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Insecticidal toxicities of carvacrol 
and thymol derived from Thymus 
vulgaris Lin. against Pochazia 
shantungensis Chou & Lu., newly 
recorded pest
Jun-Hwan Park1, Ye-Jin Jeon1, Chi-Hoon Lee1,2, Namhyun Chung3 & Hoi-Seon Lee1

The insecticidal toxicities of five essential oils against Pochazia shantungensis adults and nymphs, newly 
recorded pests, were evaluated. The LC50 values of Thymus vulgaris, Ruta graveolens, Citrus aurantium, 
Leptospermum petersonii and Achillea millefolium oils were recorded as 57.48, 84.44, 92.58, 113.26 
and 125.78 mg/L, respectively, against P. shantungensis nymphs using the leaf dipping bioassay, and 
75.80, 109.86, 113.26, 145.06 and 153.74 mg/L, respectively, against P. shantungensis adults using 
the spray bioassay method. Regarding volatile components identified in T. vulgaris oil, the LC50 values 
of carvacrol and thymol using the leaf dipping bioassay against P. shantungensis nymphs were 56.74 
and 28.52 mg/L, respectively. The insecticidal action of T. vulgaris oil against P. shantungensis could 
be attributed to carvacrol and thymol. Based on the structure-toxicity relationship between thymol 
analogs and insecticidal toxicities against P. shantungensis nymphs similar to the LC50 values against P. 
shantungensis adults, the LC50 values of thymol, carvacrol, citral, 2-isopropylphenol, 3-isopropylphenol, 
and 4-isopropylphenol were 28.52, 56.74 and 89.12, 71.41, 82.49, and 111.28 mg/L, respectively. These 
results indicate that the insecticidal mode of action of thymol analogs may be largely attributed to the 
methyl functional group. Thymol analogues have promising potential as first-choice insecticides against 
P. shantungensis adults and nymphs.

Pochazia shantungensis Chou & Lu. is a hemipterous insect that belongs to the Ricaniidae insect family, which 
includes about 400 described species in over 40 genera1. P. shantungensis is a newly recorded pest that is economi-
cally devastating for various trees including apple, blueberry, peach and persimmon, mainly in Wanjugun, Korea2. 
P. shantungensis was first recorded in Chungcheongnamdo in 20103. In later outbreaks of exotic invasive insects, 
P. shantungensis has subsequently occurred sporadically in several other provinces across Korea2,3. In spite of this, 
the species identification has not yet been confirmed, mostly due to the impossibility of identifying the genital 
characteristics of externally similar species2. As such, an insecticide has yet to be developed for long-term control 
of P. shantungensis adults and nymphs, despite the urgent demand4. Discovering selective and natural insecticides 
that are safe for the environment and other organisms is essential for the management of P. shantungensis.

Plant oil is a very complex mixture that can contain approximately 30–65 constituents at various concentra-
tions3,5,6. Two or three major constituents are featured at 25–60% of the concentration compared to other compo-
nents present in trace quantities3. Acetovanillone (47.98%) and 2′​-hydroxy-5′​-methoxyacetophenone (49.23%) 
are the major components of Cynanchum paniculatum oil7, menthol (59%) and menthone (19%) are the major 
components of Mentha piperita oil8, and carvone (59.79%) and limonene (25.40%) are the major components 
of Mentha spicata oil9. The essential oils and major components derived from plants are significant insecticidal 
activity against diverse insect species and have been developed as ecologically potential pesticides3,7–10.
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So for no report has been received about the insecticidal toxicities of Thymus vulgaris oil-derived constituents 
against P. shantungensis. Therefore, the aims of the present study were first to investigate the insecticidal proper-
ties of T. vulgaris oil-derived components against P. shantungensis adults and nymphs, and then to determine the 
structure-activity relationship between thymol analogs and insecticidal toxicities.

Results and Discussion
This study was undertaken within the framework of a more general study involving the natural products for 
insecticidal toxicities against P. shantungensis adults and nymphs. Essential oils of Achillea millefolium flowers, 
Citrus aurantium fruits, Leptospermum petersonii leaves, Ruta graveolens leaves and T. vulgaris leaves were ana-
lyzed (Table 1). The yields of A. millefolium, C. aurantium, L. petersonii, R. graveolens and T. vulgaris oils were 
0.658, 1.451, 0.984, 0.924, and 1.122%, respectively. The insecticidal toxicities of the five oils against P. shantun-
gensis adults and nymphs were evaluated after 48 and 72 h exposure (Table 2). From the leaf dipping and spray 
bioassays against P. shantungensis adults and nymphs, the insecticidal responses and the LC50 values increased 
from 48 to 72 h exposure. The LC50 values of T. vulgaris, R. graveolens, C. aurantium, L. petersonii and A. millefo-
lium oils at 72 h exposure were 75.80, 109.86, 113.26, 145.06 and 153.74 mg/L, respectively, in the spray bioassay 
against P. shantungensis adults, and 57.48, 84.44, 92.58, 113.26 and 125.78 mg/L, respectively, in the leaf dipping 
bioassay against P. shantungensis nymphs. Based on the LC50 values against P. shantungensis adults and nymphs, T. 
vulgaris oil had the highest insecticidal toxicity followed by R. graveolens, C. aurantium, L. petersonii and A. mille-
folium oils. The insecticidal toxicity of T. vulgaris oil against P. shantungensis nymphs was about 1.3-fold more 
than that against P. shantungensis adults. There was no insect mortality in the distilled water treatment (negative 
control) of P. shantungensis adults and nymphs. Differences in the insecticidal toxicities of plant-derived oils may 
be explained on the basis of species-specific responses to plant species, phytochemicals, and the weight and size 
of P. shantungensis adults and nymphs11.

To further explore the insecticidal toxicities of the five essential oils against P. shantungensis adults and 
nymphs, the components of A. millefolium, C. aurantium, L. petersonii, R. graveolens, and T. vulgaris oils were 
investigated by GC-MS analysis. The identified components, together with the percentages present in the essential 
oils are displayed in Table 3. The major components were α​-pinene (15.49%), β​-caryophyllene (13.35%), sabinene 
(11.12%), camphor (9.65%), 1,8-cieole (9.37%), bornyl acetate (5.88%), and 2,2-dicyclohexylmalononitrile 
(5.58%) in A. millefolium oil; limonene (87.75%), citral (3.21%), limonene oxide (2.29%), and (−​)-carveol (1.75%) 
in C. aurantium oil; citral (48.12%), β​-citronellal (19.50%), isopulegol (8.14%), geraniol (4.64%), and linalool 
(3.33%) in L. petersonii oil, and thymol (23.34%), undecyl trichloroacetate (18.52%), methyltridecyl pentanoate 
(16.18%), and 2,2-dimethylpropanoic acid (7.03%), 2-acetoxytetradecane (6.98%), palmitic acid (5.07%), and 
methyl linolenate (4.78%) in R. graveolens oil. The major components in T. vulgaris oil were thymol (40.04%), 
ρ​-cymene (29.97%), γ​-terpinene (8.17%), linalool (4.99%), terpinolene (3.26%), α​-pinene (2.84%), 
β​-caryophyllene (2.50%), carvacrol (2.45%), limonene (1.25%), α​-phellandrene (1.20%), myrcene (0.91%), cam-
phene (0.89%), and caryophyllene oxide (0.21%). Together, thymol, ρ​-cymene and γ​-terpinene made up 78.18% 
of T. vulgaris oil. The volatile components consisted of 8 monoterpene hydrocarbons (camphene, α​-pinene, 
limonene, myrcene, terpinolene, γ​-terpinene, α​–phellandrene, and ρ​-cymene), 1 monoterpene alcohol (linalool), 
2 monoterpene phenols (carvacrol and thymol) and 2 sesquiterpene hydrocarbons (β​β-caryophyllene and caryo-
phyllene oxide). Venskutonis9 reported that the main chemicals identified in the T. vulgaris oil were borneol 
(0.98%), camphene (0.60%), carvacrol (2.81%), β​-caryophyllene (2.39%), 1,8-cineol (0.96%), p-cymene (25.2%), 
myrcene (1.93%), linalool (2.86%), α​-pinene (1.16%), 1-octen-3-ol (1.19%), α​-terpinene (1.02%), γ​-terpinene 
(6.37%), α​-thujene (1.50%) and thymol (42.27%). The fact that the essential oil of T. vulgaris leaves dried more at 
45 °C than at 30 °C can be explained mainly by the increase of thymol by 8% and carvacrol by 12%, while the 
quantity of γ​-terpinene was decreased by 4.9%9. In previous and present studies, the quantities of volatile chemi-
cals derived from T. vulgaris were affected by the environmental conditions, including harvest time, genotype, 
storage period, handling method and intraspecific variability, and the experimental conditions, which included 
the extraction method, extracted plant parts, and plant tissue drying temperature12,13.

The insecticidal toxicities of 34 major commercial components (bornyl acetate, camphene, camphor, carvac-
rol, (−​)-carveol, (+​)-carvone, β​-caryophyllene, caryophyllene oxide, β​-citronellal, citral, 1,8-cineole, p-cymene, 
decyl chloroformate, dodecanoic acid, β​-farnesene, geranyl acetate, geraniol, isopulegol, linalool, limonene, 
limonene oxide, methyl linolenate, myrcene, myristic acid, palmitic acid, α​-phellandrene, α​-pinene, pivalic acid, 
sabinene, α​-terpineol, γ​-terpinene, 4-terpineol, terpinolene, and thymol) derived from the five essential oils were 
evaluated using spray and leaf dipping bioassays against P. shantungensis adults and nymphs (Table 4). Based 
on the LD50 values against P. shantungensis nymphs, the LC50 values of thymol, carvacrol and citral identified in 

Plant species Family name
Tissue 

sampled
Yield 
(%)

Achillea millefolium L. Asteraceae flowers 0.658

Citrus aurantium L. Rutaceae fruits 1.451

Leptospermum 
petersonii F. M. Myrtaceae leaves 0.984

Ruta graveolens L. Rutaceae leaves 0.924

Thymus vulgaris L. Lamiaceae leaves 1.122

Table 1.   List of five plants tested and yields of essential oils (Yield (%) = (Dried weight of essential oil/
dried weight of sample) × 100).
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C. aurantium, L. petersonii, R. graveolens, and T. vulgaris oils using the leaf dipping bioassay were 28.52, 56.74 
and 89.12 mg/L respectively. Using the spray bioassay against P. shantungensis adults, the LC50 values of thymol, 
carvacrol and citral were 42.12, 75.62, and 102.74 mg/L, respectively. The insecticidal toxicity of thymol against 
P. shantungensis nymphs and adults was approximately 1.8–3.3 times greater than that of carvacrol and citral. In 
contrast, the other components (β​-caryophyllene, camphene, caryophyllene oxide, ρ​-cymene, linalool, limonene, 
myrcene, α​-phellandrene, α​-pinene, terpinolene, γ​-terpinene, sabinene, β​-pinene, camphor, (−​)-carveol, geran-
iol, and bornyl acetate) did not exhibit any insecticidal toxicity against P. shantungensis adults and nymphs (data 
not shown). The insecticidal toxicities of the essential oils appear to be connected to their chemical composition. 
The insecticidal toxicities of T. vulgaris and R. graveolens oils could be due to the existence of thymol and car-
vacrol, which exhibited the greatest insecticidal toxicities. The essential oils of C. aurantium and L. petersonii 
contain citral, which showed insecticidal toxicities against P. shantungensis adults and nymphs, however its tox-
icity was weaker than thymol and carvacrol. Furthermore, P. shantungensis nymphs were more susceptible to T. 
vulgaris oil, carvacrol and thymol, when compared to P. shantungensis adults (Fig. 1). In a previous study, the 
differential susceptibility shown by P. shantungensis adults and nymphs to thymol and carvacrol was attributed 
to differences in the weights and sizes of P. shantungensis adults and nymphs, as well as the potential to detoxify 
glutathione S-transferase and hydrolase7–9. The synergetic effect of thymol combined with carvacrol has previ-
ously been reported for other insects, such as beetles14 and lepidopterans6. Medeiros et al.15 suggested that thymol 
and carvacrol to different species of insects are connected with the insecticidal effect of these monoterpenes on 
the cells of target insects, since they cause disorganization in the cell membrane, leading it to lose permeability15. 
In contrast, although the A. millefolium oil did not contain thymol, carvacrol and citral, the insecticidal prop-
erties of A. millefolium against P. shantungensis adults and nymphs could be due to internal synergy or blend 
effect of their constituents. Previous study reported internal synergy or a blend effect of the main constituents of 
plant oil for Ocimum kenyenst16, Zanthoxylum armatum17 and Plectranthus marruboides18 oils against the mos-
quito species, Aedes aegypti and Anopheles gambiae. Our results indicate that some terpenes containing the other 
tested components may correlate with the detoxification mechanisms of P. shantungensis adults and nymphs 
by several terpenes. Treatment with terpenes of Melia azedarach against Spodoptera littoralis can significantly 
increase the activities of α​-esterase and β​-esterase, which are important detoxifying enzymes19 and significant 
decreased the acid phosphatases, alkaline phosphatases, adenosine triphosphatases and the lactate dehydrogenase 
of Cnaphalocrocis medinalis20.

In order to establish the structure-toxicity relationship between thymol analogs and insecticidal toxicities 
against P. shantungensis adults and nymphs, thymol, carvacrol, 2-isopropylphenol, 3-isopropylphenol, and 
4-isopropylphenol were selected as thymol analogs for testing (Fig. 1). The insecticidal toxicities of thymol struc-
turally related analogs and how activity varies with structure were investigated using leaf dipping and spray bio-
assays against P. shantungensis adults and nymphs (Table 4). Based on the LC50 values of thymol analogs against 

Plant species Times (h) Stage LC50 (95% CI) (mg/L) LC90 (95% CI) (mg/L) Slope ± SE χ2 (df, P)

Achillea millefolium

48
Nymphs 175.36 (164.30–192.34) 321.85 (278.58–363.65) 4.24 ±​ 0.54 13.087 (9, 0.159)

Adults 186.25 (167.17–216.40) 344.01 (302.71–384.83) 4.77 ±​ 0.76 2.028 (5, 0.567)

72
Nymphs 125.78 (107.04–144.47) 295.63 (251.52–348.74) 2.67 ±​ 0.50 7.658 (7, 0.364)

Adults 153.74 (130.22–168.54) 310.85 (269.60–353.03) 4.44 ±​ 0.98 1.643 (6, 0.949)

Citrus aurantium

48
Nymphs 118.92 (107.50–130.78) 288.36 (242.84–325.66) 3.69 ±​ 0.49 9.361 (8, 0.313)

Adults 156.24 (137.03–176.48) 306.76 (260.59–357.97) 4.11 ±​ 0.91 1.020 (5, 0.797)

72
Nymphs 92.58 (84.10–104.01) 205.24 (174.76–243.89) 4.12 ±​ 0.71 1.971 (6, 0.922)

Adults 113.26 (97.91–129.13) 280.21 (241.79–315.32) 3.30 ±​ 0.48 4.315 (5. 0.505)

Leptospermum petersonii

48
Nymphs 154.31 (138.86–177.13) 298.25 (257.98–331.83) 4.31 ±​ 0.68 2.198 (5, 0.821)

Adults 177.56 (165.10–197.61) 346.16 (273.58–406.17) 4.88 ±​ 0.75 2.866 (6, 0.825)

72
Nymphs 113.26 (100.65–125.14) 234.57 (199.72–262.90) 3.34 ±​ 0.50 3.683 (8, 0.885)

Adults 145.06 (128.87–167.76) 283.90 (237.47–332.61) 3.64 ±​ 0.49 2.244 (5, 0.815)

Ruta graveolens

48
Nymphs 114.23 (99.90–129.09) 240.42 (208.33–274.18) 2.94 ±​ 0.47 4.459 (8, 0.814)

Adults 146.74 (125.80–163.64) 277.85 (238.57–315.48) 4.06 ±​ 0.74 2.687 (5, 0.611)

72
Nymphs 84.44 (76.71–93.21) 159.53 (138.09–191.87) 3.72 ±​ 0.48 4.842 (8, 0.774)

Adults 109.86 (95.67–122.98) 258.44 (223.68–297.40) 4.01 ±​ 0.61 1.605 (5, 0.808)

Thymus vulgaris

48
Nymphs 78.54 (67.96–89.65) 155.97 (132.75–186.02) 3.23 ±​ 0.51 4.570 (5, 0.471)

Adults 108.62 (94.60–127.77) 274.87 (227.14–313.14) 3.81 ±​ 0.56 3.375 (5, 0.497)

72
Nymphs 57.48 (50.34–65.74) 122.24 (105.24–153.40) 3.06 ±​ 0.40 3.320 (7, 0.854)

Adults 75.80 (61.90–86.23) 139.93 (122.02–166.61) 3.89 ±​ 0.56 4.095 (5. 0.393)

Negative Control

48
Nymphs —5 — —

Adults — — —

72
Nymphs — — —

Adults — — —

Table 2.   Insecticidal toxicities of five essential oils against P. shantungensis adults and nymphs at 48 and 
72 h exposure times (LC50 is the average of 3 determinations, with 30 nymphs and 20 adults per replication).
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NO Constituent A. millefolium C. aurantium L. petersonii R. graveolens T. vulgaris Identification method

1 α​-Pinene 15.49 1.10 0.95 — 2.84 RI, RT, MS

2 Sabinene 11.12 0.21 — — — RI, RT, MS

3 1,8-Cineole 9.37 — — — — RI, RT, MS

4 2,2-Dicyclohexylmalononitrile 5.58 — — — — RI, RT, MS

5 Camphene — — — — 0.89 RI, RT, MS

6 Camphor 9.65 — — — — RI, RT, MS

7 p-Mentha-2,8-dienol — 0.67 — — — RI, RT, MS

8 Limonene oxide — 2.29 — — — RI, RT, MS

9 Isopulegol — — 8.14 — — RI, RT, MS

10 β​-Citronellal — — 19.50 — — RI, RT, MS

11 α​-Terpineol — 0.31 2.07 — — RI, RT, MS

12 4-Terpineol 4.81 — 5.17 — — RI, RT, MS

13 (−​)-Carveol — 1.75 — — — RI, RT, MS

14 (+​)-Carvone — — — 2.46 — RI, RT, MS

15 Myrcene — 0.86 0.87 0.91 RI, RT, MS

16 Thymol — — — 23.34 40.04 RI, RT, MS

17 Citral — 3.21 48.12 — — RI, RT, MS

18 Geraniol — — 4.64 — — RI, RT, MS

19 Bornyl acetate 5.88 — — — — RI, RT, MS

20 Undecyl trichloroacetate — — — 18.52 — RI, RT, MS

21 α​-Phellandrene — — — — 1.20 RI, RT, MS

22 Geranyl acetate 2.39 0.65 — — — RI, RT, MS

23 β​-Caryophyllene 13.35 — — — 2.50 RI, RT, MS

24 2-Acetoxytetradecane — — — 6.98 — RI, RT, MS

25 β​-Farnesene 2.38 — — — — RI, RT, MS

26 ρ​-Cymene 2.07 — 1.30 2.29 29.97 RI, RT, MS

27 Germacrene D 4.63 — — — — RI, RT, MS

28 Limonene 3.94 87.75 — — 1.25 RI, RT, MS

29 Decyl chloroformate — — — 3.01 — RI, RT, MS

30 Viridiflorene — — 2.14 — — RI, RT, MS

31 Dodecanoic acid — — — 1.25 — RI, RT, MS

32 γ​-Terpinene — — 1.29 — 8.17 RI, RT, MS

33 Pivalic acid — — — 7.03 — RI, RT, MS

34 Methyltridecyl pentanoate — — — 16.18 — RI, RT, MS

35 Myristic acid — — — 3.48 — RI, RT, MS

36 Palmitic acid — — — 5.07 — RI, RT, MS

37 Terpinolene — — — — 3.26 RI, RT, MS

38 5-(1-Bromo-1-methyl-ethyl)-
2-methyl-cyclohexanol — — 2.37 — — RI, RT, MS

39 Methyl linolenate — — — 4.78 — RI, RT, MS

40 Linalool 3.75 0.13 3.33 — 4.99 RI, RT, MS

41 Carvacrol — — — — 2.45 RI, RT, MS

42 Caryophyllene oxide — — — — 0.21 RI, RT, MS

Major Grouped Compounds

Acid — — — 16.83 —

Alkan — — — 6.98 —

Ketone — — 0.99 — —

Monoterpene alcohol 8.56 2.86 28.69 — 4.99

Monoterpene esters 8.27 0.65 — 42.49 —

Monoterpene ethers 9.37 — — — —

Monoterpene hydrocarbons 32.62 89.92 4.41 4.75 45.49

Monoterpene phenol — — — 23.34 45.49

Nitrile 5.58 — — — —

Oxygenated monoterpens 9.65 5.50 61.29 — —

Sesquiterpene alcohol — — 2.37 — —

Sesquiterpene hydrocarbons 20.36 — 2.14 — 2.71

Total 94.41 98.93 99.89 94.39 98.68

Table 3.   Volatile components of T. vulgaris oil identified by GC-MS (RI, retention indices in elution order 
from the DB-5 column; RT, comparison with pure standard retention time; MS, mass spectrometry).
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P. shantungensis nymphs, the LC50 values of thymol, carvacrol, 2-isopropylphenol, 3-isopropylphenol, and 
4-isopropylphenol using the leaf dipping bioassay were 28.52, 56.74, 71.41, 82.49, and 111.28 mg/L, respectively. 
Using the spray bioassay against P. shantungensis adults, the LC50 values of thymol, carvacrol, 2-isopropylphenol, 
3-isopropylphenol, and 4-isopropylphenol were 42.12, 75.62, 85.77, 104.65, and 122.36 mg/L, respectively. The 
insecticidal toxicity of thymol against P. shantungensis nymphs and adults was approximately 1.80–3.90 times 
greater than that of carvacrol, citral, 2-isopropylphenol, 3-isopropylphenol, and 4-isopropylphenol. While the 
functional group in thymol was necessary for insecticidal toxicity, the removal of the methyl functional group 
reduced in insecticidal toxicity. Furthermore, the position of the methyl and isopropyl functional group in the 
phenol ring altered insecticidal toxicity. These results indicate that the insecticidal mode of action of thymol ana-
logs may be largely attributable to the methyl functional group. This observation contrasts to an earlier finding 
that the isopropyl functional group in thymol analogs is key in imparting insecticidal toxicity against stored-food 
pests21.

The present results implicate T. vulgaris oil, thymol and thymol structurally related analogs as promising nat-
ural products of insecticides against exotic insects. Others have found visual evidence of leaf phytotoxicity caused 
by T. vulgaris oil to the host plant of P. shantungensis, grape leaf22. The LD50 values of carvacrol, thymol, and T. 
vulgaris oil against rat are 810, 980 and 2,840 mg/kg, respectively, by oral administration and the dermal LD50 
value of thymol and T. vulgaris oil exceeds 2,000 mg/kg against rat and 5,000 mg/kg against rabbit, respectively23. 
These results suggest that T. vulgaris oil, carvacrol, thymol and thymol analogs have a relatively low acute toxicity 
in mammals.

Our study is the first to investigate the insecticidal toxicities of T. vulgaris oil, thymol and thymol analogs 
against P. shantungensis adults and nymphs. Considering the fact that T. vulgaris is a very inexpensive plant to 
acquire and is easily cultivated, and are not barriers for the commercial development of carvacrol, thymol, and 
T. vulgaris oil isolated from T. vulgaris. Further study is required to decrease the human toxicity of the T. vulgaris 
oil, thymol and thymol analogs and establish the insecticidal mode of action of thymol analogs against P. shan-
tungensis adults and nymphs.

Materials and Methods
Chemicals and material preparation.  Bornyl acetate (99%), camphene (95%), camphor (96%), carvarol 
(98%), (−​)-carveol (95%), (+​)-carvone (96%), β​-caryophyllene (98.5%), caryophyllene oxide (95%), β​-cit-
ronellal (95%), citral (95%), 1,8-cineole (99%), p-cymene (99%), decyl chloroformate (97%), dodecanoic acid 
(98%), β​-farnesene (90%), geranyl acetate (97%), geraniol (98%), isopulegol (98%), linalool (97%), limonene 
(97%), limonene oxide (97%), methyl linolenate (99%), myrcene (90%), myristic acid (99%), palmitic acid (99%),  
α​-phellandrene (85%), α​-pinene (98%), pivalic acid (99%), sabinene (75%), α​-terpineol (90%), γ​-terpinene 
(97%), 4-terpineol (95%), terpinolene (90%), and tymol (99%) were obtained from Sigma-Aldrich (St. Louis, 
MO, USA). Achillea millefolium L. flowers, Citrus aurantium L. fruits, Leptospermum petersonii F. M. Bailey leaves, 
Ruta graveolens L. leaves, and Thymus vulgaris L. leaves were collected from a local store in Chonju, Korea. Sample 
specimens were authenticated by Jeongmoon Kim at Chonbuk National University, Korea. Essential oils of the 
five plants were obtained by steam distillation extraction, and finally dried over Na2SO4 to extract the pure essen-
tial oils (Table 1).

Insects and bioassays.  P. shantungensis adults and nymphs were collected from persimmon trees in 
Wanjugun, Korea and classified the fourth instar stages of P. shantungensis nymphs and adults as detailed else-
where2,4. The insecticidal toxicities of the five essential oils against P. shantungensis adults and nymphs were 
assessed (Table 2). Experimental protocols were approved by the Korea National Institute of Agricultural Sciences 
and the Korea Centers for Disease Control and Prevention. Using the leaf-dipping method, the insecticidal 

Compound Stage LC50 (95% CI) (mg/L) LC90 (95% CI) (mg/L) Slope (±SE) χ2 (df, P)

Carvacrol
Nymph 56.74 (50.19–64.53) 95.46 (83.41–110.63) 3.64 ±​ 0.21 6.136 (5, 0.293)

Adults 75.62 (68.17–83.80) 148.87 (128.41–177.81) 4.45 ±​ 0.63 3.755 (5, 0.585)

Citral
Nymph 89.12 (76.56–104.10) 156.33 (138.85–184.25) 2.19 ±​ 0.43 2.209 (5, 0.697)

Adults 102.74 (89.10–119.23) 171.70 (151.79–202.33) 3.50 ±​ 0.61 1.606 (5, 0.808)

Thymol
Nymph 28.52 (23.99–32.51) 71.46 (62.31–86.65) 2.87 ±​ 0.41 3.516 (6, 0.475)

Adults 42.12 (34.44–49.07) 85.57 (75.67–100.61) 2.93 ±​ 0.43 6.559 (5, 0.161)

2-Isopropylphenol
Nymph 71.41 (60.71–83.53) 143.72 (124.51–179.73) 4.47 ±​ 0.65 2.937 (4, 0.568)

Adults 85.77 (74.89–95.79) 162.53 (139.07–189.23) 4.36 ±​ 0.63 2.455 (4, 0.653)

3-Isopropylphenol
Nymph 82.49 (71.65–92.42) 168.18 (143.45–188.39) 4.13 ±​ 0.61 2.999 (5, 0.558)

Adults 104.65 (95.93–114.08) 182.90 (161.48–212.23) 4.59 ±​ 0.67 4.024 (5, 0.546)

4-Isopropylphenol
Nymph 111.28 (97.51–125.46) 192.23 (173.73–225.38) 5.61 ±​ 0.89 5.369 (5, 0.373)

Adults 122.36 (97.36–144.81) 211.94 (192.19–246.39) 4.87 ±​ 0.72 5.426 (5, 0.366)

Negative control
Nymph — — — —

Adults — — — —

Table 4.   Insecticidal toxicities of major commercial components of five essential oils and thymol analogs 
against P. shantungensis adults and nymphs at 72 h exposure time (LC50 is the average of 3 determinations 
after 72 h exposure, with 30 nymphs and 20 adults per replication).
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toxicities of A. millefolium, C. aurantium, L. petersonii, R. graveolens and T. vulgaris oils were evaluated against  
P. shantungensis nymphs. Insecticidal toxicities against P. shantungensis nymphs were evaluated according to a 
prior bioassay method8. Eight dilutions of insecticidal constituent (1000 to 50 mg/L) were prepared by dissolving 
in distilled water. Rose leaf disk of sharon (3 cm) were dipped into each test sample for 4 min and allowed to dry. 
The treated leaf was placed into a petri dish (60 ×​ 15 mm) and 30 nymphs were released. The nymphs affected by 
this treatment were evaluated for 48 and 72 h after treatment. All treatments were repeated twice at 21 °C. The 
insecticidal toxicity of each sample was evaluated against P. shantungensis adults with the spray bioassay8. Eight 
concentrations (1000 to 50 mg/L) of the insecticidal constituents were diluted in distilled water. An insect square 
dish (15 ×​ 15 ×​ 20 cm) which contained 20 adults, was sprayed with 200 μ​L of treatment solutions to run off with 
a hand-held sprayer. Assessment was carried out 24 and 48 h after treatment by counting the normal insects. The 
tests were conducted with two replicates and incubated at 21 °C.

Gas chromatography-mass spectrometry.  The components of the essential oil extracted from T. vul-
garis leaves were quantified using the Hewlett-Packard HP 6890 and H5973IV series (Agilent, Santa Clara, CA, 
USA) and were separated with HP-Innowax capillary column and DB-5 column (0.25 mm i.d. ×​ 0.25 μ​m thick-
ness ×​ 2,990 cm L.). The conditions of the column were as follows: Helium at 0.75 mL/min; column temperature 
(51 to 201 °C) at 2 °C/min; injector temperature (211 °C); split ration (48:1); ion source temperature (231 °C); 
ionization potential (70e V); and mass spectra range (50–800 amu). The components of T. vulgaris oils were eval-
uated according to retention times, retention indices, and mass spectra and were identified by comparison with 
a spectrum library (Table 3). The relative composition of each T. vulgaris oil constituent (%) was measured by 
comparison with internal standards.

Statistical analysis.  Data obtained for each dose response bioassay were subjected to probit analysis. The 
median lethal concentration (LC50) value and the slope of the regression lines were calculated using the statistical 
package SPSS, version 12.0 for Windows.
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