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Summary

10 years of joint efforts in research and development have led to a nematode-based biological control solution
for one of the most destructive maize pests, the western corn rootworm, Diabrotica virgifera virgifera LeConte
(Coleoptera: Chrysomelidae). Commercially mass-produced Heterorhabditis species of beneficial entomopatho-
genic nematodes are ready to use. They can be applied into the soil during sowing of maize for controlling the
subsequently hatching larvae of D. virgifera virgifera thus preventing root feeding and damage to maize. Policy
bodies, decision makers and farmers are advised to consider biological control as one of the alternatives to syn-
thetic pesticides in maize production, and according to the EC Directive on the sustainable use of pesticides and
implementation of integrated pest management.
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Zusammenfassung

Nach 10 Jahren gemeinsamer Anstrengungen und Entwicklungen wurde eine biologische nemato-
denbasierte Moglichkeit zur Bekdmpfung eines der gefahrlichsten Maisschadlinge, des Westlichen
Maiswurzelbohrers Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae), gefunden.
Nitzliche entomopathogene Nematoden von Heterorhabditis-Arten wurden in Massenproduktion
hergestellt und stehen zur Anwendung bereit. Sie kdnnen mit der Maisaussaat in den Boden ein-
gebracht werden und dann die schliipfenden Larven von D. virgifera virgifera bekampfen und so
Wurzelfrall und Maisschdden verhindern. Wir empfehlen politischen Gremien, Entscheidungstra-
gern und Landwirten die biologische Bekampfung als eine Alternative zu synthetischen Pflanzen-
schutzmitteln im Maisanbau und entsprechend EU-Richtlinie Gber die nachhaltige Anwendung von
Pflanzenschutzmitteln und die Umsetzung des integrierten Pflanzenschutzes zu prifen.

Stichwaorter: Diabrotica virgifera virgifera; Chrysomelidae; insektenparasitare Nematoden; inundative biologi-
sche Schadlingsbekampfung; Zea mays

1. Introduction

The western corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae), is
one of the most destructive pests of maize in North America (LeviNe AND OLoumI-SADEGHI, 1991). It is a
univoltine species with eggs that overwinter in the soil (CHiang, 1973). After maize has germinated,
the eggs hatch, and its three larval life stages feed on maize roots, often causing plant lodging and
yield losses. Adults can occasionally reduce yields through intensive silk feeding.

Over the last 25 years, D. virgifera virgifera has moved into Europe causing problems in maize (Cioisi
etal.,, 2008; Ciosi et al., 2011; SzaLai et al., 2011). In an effort to eradicate or contain the species, legis-
lation has been put into place, which forces farmers to rotate their fields (thereby interrupting the
life cycle of D. virgifera virgifera) and to apply granular soil insecticides or to use insecticide-coated
maize seeds (to target the root feeding larvae) (Carrasco et al., 2010; DLZ, 2011). Additionally, broad-
spectrum foliar insecticides are sprayed against the adults using high clearance spraying machinery
(Rozen anD Ester, 2010). However, the soil insecticides and seed coatings are potentially problematic



due to non-target effects resulting in public concerns and in a partial ban on their use in maize (GiLL
et al, 2012; Cressey, 2013). Also, the synthetic foliar insecticides are usually broad spectrum knock-
down contact pesticides with considerable non-target effects. In an attempt to reduce insecticide
usage against this invader, biological control options have been recommended for this pest (Ba-
BENDREIER et al., 2006; DLZ, 2011; KnutH et al., 2011), and for European maize production in general
(EuropeAN Commission, 2009).

10 years of joint efforts in research and development for a nematode-based biological control solu-
tion are reviewed here and outcomes are presented.

2. Material and methods

Between 2004 and 2008, CABI, the University of Neuchétel in Switzerland, the farmer association
fenaco (UFA-Samen Beneficials) in Aesch in Switzerland, the Plant Protection Directorate in Hod-
mezovasarhely in Hungary, Agroscope Reckenholz-Tanikon in Switzerland, the University of Kiel in
Germany, and the nematode producers e-nema at Schwentinenthal in Germany and Andermatt
Biocontrol at Grossdietswil in Switzerland, laid the scientific base for nematode-based biological
control products against D. virgifera virgifera (CABI, 2008). Between 2007 and 2008, a number of
institutions reviewed biological control options against rootworms and proposed them to the Eu-
ropean Commission (Diasr-AcT, 2007; CABI, 2008). Between 2009 and 2012, the Landwirtschaftliches
Technologiezentrum Augustenberg, Karlsruhe in Germany, Cult-tec Ltd. in Freiburg in Germany, the
Austrian Agency for Health and Food Safety in Vienna in Austria, the Cereal Research Station in Sze-
ged in Hungary, SAGEA Centro di Saggio S.r.l. in Italy, CABI, and others improved application tech-
nologies aiming for the farmer-friendliest and least-costly method (CABI, 2012).

3. Results and discussion

Review of biological control options against D. virgifera virgifera

Several natural enemy species or groups appeared promising candidates for control strategies
with different ecological rationales. Research was proposed to pursue: (1) developing inundative
biological control products, particularly mass-produced entomopathogenic nematodes and fungji,
(2) understanding specific natural enemies of Diabroticina larvae throughout the Americas and of
adults particularly in higher altitudes of Central America or northern South America including po-
tential classical biological control agents against D. virgifera virgifera; (3) enhancing natural enemies
through cultural practices, i.e. reduced tillage, reduced weed control, cover crops, diversified crop
rotations or soil amendments. For complete lists of natural enemies of Diabroticina and further de-
tails refer to: KuHLMANN AND BuraT, 1998; DiaBr-Act, 2007; Toeprer et al., 2009; PiLz et al., 2008).

Nematode screening in laboratory

Screenings experiments in Petri dishes on filter paper or in sand, as well as bioassays in contain-
ers with sand or soil and maize revealed that Heterorhabditis bacteriophora, H. megidis, Steinernema
feltiae, St. arenarium, and St. kraussei are highly virulent against D. virgifera virgifera larvae. St. abassi
was found intermediate. St. carpocapsae and St. glaseri appeared less virulent. For details refer to:
JourNEY AND OsTLIE, 2000; Jackson, 1995; Toeprer et al., 2005, Kurtz et al., 2009; HittroLp et al.,, 2009.

Nematode screening in the field

Plant scale field experiments with artificial D. virgifera virgifera infestation and into-soil applications
of fluids of different nematode species during sowing in April or into and onto soil later in June,
revealed that H. bacteriophora and H. megidis are highly effective against D. virgifera virgifera larvae
(i.e. up to 81%), and in preventing damage to maize roots (i.e. up to 80%) (Fig. 1). S. feltiae appeared
moderately effective. For comparisons with pesticides and further details refer to: Jackson, 1996; Jack-
soN, 1997, Toeprer et al,, 2008; PiLz et al., 2009; HitpoLp et al., 2009.
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Fig. 1 Results extracted from Toeprer et al. (2008) on the efficacy of entomopathogenic nematodes in plant scale
field trials in southern Hungary at reducing D. virgifera virgifera and at preventing root damage. Percent reduc-
tion of adult emergence and root damage (Node Injury scale-based) in comparison to the controls; application
of 0.21 -0.26 Mill nematodes per row meter (ca. 2.8 - 3.5 x 10°/ha) as a solid stream into the soil during sowing
of maize (A) or onto the soil and along rows of young maize plants (B); Letters on D. virgifera virgifera bars in-
dicate differences according to the LSD PostHoc test after ANOVA; letters on root damage bars indicate differ-
ences according to the M - Witney U test; Error bars=SEM).
Abb. 1 Ergebnisse aus Toprer et al. (2008) zur Wirksamkeit entomopathogener Nematoden in Feldversuchen in
Stidungarn zur Bekdmpfung von D. virgifera virgifera und der Verhinderung von Wurzelschédden. Prozentuale Ver-
ringerung der Adulten und von Wurzelschdden (anhand der Knotenverletzung) im Vergleich zur Kontrolle; Anwen-
dung von 0,21-0,26 Mio Nematoden je Reihenmeter (ca. 2,8 - 3,5 x 10°/ha) als Fliissigkeit in den Boden wdéhrend der
Maisaussaat (A) oder auf den Boden entlang der Reihen junger Maispflanzen (B); die Buchstaben an den D. virgifera
virgifera-Sdulen zeigen Unterschiede gemdl3 LSD Post-Hoc-Test nach ANOVA; die Buchstaben an den Wurzelschd-
densdulen zeigen Unterschiede gemdl3 M — Witney U-Test; Standardfehler = SEM).

3.1 Scientific pre-requisites

Instar susceptibility of target

Bioassays with different life stages of D. virgifera virgifera and different nematodes revealed that
all larval instars and even pupae are effectively killed by H. bacteriophora, H. megidis and St. feltiae.
Adults appeared less susceptible. For details refer to: Kurtz et al., 2009.

Orientation of nematodes to target

Nematodes were found to orient towards D. virgifera virgifera -damaged maize roots using the root-
emitted organic volatile compound (E)-B-caryophyllene as an orientation cue to find D. virgifera
virgifera larvae. Caryophyllene might be particularly important for H. megidis and less for H. bacte-
riophora. Other authors mention that caryophyllene is of little to no importance for nematodes. For



details refer to: Rasmann et al., 2005; HittroLD AND TURLINGS, 2008; KNEIGHT, 2010; ANBESSE AND EHLERS, 2013.

Maize hybrid importance

There are hardly any hints that the choice of maize hybrids is important for biological pest control
with entomopathogenic nematodes. Some hybrids have lost the capability to emit the nematode-
attracting (E)-B-caryophyllene; however, most European maize hybrids emit caryophyllene upon
larval feeding. For details refer to: Rasmann et al., 2005; HittpoLd AND TURLINGS, 2008; HittpoLp, 2010.

Establishment and persistence of nematodes

Field experiments revealed that applied nematodes establish at relatively low rates in the soil of
maize fields; but, that they survive more than two months, which is long enough to effectively kill all
three larval instars. Nematodes were found to propagate on D. virgifera virgifera larvae in the field,
which is a big advantage over pesticides. For details refer to: Kurtz et al., 2007; Piz et al., 2011a.

Soil importance

Field trials showed that H. bacteriophora can effectively kill D. virgifera virgifera larvae in a wide range
of soils in maize fields. As D. virgifera virgifera larvae are usually most damaging in dense soils, con-
trol efficacies of nematodes were also often found higher in dense soils than in light, e.g. sandy, soils.
For details refer to: GrasenweGeR et al., 2010; Toerer et al., 2010d; Piiz et al,, 2011a.

Non-target effects

Entomopathogenic nematodes are restricted to arthropods, thus there is no danger to plants or
humans. Nematodes are known to be only slightly host specific on certain insect groups. However,
field experiments revealed only minor effects of treatments on non-target populations, suggested
to be a result of the generally poor arthropod diversity in soils of intensive field crops such as maize,
as well as of the application of nematodes into relatively narrow soil areas and close to the target.
For details refer to: Georals et al., 1991; GauGLER, 2002; BABENDREIER et al., 2014.

3.2 Application of nematodes

Where

Nematodes were successfully applied through fluid solid stream sprays, microgranules or seed coat-
ing into soil at sowing, or through fluid solid stream sprays or granules into soil next to young maize
plants, or through fluid narrow flat sprays applied with lots of water over rows of small plants. For
details and more options refer to: Toeprer et al., 2010a; Toeprer et al., 2010b; Toeprer et al,, 2010¢; KNuTH
etal., 2011; Hureowp et al., 2012.

When

Nematodes were successfully applied into soil at sowing (Mid April to early May in Central Europe),
this is, a few weeks before D. virgifera virgifera eggs hatch; as well as into or onto soil along rows of
young maize plants (mid to late May in Central Europe). Field applications against adults, i.e. in July
or August, have never been attempted. For details refer to: Toeprer et al., 2010c.

Formulation

Nematodes can be applied against D. virgifera virgifera larvae preferably just diluted in water. Micro-
granules, seed coatings, capsules and other options may need further research. For details refer to:
Toeprer et al., 2010a; Toeprer et al., 2010b; Toeprer et al., 2010c¢; KnutH et al., 2011; HirpoLp et al., 2012.



Need of water

Field experiments revealed that the need of water during application is variable and depends on the
soil type, wheather conditions, and application techniques. Currently a minimum of 200 to 400 litres
water/ha are advised for fluid stream sprays of nematodes into soils, and a minimum of 800 to 1000
litres for narrow stream sprays onto the soil or plants. Details through SAGEA Centro di Saggio S.r.l.
(2010, pers. comm.) or in Toeprer et al., 2010a; Toeprer et al., 2010b; Toerrer et al., 2010c.

3.3 Farmer friendly application techniques

Fluid and micro-granular applications as well as seed coating with nematodes appeared technically
possible with the available farmer machineries; and all can achieve control of D. virgifera virgifera
larvae as well as some root damage prevention. Currently most promising and most used is the fluid
stream spray application into soil at sowing, using sowing machines with applicators that apply
nematodes behind the sowing wheel and prior the soil-closing wheels (Fig. 2). For details refer to:
Toeprer et al., 2010c, SAGEA Centro di Saggio S.r.l, 2010, pers. comm.; Cutt-Tec 2012; KnuTH et al,, 2011.

Fig. 2 Currently most promising and most used application technique for entomopathogenic nematodes
against D. virgifera virgifera larvae: fluid stream spray application into the soil at sowing using sowing machines
with applicators that apply nematodes behind the sowing wheel and prior the soil-closing wheels. Examples
from left to right: LIQ-Inject M1 (Cult-tec company, Germany) on a Monosem NG Plus sowing machine (USA);
Self-made application tube for fluids on Pneumasem sowing machine of Nodet Gugis( France); John Deer with
fluid applicator on White sowing machine (USA).

Abb. 2 Derzeit vielversprechende und meist genutzte Applikationstechnik fiir entomopathogene Nematoden gegen
Larven von D. virgifera virgifera: Fliissigstrahlapplikation in den Boden bei der Aussaat mit Hilfe einer Sdmaschine
mit einer Vorrichtung zur Applikation von Nematoden hinter dem Sérad und vor dem Bodenschlie8rad. Beispiele
von links nach rechts: LIQ-Inject M1 (Cult-tec company, Deutschland) an einer Sdmaschine Monosem NG Plus (USA);
selbstgebautes Applikationsrohr fiir Fliissigkeiten an der Sémaschine Pneumasem von Nodet Gugis (Frankreich);
John Deer mit Fliissigapplikator an einer White-Sdmaschine (USA).

3.4 Field scale efficacy and dosage-efficacy response

Field scale trials using farmer machinery revealed that H. bacteriophora is able to reach control ef-
ficacies of D. virgifera virgifera larvae to the same extent and at similar variability as soil insecticides
and insecticide seed coatings. On multiple year, site and machinery average, control efficacies are
approximately between 30 and 80%. Nematodes can also prevent root damage, on levels close to
soil insecticides and insecticide seed coatings. A dose-efficacy response curve is not finally estab-
lished, but preliminary results suggest that the optimal dose of nematodes might be somewhat
between 2 and 3 billion per hectare maize field depending on local conditions. For details refer to:
PiLz et al., 2009; Toeprer et al., 2010b; Piz et al., 201 1b.



3.5 Products

Heterorhabditis bacteriophora- and H. megidis-based products are available from several biocontrol
companies, and can be applied, without restrictions, in countries where entomopathogenic nema-
todes do not need registrations and where the products consider species that are native, e.g. cur-
rently in Germany. One of the products (Dianem ™) is, for example, also registered in Austria.

3.6 Legislation

With the banning of several insecticides for seed coatings due to their bee toxicity, and with recent
discussions on a number of soil pesticides in maize, farmers need alternative products. Moreover,
the European Directive on sustainable use of pesticides requests from EU member countries to pre-
fer alternative pest control options. Entomopathogenic nematodes are exceptionally safe biocon-
trol agents; thus they are exempted from registration in many European countries; in some they
need registration. For details refer to: EHLERs, 2003; EuroPeAN Commission, 2008, 2009; DeLos et al., 2011;
GiL et al., 2012; Cressey, 2013.
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