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Abstract

Essential oils are being increasingly utilised as a biorational element in integrated pest management regimes. Whereas there 

has been much research on the effects of these oils on mortality and behaviour of pestiferous molluscs, insects and nematodes, 

there has (to the present authors’ knowledge) been no research into their effects on the mortality and behaviour of beneficial 

nematodes. We address this lacuna by conducting laboratory assays on the behaviour (thrashing assays) and mortality of 13 

essential oils plus controls of Tween and water on the malacophagous nematode Phasmarhabditis hermaphrodita and two 

species of entomopathogenic nematodes, namely: Steinernema feltiae and Heterorhabditis bacteriophora. Mortality results 

showed an “all or nothing” response with only three oils—pine oil, peppermint and lemongrass—displaying intermediate 

mortalities. Also, toxicity of essential oils was conserved across phylogenetically quite distinct beneficial nematode species 

with oil toxicity largely being repeated across the three beneficial nematodes. Thrashing assays confirmed the toxic effects 

of certain oils. We recommend that the effects of essential oils be tested on beneficial organisms in ecosystems before 

choices are made over which oils should be used. The present paper highlights some oils which are not toxic to beneficial 

nematodes but may affect their behaviour. Research should focus on these oils as part of a biorational control programme 

for pestiferous molluscs and insects.
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KeyMessage

• Essential oils (EOs) are being increasingly utilised as an 

element in integrated pest management regimes.
• The majority of studies have predominantly tested the 

impact of EOs on harmful nematodes only.
• We investigate the effect of thirteen EOs on the mortality 

and behaviour of beneficial nematodes. The EOs showed 

an “all or nothing” response on the beneficial nematode 

species with only a small number of oils showing inter-

mediate mortalities.
• EOs should be tested on various beneficial organisms 

before they are recommended for use in pest manage-

ment.
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Introduction

Indiscriminate and overuse of chemicals for controlling 

pests and plant diseases for higher yield have developed 

some negative effects on the environment and led to sev-

eral problems including pesticide resistance, environmen-

tal contamination, destruction of nontarget organisms and 

pest resurgence (Van der Werf 1996; Bailey 2002). The 

harmful effects of synthetic chemicals on the environ-

ment, humans and animal health have prompted scien-

tists to look for alternative control methods, which are 

more sustainable and less toxic to the environment. In this 

aspect, essential oils (EOs) have been gaining prominence 

as a new class of ecological product with antimicrobial, 

insecticidal, molluscicidal and nematicidal activity (Ejechi 

et al. 1999; Isman 2000; Barbosa et al. 2010; Klein et al. 

2020). The exemption of many EOs from pesticide regis-

trations and residue tolerance requirements under federal 

law in the USA (Sect. 25(b) of the Federal Insecticide, 

Fungicide, and Rodenticide Act) shows that certain oils 

are non-toxic to humans and can be used as alternatives to 

synthetic chemicals in agriculture.

EOs are plant-derived products, lipophilic in nature 

and possess the capacity to hinder metabolic, biochemi-

cal, physiological and behavioural functions of insects 

(Brattsten 1983; Tripathi et  al. 2009; Mossa 2016). 

Research findings show that different constituents of EOs, 

such as terpenes, alcohols, aldehydes, ethers, ketones, phe-

nols and oxides (Boire et al. 2013), are effective against 

various pests including insects, mites, fungi, slugs, snails 

and nematodes (Isman 2000; Mc Donnell et  al. 2016; 

Barua et al. 2017; Klein et al. 2020). In animal phyla, 

Nematoda is the second most diverse phylum after arthro-

pods living in a wide range of habitats. Usually, nema-

todes are acknowledged as harmful organisms that cause 

diseases in economically important crops and parasitise 

many vertebrates, including humans. However, there also 

exists beneficial nematodes which have been formulated 

into biological control agents for combatting insects in 

farms and gardens (e.g. Steinernema feltiae and Heter-

orhabditis bacteriophora) and pestiferous gastropods (e.g. 

Phasmarhabditis hermaphrodita) (Rae et al. 2007; Askary 

2010; Coupland et al. 2017). The main attributes of using 

nematodes for pest control are—nematodes possess a short 

life cycle and wide host range; they are environmentally 

safe; and they show persistence even under unfavourable 

conditions (Askary 2010). Entomopathogenic nematodes 

(EPN) are obligate parasites of a range of insect species, 

which utilise symbiotic bacteria (Xenorhabdus for Stein-

ernema and Photorhabdus for Heterorhabditis) to infect 

and kill insect hosts (Ansari et al. 2003). Phasmarhabditis 

hermaphrodita is a facultative parasite of slugs and snails 

that is naturally present in the soil and is able to complete 

its life on decaying matter, e.g. dead slugs and leaf litter 

(MacMillan et al. 2009). It has been formulated into a 

biological control agent (Nemaslug®) used by farmers and 

gardeners to kill pestiferous slugs and snails (Rae et al. 

2007).

To date, studies that have been conducted on nematodes 

using EOs have primarily focused on disease-causing para-

sitic or harmful nematodes. For instance, a variety of EOs 

extracted from different plant families such as Lamiaceae, 

Asteraceae, Myrtaceae, Lauraceae and Poaceae have been 

widely studied for nematicidal activity against pinewood 

nematode Bursaphelenchus xylophilus and root-knot nema-

todes Meloidogyne spp. Oka et al. (2000) studied the nemati-

cidal effect of EOs and the active compounds from 27 plant 

species on the root-knot nematode Meloidogyne javanica at 

a concentration of 1000 µl/litre. Their results reveal that 12 

EOs from Poaceae, Lamiaceae, Asteraceae and Apiaceae 

immobilised more than 80% of second-stage juveniles (J2). 

The same study also observed that EOs from eight plants 

(Artemisia judaica, Carum carvi, Foeniculum vulgare, Men-

tha rotundifolia, Mentha spicata, Micromeria fruticose, Ori-

ganum syriacum and Origanum vulgare) cause reduction in 

egg hatching (˂ 5%) of Meloidogyne javanica. Perez et al. 

(2003) demonstrated that the EO of Chrysanthemum coro-

narium (at 2, 4, 8 and 16 µl/ml) significantly reduced egg 

hatching, J2 survival and reproduction rate of Meloidogyne 

artiellia. On the other hand, Ntalli et al. (2011) analysed the 

nematicidal activity and synergistic and antagonistic inter-

actions between active components of EOs obtained from 

seven aromatic species namely Eucalyptus melliodora, Jug-

lans regia, Laurus nobilis, Pistacia terebinthus, Foenicu-

lum vulgare, Pimpinella anisum and Achillea millefolium 

against Meloidogyne incognita, showing that combinations 

of nematicidal EO components, such as carvacrol/thymol 

or carvacrol/geraniol had synergistic activity on M. incog-

nita J2 juvenile paralysis. Likewise, Sangwan et al. (1990) 

evaluated the nematicidal activity of the EOs of different 

plant species belonging to the families Labiatae, Myrtaceae 

and Gramineae and their major monoterpenoidal constitu-

ents, linalool, eugenol, menthol, cineole and geraniol on four 

nematode species viz. second stage juveniles of seed gall 

nematode (Anguina tritici), citrus nematode (Tylenchulus 

semipenetrans), root knot nematode (Meloidogyne javanica) 

and pigeon pea cyst nematode (Heterodera cajani).

Whereas there has been much research on the effects of 

EOs on the mortality and behaviour of pestiferous molluscs, 

insects and nematodes, there has (to the present authors’ 

knowledge) been no research into their effects on the mor-

tality and behaviour of beneficial nematodes such as EPN 

and slug-parasitic nematodes. We address this research 

lacuna by assessing the impact of 13 EOs in laboratory 

assays on the behaviour (thrashing assays) and mortality 
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of P. hermaphrodita and two species of entomopathogenic 

nematodes (EPN), namely: S. feltiae and H. bacteriophora.

Materials and methods

Source of nematodes and EOs

The commercial strain of P. hermaphrodita (Nemaslug®), 

H. bacteriophora and S. feltiae (Nemasys®) were purchased 

from BASF Becker Underwood Agricultural Specialities. 

Prior to use, all products were stored at 10 °C in the labora-

tory. Thirteen EOs (Birch tar [Betula alba], Bitter Orange 

[Citrus bigaradia, C. amara], Cedarwood [Juniperus vir-

giniana], Cinnamon [Cinnamomum cassia], Clove [Eugenia 

caryophyllata], Eucalyptus [Eucalyptus globulous], Garlic 

[Allium sativum], Lemongrass [Cymbopogon citrates], 

Spearmint [Mentha spicata], Peppermint [Mentha piperita], 

Pine [Pinus strobes], Rosemary [Rosmarinus officinalis] and 

Thyme [Thymus vulgaris]) were used for studying the sur-

vival and thrashing of the three nematode species. The rea-

son behind selection of above-mentioned oils is that most of 

the oils have been tested for molluscicidal, insecticidal and 

acaricidal activity in other studies (Mc Donnell et al. 2016; 

Rios et al. 2017; Barua et al. 2017; Klein et al. 2020). All the 

oils were procured from https ://www.essen tialo il.com except 

Birch Tar, which was ordered from https ://www.pipin grock 

.com/essen tial-oils-mc.

E�ect of EOs on survival of nematodes

To study the effect of EOs on the survival of nematodes, an 

oil solution was made following the method prescribed by 

Mc Donnell et al. (2016). The oil solution was used in emul-

sion form by first mixing the EO with Tween 80 in a ratio 

of 1:2. Tween 80 was used as an emulsifier. The nematodes 

were mixed with water, quantified and 10–15 nematodes 

were added in 25 µl of water to 1% concentration of EO 

solution (e.g. 10 µl oil and Tween mixer in 25 µl nema-

tode suspension and 965 µl water) which was used for the 

survival study. Tween solution at 2% and tap water were 

used as control. Although 1% is towards the high end of 

concentrations of EOs, the product Snail & Slug Away® 

contains 1.35% cinnamon oil as the active ingredient. Also, 

1% has been used in the published literature to screen for 

molluscicidal activity (see Mc Donnell et al. 2016; Klein 

et al. 2020). The oil solutions and control were added to 

5 separate wells in a 96 well plate. To each well, a single 

dauer juvenile of P. hermaphrodita, S. feltiae and H. bac-

teriophora were added separately. A lid was placed on the 

96 well plate; sealed with Parafilm® and then incubated at 

20 °C for four days. To confirm the lethal effect the EOs had 

on nematodes, the treatment solutions were removed after 

four days and distilled water was added to each well imme-

diately, and the number of mobile and immobile juveniles 

were counted. Each nematode was prodded with a pick and 

observed under the microscope for five minutes to verify 

whether it was alive (bending body) or dead (extended float-

ing body). The experiment was repeated three times for each 

nematode species.

The e�ect of EOs on thrashing behaviour 
of nematodes

To observe whether the application of EOs has any signifi-

cant effect on nematodes mobility, a thrashing assay was 

conducted following the method of Sleigh (2010). A thrash-

ing assay is a well-established method for measuring the 

frequency of lateral swimming of parasitic nematodes in 

a liquid medium (Buckingham and Sattelle 2009) and has 

previously been used as an index to understand the effects of 

drugs, chemicals and mutations on the motility of nematodes 

(Buckingham and Sattelle 2009).

A freshly prepared mixture of nematode juveniles and 

oil solutions (1% concentration) was added to three separate 

wells in a 24 well plate to allow free movement of the nema-

todes. Each well contained 60 µl of oil emulsion and a nema-

tode suspension (approximately 60 to 70 nematodes). The 

number of thrashes for three randomly selected nematodes 

was counted from each well at four different time intervals, 

i.e. 0 s, 15 min, 30 min and 60 min for 60 s. Each experiment 

with the oil mixtures, Tween and water was replicated three 

times for the thrashing assay (n = 9 nematodes).

Statistical analysis

The number of thrashes per minute by each individual nema-

tode species exposed to oil solutions, Tween and water was 

compared using a two-way ANOVA with a Tukey post hoc 

test. From the observed juvenile mortality, corrected percent 

mortality was calculated by using Abbotts formula (Abbott, 

1925). No further transformations of the data (e.g. angu-

lar transformation) were performed. The measurement of 

difference was determined according to Tukey’s multiple 

comparison test.

Results

Nematicidal activity of the EOs

The mortality rates of S. feltiae, H. bacteriophora and P. 

hermaphrodita dauer juveniles with different EO treat-

ments are summarised in Fig. 1. The results showed that 

thyme, cinnamon, clove and garlic oil were highly toxic 

at 1% and caused 100% mortality in all three nematode 

https://www.essentialoil.com
https://www.pipingrock.com/essential-oils-mc
https://www.pipingrock.com/essential-oils-mc
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species (p < 0.01) (Fig. 1). Lemongrass caused 100% mor-

tality in P. hermaphrodita and S. feltiae while 46.67 ± 0.15 

percent mortality in H. bacteriophora. However, birch tar, 

rosemary, cedarwood, bitter orange, spearmint and euca-

lyptus oil had no significant effect on either nematodes 

mortality (P > 0.05). Pine and peppermint oil caused 53% 

and 86%, 66% and 80%, 100% and 73% mortality in H. 

bacteriophora, S. feltiae and P. hermaphrodita after 96 h 

of exposure to oil treatment, respectively.

Fig. 1  Percent mortality of 
H. bacteriophora a, S. feltiae 
b and P. hermaphrodita c 
juveniles in 1% concentration of 
selected EO emulsions, Tween 
80 control and water control 
(n ± SE). Means followed by the 
same letter for each oil do not 
differ significantly at p = 0.05 
according to Tukey’s multiple 
comparison test
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Behavioural response of nematodes to EOs

The thrashing assays with all the tested nematode spe-

cies showed that oil solutions and time both significantly 

affected nematode behaviour (Figs. 2, 3 and 4) (p < 0.01). 

When nematode species were subjected to different oil 

solutions, Tween and water, at 0 s, there was no significant 

difference in the number of thrashes by individual species 

in most of the tested oils. However, with time, the thrash 

count of each species was significantly reduced in all the 

oil solutions. More specifically in cinnamon, clove and 

garlic oil, no thrash count was recorded after 30 min and 

60 min of exposure and the nematodes showed an extended 

form without any movement typical of death (Fig. 5). 

Further, we observed a significant difference between the 

number of thrashes of each nematode species exposed to 

water or Tween at time 0 and 60 min (p < 0.01).    

Fig. 2  Mean number of thrashes of H. bacteriophora in 13 EO solu-
tions, Tween 80 control and water control at four different time inter-
vals (n ± SE). Means followed by the same letter for each oil at four 

different time intervals do not differ significantly at p = 0.05 accord-
ing to Tukey’s multiple comparison test

Fig. 3  Mean number of thrashes of S. feltiae in 13 EO solutions, 
Tween 80 control and water control at four different time intervals 
(n ± SE). Means followed by the same letter for each oil at four dif-

ferent time intervals do not differ significantly at p = 0.05 according to 
Tukey’s multiple comparison test
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Discussion

Our results show that among the selected EOs, thyme, cinna-

mon, clove and garlic oil are highly toxic to the three species 

of beneficial nematodes studied in this paper. This result is 

congruous with the findings of other studies (e.g., Pandey 

and Dwivedi 2000; Chitwood 2002; Park et al. 2005; Meyer 

et al. 2008; Gupta et al. 2011) that confirmed the toxicity of 

clove, garlic and cinnamon oil to plant-parasitic nematodes. 

Thus, thyme, cinnamon, clove and garlic oil not only kill 

harmful nematodes, they also harm beneficial nematodes. 

Therefore, serious considerations need to be given when 

using these oils as a tool in integrated pest management 

(IPM) programmes that also utilise nematode biological 

control agents. To date, there has been only a few products 

available utilising EOs, this is primarily as a result of their 

expense. One product which is available is Snail & Slug 

Away ®, which is based on cinnamon oil as the active ingre-

dient. Another product, which has recently been patented, is 

ecospray ®, which uses garlic essential oil.

On the other hand, we find that lemongrass, pine and 

eucalyptus oil demonstrate different mortality rates to the 

three species of nematodes. In particular, lemongrass oil is 

comparatively more toxic to P. hermaphrodita and S. feltiae 

than H. bacteriophora. Pine oil shows more than 50% mor-

tality rates in all the three species of nematodes. Eucalyptus 

oil shows a less toxic effect on all the tested nematodes, 

i.e. 0% mortality in S. feltiae and P. hermaphrodita, and 

26.67 ± 0.15% mortality in H. bacteriophora. Prior study 

(Gupta et al. 2011) shows that eucalyptus oil at 1000 µl/litre 

causes 80% mortality in root knot nematode (Meloidogyne 

incognita) after 3 h of exposure. Thus, comparing our results 

with those presented in Gupta et al. (2011), it can be inferred 

that eucalyptus oil has the clear potential to be used as a 

biorational pesticide for pest management, because it kills 

harmful nematodes (even at a lower concentration) but show 

less toxicity towards beneficial nematodes. The remaining 

EOs studied in this paper namely, birch tar, cedarwood, rose-

mary, bitter orange and spearmint oil do not cause the mor-

tality to the nematode species. Thus, our results indicate that 

these EOs have apparent competence for utilisation in pest 

Fig. 4  Mean number of thrashes of P. hermaphrodita in 13 EO solu-
tions, Tween 80 control and water control at four different time inter-
vals (n ± SE). Means followed by the same letter for each oil at four 

different time intervals do not differ significantly at p = 0.05 accord-
ing to Tukey’s multiple comparison test

Fig. 5  Nematode (H. bacterio-

phora) in extended and bending 
form in treatment (thyme) and 
control, respectively
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management as they do not harm the beneficial nematodes, 

and as previously mentioned these EOs have been reported 

as effective against harmful nematodes. For instance, Caboni 

et al. (2013) show that mint species containing carbonyl 

compounds have a strong and fast-acting effect on the root-

knot nematode M. incognita.

We observed in most cases that when the mortality is 

high for one nematode species, it is also usually high for the 

others and when there is zero mortality for one nematode, 

it is usually zero for the others. Thus, the nematodes appear 

to show an “all or nothing” response, i.e. they either all die 

or all survive with only a small number of oils showing 

intermediate mortalities. EOs are complex mixture of alco-

hols, aldehydes, phenol, terpenoids and fatty acid deriva-

tives (Boire et al. 2013). A complete GC–MS analysis of 

the essential oils used in the present paper is available as 

Supplementary Material 6 in Klein et al. (2020). Klein et al. 

sourced their essential oils from the same company that sup-

plied our oils for the present paper. Due to limited resources, 

nematicidal constituents of the oils were not identified. The 

insecticidal or nematicidal properties of EOs may be due 

to the synergistic effect of all its constituents (Oka 2001).

The cuticle of nematodes is a crucial structure for their 

development and survival. Lipids, which are organic com-

pounds insoluble in water but soluble in solvents like oil, are 

one of the major components of the nematode cuticle (Page 

and Johnstone 2007). According to Stadler and Buteler 

(2009), oils show affinity to the insect and mite body sur-

face, and they penetrate their cuticle and dissolve internal 

lipids (Taverner et al. 1999). The mortality of nematodes in 

an oil may be due to the oil’s lipophilic properties. Alter-

natively, the volatile compounds of EOs with nematicidal 

properties may penetrate through the cuticle of nematodes 

through diffusion and affect the nervous system. This may 

help explain nematode mortality by selected EOs. In fact, 

Najar Rodriguez et al. (2007) show that oils can penetrate 

the cell membranes and cause disruption of the synaptic 

transmission of nerve ganglia in insects. However, the mode 

of action of EOs and their components against nematodes is 

unclear and needs further investigation.

The lateral movement of nematodes (thrashes per min) 

signifies an important aspect of locomotion. In our study, 

we observed that oil solutions have significant effects on 

nematodes locomotion. The reduction in thrash count of the 

nematode species may be because either they are paralysed 

by the oil emulsion or they may be susceptible to different 

nematicidal constituents of essential oil.

Several plant EOs and phytochemicals are known for their 

nematicidal activity (Chitwood, 2002). The potential of EOs 

as biopesticides for harmful nematodes has been examined 

in many studies (Oka et al. 2000; Tsao and Yu 2000; Gill 

et al. 2001; Kong et al. 2006; Park et al. 2007; Barbosa et al. 

2010; Ntalli et al. 2011; Gupta et al. 2011; Eloh et al. 2019). 

In addition, EOs have been tested as an alternative to pes-

ticides on several invertebrates (Isman 2000; Ayvaz et al. 

2010) and gastropod pests (Mc Donnell et al. 2016; Sousa 

et al. 2017; Klein et al. 2020). However, their impact on ben-

eficial nematodes has been completely overlooked and this 

study raises some important questions on the use of essen-

tial oils in IPM programmes. To the best of our knowledge, 

no study has investigated the toxicity of EOs on beneficial 

entomopathogenic and slug parasitic nematodes. Further-

more, studying the toxicity of EOs on beneficial nematodes 

that are naturally present in the environment is important in 

order to ensure that the use of essential oils do not disturb 

the balance of the ecosystem.

The findings of this work show that clove, garlic, lem-

ongrass, peppermint and cinnamon oil have the potential to 

be used as novel nematicides for plant-parasitic nematodes, 

and they do possess noxious effects on beneficial nematodes 

like P. hermaphrodita, S. feltiae and H. bacteriophora. 

These nematode species play a significant role in regulat-

ing insect and slug pests in the soil (Grewal et al. 2004; Rae 

et al. 2007), while there are some other EOs (e.g. Spearmint, 

Rosemary, Eucalyptus [all at 1% concentration]), which are 

less toxic to entomopathogenic and slug parasitic nema-

todes but have potential to kill plant parasitic nematodes 

like Meloidogyne spp. Therefore, it is important to study the 

toxicity of different EOs on various beneficial nematodes.

Conclusion

In a nutshell, the results obtained from the present study 

could be useful for screening EOs as a biorational pesti-

cide for use in IPM programmes. As the results showed that 

certain EOs such as cinnamon, clove, garlic, peppermint, 

lemongrass, thyme, pine and eucalyptus oil are not suitable 

for the beneficial nematodes and negatively affect their sur-

vival and behaviour. These beneficial nematodes are natural 

enemies to many insect and slug pests in farms and gardens, 

and conservation of natural enemies of various pests is an 

important consideration in IPM. Therefore, it is highly rec-

ommended to test the EOs on a variety of beneficial organ-

isms and screen out the EOs, which are incompatible with 

beneficial organisms before they are recommended for pest 

management programmes. Otherwise, the application of 

EOs for IPM could act as a double-edged sword.
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