
Biocontrol Science and Technology (1996) 6, 317± 331

Entomopathogenic Nematodes: Biodiversity, Geographical
Distribution and the Convention on Biological Diversity

WILLIAM M. HOMINICK, ALEXANDER P. REID, DAVID A. BOHAN AND

BERNARD R. BRISCOE

CABI International Institute of Parasitology, 395A Hatfield Road, St Albans,
Herts AL4 0XU, UK

This paper address es three major issues. Firstly, molecula r taxonomy and its applicat ion to

elucidat e the biodiver sity and biogeog raphy of entomopathogenic nematodes is conside red.

Accurate identific ation is fundamenta l for understanding biodiver sity , and because these ne-

matodes are morpholo gically conserv ative , molecular techniques will provid e the insights

necessa ry to develop a robust , morpholo gically based taxonomy. Secondly, a review of the

knowledge on their biogeog raphy and habita t specific ity, includin g a conside ration of the

limitation s to the availabl e data is given . Much of the information is presented in two tables

which summarize the distribu tions of recogniz ed specie s at continen tal and nationa l levels .

Thirdly , this paper provides a brie f conside ration of the Convention on Biologica l Diversity and

its implication s for future work with entomopathog enic nematodes and biological control .

Keywords: Steinernema, Heterorha bditis , biodiversity, geograp hical distribu tion, molecula r

taxonomy, habita t specific ity

INTRODUCTION

Knowledge of the biodiver sity and geograp hica l distribut ion of entomopathogenic nematodes is

in its infancy , yet these are key issues for regulatory authorit ies. Even though a number of

survey s have been carried out, coverin g parts of every continen t, most of the world remains

unexplo red. In many of these surveys , major question s regarding the identific ation of the

nematodes isolated and the methods used to recover them canno t be resolved . To add to the

uncertai nty, the Convention on Biologica l Diversity , which came into effec t in December 1993,

has legally binding regulations regarding ownership of organis ms, rights to collec t them and

rights to involv e third parties . This will undoubt edly impinge on future work, but in an unknown

way because the mechanis ms for dealing with the Convention are not yet in place.

This paper is structured to deal with three major topics:

(1) molecula r taxonomy and its applicat ion to elucidat e the biodiver sity and biogeog raphy of

entomopathog enic nematodes ;

(2) a review of curren t knowledge of the biogeog raphy and habita t specifici ty of these

nematodes;

(3) a brief conside ration of the Convention on Biologica l Diversity and its implication s for

future work.
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MOLECULAR TAXONOMY

Accurate identifi cation is fundamental to understanding the geograp hical distribut ion and habita t

specificity of any organis m. Thus, while the results of a large number of survey s are reporte d in

the literatur e, those in which the entomopathogenic nematodes were identifie d only as Steiner-

nema sp. or Heterorha bditis sp. are useless for biogeog raphy and habita t information . The only

conclus ions that can be drawn from such studie s are that entomopathog enic nematodes are

widespread. However, accurate identific ation of the nematodes is not a trivia l task. It is both

labou r intensiv e and time consuming, and these nematodes are morpholo gically conserv ative. W e

would argue that this is a case where molecula r techniqu es must lead traditional morphological

methods . That is, distincti ons based on molecula r characterization will elucidat e specie s and

groupin gs which can then be studied for morpholo gical characte rs that distingui sh them from

each other. We do not advocate the replace ment of tradition al methods by molecula r ones, but

we do believe that molecula r techniqu es will provide the insights necessa ry to develop a robust ,

morpholo gically based taxonomy.

A number of molecula r techniques have been used for entomopathogenic nematode identifi -

cation , includin g isoenzy me pattern s (Akhurst , 1987) , tota l protein pattern s (Poinar & Kozodoi ,

1988), immunological techniques (Jackso n, 1965) and restricti on fragment length polymorphism

(RFLP) detectio n within tota l genomic DNA (Curran & Webster , 1989 ; Smits et al., 1991 ; Reid

& Hominick , 1993). However , these techniques all dealt with relativel y small numbers of

samples. To identify large numbers of samples, a simple and, most importantl y, reliable test is

required. The RFLP analysi s of polymerase chain reactio n (PCR) amplified product s from

specific region s of the genome satisfie s these criteria , and is a powerful taxonomic tool that can

be used for the identifi cation of single nematodes . Regions of taxonomic importanc e include the

interna l transcribed spacer (ITS) of the ribosomal DNA (rDNA) repea t unit and the region of the

mitochondrial genome which separate s the cytochrome oxidas e subuni t II (COII) and the 16S

genes. Both of these region s have been widely used for nematode identific ation (Vrain et al.,

1992; Powers & Harris, 1993; Curran & Driver, 1994 ; Joyce et al., 1994a,b ; Reid, 1994), and

will make major contribu tions to the identific ation of entomopathogenic species .

It is now abundantly clear that entomopathogenic nematodes can exist as strains which differ

biologically (e.g . Hominick & Reid, 1990; Glazer et al., 1993; Gouge & Hague, 1995). Thus, the

next stage is the develop ment of techniqu es for the identific ation of strains of entomopathogenic

nematodes . Curran and Driver (1994 ) have recently shown intra-sp ecific variatio n in heterorhab-

ditids, and Reid and Hominick (1993 ) have shown that S. feltiae exists as two RFLP types. To

this end, it may be possible to use the random amplificati on of polymorphic DNA (RAPD)

technique (W elsh & McClelland , 1990; W illiams et al., 1990). Unlike the PCR procedu re to

amplify portion s of the ITS and mitochond rial DNA the RAPD procedu re obviates the need for

prior sequence information by using a single 10-mer oligonuc leotide of arbitrary sequence. When

two such primer sequenc es are present in the targe t genomic DNA, in the correc t orientat ion and

on opposit e strand s within a readily amplifiable distanc e (usually less than 3 kilobase s), a discrete

produc t is formed. In many cases, individu al RAPD primers will detect a number of such

product s from a genomic DNA sample (typicall y between 5±10 bands in the size range 30±3000

base pairs) which yields a `fingerp rint’ for the sample. However, of all the PCR methods

availabl e, the RAPD reactio n is the most sensitiv e to change s in the reactio n conditio ns such as

DNA concentration, buffe r conditio ns (especia lly the MgCl2 concentration) , the number of

amplificati on cycle s and the accurac y of cycling of the PCR machine . The potentia l for

artefactual results is therefor e high , and a large number of differen t primer sequences must be

screene d to ensure that only those that give clear , unequiv ocal and consiste nt results are used and

to ensure , as far as possible , that the reactio n conditio ns from one run to the next are identical .

Despite these potential problems, applicat ion of the RAPD technique to plant-pa rasitic ne-

matodes has yielded polymorphisms that can be used for strain identifi cation (Fargette et al.,

1994; Opperman et al., 1994). There is no reason to suppos e that strain s of entomopathogenic

specie s will not be characte rized as well, althoug h initial work on the use of RAPDs for
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entomopathog enic nematode identifi cation has largely centred on specie s identific ation (Gardner

et al., 1994 ; Berry & Liu, 1995). The ability to characterize strain s would be usefu l in order to

monito r the outcome of release s of non-indigenous strains . In some cases , such as in populati on

biology studies , individu al nematodes need to be identifi ed to strain level. If so, it will be

necessa ry to develop techniqu es further because individu als cannot be reliably identifie d with the

RAPD techniqu e, at least for the presen t time.

GEOGRAPHICAL DISTRIBUTION

The term `geographica l distribut ion’ is meaningle ss withou t an attendan t scale . Geograph ical

distribu tion can be viewed at the global , continen tal, nationa l and local field level (macrodist ri-

bution) , and then on a scale related to the distribut ions of individu als in the soil (microdist ribu-

tion). In this section , we conside r macrodistr ibution to the nationa l level. In the next section it

is consider ed at the field level, which. can also be discussed as habita t specific ity. Microdistribu-

tion is beyond the scope of this paper, though it is a fundamenta l conside ration for populati on

biology , gene flow and biologic al contro l programmes.

In discussing geograp hical distribut ion, the fundamental assumptions are that specie s were

original ly correctl y identified and that sampling has been adequate (see W alther et al., 1995). The

question of identific ation has been discussed and it is necessary to consider , though briefly , the

adequacy of sampling for entomopathogenic nematodes .

Most surveys have used a bioassa y based on the `Galleria trap ’ (Bedding & Akhurst , 1975),

which recover s nematodes which are infectiv e to Galleria at the time of sampling but which

leaves the identity of the natura l host unknown. What about specie s which may not infect

Galleria? Also, infectivi ty may vary temporally , so that a negativ e assay at one place may not

prove to be negativ e if a sample is taken from the same site at anothe r time (e.g . Hominick &

Briscoe , 1990a ) or the same sample may test negativ e in one bioassay but positive in a later one

(Hominick & Briscoe, 1990a,b ; Stuar t & Gaugler , 1994). Passive soil extractio n methods , such

as centrifu gation , differen tial settling or Whitehea d trays, recover many more nematodes and

specie s (see Ehlers & Peters , 1995), and hence are to be preferred for geographical studies .

However, the methods are very labou r intensiv e, so fewer samples can be processed (Curran &

Heng, 1992). Furthermore, spatia l patchiness in populati ons (Fan, 1989; Boag et al., 1992; Stuart

& Gaugler , 1994 ; J. M. Mason & W. M. Hominick , persona l communicatio n, 1993) has

implication s for sampling , whether techniqu es use active or passiv e methods of extraction. Also,

the information available may reflec t the distribut ion of scientis ts working on particul ar groups

or species rather than the distribut ion of the organisms. Finally , the increasing use of these

nematodes for biologic al contro l may result in the establishment of exotic species , and hence a

wider distribut ion than would occur naturally. For example, S. scapteri sci was thought to be a

strain of S. carpoca psae when it was isolate d in Uruguay . It was release d into Florida, where it

has now become established and can be dispersed by infected mole crickets (see Parkman &

Smart, 1996). When all these limitation s are conside red, the reader should be cautiou s in drawing

conclus ions from what follows.

Global Distributions

In the broades t sense , entomopathog enic nematodes are widespread. The only continent where

they have not been found is Antarctic a (Griffin et al., 1990). This conclusi on arises from the

results of a number of survey s (most of them cited in this review) but, for reason s outlined in

the taxonomy section , more precise statements are difficul t because identifi cation frequen tly

stopped at the generic level. Also, some literatur e suggest s that steinernematids dominate in

cooler , temperate soils while heterorhabditid s dominate in tropica l conditio ns, but this broad

generali zation has recently been called into questio n (Amarasingh e et al., 1994). Table 1

summarizes the information on the geographica l distribu tion by continen t for the entomopatho -

genic species described up to the time of writing. Table 2 is an attempt to narrow the availabl e

information down to a nationa l level, assuming that the authors identifie d the nematodes
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accurately. Readers should also consul t the review by Peters (1996) , which summarizes all

availabl e information from naturall y infected hosts and which provide s valuable biogeog raphical ,

as well as host specific ity, information .

Within the steinernematids, two specie s appea r to have a global distribu tion, namely S. feltiae

and S. carpocapsae (Tables 1 and 2). In fact, S. feltiae is widespread in Tasmania and other states

of south-ea stern Australia , and is found in habitat s such as pastures , roadsid es, forests and

gardens , as well as in nationa l parks where human influences on the environ ment are minimal

(R. A. Bedding , persona l communication, 1995) . This specie s also dominates in Europe,

particul arly in fields and roadsid e verges (see below). Such a wide globa l distribut ion suggest s

that S. feltiae is an efficien t disperse r, possibly through man’ s activitie s in moving soil and/or

by infecte d insects . Alternativ ely, this is an ancien t species which was presen t before conti-

nents began breakin g up and drifting . The other steinern ematid species appear to have a more

restricted distribut ion and are recorde d at continen tal or nationa l levels . For example, S. affinis

and S. krausse i appear to be restricte d to Europe (Hominick et al., 1995), while S. rara and

S. ritteri appear to be restricte d to South America .

The picture is somewhat differen t for the heterorh abditids . To start with, fewer heterorh abdi-

tids have been described and fewer Heterorhabditis isolates have been identifi ed to the specie s

level because they are morpholo gically conserva tive and positive identifi cation require s rare

expertis e, DNA fingerpr inting or cross-br eeding techniqu es (Dix et al., 1992). Neverthel ess, the

data that are availabl e yield entirely differen t results when compared with the steinern ematids.

One species in particul ar, H. indicus , appear s to be found through out the tropics . Identific ation

based on RFLPs of the ITS region of the rDNA repea t have shown this species to be present

in India, Sri Lanka, Japan , northern Australia , Cuba and the Caribbea n (Joyce et al., 1994a;

A. P. Reid, unpubli shed) . Anothe r widely distribut ed heterorhabditid is H. bacteriophora, found

in North and South America (Poinar, 1990), southern Europe (Smits et al., 1991 ; De Doucet

& Gabarra , 1994), Australia (Poinar, 1990) and China (Li & Wang, 1989). In comparison ,

H. hawaiiensis has so far only been found in Hawaii (Gardner et al., 1994) and therefor e appears

to be more localize d, but this may simply reflect its recent discovery.

The identific ation and distribu tion of H. megidis raise some intriguing question s. This specie s

was originall y isolate d from Ohio in the US and has two very closely related RFLP types in

Europe. One was designat ed the `NW European species ’ (Smits et al., 1991 ; Joyce et al., 1994a)

and is found through out the Netherlands and Germany and has also been isolated once from the

UK (Hominick et al., 1995). The other was designat ed the `Irish species ’ and is found only in

Ireland and the UK. However, both of these are extremely closely related at the DNA level to

the origina l Ohio H. megidis (Curran & Driver, 1994 ; Reid, 1994). To furthe r complicate matters ,

we have recently identifie d the Ohio type H. megidis from Japanese soils (M. Yoshida & A. P.

Reid, unpubli shed). Question s such as whethe r we are dealing with differen t specie s or strains ,

their relatedn ess and their origin and evolution remain to be answered before the geograp hical

distribu tion of this complex is resolved .

Examination of Tables 1 and 2 and comparison of Table 1 in Curran and Driver (1994 ) with

Table 1 in Reid (1994) revea l that many more steinernematids than heterorhabditid s have been

described. This may simply be an artefact , reflecting the practica l difficult y of distingu ishing

heterorhabditid species . Alternatively, it may be a real phenomenon , reflectin g the fact that the

biodive rsity of steinernematids is greate r than that of heterorhabditid s. Recent work in our

laboratory in collabor ation with M. Yoshida of The Nationa l Institute of Agro-Environmental

Sciences , Tsukuba , Japan support s such an hypothe sis. Of 93 samples collecte d from Japan and

identifi ed by molecula r techniques, eight distinc t Steinernema genetic types were identifie d.

Steinernematids made up 73% of the collection and only one of these had been described

(S. kushidai ); the other seven were all new to science . One of the species dominated and made

up 45% of the identifie d samples . In contrast , only two Heterorhabditis species were isolated ,

H. indicus and H. megidis , though they made up 15 and 12% of the collection respecti vely . RFLP

studie s of the ITS region s showed that the Japanes e H. indicus is identica l to our Sri Lankan

(HSL 43) isolate and the D1 populat ion from Australia . The Japanes e H. megidis
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TABLE 2. Recorded distribution of described species of entomopathogenic nematodes of the genera Steinernema,

Neosteinernema and Heterorhabditis in different countries

Species Country Reference

S. af® nis Belgium A. P. Reid (unpublished)

Denmark Poinar (1988)

Ireland Griffn et al. (1991)

Germany Ehlers et al. (1991)

Holland Hominick et al. (1995)

Switzerland Steiner (1994)

UK Hominick et al. (1995)

S. anomali Russia Kodozoi (1984)

S. bicornutum Serbia Tallosi et al. (1995)

S. carpocapsae Australia Poinar (1986)

Brazil A. P. Reid (unpublished)

Canada Poinar (1986)

Czech Republic Poinar (1986)

France Poinar (1986)

Italy Ehlers et al. (1991)

Korea Choo et al. (1996)

Mexico Poinar (1986)

Poland Poinar (1986)

Russia Poinar (1986)

Sweden Poinar (1986)

USA Poinar (1986)

S. caudatum China Xu et al. (1991)

S. cubana Cuba MraÂcÏ ek et al. (1994)

S. feltiae Argentina Stock (1993a)

Australia Poinar (1986)

Belgium J. S. Miduturi & A. P. Reid (unpublished)

Denmark Poinar & Lindhardt (1971)

Ireland Grif® n et al. (1991)

Estonia A. P. Reid (unpublished)

Finland VaÈ nninen et al. (1989)

France Poinar (1986)

Greece A. P. Reid (unpublished)

Hawaii A. P. Reid (unpublished)

Holland Hominick et al. (1995)

Hungary MraÂcÏ ek & Jensen (1988)

New Zealand Poinar (1986)

Norway Haukeland (1993)

Poland Sandner & Bednarek (1987)

Russia A. P. Reid (unpublished)

Slovakia MraÂcÏ ek et al. (1982)

Sweden Burman et al. (1986)

Switzerland Steiner (1994)

Turkey A. P. Reid (unpublished)

UK Hominick et al. (1995)

USA Poinar (1992)

S. glaseri Brazil Pizano et al. (1985)

China Li & Wang (1989)

Spain De Doucet & Gabarra (1994)

USA Poinar (1986)

S. intermedia USA Poinar (1985)

Switzerland Steiner (1994)
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TABLE 2. Continued

S. kraussei Czech Republic MraÂcÏ ek (1980)

Germany MraÂcÏ ek et al. (1992)

Germany MraÂcÏ ek (1994)

Holland Hominick et al. (1995)

Russia A. P. Reid (unpublished)

Switzerland Steiner (1994)

UK Hominick et al. (1995)

S. kushidai Japan Mamiya (1988)

S. longicaudum Australia R. A. Bedding (personal communication,

1995)

China Shen (1992)

S. neocurtillis USA Nguyen & Smart (1992)

S. rara Argentina De Doucet (1986)

S. riobravis USA Cabanillas et al. (1994)

S. ritteri Argentina De Doucet & De Doucet (1990)

S. scapterisci Argentina Stock (1992)

Uruguay Nguyen & Smart (1990)

S. serratum China Lui (1992)

N. longicurvicauda USA Nguyen & Smart (1994)

H. argentinensis Argentina Stock (1993b)

H. bacteriophora Australia Akhurst (1987)

China Akhurst (1987)

Israel Glazer et al. (1993)

Italy Akhurst (1987)

Korea Choo et al. (1995)

Spain De Doucet & Gabarra (1994)

USA Poinar & Georgis (1990)

H. hawaiiensis Hawaii Gardner et al. (1994)

H. indicus Australia Akhurst (1987)

India Poinar et al. (1992)

Japan A. P. Reid (unpublished)

Sri Lanka Amarasinghe et al. (1994)

Trinidad A. P. Reid (unpublished)

H. megidis Belgium Miduturi & A. P. Reid (unpublished)

Canada MraÂcÏ ek & Webster (1993)

Ireland Joyce et al. (1994a)

Holland Hominick et al. (1995)

Japan A. P. Reid (unpublished)

UK Hominick et al. (1995)

USA Poinar et al. (1987)

H. zealandica New Zealand Akhurst (1987)

yielded an identica l pattern to that from the origina l isolate from Ohio (which display s minor, but

distinct , RFLPs when compared with the NW European and Irish types) . These differen ces in the

biogeog raphy of the two families could be an effect of the first-generation hermaphrodi tic

reprodu ctive strategy of the heterorhabditids , which could lead to the producti on of `clones ’ after

infectio n by single nematodes , while the obligate sexua l life cycle of the steinern ematids may

favou r greate r genetic diversity and speciation. This hypothesis is supported by molecula r

data. A phyloge netic tree construc ted from restricti on enzyme site data of the rDNA repeat unit

suggest s that heterorhabditid species are much more closely related to one another than
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are steinernematid species (Reid, 1994). Similarly , despite testing a large number of geographi-

cally separated isolates , Curran and Driver (1994 ) found that the heterorhabditids fell

into a few specie s groups and that more work was require d to determine whethe r these groups

represented specific or subspec ific differen ces. Hence , many more steinern ematid than het-

erorhab ditid species may exis t on a globa l scale and these may show a greate r biologic al

diversity, with attendan t divers e characte rs usefu l for particul ar biologic al control programmes.

European Studies

In documenting geograp hica l distribu tion, the prevalen ce of species (i.e. whether particular

specie s are common or rare) is an importan t consider ation . For regulato ry purposes, it is probably

differen t to contemplate releas e of a strain of a species which is indigen ous and dominant

compared with releasing a strain of a species which is rare . While the questio n of prevalence

canno t be addressed on a global basis because of the scarcity of survey s and hence small sample

sizes, it can start to be addressed within Europe . As a result of the European Union Cooperati on

in the Field of Science and Technica l Research (COST) Action 812 (Burnell et al., 1994) and its

success or COST 819 on entomopathogenic nematodes , European collaboration is extensive and

a number of surveys exist, both publishe d and unpubli shed . Thus, Europe is the most intensiv ely

surveyed region of the globe for entomopathog enic nematodes and is the region for which most

quantita tive data is availabl e.

A grea t deal of variation in the prevalence of entomopathogenic nematodes has been recorded

in European soils and steinernematids predominate compared with heterorh abditids . Hominick et

al. (1995 ) used a sensitiv e homologou s rDNA probe cloned from a steinern ematid to provid e

unequivocal identific ation of entomopathog enic nematodes isolate d during survey s of the UK

and the Netherlan ds. The prevalences of steinern ematids that they reporte d (37±49%) are the

highes t documented so far in northern Europe and are at least partly explaine d by their method.

In this, the soil in a negativ e assay was exposed to Galleria larvae for a second time becaus e

nematodes frequen tly do not infec t in the firs t bioassa y (Hominick & Briscoe, 1990a,b ). Other

northern European survey s varied widely in the prevalen ce of steinern ematids, ranging from

5.8% in Finland (VaÈ nninen et al., 1989) to 10.4% in the Republic of Ireland (Griffin et al., 1991),

18.3% in Norway (Haukelan d, 1993), 25% in Sweden (Burman et al., 1986), 26.5% in the Swiss

Alps (Steiner , 1994) and 36.8% in Czechoslovakia (MraÂcÏ ek, 1980). Boag et al. (1992 ) found that

only 2.2% of 1014 sites in Scotland tested positive , and felt that this low recover y was a

reflection of the cold climate in that country . Such a conclusi on is supported by data from a

recen t survey in western Canada (MraÂcÏ ek & Webster , 1993). Blacksha w (1988 ) reported a

prevalence of 3.8% in Northern Ireland , although the majority of the sample sites contained clay

type soils which consistently yield low numbers of insect-p arasitic nematodes (Hominick &

Briscoe , 1990a) . It thus appears that the climate and soils of England , W ales and the Netherlan ds

provide excellent conditions for steinern ematid populati ons in particul ar.

Heterorhabditids are rare in most European surveys . This contrast s with a recen t quantitative

survey in New Jersey , USA, where heterorhabditids , probably H. bacterio phora, predominated

over steinernematids (Stuart & Gaugler , 1994). Hominick and Briscoe (1990a ) and Steiner

(1994) each found only one site positive for heterorhabditid s. In their survey of the Republic of

Ireland , Griffin et al. (1991) also found only one heterorh abditid , which was isolated from a

coastal , sandy site. A subsequ ent survey of coasta l areas in Ireland , Scotland and Wales (Griffin

et al., 1994) showed that heterorh abditids are much more common than previou sly indicate d,

with prevalences as high as 45%, but only when this particular habita t type is sampled . The

second UK survey of Hominick et al. (1995 ) targeted sandy , coasta l soils within 1 km of the sea

and yielded two heterorhabditid isolates , at a prevalence highe r by an order of magnitud e

compared with their first inland survey . Heterorha bditid s are frequen tly found in sites adjacen t

to the sea (Hara et al., 1991; Poinar, 1993 ; Amarasingh e et al., 1994 ; Griffin et al., 1994), an

associat ion that is intriguing and unexpla ined . A recent study on spiders living on barren island s

in the Gulf of California (Polis & Hurd, 1995) may be relevan t in the explanat ion. Washed-up

marine detritu s provides a rich source of nutrient s in the form of kelp and other algae and
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carcasses of animals, which suppor t large populations of insects which then suppor t large

populat ions of spiders . Entomopathog enic nematodes could flourish equally well under these

conditions. However , a longe r distance from the sea does not preclud e the occurrence of

heterorhabditid s, as Hominick et al. (1995 ) found that 13 of the 100 sites they sampled in the

Netherlan ds yielded heterorh abditids even though most of the sites were inland . The results of

Stuar t and Gaugle r (1994) from New Jersey are similar.

When the nematodes from northern European survey s have been identifie d, they have proved

to be mostly S. feltiae . This agrees with Hominick et al. (1995 ) who found that this species was

the most common in the UK and the Netherlan ds. In additio n to the standard RFLP type of

S. feltiae , their survey s yielded a further RFLP varian t of this specie s found only in the UK, and

six other species /RFLP types, one of which was S. affinis , one S. krausse i (designa ted B1; see

Reid & Hominick, 1993; Hominick et al., 1995) and some of them new to science . Steine r (1994 )

surveyed the Swiss Alps and found S. affinis , S. intermedia, S. feltiae , S. krausse i and an isolate

close to S. intermedia but with a distincti ve RFLP type . He also reported that S. kraussei

predominated in the alpine environ ment while S. feltiae predominated in the lower Alps.

Although S. carpoca psae has been found in British soils (Georgis & Hague , 1981 , 1988), the

extensive surveys reported above have never positive ly identifie d this species , so it must be rare

in northern European localitie s.

Habitat Range

The literatur e on habita t preference for steinernematids is, by and large , contradi ctory . This is

mainly due to the need for large sample sizes and accurate identific ation to make a meaningful

assessment of potentia l habita t preferen ces. Most surveys yield insuffici ent data to test for

correlat ions. However, Hominick et al. (1995 ) demonstrated that at least some steinern ematid

species /strain s show a distinc t habita t preferen ce, with four out of five species (S. feltiae,

S. kraussei , S. affinis and Steinern ema sp. B3) found in sufficien t numbers and displaying

signific ant associat ions with specific habita t types . Their paper should be consulted for details ,

but S. krausse i (B1) was most frequen tly found in woodland , S. feltiae and S. affinis were found

in fields and verges and B3 was exclusiv e to woodland s. Another species (Steinern ema sp. C1)

also appeare d to show a habita t preferen ce for roadside verges when data from a survey by

Gwynn (1993) were combined with that of Hominick et al. (1995) . Steiner (1994 ) found no

relation ship between vegetati on and the presence of S. kraussei , but did conclud e that S. feltiae,

S. affinis and S. intermedia were typical of grassland ecosystems. These habita t preferences may

reflect the distribut ion of suitable hosts and lend suppor t to the growing opinion that these

nematodes are more restricte d in their natura l host range than laboratory infectio ns sugges t

(see Kaya & Gaugler , 1993). In addition , the variou s species will be physiologically and

behaviourally adapted so that their specific niche requirements are satisfied only in particular

habitats . Thus, Steine r (1994) reported that S. kraussei dominated in soils with relativel y low pH

values , while S. intermedia and S. feltiae avoided extremes of pH and S. affinis was confined to

a pH near neutralit y.

Information from other European surveys is more equivoc al. Griffin et al. (1991 ) found

S. feltiae in woodland , tilled fields , pasture and roadside verges , while S. affinis was absent from

woodland . However, the prevalences were low and statistic al analyses showed no significant

associat ions between nematode occurrence and habitat . Boag et al. (1992 ) found S. feltiae mostly

in pasture and absen t from heathlan d, but again prevalences of less than 5% made it difficul t to

draw firm conclus ions.

So far, information on habita t specific ity for heterorh abditids is dominated by the correlat ion

between members of this family and coasta l sandy soils (Griffin et al., 1994) . This observa tion

has led to the hypothe sis that heterorhabditid s evolved from marine nematodes and steinerne-

matids from terrestri al nematodes (Poinar , 1993). The validity of such a broad generali zation

awaits furthe r studies , but DNA analyses and other molecula r techniques have the potentia l to

verify the possibili ty. One other relevan t study on habita t preferen ce of heterorh abditids is that

of Stuart and Gaugler (1994) . In their New Jersey survey , they found that heterorhabditid s were
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equally abundan t in turf and weedy habitats , but were absen t from closed-canopy forest . This

contrad icted a previou s survey and pointed to the difficult ies of making valid comparison s

between surveys because of the influence of many confoun ding and uncontrolled factors . The

associat ion with the sea remains the most robus t correlati on between habita t and the presenc e of

heterorhabditid s.

In all these correlati ons and associat ions with habitat s it is prevalen ce that is being assessed

and definitive statements should be made cautious ly. A much more critica l assessment require s

measurement of populati on sizes and the spatia l variabili ty of the nematodes . As discussed

earlier , there is a sampling problem in that the distribut ion of entomopathogenic nematodes is

highly aggrega ted at very low spatia l scales . Hence , small sample sizes and chance can togethe r

produc e misleadin g results . Using spatially structur ed sampling and large sample sizes J. M.

Mason (unpubli shed) and S. Spirodon ov (unpubl ished ) both found that some specie s of steinerne-

matids do not progress beyond certain habita t boundar ies. J. M. Mason (unpubl ished ) found that

the mean densitie s of certain species change d from grassland to woodland sites. In Spirodonov’ s

survey (unpubl ished) , particul ar species stopped at the canopy boundary of a woodland site and

were also associat ed with specific strata of soil. In any case , habita t specifici ty should not be

surprising as all organisms have niche requirements that will be satisfie d only in particular

habitats .

It should now be apparen t that large sample sizes and accurate identific ations are necessary

before detaile d question s regarding geographica l and habita t specifici ty can be answered . The

collection of such results requires a large amount of effor t which is beyond the capabili ty of most

individu als and laborato ries. However , if all the data collected globally were put into a single

databas e, the possibil ity for gaining valuable insights into the distribut ion of entomopathogenic

nematodes becomes realistic . Therefore , we have established an entomopathogenic nematode

databas e, based on our own extensive survey s and collabor ations . Questionn aires are availabl e

from us for individu als who would like to add their records to ours, with confidentiality

guaranteed if requested. We emphasis e that we can only use data from sites where the specie s

of nematode was determined, even if some doubt remains. Filling in a question naire for each

sample will be laboriou s, as will entering the information into the database, but we feel that the

effort will be worthwhile . For example, reliable information on habita t specific ity could be useful

for biologic al control programmes. There may be little poin t in attempting to control an insect

pest in pasture with a nematode species found exclusiv ely in woodland . The information will also

prove invaluab le for regulato ry purpose s.

CONVENTION ON BIOLOGICAL DIVERSITY

The United Nations Conferen ce on the Environment and Development (the Earth Summit) was

held in Rio de Janeiro in June 1992 and produced two internati onal treatiesÐ the Convention on

Biologica l Diversity and the Convention on Climate Change . The Convention on Biologica l

Diversity was signed by 153 countrie s and the European Union , and came into effec t in

December 1993. It has now been ratifie d by over 100 countrie s and is a legally binding

document. While it is beyond the scope of this paper to conside r the Convention in detail ,

accurate identific ation of organisms and an understanding of their biogeog raphy are fundamental

for its implementation , and it is importan t to be aware of the obligations that the Convention on

Biologica l Diversity imposes. The Internat ional Institute of Biologica l Control (IIBC) has

produced a document (Internat ional Institute of Biologica l Control , 1994) to explain biologic al

contro l within the context of the Convention. It provides the basis for some of the following

discussion.

The objectiv es of the Convention are the conserva tion of biodiver sity , the sustaina ble use of

its components and the equitabl e sharing of benefit s arising from the utilizatio n of genetic

resources. Biologica l control require s continu ed, responsible exchang e of natura l enemies

between countrie s, as well as in situ conserv ation of natura l enemies and their habitats . These
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requirements are embodied in various articles of the Convention, and therefor e the future of

biological control is intimately linked to the Convention on Biologica l Diversity .

The Convention has an importan t role to play in ensuring continuing, globa l acces s to

biological diversity for contro l of alien pests. In Article 15.2, partie s to the Convention are asked

to ª Endeavou r to create conditions to facilitat e acces s to genetic resource s for environ mentally

sound uses by other Contracti ng Partiesº . Biologica l contro l agents are part of these genetic

resources and the Convention stipulate s that their collection should be carried out by mutual

agreement between partie s and that the party providing these agents should do so in a contex t of

prior informed consent . In practice , this will mean close cooperat ion between countrie s providing

and receivin g biologic al contro l agents , and it places an even greate r respons ibility on intergov -

ernmental instituti ons such as IIBC and Food and Agricultu re Organizat ion (FAO), which assist

countries in this process .

The Convention has been signed into law, but in many cases the funds and officia l

mechanisms to implement and regulate the Articles do not exist. For example, in the contex t of

this paper, much of the world has not been surveyed for entomopathog enic nematodes , yet

habitat s are continuo usly under threat . Loss of habitat s means loss of biodiver sity and loss of

potentia lly usefu l species . The Convention require s contract ing parties to take action to improve

in situ conserv ation of genetic resource s through a broad programme of habita t conservation

(Article 8). Few countries have submitted nationa l plans for protecti ng their biodiver sity and, for

develop ing countries, the question of who will pay is not resolved. It is consiste nt with the

Convention on Biologica l Diversity that material should not be collected from another country

withou t permission from that country ’ s appropri ate authorit y. This assumes that an appropri ate

authorit y exists , which may not always be the case . Similarly , for materia l sent outsid e a country ,

it is implied that the sender has the permission of the relevan t authorit ies to do so. Also, the

receive r of the materia l should not make it availabl e to third parties withou t permission.

However, for collaborative scientifi c research , in which the biology of the organisms is studied

to facilitat e their use in biological contro l programmes, the conditio ns may be perceived as being

differen t, and hence third partie s could become involved provided they agreed to abide by the

Convention on Biologica l Diversity .

It is clear that the Convention is highly relevan t for work on entomopathog enic nematodes and

for the practic e of biologic al contro l and that the issues are complicated . It is also clear that

nationa l and internati onal agreements and regulati ons will be a long time in develop ing. It is not

practica l to stop all internat ional work or to restric t work to nationa l projects . In our opinion , the

way forward is to be aware of the legal obligati ons of the Convention, and to operate within its

spirit on a case-by-case basis, until agreements and the legal machinery necessary to assure the

implementatio n of the Convention are in place.
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