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Shared phytochemicals predict efficacy 
of essential oils against western flower thrips 
(Frankliniella occidentalis) in the greenhouse
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Abstract:  Western flower thrips (Frankliniella occidentalis; Thysanoptera: Thripidae), or WFT, are a global pest 
of commercial crops, particularly those grown in greenhouses. Current management recommendations often 
involve judicious use of pesticides to which WFT have evolved multiple resistance phenotypes. Essential oils (EOs) 
have shown promise as a less toxic alternative for WFT greenhouse management. However, challenges remain in 
predicting which EOs are most likely to be insecticidal to WFT and ensuring that the efficacy of EOs under bioas-
say conditions reflect performance in whole-plant application scenarios. To address these challenges, 9 EOs were 
tested for contact toxicity against WFT in small container assays, then gas chromatography–mass spectroscopy 
(GC–MS) profiles of each EO were used to quantify concentrations of 22 chemicals shared by at least 5 or more of 
the plant species. Of these, 13 compounds were positively correlated with thrips mortality. Effective compounds 
were a mixture of sesquiterpenes, cyclic monoterpenes, and noncyclic monoterpenes. Interestingly, no bicyclic 
monoterpenes shared among the essential oils tested correlated with thrips mortality. Whole-plant assays of the 
four best EOs from the container assay showed significant reduction in the number of thrips per plant, although 
mortality in EO treatments in the whole plant assay was lower than in the container assay. In addition, all four 
EOs were as efficacious as the conventional insecticide flonicamid. Identifying other EOs with high concentra-
tions of the efficacious compounds that were identified in this study and using container assays to screen these 
oils for WFT thrip mortality and phytotoxicity could help integrated pest management (IPM) practitioners and 
greenhouse staff to more rapidly accumulate a suite of EOs as low toxicity alternatives for management of WFT in 
greenhouse settings.
Keywords:  Western flower thrips, Greenhouse management, Essential oils, Gas chromatography, Monoterpenes, 
Sesquiterpenes, Integrated pest management, Principal components analysis
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Background
Western flower thrips (WFT; Frankliniella occidentalis, 
Thysanoptera: Thripidae) are one of the most destructive 
plant pests on the planet [1]. Both horticultural and food 
crops are susceptible to damage by WFT [2, 3]. Though 
feeding can be tolerated in some plants with little or no 
impact to yield, the discoloration and wilted appear-
ance caused by their piercing–sucking mouthparts can 
quickly render produce aesthetically unmarketable. WFT 
can also act as a vector of major plant diseases including 
tomato spotted wilt virus and Impatiens necrotic spot 
virus, diseases estimated to cost billions (USD) in losses 
annually in the US alone [4, 5] and for which integrated 
disease management approaches are required.

Currently, the most successful control strategy is to tar-
get WFT with intensive pesticide applications [6]. Chem-
ical management tactics involve targeted applications of 
contact pesticides including azadirachtin, insecticidal 
soaps, neem oil, pyrethrin, or Spinosad [6]. Systemic pes-
ticides, most notably neonicotinoids, are also effective 
at managing thrips but their use is not recommended 
given their broader impact on beneficial species that may 
interact with the focal plant (e.g., pollinators and bio-
logical control agents) [1]. Furthermore, the short gen-
eration time and complex reproductive biology of WFT 
have facilitated their ability to evolve multiple resistance 
mechanisms against many active ingredients of insecti-
cides [7]. A larger array of treatments is clearly needed 
for WFT, and methods for expanding the array of avail-
able treatments in the future as WFT continues to evolve.

Essential oils (EOs) could provide a low-risk alter-
native to conventional pesticides for managing WFT 
[8–10]. Plants have defended against insects for mil-
lions of years, resulting in a wide range of biologically 
active compounds [11]. Essential oil products have 
many potential routes for pest management including 

contact toxicity, fumigant toxicity, behavioral manipu-
lation (attraction and repellency), and gustatory effects 
[10]. The diversity of compounds present in EOs could 
allow target-specific insect control. However, given 
that EOs contain a wide array of phytochemicals, it can 
sometimes be difficult to determine which EO phyto-
chemicals are responsible for insecticidal effects on a 
particular pest.

Previous work has shown that Mentha pulegium and 
Thymus mastichina EOs are moderately effective at 
reducing the population density of WFT through fumi-
gant toxicity [12]. Other EOs have been shown to be 
toxic or repellent to other species of thrips, including 
basil (Ocimum basilicum), black pepper (Piper nigrum), 
true cinnamon (Cinnamomum zeylanicum), cassia 
(Cinnamomum cassia), myrrh (Commiphora myrrha), 
lemongrass (Cymbopogon citratus), marjoram (Origa-
num majorana), eucalyptus (Eucalyptus globulus), and 
citronella (Cymbopogon nardus) [13, 14]. However, 
given the diversity of EOs now commercially available, 
and the diversity of potentially biologically active com-
pounds within EOs, testing every available EO for pest 
management of WFT would be impractical. Neverthe-
less, the ability of WFT to evolve resistance to insec-
ticidal compounds [7], as well as the introduction of 
new EOs on the market as the EO market continues to 
expand globally [15], necessitates a methodology for 
identifying EOs that could potentially be effective and 
then rapidly screening them for WFT toxicity.

In this study, we tested nine essential oils in their 
ability to reduce active populations of WFT in con-
tainer and whole plant bioassays via contact toxicity. 
We asked: (1) which essential oils are most effective at 
reducing populations of western flower thrips in a 24-h 
bioassay?, (2) Do results from the rapid bioassay pre-
dict performance of EOs against WFT in whole-plant 
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assays?, and (3) Which, if any, shared chemical con-
stituents among the EOs’ profiles correlate with WFT 
mortality?

Methods
Essential oils
The nine EOs we tested were arborvitae (Thuja plicata: 
Cupressaceae), cassia (Cinnamomum cassia: Lauraceae), 
eucalyptus (Eucalyptus globulus: Myrtaceae), ginger 
(Zingiber officinale: Zingiberaceae), oregano (Origanum 
vulgare: Lamiaceae), peppermint (Mentha piperita: Lami-
aceae), Siberian fir (Abies sibirica: Pinaceae), Spearmint 
(Mentha spicata: Lamiaceae), and thyme (Thymus vul-
garis: Lamiaceae). The EOs tested were based upon com-
mercial availability as well as preliminary evidence from 
field trials (Durr, pers. comm) suggesting some insecti-
cidal potential. Furthermore, each of these oils has been 
shown in previous literature to have insecticidal proper-
ties across multiple insect taxa [16–24]. All essential oils 
used were ordered from the supplier dōTERRA​® (Pleas-
ant Grove Utah, USA) in 2018–2019.

Essential oils used in this study were analyzed at the 
Aromatic Plant Research Center (Lehi, Utah, USA) 
by GC–MS using a Shimadzu GCMS-QP2010 Ultra 
operated in the electron impact (EI) mode (elec-
tron energy = 70  eV), scan range = 40–400 amu, scan 
rate = 3.0 scans/sec, and GC–MS solution software. The 
GC column was a ZB-5 fused silica capillary column with 
a (5% phenyl)-polymethylsiloxane stationary phase and 
a film thickness of 0.25 μm. The carrier gas was helium 
with a column head pressure of 80 psi and flow rate of 
1.37  mL/min. Injector temperature was 250  °C and the 
ion source temperature was 200  °C. The GC oven tem-
perature program was programmed for 50 °C initial tem-
perature, temperature increased at a rate of 2  °C/min to 
260  °C. A 5% w/v solution of the sample in CH2Cl2 was 
prepared and 0.1  µL was injected with a splitting mode 
(30:1). Identification of the oil components was based 
on their retention indices determined by reference to a 
homologous series of n-alkanes, and by comparison of 
their mass spectral fragmentation patterns with those 
reported in the literature [16], and stored in the research 
center’s in-house MS library [25].

Container assays
All assays were conducted at The Land Institute in Salina, 
KS USA (38.767231, −  97.566029) in six blocks during 
2018–2019. Blocks 1–4 were conducted June 19–20, June 
21–22, June 26–27, and June 29–30 in 2018, respectively; 
Blocks 5–6 were conducted July 2–3 and July 6–7 in 
2019, respectively. Western flower thrips were collected 
from 150 infested 2-month-old greenhouse alfalfa plants 

that had not been treated with EOs for at least 4 weeks 
prior to the experiment. The alfalfa plants were grown 
in 5.6 L tree pots (Stuewe®) in Promix BX potting mix 
and were watered daily. Greenhouse growing conditions 
were 29.4–35  °C with ambient sunlight supplemented 
with 400  W high intensity discharge lights. Alfalfa was 
selected due to its abundance in the greenhouse at the 
time the studies were conducted, because it has been pre-
viously used to test phytotoxicity of essential oils [26–29] 
and because it is a host plant for Western flower thrips 
[30, 31]. Due to variable availability of thrips, the assay 
was conducted in 6 blocks. In each block 3–6 treatments, 
each of a single EO, were tested plus a control treatment 
(water + surfactant). In total, 20 replicates were assessed 
for the control treatment, and 5–12 replicates for each 
EO. Not all EOs could be tested in every block due to 
limitations in the number of available containers and the 
availability of thrips.

For each study replicate, 10 WFT were placed in a 
11.43 × 11.43 × 3.81  cm clear plastic seed germination 
boxes with tight closing lids. One alfalfa leaf, approxi-
mately 2 cm2 in size, was also placed in each container as 
a temporary food source for thrips and as an indicator for 
phytotoxicity of the EOs tested. Essential oil treatments 
consisted of a 0.08% dilution with 60 mL RO water, plus 
0.05 mL of soap (Dr. Bronner Unscented Castile Soap) as 
a surfactant, and 0.05 mL of the EO. These solutions were 
made in Boston Round spray bottles with a separate, des-
ignated bottle used for each treatment. The control treat-
ment consisted of 60 mL RO water with 0.05 mL of soap. 
Each treatment was applied to the container via a small 
pump sprayer with two sprays per container, for a total 
volume of 0.33  mL solution per container (0.00027  mL 
EO per container, or 5.58 * 10–7 mL EO per cm3). After 
treatment, thrips were allowed to feed on the alfalfa tis-
sue for 24 h in a climate-controlled insect rearing cham-
ber (25 ℃, 40% RH, 16:8 L:D) and number of surviving 
thrips was recorded. From these data the proportion 
thrips mortality (surviving WFT/total WFT per con-
tainer) was calculated.

Whole plant assay
To test how EOs would perform in a more realistic green-
house pest management scenario, whole-plant assays 
were performed on four of the most successful EOs from 
the container assays (peppermint, Siberian fir, arborvi-
tae, and thyme). Though oregano and cassia were highly 
successful at reducing survival of WFT in the container 
assays, they were also highly phytotoxic to the red clover, 
and hence, excluded from the whole-plant assays. These 
four EOs were also compared to the conventional insec-
ticide flonicamid (Aria; manufacturer specifics), which is 
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commonly used for WFT management in greenhouses, 
and a water-only control treatment.

The whole plant assays were conducted in 
17 cm × 8 cm × 28 cm, 3.8 L capacity clear plastic cereal 
containers (Buddeez®) that were modified to grow plants 
inside, in a completely pest- and insecticide-free envi-
ronment, before WFT applications occurred. Container 
lids were cut out leaving only the outermost portion that 
closed around the container, and the holes were covered 
with LS Econet 1515 Insect Screen (Ludvig Svensson 
Inc., Charlotte, NC USA) to allow for air and humidity 
exchange, but prevent WFT from entering or exiting the 
containers. Two 1.5 cm diameter holes were also drilled 
into the bottom of each container and covered with the 
same mesh netting to allow for drainage when watering. 
Containers were filled with 2 L of Promix BX, and twenty 
organic red clover (Trifolium pratense) seeds were shal-
lowly seeded into each container. Containers were held 
in climate-controlled growth chambers (32  °C; 40% RH; 
16:8 L:D) until at least two true leaves had formed on at 
least 50% of the seedlings.

Once the seedlings had established, WFT adults were 
taken from infested greenhouse plants using the same 
protocol as the container assays. Twenty WFT were 
added to each container and allowed to feed on the red 
clover for 24  h before one of the six treatments were 
applied. Essential oil solutions consisted of the same 
0.08% dilutions and controls again consisted of 60  mL 
DI water with 0.05 mL of soap. Flonicamid was mixed at 
0.008 g active ingredient in 60 mL water as per the manu-
facturer specifications, plus 0.05 mL of soap. Treatments 
were applied directly to the seedlings with a small pump 
sprayer until all leaf tissue was damp but not dripping. 
This was a total of 6 mL solution per container (0.005 EO 
mL per container, or 2.63 * 10–6 mL EO per cm3; 0.0008 g 
flonicamid per container, or 4.20 * 10–7 g flonicamid per 
cm3) with 20 replicates used for each treatment and the 
control.

Treatments were applied once and after 24  h a 
7.6 × 12.7 cm yellow sticky card (Pestrap®) was adhered 
to the inside of each container. Containers were left for 
another 24  h to allow capture of surviving WFT. Cards 
were then removed and the number of WFT per card was 
recorded. Proportion mortality was calculated by divid-
ing the number of WFT per card by the total number of 
WFT added to each container. The assay was conducted 
in 4 blocks with 3 replicates of control and each EO treat-
ment per block (n = 12 per treatment), and 3 replicates of 
flonicamid treatment in 3 of the 4 blocks (n = 9).

Statistics
To test the relative success of the treatments in reducing 
WFT populations for both the container and whole plant 
assays, mixed ANOVAs (PROC GLM, SAS 9.4) were per-
formed on proportion WFT mortality. Data for the con-
tainer assay were arcsine-square root transformed, and 
data for the whole plant assay were square root trans-
formed, to meet the test assumptions of normality and 
homoscedasticity of residuals. Treatment was coded as 
the independent fixed factor with proportion WFT mor-
tality as the response variable; block was coded as a ran-
dom effect. For tests with a significant treatment effect, 
pairwise comparisons were performed using the Tukey–
Kramer adjustment for multiple comparisons.

For the chemical analyses, we used the GC–MS data 
for all EOs to determine which compounds were shared 
among at least 5 of the nine EOs tested. We then con-
ducted a simple regression of % mortality from each 
replicate of the container assay and the concentration of 
each chemical compound (PROC REG, SAS 9.4). Control 
treatment replicates were excluded from the regression 
analyses.

We also conducted a principal components analysis, 
or PCA (PROC CALIS, SAS 9.4) on the shared 22 com-
pounds of the 9 EOs. This qualitative analysis was used to 
determine whether shared compounds with similar tox-
icity to thrips were “bundled” in orthogonal trait-space 
and allowed us to visualize the distributions of the essen-
tial oils within this phytochemical trait-space.

For the shared 22 EO chemical compounds, a litera-
ture search was conducted to determine if: (1) Each com-
pound had been previously measured in EOs, (2) Each 
compound had been previously shown to be insecticidal, 

Fig. 1  Proportion mortality of thrips in the container assay 24 h 
post-application of control (no essential oil) versus nine essential oil 
treatments. Error bars denote standard error, while bars with shared 
letters indicate treatments that do not significantly differ. Treatments 
with an asterisk exhibited phytotoxicity when applied to the alfalfa 
leaves in the containers
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and (3) Each compound had been previously shown to be 
insecticidal to thrips of any species.

Results
There was a significant effect of treatment (F9,92 = 53.03, 
p < 0.0001) but no significant block effect (F5,92 = 1.69, 
p = 0.1439) in the container assay (Fig.  1). Arborvitae, 
thyme, oregano, and cassia applications had the highest 
mortality, while eucalyptus was the least successful (NS). 
Though cassia and oregano had a high rate of mortality, 
they were noticeably phytotoxic to the red clover leaves 
and were excluded from the whole plant assays.

Whole plant assays had a significant effect of treat-
ment (F5,60 = 16.05, p < 0.0001) as well as a significant 
block effect (F3,60 = 27.59, p < 0.0001). Every EO treat-
ment tested—peppermint, Siberian fir, arborvitae, and 
thyme—significantly reduced the population of WFT rel-
ative to the control (Fig. 2). Flonicamid also significantly 
reduced WFT relative to control, but it did not differ in 
efficacy compared to any of the EO treatments.

The principal component analysis (Fig. 3) showed some 
evidence of grouping of EO species according to taxo-
nomic similarity, such as the closely related thyme and 
oregano [32] and peppermint and spearmint, both in 
the Mentha genus [32], respectively, being located simi-
larly in phytochemistry trait-space. However, similarity 
of these EOs in their shared compounds was not consist-
ently closely correlated with phylogeny. For example, cas-
sia (order Laurales) and arborvitae (order Pinales) were 
more phytochemically similar than Siberian fir (order 
Pinales) was to arborvitae. Similarly, spearmint and pep-
permint (order Lamiales) were more similar in shared 
phytochemical compounds to eucalyptus (order Myr-
tales) and ginger (order Zingiberales) than to thyme or 
oregano (also order Lamiales) [33].

Using the GC–MS data available for these EOs (Addi-
tional file  1: Table  S1), we were able to find significant 
positive correlations between 13 shared phytochemicals 
and EO efficacy against WFT (Fig. 4, Table 1). An addi-
tional compound, 1,8-cineole, was negatively correlated 
with thrips mortality (Fig.  4, Table  1). Previous studies 
have demonstrated that all 14 compounds have at least 
some documented insecticidal effects (Table  2), though 
not always on thrips. Eight compounds that were corre-
lated with WFT mortality in this study have not previ-
ously been documented correlating with thrips mortality 
or thrips feeding: α-Thujene, γ-terpinene, Terpinolene, 
cis-p-Menth-2-en-1-ol, Terpinen-4-ol, β-caryophyllene, 
δ-cardinene, and trans-Cadina-1(6),4-diene. However, 
six compounds that have shown to correlate with thrips 
mortality or feeding in previous studies—α-phellandrene, 
limonene, α-terpineol, α-pinene, β-pinene, and cam-
phene—were not found to correlate with WFT in our 
analyses.  

Discussion
Essential oils could provide a low-risk alternative to pesti-
cides for managing greenhouse pests [10, 34]. Our results 
show the possibility of essential oils in managing west-
ern flower thrips. Every EO, except for eucalyptus, had a 
pronounced impact on mortality in the container assays. 
We also found that four of most effective EOs from the 
container assay—peppermint, Siberian fir, arborvitae, 
and thyme—reduced WFT survival with comparable suc-
cess to flonicamid when applied to infested whole plants, 

Fig. 2  Proportion morality of thrips in the whole plant assay 48 h 
post-application of control (no essential oil or insecticide) versus 
the conventional thrips insecticide flonicamid and four essential oil 
treatments. Error bars denote standard error, while bars with shared 
letters indicate treatments that do not significantly differ

Fig. 3  Principal component analysis (PCA) of the 22 chemical 
compounds shared among 5 or more of the 9 essential oils tested 
in the container assay. Black arrows indicate a single chemical 
compound, while red arrows indicate 2 or more chemical 
compounds. Yellow data points indicate the location of the nine 
essential oils within the phytochemical PCA trait-space
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Fig. 4  Significant correlations between 14 common chemicals, those present in at least 5 of the 9 essential oils tested, and proportion thrips 
mortality in replicates of the container assays
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without causing visual phytotoxicity. Given that WFT 
has evolved resistance to many active ingredients of pes-
ticide formulations [6], our data show great promise for 
the use of at least some EOs for management of WTFs in 
greenhouses.

Plants have evolved a vast arsenal of chemically distinct 
defensive compounds [35], so determining which EO 
compounds are correlated with toxicity to a specific pest 
is key to determining which EOs may be effective against 
a given pest species. For example, eucalyptus, a plant 
with a wide spectrum of biologically active compounds 
[36, 37], did not have a statistically meaningful impact on 
mortality in WFT. However, screening all possible EOs 
for insecticidal properties against every target pest would 
be expensive and logistically challenging. Our data-
driven approach, combining GC–MS obtained chemical 
quantities with toxicity results from a set of EO container 
assays, allows us to determine the suite of chemicals that 
are correlated with the specific pest mortality. Scientists 
and greenhouse managers could subsequently use this 
information to seek out other EOs with similar chemical 
properties for management of that pest.

One limitation to our approach is that principal com-
ponent analysis groups the compounds by their quanti-
ties rather than chemical structure/property, so its utility 
for identifying effective classes of chemicals is limited. 
For example, the thirteen chemicals statistically associ-
ated with thrips mortality were terpenoids with similar, 
cyclical structures (Table  1), but they did not cluster in 
the PCA (Fig. 3). Incorporating a structural comparison 
of the compounds that assigns a similarity value could 
allow compounds to be clustered based on their physi-
cal attributes, which directly relates to function. Fur-
thermore, incorporating detailed structural comparisons 
within our framework could allow synergistic chemicals, 
i.e., compounds that strengthen the effect of the other, 
or the most likely modes of action, to be identified more 
efficiently. Given that chemical reactions only occur 
when specific conformations of specific molecules are 
present under specific conditions, it is safe to assume that 
structural comparisons would inform these relationships.

While it is unclear why bicyclic monoterpenes were 
effective but sesquiterpenes were not, the importance 
of structure in chemical effect cannot be overstated. The 
key structural variation between bicyclic monoterpenes 
and sesquiterpenes is in the placement of the rings. Ses-
quiterpenes have planar, adjacent rings, while bicyclic 
monoterpenes have two cyclical portions that overlap. 
Though the physiological route of these EO constitu-
ents in thrips is, to our knowledge, unknown, this struc-
tural variation could be the defining feature of their 
effectiveness.

Thrips have evolved resistance to at least 9 chemi-
cal classes with varying modes of action due to their 
fast generation time and diverse detoxification enzymes 
including cytochrome P-450 monooxygenases, esterases, 
and glutathione S-transferases [7]. Depending on the 
mode of action, essential oils could allow novel manage-
ment tactics for pests that continue to escape conven-
tional products. In addition, work in other systems has 
shown that essential oils can not only have synergistic 
effects with other essential oils, but also pesticides. For 
example, cytochrome P-450 activity of bed bugs (Cimex 
lectularius L.) that had developed resistance to deltame-
thrin was inhibited when essential oil constituents were 
included in the pesticide treatment, greatly increasing 
the toxicity [38].

Another limitation to our approach is that it cannot 
identify unique compounds within EOs that may prove 
effective against specific pests. For example, pepper-
mint EO has high concentrations of isomethone, which 
may have insecticidal properties [39, 40], but this com-
pound was scarce in spearmint and absent in the other 
EOs tested in this study. Similarly, Siberian Fir contains 
a high percentage of bornyl acetate, which is insecticidal 

Table 1  Regression results for the 22 chemical compounds 
that contributed to each of the principal component axes in the 
PCA analysis, with WFT proportion mortality as the dependent 
variable

Variable df Intercept Slope P

1,8-Cineole 1, 105 0.71797 − 0.00594 0.0017**

α-Phellandrene 1, 105 0.657 0.24033 0.4376

α-Pinene 1, 105 0.66399 0.01484 0.3152

α-Terpinene 1, 105 0.49807 0.45603  < 0.0001***

α-Terpineol 1, 105 0.70117 − 0.01815 0.3449

α-Thujene 1, 105 0.57096 0.40532  < 0.0001***

β-Caryophyllene 1, 105 0.53305 0.19010  < 0.0001***

β-Pinene 1, 105 0.64921 0.09011 0.186

Borneol 1, 105 0.56638 0.32176  < 0.0001***

Camphene 1, 105 0.6697 0.00840 0.2841

cis-p-Menth-2-en-1-ol 1, 105 0.56625 3.87660  < 0.0001***

δ-Cadinene 1, 105 0.50281 4.38670  < 0.0001***

γ-Terpinene 1, 105 0.55162 0.08426  < 0.0001***

Limonene 1, 105 0.68095 − 0.00012 0.9897

Linalool 1, 105 0.56847 0.07272  < 0.0001***

Myrcene 1, 105 0.56738 0.16378 0.0004***

p-Cymene 1, 105 0.6011 0.02961  < 0.0001***

Sabinene 1, 105 0.7086 − 0.19549 0.1479

Terpinen-4-ol 1, 105 0.53989 0.15193  < 0.0001***

Terpinolene 1, 105 0.59369 0.61683 0.0022**

trans-β-Ocimene 1, 105 0.71073 − 0.66029 0.1510

trans-Cadina-1(6),4-
diene

1, 105 0.64205 2.04926 0.0379*
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[41], but this compound was scarce or absent in all other 
EOs tested. Research on novel phytochemicals will con-
tinue to be necessary to expand the repertoire of insec-
ticides needed to manage pests that can rapidly evolve 
insecticide resistance. However, rigorous tests of novel 
compounds are impractical to implement in a working 
greenhouse facility. Greenhouse managers must be able 
to select and implement new treatments rapidly. The 
advantage of the shared compound approach is that it 
allows managers to quickly search for and select new EOs 
that are likely to be effective.

Even if a novel EO has shared chemical properties that 
predict it to be a good candidate for pest management, 
it is still important to test the EO prior to widespread 
implementation. The container assay that we employed 
is a simple methodology that could be used to rapidly 
screen multiple types of EOs for both insecticidal effi-
cacy and phytotoxicity. The toxicity of the EOs to thrips, 

as indicated by percent mortality, were higher in the con-
tainer assays than the whole plant assays. This could be 
either due to an increase in the amount of EO applied 
per area in the container assays, more limited food avail-
ability (i.e., plant clippings instead of whole plants), or 
higher exposure to the spray than in a whole-plant sce-
nario, which has much greater habitat complexity that 
could reduce contact exposure of WFT to the EO spray 
However, in both assays the four EOs tested significantly 
increased WFT mortality, and showed a lack of phytotox-
icity when tested in both conditions. Significant mortal-
ity could also be assessed in the most effective EOs with 
as few as 5 replicates of the container assay. These results 
suggest that a container assay approach may be sufficient 
to rapidly test candidate EOs for phytotoxicity and pest 
management efficacy, before implementing at a larger 
scale.

Table 2  The 22 most shared chemical compounds by compound class, and their insecticidal properties in previous literature

Compound Compound class Effect 
in this 
study?

Found in 
insecticidal 
essential oils?

Specific 
chemical 
insecticidal?

Against thrips? References

Linalool Noncyclic monoter-
pene

Y Y Sometimes Y [13, 43–46]

Myrcene Noncyclic monoter-
pene

Y Y Sometimes Boosted when thrips 
feed

[41, 44, 47, 48]

trans-β-Ocimene Noncyclic monoter-
pene

N Y Is nematicidal Could not find [49, 50]

1,8-Cineole Cyclic monoterpene Y, neg Y Sometimes Y [13, 43, 44, 51]

α-Phellandrene Cyclic monoterpene N Y Y Boosted when thrips 
feed

[41, 48]

α-Terpinene Cyclic monoterpene Y Y Sometimes Y [13, 43, 48, 52]

α-Thujene Cyclic monoterpene Y Y N Could not find [46, 47, 52]

Borneol Cyclic monoterpene Y Y Sometimes Y [13, 43–45, 53]

p-Cymene Cyclic monoterpene Y Y Y N [13, 52–54]

γ-Terpinene Cyclic monoterpene Y Y Sometimes Could not find [43, 52]

Limonene Cyclic monoterpene N Y Y Boosted when thrips 
feed

[41, 43, 44, 48]

Terpinolene Cyclic monoterpene Y Y Y Could not find [41]

cis-p-Menth-2-en-1-ol Terpene alcohol, cyclic 
monoterpene

Y Y Could not find Could not find [55]

Terpinen-4-ol Terpene alcohol, cyclic 
monoterpene

Y Y Y Could not find [43, 44, 46, 52]

α-terpineol Terpene alcohol, cyclic 
monoterpene

N Y Sometimes Y [13, 43–45, 56]

α-Pinene Bicyclic monoterpene N Y Sometimes Y [13, 41, 43, 44, 46–48]

β-Pinene Bicyclic monoterpene N Y Sometimes Y [13, 46, 47, 57]

Camphene Bicyclic monoterpene N Y Y Y [13, 44]

Sabinene Bicyclic monoterpene N Y Sometimes Could not find [41, 51, 58]

β-caryophyllene Bicyclic sesquiterpene Y Y Y Could not find [47, 52, 57, 59]

δ-Cadinene Bicyclic sesquiterpene Y Y Could not find Could not find [57]

trans-Cadina-1(6),4-
diene

Cadinene sesquiter-
pene

Y Y Could not find Could not find [14, 54]



Page 9 of 11Durr et al. Chem. Biol. Technol. Agric.            (2022) 9:62 	

We tested the efficacy of a single bottle of each EO, 
sourced from a single batch extraction of that EO. One 
point of concern in the use of EOs in greenhouse man-
agement is that EOs can vary in quality and consistency 
among commercial blends, as: (1) The type or percent-
age of proprietary ingredients of EOs are often not 
included on the product label, and (2) The quantity of 
insecticidal phytochemicals can vary from one batch to 
another within a single product, due to the inherent dif-
ferences in chemical concentration of the plants from 
which the EOs are distilled [42]. Fortunately, consumer 
demand for high quality EOs for therapeutic purposes 
has resulted in multiple EO manufacturers that test the 
chemical composition of their products on a regular 
basis. Sourcing EOs from companies that provide GC–
MS data on their EOs, especially on individual batches, 
and using those data if necessary to tailor the concen-
trations of EOs when applying them as insecticides, 
could help to increase the efficacy and reliability of EOs 
in greenhouse pest management.

Conclusions
Western flower thrips are a global pest requiring con-
tinuous research attention and frequent updates in 
management protocols. As a vector of tomato spot-
ted wilt virus and Impatiens necrotic spot virus, their 
potential to cause damage is often more severe than 
immediately apparent. The short generation time and 
complex reproductive biology of WFT have facilitated 
their resistance to pesticides applied as a management 
strategy against disease transmission. Our work pro-
vides an affordable, rapid screening approach for select-
ing and testing essential oils, a low-risk alternative to 
pesticides, against WFT populations. Out of 9 essential 
oils tested, 4 were viable treatments for managing WFT 
on Red clover. Additional trials could be performed to 
test a broader range of essential oils with comparable 
phytochemistries.

Abbreviations
WFT: Western flower thrips; EO: Essential oil; PCA: Principal components analy-
sis; IPM: Integrated pest management; GC–MS: Gas chromatography–mass 
spectroscopy.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40538-​022-​00328-w.

 Additional file 1: Table S1. The complete list of chemicals, by % total 
composition and Retention index (RI) values (indicated with italics), identi-
fied in each essential oil tested via GC–MS.

Acknowledgements
We would like to thank Jocelyn Pembleton and Caleb Rivera for their assis-
tance in conducting the thrips experiments.

Author contributions
TD conceived of the bioassay experiments, conducted the experiments, and 
assisted with manuscript writing. CS assisted with manuscript writing and 
interpretation of chemistry results. ND and PS conducted the GC–MS analyses 
on the essential oils and assisted with manuscript writing. EM assisted with 
experimental design and manuscript writing, conducted the statistical analy-
ses, and performed the literature review of phytochemical effects on thrips 
and other insects.

Funding
Funding for this experiment was provided by generous donations from private 
donors to The Land Institute. Salary for CS was provided by USDA NIFA AFRI 
Grant 2021-67034-35135.

 Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
TD is a member of the DoTerra® Wellness Advocate program. No other authors 
declare competing interests.

Author details
1 The Land Institute, 2440 E Water Well Road, Salina, KS 67401, USA. 2 Aromatic 
Plant Research Center, 230 N 1200 E Suite 100, Lehi, UT 84043, USA. 

Received: 20 May 2022   Accepted: 7 August 2022

References
	1.	 Mouden S, Sarmiento KF, Klinkhamer PGL, Leiss KA. Integrated pest man-

agement in western flower thrips: past, present and future. Pest Manag 
Sci. 2017;73:813–22.

	2.	 Funderburk J. Management of the western flower thrips (Thysanoptera: 
Thripidae) in fruiting vegetables. Florida Entomol. 2009;92:1–6.

	3.	 Shipp JL, Wang K, Binns MR. Economic injury levels for western flower 
thrips (Thysanoptera: Thripidae) on greenhouse cucumber. J Econ Ento-
mol. 2000;93:1732–40.

	4.	 Nilon A, Robinson K, Pappu HR, Mitter N. Current status and potential of 
RNA interference for the management of tomato spotted wilt virus and 
thrips vectors. Pathogens. 2021. https://​doi.​org/​10.​3390/​patho​gens1​
00303​20.

	5.	 Reitz SR, Maiorino G, Olson S, Sprenkel R, Crescenzi A, Momol MT. Inte-
grating plant essential oils and kaolin for the sustainable management of 
thrips and tomato spotted wilt on tomato. Plant Dis. 2008;92:878–86.

	6.	 Reitz SR, Funderburk J. Management strategies for western flower thrips 
and the role of insecticides. In: Perveen F, editor. Insecticides—pest 
engineering. London: Intech; 2012.

	7.	 Reitz SR. Biology and ecology of the western flower thrips (Thysanoptera: 
Thripidae): the making of a pest. Florida Entomol. 2009;92:7–13.

	8.	 Isman MB. Botanical insecticides, deterrents, and repellents in modern 
agriculture and an increasingly regulated world. Annu Rev Entomol. 
2006;51:45–66.

	9.	 Koschier EH. Essential oil compounds for thrips control—a review. Nat 
Prod Commun. 2008;3:1171–82.

https://doi.org/10.1186/s40538-022-00328-w
https://doi.org/10.1186/s40538-022-00328-w
https://doi.org/10.3390/pathogens10030320
https://doi.org/10.3390/pathogens10030320


Page 10 of 11Durr et al. Chem. Biol. Technol. Agric.            (2022) 9:62 

	10.	 Regnault-Roger C, Vincent C, Arnason JT. Essential oils in insect 
control: low-risk products in a high-stakes world. Annu Rev Entomol. 
2012;57:405–24.

	11.	 Isman MB, Miresmailli S, MacHial C. Commercial opportunities for pesti-
cides based on plant essential oils in agriculture, industry and consumer 
products. Phytochem Rev. 2011;10:197–204.

	12.	 Stepanycheva E, Petrova M, Chermenskaya T, Pavela R. Fumigant effect 
of essential oils on mortality and fertility of thrips Frankliniella occidentalis 
Perg. Environ Sci Pollut Res. 2019;26:30885–92.

	13.	 Kim K-H, Yi C-G, Ahn Y-J, Kim SI, Lee S-G, Kim J-R. Fumigant toxicity of 
basil oil compounds and related compounds to Thrips palmi and Orius 
strigicollis. Pest Manag Sci. 2015;71:1292–6.

	14.	 Abtew A, Subramanian S, Cheseto X, Kreiter S, Garzia GT, Martin T. Repel-
lency of plant extracts against the legume flower thrips megalurothrips 
sjostedti (Thysanoptera: Thripidae). Insects. 2015;6:608–25.

	15.	 Yan MR, Wang CH, Flores NJC, Su YY. Targeting open market with strategic 
business innovations: A case study of growth dynamics in essential 
oil and aromatherapy industry. J Open Innov Technol Mark Complex. 
2019;5:7.

	16.	 Kang MS, Lee HS. Acaricidal and insecticidal responses of Cinnamomum 
cassia oils and main constituents. Appl Biol Chem. 2018;61:653–9. https://​
doi.​org/​10.​1007/​s13765-​018-​0402-4.

	17.	 Ainane A, Khammour F, Charaf S, Elabboubi M, Elkouali M, Talbi M, et al. 
Chemical composition and insecticidal activity of five essential oils: 
Cedrus atlantica, Citrus limonum, Rosmarinus officinalis, Syzygium aromati-
cum and Eucalyptus globules. Mater Today Proc. 2019;13:474–85.

	18.	 Madreseh-Ghahfarokhi S, Pirali Y, Dehghani-Samani A, Dehghani-Samani 
A. The insecticidal and repellent activity of ginger (Zingiber officinale) 
and eucalyptus (Eucalyptus globulus) essential oils against Culex theileri 
Theobald, 1903 (Diptera: Culicidae). Ann Parasitol. 2018;64:351–60.

	19.	 Babu GDK, Dolma SK, Sharma M, Reddy SGE. Chemical composition of 
essential oil and oleoresins of Zingiber officinale and toxicity of extracts/
essential oil against diamondback moth (Plutella xylostella). Toxin Rev. 
2020;39:226–35. https://​doi.​org/​10.​1080/​15569​543.​2018.​14910​56.

	20.	 Conceição CL, de Morais LAS, Campos DR, de O Chaves JK, dos Santos 
GCM, Cid YP, et al. Evaluation of insecticidal activity of thyme, oregano, 
and cassia volatile oils on cat flea. Rev Bras Farmacogn. 2020;30:774–9. 
https://​doi.​org/​10.​1007/​s43450-​020-​00111-8.

	21.	 Digilio MC, Mancini E, Voto E, De Feo V. Insecticide activity of Mediterra-
nean essential oils. J Plant Interact. 2008;3:17–23.

	22.	 Li J, Tian B. Peppermint essential oil toxicity to the pear psylla (Hemip-
tera: Psyllidae) and potential applications in the field. J Econ Entomol. 
2020;113:1307–14. https://​doi.​org/​10.​1093/​jee/​toaa0​09.

	23.	 Yeom HJ, Lee HR, Lee SC, Lee JE, Seo SM, Park IK. Insecticidal activity of 
lamiaceae plant essential oils and their constituents against Blattella 
germanica L. Adult J Econ Entomol. 2018;111:653–61.

	24.	 Tak J-H, Jovel E, Isman MB. Contact, fumigant, and cytotoxic activities of 
thyme and lemongrass essential oils against larvae and an ovarian cell 
line of the cabbage looper, Trichoplusia ni. J Pest Sci. 2016;89:183–93. 
https://​doi.​org/​10.​1007/​s10340-​015-​0655-1.

	25.	 Satyal P, Murray BL, McFeeters RL, Setzer WN. Essential oil characteriza-
tion of Thymus vulgaris from various geographical locations. Foods. 
2016;5:1–12.

	26.	 Jiang C, Zhou S, Liu L, Toshmatov Z, Huang L, Shi K, et al. Evaluation of the 
phytotoxic effect of the essential oil from Artemisia absinthium. Ecotoxicol 
Environ Saf. 2021;226: 112856. https://​doi.​org/​10.​1016/j.​ecoenv.​2021.​
112856.

	27.	 Jiang C-Y, Zhou S-X, Toshmatov Z, Mei Y, Jin G-Z, Han C-X, et al. Chemical 
composition and phytotoxic activity of the essential oil of Artemisia siever-
siana growing in Xinjiang, China. Nat Prod Res. 2022;36:2434–9. https://​
doi.​org/​10.​1080/​14786​419.​2020.​18378​06.

	28.	 Wei C, Zhou S, Li W, Jiang C, Yang W, Han C, et al. Chemical composition 
and allelopathic, phytotoxic and pesticidal activities of Atriplex cana 
Ledeb (Amaranthaceae) essential oil. Chem Biodivers. 2019;16:e1800595. 
https://​doi.​org/​10.​1002/​cbdv.​20180​0595.

	29.	 Shixing Z, Xunzhi Z, Kai S, Caixia H, Kuchkarova N, Chi Z, et al. Chemical 
composition and allelopathic potential of the invasive plant Solanum 
rostratum Dunal essential oil. Flora. 2021;274: 151730.

	30.	 Ripa R, Funderburk J, Rodriguez F, Espinoza F, Mound L. Population 
abundance of Frankliniella occidentalis (Thysanoptera: Thripidae) and 

natural enemies on plant hosts in central Chile. Environ Entomol. 
2009;38:333–44.

	31.	 Hu C, Li Y, Chen G, Duan P, Wu D, Liu Q, et al. Population dynamics 
of Frankliniella occidentalis Pergrande and its predator Orius similis 
Zheng on common crops and surrounding plants. J Asia Pac Entomol. 
2021;24:555–63.

	32.	 Li B, Cantino PD, Olmstead RG, Bramley GLC, Xiang CL, Ma ZH, et al. A 
large-scale chloroplast phylogeny of the Lamiaceae sheds new light on 
its subfamilial classification. Sci Rep. 2016;6:1–18.

	33.	 Zhao T, Zwaenepoel A, Xue JY, Kao SM, Li Z, Schranz ME, et al. Whole-
genome microsynteny-based phylogeny of angiosperms. Nat Commun. 
2021;12:1–14. https://​doi.​org/​10.​1038/​s41467-​021-​23665-0.

	34.	 Regnault-Roger C. The potential of botanical essential oils for insect pest 
control. Integr Pest Manag Rev. 1997;2:25–34. https://​doi.​org/​10.​1023/A%​
3A101​84722​27889.

	35.	 Isman MB. Commercial development of plant essential oils and their 
constituents as active ingredients in bioinsecticides. Phytochem Rev. 
2020;19:235–41. https://​doi.​org/​10.​1007/​s11101-​019-​09653-9.

	36.	 Batish DR, Singh HP, Kohli RK, Kaur S. Eucalyptus essential oil as a natural 
pesticide. For Ecol Manage. 2008;256:2166–74.

	37.	 Nerio LS, Olivero-Verbel J, Stashenko E. Repellent activity of essential oils: 
a review. Bioresour Technol. 2010;101:372–8.

	38.	 Gaire S, Zheng W, Scharf ME, Gondhalekar AD. Plant essential oil con-
stituents enhance deltamethrin toxicity in a resistant population of bed 
bugs (Cimex lectularius L.) by inhibiting cytochrome P450 enzymes. Pestic 
Biochem Physiol. 2021;175:104829.

	39.	 Khani M, Muhamad Awang R, Omar D. Insecticidal effects of peppermint 
and black pepper essential oils against rice weevil, Sitophilus oryzae L. and 
rice moth, Corcyra cephalonica (St.) TT—insecticidal effects of peppermint 
and black pepper essential oils against rice weevil, Sitophilus oryzae L. and 
rice moth, Corcyra cephalonica (St.). jmpir. Department of Medicinal Plants 
Research Center, Institute of Medicinal Plants, ACECR; 2012;11:97–110.

	40.	 Fournet A, de Arias AR, Charles B, Bruneton J. Chemical constituents of 
essential oils of Muña, Bolivian plants traditionally used as pesticides, and 
their insecticidal properties against Chagas’ disease vectors. J Ethnophar-
macol. 1996;52:145–9.

	41.	 Park I-K, Lee S-G, Choi D-H, Park J-D, Ahn Y-J. Insecticidal activities of 
constituents identified in the essential oil from leaves of Chamaecyparis 
obtusa against Callosobruchus chinensis (L.) and Sitophilus oryzae (L.). J 
Stored Prod Res. 2003;39:375–84.

	42.	 Pavela R, Benelli G. Essential oils as ecofriendly biopesticides? Challenges 
and constraints. Trends Plant Sci. 2016;21:1000–7. https://​doi.​org/​10.​
1016/j.​tplan​ts.​2016.​10.​005.

	43.	 Lee S, Tsao R, Peterson C, Coats JR. Insecticidal activity of monoterpenoids 
to Western corn. J Econ Entomol. 1997;90:883–92.

	44.	 Yildirim E, Emsen B, Kordali S. Insecticidal effects of monoterpenes on 
Sitophilus zeamais Motschulsky (Coleoptera: Curculionidae). J Appl Bot 
Food Qual. 2013;86:198–204.

	45.	 Zhang N, Tang L, Hu W, Wang K, Zhou Y, Li H, et al. Insecticidal, fumigant, 
and repellent activities of sweet wormwood oil and its individual compo-
nents against red imported fire ant workers (Hymenoptera: Formicidae). J 
Insect Sci. 2014. https://​doi.​org/​10.​1093/​jisesa/​ieu103.

	46.	 Zapata N, Vargas M, Latorre E, Roudergue X, Ceballos R. The essential oil 
of Laurelia sempervirens is toxic to Trialeurodes vaporariorum and Encarsia 
formosa. Ind Crops Prod. 2016;84:418–22.

	47.	 Ma S, Jia R, Guo M, Qin K, Zhang L. Insecticidal activity of essential oil 
from Cephalotaxus sinensis and its main components against various 
agricultural pests. Ind Crops Prod. 2020;150: 112403.

	48.	 Escobar-Bravo R, Klinkhamer PGL, Leiss KA. Induction of jasmonic acid-
associated defenses by thrips alters host suitability for conspecifics and 
correlates with increased trichome densities in tomato. Plant Cell Physiol. 
2017;58:622–34.

	49.	 Arena JS, Omarini AB, Zunino MP, Peschiutta ML, Defagó MT, Zygadlo JA. 
Essential oils from Dysphania ambrosioides and Tagetes minuta enhance 
the toxicity of a conventional insecticide against Alphitobius diaperinus. 
Ind Crops Prod. 2018;122:190–4.

	50.	 Adekunle OK, Acharya R, Singh B. Toxicity of pure compounds isolated 
from Tagetes minuta oil to Meloidogyne incognita. Australas Plant Dis 
Notes. 2007;2:101.

https://doi.org/10.1007/s13765-018-0402-4
https://doi.org/10.1007/s13765-018-0402-4
https://doi.org/10.1080/15569543.2018.1491056
https://doi.org/10.1007/s43450-020-00111-8
https://doi.org/10.1093/jee/toaa009
https://doi.org/10.1007/s10340-015-0655-1
https://doi.org/10.1016/j.ecoenv.2021.112856
https://doi.org/10.1016/j.ecoenv.2021.112856
https://doi.org/10.1080/14786419.2020.1837806
https://doi.org/10.1080/14786419.2020.1837806
https://doi.org/10.1002/cbdv.201800595
https://doi.org/10.1038/s41467-021-23665-0
https://doi.org/10.1023/A%3A1018472227889
https://doi.org/10.1023/A%3A1018472227889
https://doi.org/10.1007/s11101-019-09653-9
https://doi.org/10.1016/j.tplants.2016.10.005
https://doi.org/10.1016/j.tplants.2016.10.005
https://doi.org/10.1093/jisesa/ieu103


Page 11 of 11Durr et al. Chem. Biol. Technol. Agric.            (2022) 9:62 	

	51.	 Wang CF, Yang K, Zhang HM, Cao J, Fang R, Liu ZL, et al. Components and 
insecticidal activity against the maize weevils of Zanthoxylum schinifolium 
fruits and leaves. Molecules. 2011;16:3077–88.

	52.	 Abbassy MA, Abdelgaleil SAM, Rabie RYA. Insecticidal and synergistic 
effects of Majorana hortensis essential oil and some of its major constitu-
ents. Entomol Exp Appl. 2009;131:225–32. https://​doi.​org/​10.​1111/j.​1570-​
7458.​2009.​00854.x.

	53.	 Chen Y, Luo J, Zhang N, Yu W, Jiang J, Dai G. Insecticidal activities of 
Salvia hispanica L. essential oil and combinations of their main com-
pounds against the beet armyworm Spodoptera exigua. Ind Crops Prod. 
2021;162:113271.

	54.	 Gaire S, O’Connell M, Holguin FO, Amatya A, Bundy S, Romero A. 
Insecticidal properties of essential oils and some of their constituents 
on the Turkestan cockroach (Blattodea: Blattidae). J Econ Entomol. 
2017;110:584–92.

	55.	 Liu XC, Li Y, Wang T, Wang Q, Liu ZL. Chemical composition and insecti-
cidal activity of essential oil of Artemisia frigida Willd (Compositae) against 
two grain storage insects. Trop J Pharm Res. 2014;13:587–92.

	56.	 Khaleel C, Tabanca N, Buchbauer G. α-Terpineol, a natural monoterpene: a 
review of its biological properties. Open Chem. 2018;16:349–61.

	57.	 Baig B, Yousaf S. Phytochemical screening of neem and black pepper 
for bioefficacy against insect pests of okra and potato. Sarhad J Agric. 
2021;37:697–705.

	58.	 Liu TT, Chao LKP, Hong KS, Huang YJ, Yang TS. Composition and insecti-
cidal activity of essential oil of Bacopa caroliniana and interactive effects 
of individual compounds on the activity. Insects. 2020. https://​doi.​org/​10.​
3390/​insec​ts110​10023.

	59.	 Kassimi A, El WL. Comparison of insecticide effect of plant extracts on 
aphids of watermelon and green alfalfa. Sustain Agric Res. 2012;1:301.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1111/j.1570-7458.2009.00854.x
https://doi.org/10.1111/j.1570-7458.2009.00854.x
https://doi.org/10.3390/insects11010023
https://doi.org/10.3390/insects11010023

	Shared phytochemicals predict efficacy of essential oils against western flower thrips (Frankliniella occidentalis) in the greenhouse
	Abstract: 
	Background
	Methods
	Essential oils
	Container assays
	Whole plant assay

	Statistics
	Results
	Discussion
	Conclusions
	Acknowledgements
	References




