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Abstract: The European legislative on the use of different control strategies against plant-parasitic
nematodes, with particular reference to pesticides, is constantly evolving, sometimes causing confu-
sion in the sector operators. This article highlights the nematode control management allowed in the
C Zone of the European Union, which includes the use of chemical nematicides (both fumigant and
non-fumigant), agronomic control strategies (crop rotations, biofumigation, cover crops, soil amend-
ments), the physical method of soil solarization, the application of biopesticides (fungi, bacteria and
their derivatives) and plant-derived formulations. The authors analyze the use of these strategies
and substances in organic agriculture as well as in Integrated Pest Management (IPM) programs.

Keywords: biopesticides; chemicals; EU legislation; nematode control strategies; plant extracts

1. Introduction

Plant-parasitic nematodes (PPNs) can severely damage plants and cause significant
yield losses to numerous vegetable crops [1–3]. The degree of plant growth impairment
caused by PPNs may depend on the nematode species, physiological race and the initial
nematode population density in the soil at sowing or transplanting. In the case of high
levels of soil infestation (>64 eggs and juveniles/mL soil), they can completely destroy
the crop as the plants may die [1]. They can interact with soilborne plant pathogens
causing greater severity of symptoms (yellowing, stunting growth, wilting, dwarfism) of
plant disease [4–6]. Seinhorst’s equation y = m + (1 − m) z(P−T) describes the relationship
between nematode population density and crops (Figure 1) [7,8]. Therefore, nematode
control strategies are required to limit nematode population density to no-damage levels.

The latest European Legislations (Reg. (EU) 2005/396; 2007/1095; 2009/1107; 2016/2031;
2019/1702; 2019/2072; EC Directives 2009/127 and 128) have been deeply revised and
restricted the use of pesticides on agricultural crops focusing attention on environmental
safety, human and animal health. Plant protection strategies against PPNs, insects and
soil-borne plant pathogens should therefore rely on alternative control measures that are
both environmentally sound and economically sustainable.
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Figure 1. Relationship between plant growth [plant weight (black) and height (white)] and 
nematode population density in the soil represented by Seinhort’s equation. In this equation, y 
(relative yield) is the ratio of the yield at a given population density Pi to the yield in the absence 
of nematodes, m is the minimum relative yield (y at very large Pi), z is a constant < 1, where z-T = 
1.05; Pi is the nematode population density at transplant or sowing and T is the tolerance limit of 
the crop to the nematode (Pi at which no yield is lost). 

The latest European Legislations (Reg. (EU) 2005/396; 2007/1095; 2009/1107; 
2016/2031; 2019/1702; 2019/2072; EC Directives 2009/127 and 128) have been deeply 
revised and restricted the use of pesticides on agricultural crops focusing attention on 
environmental safety, human and animal health. Plant protection strategies against PPNs, 
insects and soil-borne plant pathogens should therefore rely on alternative control 
measures that are both environmentally sound and economically sustainable. 

In the past, an effective nematode control was achieved by the use of methyl bromide 
(MB). The use of this product has been banned in advanced countries since 2005 because 
of stratospheric ozone depletion. After the ban on the use of MB and the revocation of 1, 
3-dichloropropene in European Union (EU) countries, the control strategies aim to reduce 
soil nematode population levels to below the tolerance threshold of the crop; they 
integrate chemical nematicides, bionematicides (mainly based on fungi or bacteria), 
physical methods (soil solarization, heating sterilization, ozone treatments) and/or 
agronomic practices (crop rotation, use of resistant varieties or nematicidal plants, 
anaerobic soil disinfection, green manures, biofumigation, soil amendments). 

The registration process for pesticides in the EU starts with the active ingredient 
approval process which ends with a vote, after which, when positive, the active is listed 
in Annex 1 as approved. For the authorization of formulated products, after Annex 1 
listing of active substances and their use, the EU is divided into three zones: A—North 
Europe (Denmark, Estonia, Finland, Latvia, Lithuania, Sweden), B—Central Europe 
(Austria, Belgium, Croatia, Czech Republic, Germany, Ireland, The Netherlands, Poland, 
Romania, Slovak Republic, Slovenia, Hungary) and C—South Europe (Bulgaria, Cyprus, 
France, Greece, Italy, Malta, Portugal and Spain) [Reg. (EU) 2009/1107]. The evaluation 
and approval of a pesticide or nematicide product can be done at a zonal level and later 
follows the national registrations in the countries of the zone. Considering that the 
European legislation on the use of pesticides is constantly evolving, sometimes causing 
confusion in sector operators, this paper reports the nematode control methods applied in 
the C Zone of the EU. These include the use of fumigants and systemic nematicides, 
agronomic and physical methods, biopesticides and plant extracts, omitting some of the 
most obvious techniques such as the use of resistant cultivars or the grafting of susceptible 
plants on resistant rootstocks. 

Figure 1. Relationship between plant growth [plant weight (black) and height (white)] and nematode
population density in the soil represented by Seinhort’s equation. In this equation, y (relative yield)
is the ratio of the yield at a given population density Pi to the yield in the absence of nematodes,
m is the minimum relative yield (y at very large Pi), z is a constant < 1, where z-T = 1.05; Pi is the
nematode population density at transplant or sowing and T is the tolerance limit of the crop to the
nematode (Pi at which no yield is lost).

In the past, an effective nematode control was achieved by the use of methyl bromide
(MB). The use of this product has been banned in advanced countries since 2005 because
of stratospheric ozone depletion. After the ban on the use of MB and the revocation of 1,
3-dichloropropene in European Union (EU) countries, the control strategies aim to reduce
soil nematode population levels to below the tolerance threshold of the crop; they integrate
chemical nematicides, bionematicides (mainly based on fungi or bacteria), physical meth-
ods (soil solarization, heating sterilization, ozone treatments) and/or agronomic practices
(crop rotation, use of resistant varieties or nematicidal plants, anaerobic soil disinfection,
green manures, biofumigation, soil amendments).

The registration process for pesticides in the EU starts with the active ingredient
approval process which ends with a vote, after which, when positive, the active is listed in
Annex 1 as approved. For the authorization of formulated products, after Annex 1 listing
of active substances and their use, the EU is divided into three zones: A—North Europe
(Denmark, Estonia, Finland, Latvia, Lithuania, Sweden), B—Central Europe (Austria,
Belgium, Croatia, Czech Republic, Germany, Ireland, The Netherlands, Poland, Romania,
Slovak Republic, Slovenia, Hungary) and C—South Europe (Bulgaria, Cyprus, France,
Greece, Italy, Malta, Portugal and Spain) [Reg. (EU) 2009/1107]. The evaluation and
approval of a pesticide or nematicide product can be done at a zonal level and later follows
the national registrations in the countries of the zone. Considering that the European
legislation on the use of pesticides is constantly evolving, sometimes causing confusion in
sector operators, this paper reports the nematode control methods applied in the C Zone
of the EU. These include the use of fumigants and systemic nematicides, agronomic and
physical methods, biopesticides and plant extracts, omitting some of the most obvious
techniques such as the use of resistant cultivars or the grafting of susceptible plants on
resistant rootstocks.

2. Fumigants

These substances are phytotoxic and must be applied at least one month before sowing
or transplanting. They are precursors of methyl isothiocyanate (MITC). The fumigants
with nematicidal action are highly volatile; when applied to the soil, they evaporate and, in
the gaseous state, fill the empty spaces of the soil. As they diffuse into the atmosphere in
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considerable quantities, it is necessary to cover the soil surface with plastic film in order to
retain the gaseous molecules which will improve the efficacy of the treatment, reducing
environmental harm [9].

2.1. Metam-Sodium

Metam sodium (C2H4NNaS2–CAS No. 137-32-8–Metam-Na) is a synthetic chemical
product in liquid formulation with a fumigant action, applicable to the soil by sprinkler
or drip irrigation or by direct injection through an injector pole for small surfaces, and
with a device connected to a tractor for open field treatments. However, many trials have
demonstrated its higher efficacy against root-knot and cyst nematodes, when applied by
shank injection, than through the use of a sprinkler irrigation system [8,9]. The product
kills nematodes by different action modes affecting enzymatic, respiratory and nervous
systems [10,11]. Its lethal dose fifty (LD50) for mammals (rat) by oral administration is
896 mg/kg [12]. The maximum residue limits (MRLs) are 50, 30 and 20 µg/Kg on lettuce,
tomato and other vegetables, respectively. It is recommended that it is applied to the soil at
a temperature between 10 and 30 ◦C (optimal is 20 ◦C), with doses ranging between 400 and
1500 L/ha, depending on the pest to control. The product, in addition to the nematicidal
action, has also herbicidal, insecticidal and fungicidal efficacy [13–15]. As a result of Metam
sodium hydrolysis appears MITC with biocidal activity. To avoid the release of the active
ingredient MITC into the atmosphere, and to improve biocidal efficacy, it is better to cover
the treated soil with a 0.03 mm thick polyethylene plastic film. The covering duration
(3–6 weeks) depends on temperature. After the fumigation, it is necessary to remove the
plastic film to allow aeration of the soil (at least 1 week) to avoid a phytotoxic effect on
the crop at transplant or sowing. The product can be applied both in the open field and to
plastic-protected crops where the greenhouse effect can improve the efficacy of the product
by heat synergy effect. It can be used on the same soil every three years [16]. Besides the
countries of the C Zone of the EU, its use is also allowed in Belgium, Hungary, Ireland,
The Netherlands and Poland, according to the Pesticide Properties DataBase (PPDB) [12].
Date EC 2009/1107 inclusion expire is 30 June 2022 [12]. On the contrary, its use has been
banned since autumn 2018 in France by the ANSES (the National Health Security Agency)
due to the respiratory intoxications of some vegetable producers in western France. The
product also cannot be used in Bulgaria, Malta and Spain (Table 1).

2.2. Metam-Potassium

The product (C2H4KNS2–CAS No. 144-54-7–Metam-K), similarly to Metam-Na, has
nematicidal, herbicidal, insecticidal and fungicidal activities and the same action mode [17].
Its LD50 for mammals (rabbit) by oral administration is 630 mg/kg, which is lower than
that shown for metam-Na on rats [12]. The commercial products contain about 42% of
pure metam-K. Unlike Metam-Na, it releases K+ cations into the soil resulting in greater
availability of this element for plants. It is applied in lower doses than Metam-Na ranging
between 500–750 L/ha, according to the pest to control. The use of the product is allowed
only in Italy and Greece (Table 1).
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Table 1. Availability of active substances approved as nematicide products in the Southern zone of the European Union (31 May 2021).

Nematicide Actives
Bulgaria Cyprus France Greece Italy Malta Portugal Spain

PC * OF ** PC OF PC OF PC OF PC OF PC OF PC OF PC OF

Dazomet Yes Yes — — — — Yes Yes Yes Yes — — Yes Yes — —

Metam potassium — — — — — — Yes Yes Yes Yes — — — — — —

Metam sodium — — Yes Yes — — Yes Yes Yes Yes — — Yes Yes — —

Fluopyram Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes — — Yes Yes Yes Yes

Fosthiazate Yes Yes Yes Yes — Yes Yes Yes Yes Yes — — — — Yes Yes

Oxamyl Yes Yes Yes Yes — Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Abamectin Yes X Yes X — — Yes — Yes — — — — — Yes —

Azadiractin — — — — — — — — Yes — — — — — — —

Bacillus firmus I-1582 Yes Yes — — Yes Yes Yes Yes Yes Yes — — Yes Yes Yes Yes

Garlic extract Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes — — Yes Yes Yes Yes

Purpureocili. lilacinum
strain 251 — — Yes Yes Yes Yes Yes Yes Yes Yes — — Yes Yes Yes Yes

Terpenes
(Thymol+Geraniol) — — — — Yes Yes Yes Yes Yes Yes — — Yes Yes Yes Yes

* PC = Protected crops; ** OP = Open field; Yes = approved active substance included in the Annex 1 of the EU Reg. 2009/1107; — = not approved.
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2.3. Dazomet

The fumigant (C5H10N2S2–CAS No. 533-74-4) is a granular product easy to apply
to the soil because it can be spread as a normal fertilizer. After its application, it must
be incorporated into the soil by a rotovator. The treatment is completed by irrigation to
ensure the chemical transformation of the product into MITC, formaldehyde and carbonyl
sulphide, which provide pest control. As with the previous fumigants, it is necessary
to cover the soil surface with an impermeable plastic film (VIF) to avoid MITC aerial
dispersion in the environment. The product can be applied both in the open field and to
protected crops using a rate variable between 500 and 700 Kg/ha according to the pest
species and the soil nematode population density. The interval between chemical treatment
and planting or sowing of the crop may vary significantly; from 2 to 5 weeks, depending on
temperature, humidity and soil type. It is not recommended to apply it below 10 ◦C. The
phytotoxicity of the product does not allow its distribution in the presence of the crop. In
addition to the nematicidal activity, Dazomet has also a fungicidal effect [18]. Its mammal
acute oral LD50 (415 mg/Kg) is lower than those for metam-sodium and metam-potassium
as it shows higher toxicity compared to these products [12]. The maximum food residue
limit is 20 µg/Kg. The use of the product against PPNs (root-knot and cyst nematodes)
allows a significant reduction of soil nematode population densities. This improves the
yields of the treated crops, their quality and quantity [19,20]. The use of Dazomet is allowed
for the C Zone of EU only in Bulgaria, Greece, Italy and Portugal (Table 1).

3. Non-Fumigant Products

These chemical compounds with very low phytotoxicity can be used at transplanting
or sowing and during the crop cycle. Such formulations belong to phosphorganic com-
pounds, carbamates, benzamides and avermectins which have different mechanisms of
action to cause nematode death. They are available on the market in granular, liquid and
microencapsulated formulations.

3.1. Fenamiphos

Fenamiphos is an inhibitor of organophosphate acetylcholinesterase. It is used as in-
secticide and nematicide (C13H22NO3PS–CAS No. 22224-92-6). The product is highly toxic
via the oral route with reported LD50 values of 2 to 19 mg/kg in the rat and 56 to 100 mg/kg
in guinea pigs [12]. It is a systemic product rapidly adsorbed into plants [21,22]. It is effec-
tive against semi- and endoparasites both of epigeal (Aphelenchoides spp., Ditylenchus spp.)
and hypogeal (Meloidogyne spp., Globodera spp., Heterodera spp.) parts of the plant. On
the market, a microencapsulated formulation (240 g/L CS) is also available for use in
protected crops on vegetables (tomato, eggplant, pepper, cantaloupe, melon, cucumber and
squash) or ornamental plants. It can be applied one day before transplanting at the rate
of 42 L/ha by PVC drip irrigation lines [23]. In the soil, it is oxidized to its sulfoxide and
sulphone metabolites, which are also toxic to PPNs. Fenamiphos affects several biological
processes, among them juvenile orientation (through their chemoreceptors responding to
root exudates), egg hatch (inside egg masses or cysts) and the infectivity of the second
juvenile stages. The preharvest interval is 60 days due to its high toxicity. The MRL of
fenamiphos is 20 µg/Kg of vegetables and fruits.

However, the product is actually revoked due to failure to renew the approval pur-
suant to Implementing Regulation (EU) N◦ 2020/1246 of the Commission (the use of the
revoked product is allowed until 23 September 2021 in Italy).

3.2. Fosthiazate

Fosthiazate is a systemic nematicide and insecticide (C9H18NO3PS2–CAS No. 98886-
44-3) that provides effective control of root-knot, root lesion, cyst and free-living nematodes
in a wide range of crops. It has an acute oral LD50 value of 57 mg/Kg on rats [12]. It acts
by contact and ingestion in low concentration or dose. It is an inhibitor of acetylcholine
esterase. It is available as granular or liquid formulations. The granular formulation is
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spread on the soil surface and then incorporated into the soil to control Meloidogyne spp.,
Globodera spp., Heterodera spp. and Pratylenchus spp. The liquid formulation is applied in
chemo-irrigation. In addition to nematode control, it is also effective against aphids, mites
and thrips in vegetables. It is used at the rate of 3 Kg of active ingredient (a.i.)/ha. It is
registered for tomato and potato on which MRL is 20 µg/kg. It can be applied only before
transplanting or sowing [24]. Its use is allowed in all countries of the Southern EU with the
exception of Malta and Portugal, and in France on protected crops (Table 1).

3.3. Oxamyl

Oxamyl is a carbamate pesticide (C7H13N3O3S–CAS No. 23135-22-0). The liquid
formulation has a slightly sulfurous odor with a relatively low LD50 (5.4 mg/kg) [12,25].
Despite its high toxicity, it is rather popular because of its rapid degradation in the soil:
the oxamyl half-life (DT50) ranges from a few hours to a few days [26,27]. It is systemic in
the plants and highly soluble in water [28]. For these reasons, it is applied through PVC
drip irrigation lines allowing a reduction in production costs. Before its application, the
product must be acidified by ortho-phosphoric acid; in the soil, it is rapidly degraded by
hydrolytic processes. The acidification must be close to pH 4.5 to improve the absorption
and the availability for root systems of the active ingredient. The pH value influences
the degradation speed of the product (at pH 9, oxamyl is no longer found after 48 h) [27].
It is effective in the control of root-knot and cysts nematodes. It acts on mobile forms
and eggs. It is also an insecticide acting on insects with stinging sucking apparatus. It
is used at variable rates according to the crop and label instructions. It is allowed on
tomato, pepper, eggplant, melon, tobacco, cucumber and squash with an MRL value of
10 µg/kg [12]. Treatments are carried out one day before transplanting or sowing and
they can be repeated every 15 days with a maximum of 2 applications for cucumber and
squash, 4 for tomato and pepper and 5 for melon The postharvest interval is 14–28 days
according to the crop [29]. It can be used in all countries excluding France on protected
crops (Table 1).

3.4. Fluopyram

It is a systemic fungicide that also has a nematicidal effect (C16H11ClF6N2O–CAS No.
658066-35-4). The product is characterized by low toxicity to vertebrates and invertebrates.
The acute LD50 is higher than 2000 mg/Kg for rats (oral administration), indicating its
safety compared to other nematicides [12]. Low and moderate toxicity has been demon-
strated to bees and fish, respectively [30]. In the EU, values of 0.5 and 0.15 µg/Kg are
MRLs for tomato and potato, respectively [12]. The compound inhibits the complex II
(succinate–ubiquinone reductase) involved in mitochondrial respiration [31]. The product
has an inhibiting effect on juveniles hatching from eggs of Meloidogyne spp. and cysts of
Globodera spp. and Heterodera spp. [32,33]. The product is also effective against the stem
bulb nematode Dytilenchus dipsaci on sugar beet [34]. It is effective against gray mold
(Botrytis cinerea), powdery mildew (Sphaerotheca fuliginea and Erysiphe cichoracearum), apple
scab (Venturia inaequalis), early blight (Alternaria solani), white mold (Sclerotinia sclerotiorum)
and brown rot (Monilinia laxa). Due to its nematicidal and fungicidal activity, this
product can be used against fungal diseases and simultaneous PPNs attacks. In this
case, treatments are different considering that the mentioned fungal diseases concern
the aereal part of plants and the nematode attack affects their root systems. In the
USA, Fluopyram has also been used as a seed treatment to protect soybean plants at
the early developing stage from several nematodes (Heterodera glycines, M. incognita,
Rotylenchulus reniformis, Pratylenchus spp., and Hoplolaimus spp.) and soil-borne plant
pathogens (Fusarium virguliforme and Septoria glycines) [35–40].

It is a liquid formulation and therefore applied on protected horticultural crops by
chemo irrigation in pre (1–3 days) and post-transplant (15–30 days later) at the dose of
0.4–0.6 L/ha with a water volume of 2000–6000 L/ha [41]. In open field conditions, it
is better to use the highest dose according to the product label. It is allowed for carrot,



Agriculture 2021, 11, 602 7 of 19

cucumber, tomato, eggplant, melon, pepper, potato, squash and tobacco. Its use is allowed
by EU legislation until 31 January 2024. It is not possible to use it in Malta.

Table 2 reports types of synthetic nematicides (fumigant and non-fumigant) and their
main characteristics; formulation, a.i. concentration, application time and rate.

Table 2. Fumigants and non-fumigants authorized in the C Zone of the EU against plant-parasitic nematodes (approved for
use under EC Reg. 2009/1107 according to PPDB: Pesticide Properties Data Base).

Type of
Nematicide Name Formulation Concentration a.i. 1

(g/L or g/Kg) Application Time Dose
(L or Kg/ha)

Covering with
Plastic Film

Fumigant

Metam
Na 2 Liquid 500 Pre- transplant or

sowing 400–1500 Yes

Metam
K 3 Liquid 500 Pre- transplant or

sowing 400–750 Yes

Dazomet Granular 990 Pre- transplant or
sowing 500–700 Yes

Non-fumigant

Fenamiphos 4 Microencapsulated 240 At transplant or
sowing 42 No

Fosthiazate 5 Granular (GR) or
liquid (Lq)

GR-100
Lq-150

At transplant or
sowing

GR–30
Lq-10 No

Oxamyl Liquid 100
At transplant or

sowing and during
crop cycle

10–20 No

Fluopyram Liquid 400 Pre- and
post-transplant 0.4–0.6 No

1 a.i. = active ingredient; 2–3 their use has been banned since autumn 2018 in France by ANSES (National Health Security Agency), moreover
they cannot be used in Bulgaria, Malta and Spain; 4 the product is revoked due to failure to renew the approval pursuant to Implementing
Regulation (EU) N◦ 2020/1246 of the Commission (the use of the revoked product is allowed until 23 September 2021 in Italy); 5 not
allowed in Malta, Portugal and on protected crops in France. Note: It is important to follow the instructions reported on the label product
as they differ according to pest and crop. Information on concentration, application times, doses and number of applications are reported
on the label of each commercial product.

The chemical control of PPNs has the advantage of prompt efficacy and protection, it
offers the possibility of several uses and application methods in different conditions, such
as infestation levels. From an operational point of view, it is the simplest tool of nema-
tode control, it is the only realistically usable means in the event of sudden emergencies,
although this solution is far away from sustainable crop production [42].

On the contrary, the massive introduction of various xenobiotic substances (unrelated
to biological processes) causes negative effects on the environment and on organisms not
directly targeted by nematicides. Consumers could risk receiving plant products with
higher pesticide residues (if growers try to increase the nematicide efficacy increasing
applied doses), an emergence of resistant species, damage to non-target species (prolonged
use causes toxicity phenomena on the micro, meso and macro-fauna), as well as risks and
dangers for users and the environment [43].

4. Agronomic Methods
4.1. Crop Rotations

Crop rotation is the oldest technique aimed at limiting the damage caused by pests
(PPNs) and preventing nutrient depletion. The practice consists of the following: a series
of different types of crops are grown in the same area, in soil infested by a specific pest or
PPN; host crops and non-susceptible crops are alternated in order to naturally reduce the
populations of the pest to harmless levels [44].

Monocropping is the growth of the same crop in the same place for many years. This
practice gradually depletes the soil of specific nutrients and causes the selection of highly
competitive weeds and pests. Conversely, an effective crop rotation decreases the need for
synthetic herbicides and fertilizers. Moreover, crop rotation improves the soil structure and
raises organic matter content, reducing erosion and increasing the farm system’s resilience.
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This technique is difficult to apply on polyphagous nematodes (i.e., Meloidogyne spp.)
that multiply on different crops in rotation and sometimes also on weeds [45]. On the
contrary, effective results are obtained on nematodes with specific host plants such as cysts
nematodes (Globodera spp. and Heterodera spp.). Studies carried out in California (USA) on
the effect of a crop rotation program on the beet cyst nematode H. schachtii soil population
density have demonstrated that the level of the population decreased with the cultivation of
non-host crops such as lettuce or tomato or when the land was fallow [46]. Other investiga-
tions on Triticum durum grown in soil infested by Heterodera avenae, Meloidogyne artiellia and
Pratylenchus neglectus have shown the importance of biennial or four years crop rotations
with melon, potato, tomato, sugar beet and corn to obtain decreases of these nematode
populations and a significant increase of durum wheat yield [47]. However, it is important
to point out that the populations of the root-knot nematodes decrease rapidly, up to 85% per
year (1–2 years), while those of cyst nematodes demonstrate a slow decline, with an annual
25–64% reduction (3–8 years) [47]. The biomass of bacteria and fungi is strongly enhanced
in crop rotation and no-tillage treatments resulting in a negative effect on PPNs [47].

4.2. Biofumigation

Biofumigation is a technique that consists of the use of green manure material which
is incorporated into the soil in order to reduce the population of a parasite and increase
soil fertility [48]. Many plants belonging to Capparales order (Brassicaceae, Tovariacerae,
Resedaceae and Capparaceae families) contain glucosinolates which, by hydrolysis, in the
presence of water in the soil and the enzyme myrosinase, release isothiocyanates and
nitriles, toxic compounds with a broad biocidal spectrum of action [49–52]. These com-
pounds have high biological activity against bacteria, soil-borne pathogens, insects, PPNs
and inhibit weed seeds germination. Isothiocyanates are highly toxic volatile compounds
and their effectiveness depends on many factors including pH, temperature and soil hu-
midity. The biocidal activity of some synthetic nematicides, such as Metam-sodium, is
based on the release of isothiocyanates and specifically MITC. It is important to select
species and cultivars to use as biocidal plants and cover crops, as well as flours and pellets
obtained from protein panels of de-oiled seeds to be distributed in field or greenhouse for
plant protection [53]. Studies carried out on the root-knot nematode Meloidogyne incognita
demonstrated the efficacy of Brassica napus var oleifera cv. Reston, B. rapa cv. PI 226505,
Crambe abyssinica cv. Hispanica 608 and Raphanus sativus cv. Pegletta in the control of the
nematode reducing its reproduction factor r below 1 (r = Pf /Pi where Pf and Pi are the
final and initial nematode population density, respectively) [52]. The most common glu-
cosinolates are sinigrin (in B. carinata, B. napus, B. juncea), erucin (in Eruca sativa), sinalbin
(in Sinapsis alba), glucoraphenin (in R. sativus, Rapistrum rugosum), glucotropaeolin (in
B. hirta and Lepidium sativum) and gluconaturtiin (B. juncea, B. hirta, Barbarea verna) [53,54].
Biofumigation can be enhanced by covering the soil with impermeable plastic films that
retain volatile toxic compounds. Biofumigation can be also combined with soil solarization.
A more recent development is the formulations of concentrated emulsions containing
vegetable glucosinolates [55]. These formulations, which can be used as soil amendments,
allow the distribution of the product by PVC drip lines in fertirrigation, affecting the soil in
which plants’ roots are growing.

4.3. Cover Crops

Cover crops are used to conserve and increase the physical, chemical and microbio-
logical soil fertility and reduce PPN populations by different mechanisms of action. They
can act as (i) non-host or low susceptible crops that do not allow PPNs to complete their
life cycle, (ii) producers of secondary “allelochemical” metabolites that affect nematode
population and (iii) factors creating favorable conditions for the development of microflora
and microfauna antagonists of PPNs [56].
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4.4. Fallow

In the areas with intensive agriculture, this technique is certainly not sustainable as
the field is left without plants on which nematodes feed. It causes the PPN’s death owing to
the lack of food. The results are better if the fallow period is complemented with weeding.
The duration of the fallow period depends on the rates at which the PPN populations
decrease [54].

4.5. Trap Crops

This agronomic method consists of planting a host crop (carrot, cauliflower, mustard,
potato, tomato and recently also rice) of sedentary plant-parasitic nematodes that use
this crop for their feeding and multiplication. After juvenile penetrations, the developed
females are unable to leave the roots and the trap crop is destroyed before egg-laying
by nematodes has begun, trapping the nematodes in the root, avoiding their spread and
reducing damage to the following crops [56,57].

4.6. Soil Amendments

The use of organic soil amendments is a traditional agricultural practice for improving
physical and chemical soil properties, soil structure, temperature and humidity conditions
as well as the nutrient content necessary for plant growth. The EU legislation on the use of
soil amendments has been recently enacted by the “Commission Implementing Regulation”
N◦ 2164/2019 [58]. The most important soil amendments reported are:

• farmyard manure (a mixture of animal excrements and vegetable matter, animal bedding);
• dried farmyard manure and dehydrated poultry manure;
• composted or fermented mixture of household waste;
• peat (use limited to horticulture, i.e., market gardening, floriculture, arboriculture, nursery);
• vermicompost and dejecta of insects;
• mollusc waste and chitin (both only from sustainable fisheries);
• Biochar, pyrolysis products made from a wide variety of organic materials of plant

origin and applied as a soil conditioner (only from plant materials, untreated or treated
with products included in Annex II) [56].

The suppressive effect of organic amendments of different origins and types is well
documented against different PPNs (root-knot nematodes, cyst nematodes, root lesion and
stem nematodes and the dagger nematodes) [59–67].

The mechanisms of the nematicidal action of soil amendments incorporated into
the topsoil (0–30 cm) are different. The addition of soil amendments improve chemical
and physical soil characteristic including soil total and organic nitrogen [66]. Mainly
the nematicidal action can be ascribed to the release of ammonia, polyphenols and fatty
acids from nitrogen sources by soil microorganisms, as reported by several authors [65,68].
Sometimes, the addition of soil amendments can promote the development of enzymes
produced by fungi (chitinase, collagenase, Kerastase and elastase) which disintegrate
nematode cuticles [69,70].

The combination of the use of soil amendments with anaerobic soil disinfestation
(ASD) is not very widespread in the Southern European countries, due to limited water
availability. Anaerobic soil disinfestation requires, after the incorporation of soil amend-
ments in the topsoil (0–30 cm), that the field be compacted and irrigated. The field is then
mechanically covered with impermeable plastic films (VIF) to restrict oxygen supply to
the topsoil. The soil is left covered for four/six weeks in the summer in which anaerobic
conditions develop rapidly toxic fermentations responsible for the elimination of fungal,
bacterial pathogens as well as insects, weeds and PPNs [71].

5. Physical Methods

In protected cropping systems or intensive field crops with continuous monocultures,
farmers often apply physical soil disinfestation by steam or hot water. These measures, as
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well as microwave soil radiation, are expensive, whereas soil solarization is cheaper, more
friendly to the environment and therefore more popular, especially in warm areas [72].

Soil Solarisation

Soil solarization is an environmentally friendly technique based on the increase of
soil temperature using the sun’s power and the application of plastic films. This technique
helps to control bacteria, weeds, fungi, mites, insects and PPNs. Its effectiveness against
PPNs was first demonstrated in Israel [73,74] and later in Australia [75], USA [76,77],
Italy [78] and South Africa [79]. The efficacy of soil solarization is based on the sensitivity
of PPNs to relatively high temperatures. The technique is effective against root-knot
nematodes (Meloidogyne spp.) especially in plastic houses where soil temperatures in
the top 30 cm of mulched soil can be 3–5 ◦C higher than those in mulched soil in open
field conditions, thus causing higher nematode mortality [80]. Interesting results are
also obtained against cysts nematodes (Globodera rostochiensis, G. pallida, Heterodera carotae
and H. schachtii) [81–84], stem bulb nematodes (D. dipsaci), and reniform and root lesion
nematodes (Rotylenchus reniform and Pratylenchus spp.) [85]. To obtain better results, it is
useful to apply preventive soil irrigation which contributes to the optimum field capacity.
After 3–4 days the soil is plowed by rotavator and then covered by a 30–50 µm plastic
film (PE, LDPE, PVC or EVA) closing the plastic film laterally. Soil solarization time can
range between 4 to 8 weeks depending on solar irradiation and its intensity (the best
period is between June and August), geographical area and the type of soil. At the depth of
30–40 cm, the temperature can range between 38 and 52 ◦C. Devitalization of cyst nematode
eggs requires higher soil temperature than that of eggs of Meloidogyne spp. because they
are protected in the cysts. The efficacy of solarization to control PPNs is related to the
soil temperature and the time of exposure to sun irradiation [86]. The technique can be
combined with other agronomic methods such as the use of soil amendments [87] or
biofumigation [88] or anaerobic soil disinfestation [89].

6. Biopesticides (Fungi, Bacteria and Bacteria Derived Product)
6.1. Fungi
6.1.1. Purpureocillium lilacinum Strain 251

The development of sustainable agricultural activities requires new production tools
including biopesticides. The fungus Purpureocillium lilacinum produces proteolytic en-
zymes (protease and chitinase) which can destroy the shell of nematode eggs of many
PPNs (Meloidogyne spp., Globodera spp. and Heterodera spp.) [90]. In the European Union,
the strain PL251 which is effective against Rotylenchulus reniformis has been commercial-
ized [91]. It is a liquid formulation; the germinated spores of the fungus develop and attack
nematode eggs and other static forms. Furthermore, the fungus stimulates the production
of substances (indolacetic acid, cytokinins, 1-aminocyclopropane- 1-carboxylate deaminase
and citric acid) that promote plant growth. This commercial formulation contains 216 g/L,
which corresponds to 5.1 × 1013 CFU/L. The recommended dose at transplant or in post-
transplant is 0.75 L/ha with a volume of water of 3000–6000 L/ha on tomato, zucchini,
pepper, melon, eggplant, onion, cucumber, garlic and artichoke. During the crop cycle,
3–4 applications are possible, depending on the infestation level [92]. The use of the fungus
is not allowed in Bulgaria and Malta (Table 1).

6.1.2. Pochonia clamydosporia

Pochonia clamydosporia is a nematophagous hyphomycete used for PPNs control. It is
approved as biostimulant although it has nematicidal properties. Therefore, it can be con-
sidered a potential nematicide to be approved. It is a parasitic fungus producing enzymes
that destroy the eggshells of different PPNs’ genera [93,94]. Moreover, P. chlamydosporia
is also a root endophyte, improving growth of host plant species and their mechanisms
of defense against different plant pathogens [95,96]. The commercial formulation con-
tains 108 CFU/g in combination with Arthrobotrys oligospora and mycorrhiza of the genus
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Glomus sp. It is allowed in organic farming and can be applied 2–3 times during the crop
cycle, at the rate of 2 L/ha, both in open field and protected conditions through irrigation
systems, to reduce production costs [97]. The product can also be used for root dipping
seedlings to transplant.

6.2. Bacteria and Bacteria Derived Product
6.2.1. Pasteuria penetrans

It is an endospore-forming bacterium obligate parasite of Meloidogyne spp. [98]. Differ-
ent nematode genera have been found worldwide in association with distinct species of
Pasteuria. For every plant-parasitic nematode there is potentially a specific and adapted
isolate of Pasteuria. In addition to P. penetrans, there are two other important species of
Pasteuria that infect plant-parasitic nematodes: P. thorneii that infect the lesion nematodes
Pratylenchus spp. [99] and P. nishizawae that is a parasite of the soybean cyst nematode
Heterodera glycines [100]. The isolate Pn1 of P. nishizawae has been recently approved (2018)
in the Annex 1 by the European Food Safety Agency (EFSA) by the rapporteur Member
State Denmark for its use [101]. It is largely used in USA, Canada and Brazil with the
commercial name ClarivaTM (Syngenta). The spores of the bacterium adhere to the ne-
matode cuticle infecting the nematode. The endospore develops a germination tube that
pierces through the cuticle and forms mycelia and microcolonies within the nematode’s
body causing nematode death. P. penetrans is a Gram + bacterium, not registered but in an
advanced state of evaluation by the EU phytosanitary commission.

6.2.2. Bacillus firmus

It is a Gram + bacterium used as a biological nematicide for control of PPNs. The spe-
cific strain I-1582 has been selected for its nematicidal and plant health activities [102,103].
It is available in a wettable powder (WP 5%, 3.55 × 1012 CFU/Kg c.p.) and applied at
the rate of 80 Kg/ha before sowing/transplant or 40 + 40 Kg/ha before and after sow-
ing/transplant, respectively, and exempt from residue tolerance [104]. It is very much in
line with IPM practices and does not affect beneficial insects when used according to the
label of the commercial product and has no post-harvest interval. Its use is also allowed in
organic farming [105]. The product has two effects, direct and indirect. The direct activity
of the B. firmus is represented by the production of chitinolytic enzymes that degrade the
egg shells causing devitalization of eggs and/or larvae inside the eggs. The indirect impact
involves: (i) colonization of the host root surface, forming a physical barrier; (ii) degra-
dation of root exudates disorienting nematodes movements so reducing root penetration;
and (iii) stimulation of plant growth through production of phytohormones [103]. The
commercial product is authorized for use on carrot, tomato, melon, cucumber, pepper,
tobacco, watermelon, zucchini, eggplant and pumpkin in all Southern countries of Europe
with the exception of Cyprus and Malta (Table 1) [104].

6.2.3. Abamectin

It is a mixture of macrocyclic lactons [avermectin B1a (80%) and B1b (20%)] with high
biological activity. Abamectin is an anthelmintic agent, produced by Streptomyces avermitilis
[C48H72O14 (B1a), C47H70O14 (B1b)]. It blocks γ-amino butyric acid by stimulating chloride
channels, which leads to the opening of chloride channels not dependent on neurotransmit-
ters [106]. This causes an ionic imbalance in the nervous system of the nematodes, resulting
in their paralysis. Since 2015, it has been registered as an insecticide and nematicide that can
also be used as a seed treatment to protect plants in the initial growing phase from PPNs
and insects which attack root systems [107]. It can be stored for many months without los-
ing its biological properties. Abamectin is known to have nematicidal activity against some
PPNs such as the root-knot nematode Meloidogyne incognita [108–110], the root lesion nema-
tode Pratylenchus penetrans [111], the reniform nematode Rotylenchulus reniformis [108,109],
and the cyst nematodes Globodera pallida [112], Heterodera schachtii [113], H. avenae [114]
and H. carotae [115]. In the EU its use is allowed against root-knot nematodes on tomato,
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eggplant, pepper and string-beans until 30 April 2022. The commercial product can be
used after transplant only in plastic house conditions by drip irrigation systems at the rate
5 L/ha in a water volume of 10,000–20,000 L/ha.

Table 3 reports the main characteristics (formulation, concentration, application time,
doses and number of applications) of bionematicides used in the C Zone of EU countries.

Table 3. List of bionematicides allowed for use in the C Zone of EU countries (approved for use under EC Reg. 2009/1107
according to BPDB: Bio-Pesticide Data Base).

Bionematicide
Based on Name Formulation Concentration a.i. 1

(CFU/L or g/L)
Application

Time
Dose

(L or Kg/ha)

Number of
Applications during

the Crop Cycle

Fungi

Purpureocillium
lilacinum

strain 251 2
Liquid 5.1 × 1013 Transplant and

post-transplant 0.75 3–4

Pochonia
clamydosporia 3 Liquid 1011 Transplant and

post-transplant 2 2–3

Bacteria

Pasteuria penetrans In advanced state of evaluation by the EU phytosanitary commission

Bacillus firmus 4

(strain I 1582)
Wettable
powder 3.55 × 1012

Before transplant
or sowing (A)
and after (B)

80 (A) or
40 + 40 (B) 1

Bacteria derived
product Abamectin 5 Liquid 20

Immediately after
transplant (first

application)
5

5 (tomato)
3 (eggplant, pepper,

cucurbits)
1 a.i. = active ingredient; 2 not allowed in Bulgaria and Malta; 3 it is approved as biostimulant; it is a potential nematicide, the commercial
formulation contains mycorrhizae of the genus Glomus and viable conidia of Arthrobotrys and Pochonia; 4 not registered in Cyprus and
Malta; 5 it is approved as nematicide on protected crops in Bulgaria, Cyprus, Greece, Italy and Spain. Note: It is important to follow the
instructions reported on the label of the product as they differ according to pest and crop. Information on concentration, application times,
doses and number of applications are reported on the label of each commercial product.

7. Plant Extracts

In the EU, the following extracts are registered as active ingredients: garlic extract,
clove oil, a mixture of oils based on thymol and geraniol and azadirachtin.

7.1. Garlic Extract

The extract is available both in granular (GR) and concentrated suspension (CS) for
application at transplant or sowing at the rate of 20–25 Kg/ha (GR) or 2–4 L/ha (CS) [116].
The active ingredient is not an ordinary garlic extract, it derives from a patented production
process in which specific polysulfide compounds (molecules containing from 2 to 5 sulfur
atoms, which represent the active ingredient of the formulation) are obtained from allicin
(the substance causes the typical pungent smell of garlic). The garlic extract guarantees
consistent and reproducible results. These polysulfide compounds act by contact and
ingestion [117]. In the case of Solanaceae (tomato, eggplant, potato) and Cucurbitaceae (water
melon and cantaloupe) it is recommended to apply the product in the transplant hole
at least at 1 g/plant. The nematicidal action lasts 25–30 days. After the GR treatment,
irrigation is advisable. The CS liquid formulation can be used at different stages of the crop
cycle. The persistence of the product is about 14 days; therefore, after the first treatment,
the CS product should be applied at 2 weeks intervals [118]. The formulations are effective
against Meloidogyne spp., Tylenchus spp., Trichodorus spp., Longidorus spp., Pratylenchus spp.,
Xiphinema spp. and the cyst nematodes Globodera spp. and Heterodera spp. [119,120]. The
use of the product is not allowed in Malta (Table 1).

7.2. Clove Oil

The commercial product is a natural formulation based on clove oil extracted from
Eugenia caryophillata (better known as cloves) with high nematostatic and nematicidal
action [121]. It acts mainly against eggs, by interfering with normal embryogenesis it
drastically reduces the juveniles hatching rate [122]. The nematostatic action against the
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juveniles is also fundamental because the motile forms lose their motility and the ability
to attack plant roots to complete their life cycle. It is important that the treatment must
be carried out before the nematode activity inflicts severe damage on the vegetation state
of the crops, in which case the treatment would be completely useless. Other treatments
are recommended every 10 days after transplanting to maintain the crops in a healthy
and vigorous condition. The a.i. contained in the commercial formulation is 200 g/L. The
suggested doses are 5 L/1000 m2 at transplant or sowing and 3–5 L/1000 m2 every 10 days
after transplant or sowing for 5–6 treatments [123]. The product is authorized as nematicide
only in Italy.

7.3. Thymol and Geraniol Oils

Essential oils (EOs) are complex mixtures of bioactive volatile compounds consisting
of different compounds (terpenes and terpenoids, oxygenated terpenes, sesquiterpenes and
phenylpropanoids) produced by the secondary metabolism of aromatic plants (Lamiaceae,
Myrtaceae, and Umbelliferae) [124–126]. Nematicidal activities have been reported for plant
EOs containing a mixture of thymol and geraniol oils against root-knot nematodes [127,128].
The product is used to protect Solanaceae and Cucurbitaceae from infection by nematode
juveniles in the soil. Thymol and geraniol act against nematodes via different mechanisms.
Due to their lipophilic nature, the primary mode of action of thymol and geraniol is their
accumulation in cell membranes. It causes loss of integrity: a change in fatty acids and
phospholipids composition and consequent lysis leads to releasing cellular substances and
cell death. The product is characterized by no residues, no pre-harvest interval, favorable
environmental profile, flexibility, easy application and, moreover, no development of
resistance is expected. It is applied at transplant or sowing. Treatments must be repeated
every 2 weeks by drip irrigation lines with a volume of water ranging between 10,000 and
20,000 L/ha at the dose of 9 L/ha [129].

Table 4 reports the main characteristics (formulation, concentration, application time,
doses and number of applications) of plant extracts used in the C Zone of EU countries.

Table 4. List of plant extracts allowed for use as nematicide in Southern EU countries.

Type of
Product Name Formulation Concentration a.i. 1

(g/L or g/Kg) Application Time Dose
(L or Kg/ha)

Number of
Applications during

the Crop Cycle

Extract Garlic 2
Granular (GR)
Concentrated

suspension (CS)

450 (GR)
999 (CS)

Transplant or sowing (GR)
Pre- and post-transplant

or sowing (CS)

20–25 (GR)
2–4 (CS)

Max 6 (for CS
formulation every

2 weeks)

Oil

Clove 3 Concentrated
emulsion (CE) 203 Pre- and post-transplant

or sowing
50 (pre)

30–50 (post) Max 4 (every 10 days)

Thymol and
geraniol 4

Encapsulated
aqueous solution

41 (thymol) +
121 (geraniol)

Pre- and post-transplant
or sowing 9 6

(every 2 weeks)
1 a.i. = active ingredient; 2 not allowed only in Malta; 3 allowed only in Italy; 4 not allowed in Bulgaria, Cyprus and Malta. Note: It is
important to follow the instructions reported on the label product as they differ according to pest and crop. Information on concentration,
application times, doses and number of applications are reported on the label of each commercial product.

8. Conclusions

The growing concern about the environment and human and animal health has led to
a deep revision of the EU legislation on the application of pesticides in agriculture [130].
Their use has been strongly reduced and few chemical tools are available for farmers
(fumigant and non-fumigant). In nematode control strategies, many nematicides have been
forbidden because of their toxic effect on the environment (aldicarb, cadusafos, carbofuran,
ethoprofos, chloropicrin, 1,3 dichloropropene, methyl bromide, and some others) [131–133].
The number of chemical nematicides on the market available for producers has significantly
decreased in comparison to 15 years ago and vegetable producers are in trouble for ade-
quate control measures against PPNs, although they use bio-nematicides or natural plant
products. Considering that many effective fumigants have lost EU registration and effective
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technical solutions are not available, if not by national derogations [134], it is necessary
to consider the approval of new products or fumigants with favorable eco-toxicological
profiles and a zero Ozone Depletion Potential (ODP). In this context, it could be favorable
to consider products that, in addition to the above reported nematological effect, also have
fungicidal, insecticidal and herbicidal effects. The approval or registration of these potential
products, and possibly their inclusion in the Integrated Pest Management (IPM) program
guidelines, will be of interest for the EU vegetable industry. Among the ecofriendly meth-
ods of nematode control at zero environmental impact, there is the use of resistant cultivars,
when they are available. It is important to highlight that the resistance in a crop is specific
for each nematode genera and species [135]. Global climate changes are seeing a rise in
new virulent populations capable of overcoming genetic resistances which might be broken
also by higher temperature values (35–38 ◦C) [136,137]). Resistant varieties don’t always
exist for the different crops and, when they exist, it is necessary to consider whether the
relative products meet the needs of consumers. The use of soil organic amendments is also
promising because they stimulate soil microorganisms able to decrease PPN populations
and improve soil fertility and plant growth. Organic amendments might be particularly
beneficial because they are natural materials, often produced by farmers at low or zero cost,
from which nutrients and nematicidal substances are released gradually during the crop
cycle. The use of biopesticides and plant extracts is environmentally friendly because these
natural products are usually selective and destroy only targeted organisms. Moreover,
their use in chemo-irrigation may significantly reduce production costs and allow farmers
to maintain the profitability of crops and crop quality.
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