of resource-poor farmers in South

Africa', in association r,vith relevant South Alrican

universities and national Institutes. Even in the

Consultatirre Group for International Agriculturzrl

Research (CGIAR) system, which providcs sup-

port and underscores capacity building fbr

nzrtional programmes, nematologists are scarce

and dccl in ing (Sharma et  a l . ,  1997; Coyne et  a l . ,

2008). 
' l 'here 

is real conccrn across the nemat-

ological norld for the future development and

support of ncmatological expertise, r'vhich now

constitutes a major l imiting factor in agricultural

research and services, particularly for resource-

poor areas. A scarcity of nematologists has obvi-

ous consequences, and impacts advcrsely on

research eflbrts aimed at problem diagnosis and

developing solutions. Furthermore, it also has a

nesative impact in transler of crucial infbrma-

tion, r,vhile the lack of expert nematologists

involr.ed in quarantine sen'ices rcduces the likeli-

hood of nematode pests being detected in cross-

border trade and comnercc.
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