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ABSTRACT 

Vectors are related with various diseases on human, such as malaria (Anopheles 

sinensis (L.)), Japanese encephalitis (Culex tritaeniorhynchus (L.)), yellow fever (Aedes 

albopictus (L.)), dengue hemorrhagic fever (Ae. albopictus), filariasis (Ae. albopictus), 

allergic reaction (Blattella germanica (L.)), and tsutsugamushi disease (Leptorombidium 

pallidum (L.)), as well as nuisance insect pests (Culex pipiens pallens Foskal). Continued 

and repeated use of conventional insecticides such as organophosphorus and carbamates, 

pyrethroids has often resulted in the widespread development of resistance and has 

undesirable effects on nontarget organisms and environment. Particularly, widespread 

insecticide resistance has been a major obstacle in the cost-effective integrated vector 

management program. Therefore, there is critical need for the development of safe and 

effective control alternatives to establish rational resistance management strategy for 

vectors. 
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Biocides from plants or plant essential oils have been suggested as potential 

alternatives for vector control largely because they constitute a potential source of 

bioactive chemicals that have been perceived by the general public as relatively safe, pose 

fewer risks to the environment, with minimal impacts to animal and human health. They 

often act at multiple and novel target sites, thereby reducing the potential for resistance. 

In this studies for insecticide resistance pattern of two mosquito species, Cx. p. 

pallens and Cx. tritaeniorhynchus, marked regional variations of insecticide susceptibility 

were observed. Extremely high to low levels of insecticide resistance were observed 

against Cx. p. pallens: bifenthrin, resistance ratio (RR) = 1–521; β-cyfluthrin, RR = 16–

397; α-cypermethrin, RR = 9–343; deltamethrin, RR = 1–40; etofenprox, RR = 2–42; 

permethrin, RR = 3–46; chlorpyrifos, RR = 2–675; fenitrothion, RR = 0.5–364; fenthion, 

RR = 2–360. Interestingly, field populations of Cx. tritaeniorhynchus collected from 

agricultural areas showed high to extremely high resistance to pyrethroids than those 

from non-agricultural areas indicating that Cx. tritaeniorhynchus population was 

repeatedly exposed to various insecticides for agricultural pests and that’s why resistance 

of Cx. tritaeniorhynchus populations from agricultural areas were higher than those from 

non-agricultural areas. Similar results have been observed in cockroaches. Extremely 

high to high levels of regional resistance patterns were obtained from bifenthrin (RR, 46–

159), deltamethrin (RR, 61–268), and esfenvalerate [RR, 70–270; except for BR-BG 

females (RR, 20) and GR-BG females (RR, 24)]. 

To develop effective control strategies for insect resistant mosquitoes, an assessment 

was made of the toxicity of binary mixtures of Bacillus thuringiensis var. israelensis (Bti) 
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and three essential oil major constituents [(E)-cinnamaldehyde (CA) from cassia bark oil, 

anethole (AN) from star anise oil and eugenol (EU) from clove bud oil] to third instar 

larvae from bamboo forest-collected Ae. albopictus and rice paddy field-collected An. 

sinensis. Binary mixtures of Bti and CA, AN, or EU were significantly more toxic than 

either Bti, CA, AN or EU alone. Based on the co-toxicity coefficient (CC) and synergistic 

factor (SF), the three binary mixtures operated in a synergy pattern (CC, 140.7–368.3 and 

SF, 0.0007–0.0010 for Ae. albopictus; CC, 75.1–245.3 and SF, 0.0008–0.0017 for An. 

sinensis). 

To find new control agents from plant for overcoming insecticide resistance of B. 

germanica, insecticidal activity of Cyperus rotundus (L.) rhizome was assessed against 

females of then insecticide-susceptible KSS strain and two field-collected SEL and DJN 

colonies of B. germanica using a contact and vapor-phase mortality bioassay. p-Cymene, 

nerol, linalool, o-cymene, (S)-(–)-citronellal, (1S)-(–)-camphor, terpinolene, and m-

cymene (LD50, 0.29–0.47 mg/cm2) exhibited high contact-fumigant toxicity against 

susceptible cockroach females. The toxicity of these compounds was virtually identical 

against females from two strains, SEL and DJN females with resistant to six 

acetylcholinesterase inhibitors (RR, 9–154) and three pyrethroids (RR, 12–195). These 

results indicate that the monoterpenoids and the test insecticides do not share a common 

mode of action or elicit cross-resistance. In vapor-phase mortality bioassay, these 

monoterpenoids were consistently more toxic in closed versus open containers against 

SEL females, indicating that their mode of delivery was, in part, a result of vapor action. 

An assessment of plant-derived materials was made of the repellency to B. germanica 
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females and L. pallidum larvae. C. rotundus rhizome steam distillate and rhizome 

constituents were evaluated against against B. germanica females and males. The 

repellent principles of C. rotundus rhizome were determined to be the sesquiterpenoid 

zerumbone (ZER) and the monoterpenoids 1,8-cineole, limonene, pinocarveol, and 

verbenone. In filter-paper choice assays with 163.1 μg/cm2, ZER, 1,8-cineole, (+)-(E)-

myrtanol, and (−)-(Z)-myrtanol exhibited complete (100%) repellency and were 

significantly more effective than deet. At 81.5 μg/cm2, a significant increase in repellency 

was produced by binary mixtures of ZER and 1,8-cineole, (+)-(E)-myrtenol, or (−)-(Z)-

myrtenol (30:70, 50:50, and 70:30 ratios by weight) and repellency of these mixtures (85–

96%) was more pronounced than that of each individual compound (57–61%). The 

optimum ZER content was determined to be more than 50%. In Ebeling choice box 

assays at 652.4 μg/cm2, ZER exhibited complete repellency 10 h posttreatment and was 

just as effective as deet. (−)-(E)-Pinocaveol, (−)-(Z)-myrtanol, and (+)-(E)-myrtanol gave 

100% repellency at 8 h. Repellency of ZER, (+)-(E)-myrtanol, (−)-(Z)-myrtanol, and 

(1S)-(−)-verbenone to unantennectomized and antennectomized males differ significantly, 

indicating that the chemoreceptors involved in this behavioral response are probably 

located on the antennae. 

The repellency of cassia bark, eucalyptus, star anise oils and commercial repellents 

against main vector of L. pallidum larvae were assessed. Based on the median repellent 

concentration (RC50) values, (E)-cinnamaldehyde, (E)-anethole, cassia bark oil, and star 

anise oil (RC50, 0.95–1.52 mg/cm2) exhibited significantly more potent repellency than 

DEET (3.85 mg/cm2). (E)-cinnamaldehyde, (E)-anethole, cassia bark oil, 1,8-cineole, and 
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star anise oil were ~43, 16, 11, 8, and 4 times more effective than IR3535 (CC50, 6.51%) 

as judged by the median climbing distance-disturbing concentration (CC50) values. The 

median residual duration time of repellency (RT50) was significantly more pronounced in 

DEET (RT50, 323 min) than in all essential oils and constituents (108–167 min). 

In conclusion, cassia bark, eucalyptus, star anis essential oil-derived preparations and 

C. rotundus methanol extract-derived preparations could be useful as insecticides and/or 

repellents in the control of the vector populations, particularly in the light of their activity 

against the insecticide-resistant vectors. For practical use of these materials as novel 

insecticides and repellents to proceed, further research need to establish their human 

safety. In addition, their effects on nontarget organisms and the aquatic or indoor 

environments need to be established. Lastly, formulations for improving insecticidal and 

repellent potency and stability need to be also developed. 

 

Key words: mosquito, cockroach, chigger mite, natural insecticides, natural repellent, 

cassia bark oil, star anise oil, eucalyptus oil, metabolic detoxification enzymes, 

insecticide resistance, septic tank  

 

Student number: 2001-31300
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INTRODUCTION 

Vectors are related with various diseases on human, such as malaria (Anopheles 

sinensis (L.)), Japanese encephalitis (Culex tritaeniorhynchus (L.)), yellow fever (Aedes 

albopictus (L.)), dengue hemorrhagic fever (Ae. albopictus), filariasis (Ae. albopictus), 

allergic reaction (Blattella germanica (L.)), and tsutsugamushi disease (Leptorombidium 

pallidum (L.)), as well as nuisance insect pests (Culex pipiens pallens Foskal) (Stankus et 

al., 1990; Strickman 2001; Mullen and Durden, 2009; Kelly et al., 2009). 

Vector abatement has been achieved principally by the use of various contact and 

residual insecticides such as organophosphorus (OP), carbamate and pyrethroid 

insecticides, insect growth regulators such as diflubenzuron and methoprene, and 

bacterial larvicides such as Bacillus thuringiensis var. israelensis and Bacillus sphaericus 

(WHO, 2006). Continued and repeated use of conventional insecticides has often resulted 

in the widespread development of resistance (Anonymous, 2011) and has undesirable 

effects on nontarget organisms (Cooper, 1991). Increasing public concern for the 

environmental effects of insecticides, groundwater contamination, human health effects, and 

undesirable effects on nontarget organisms intensifies when repeated applications of 

conventional insecticides become necessary. In addition, the number of approved insecticides, 

repellents, and arcaricides will likely be reduced in the near future in the United States by 

the US Environmental Protection Agency as reregistration occurs under the 1996 Food 

Quality and Protection Act (US EPA, 2010). Reregistration is also occurring under the 

Commission Regulation (EC) No 1048/2005 in the European Union (Anonymous, 2005). 
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These problems indicate the critical need for application of new vector control method 

and the development of selective control alternatives with novel target sites to establish a 

rational resistance management strategy based on all available information on the extent 

and nature of resistance for vectors. 

Biocides from plants or plant essential oils have been suggested as potential 

alternatives for arthropod control largely because they constitute a potential source of 

bioactive plant secondary substances that have been perceived by the general public as 

relatively safe and pose fewer risks to the environment, with minimal impacts to animal 

and human health (Sukumar et al., 1991; Ahn et al., 2006; Isman, 2006). They often act at 

multiple and novel target sites, thereby reducing the potential for resistance 

(Kostyukovsky et al., 2002; Priestley et al., 2003; Isman, 2006). Much effort has been 

focused on them as potential sources of commercial vector control agents, in part, 

because certain plant preparations meet the criteria of reduced risk pesticides (Isman, 

2008). 

In this study, an assessment is made of the resistance patterns of wild populations of 

the common house mosquito, Cx. p.  pallens, and Cx. tritaeniorhynchus (L.) as well as 

the German cockroach, B. germanica (L.), to insecticides commonly used in the Republic 

of Korea (ROK). The insecticidal activity or repellency of Cyperus rotundus rhizome 

extract and some plant essential oils and their constituents were evaluated against the 

Asian tiger mosquito, Ae. albopictus, An. sinensis, B. germanica, and chigger mite, L. 

pallidum. The insecticidal and repellent effects of binary mixtures of insecticide or 

essential oil or its constituents also were investigated.  
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LITERATURE REVIEW 

1. Vectors 

Mosquitoes are at the center of worldwide entomological research primarily because 

of their medical importance as vectors of serious human diseases, such as malaria, yellow 

and dengue fever, encephalitis, and lymphatic filariasis. More than half of the world’s 

population lives under the risk of becoming infected by the causative agents of these 

diseases. There are 38 genera of mosqutoes, 34 of which are in the subfamily Culicinae 

and the summing up-to-date records of Korean mosquitoes, a total of 51 species and 2 

forms in 10 genera in 3 subfamilies in Culicidae are listed. The major mosquito species 

are Anopheles sinensis, Cx. p. pallens, Cx. p. molestus, Oc. togoi, and Ae. albopictus etc. 

in Korea. (Ree, 2003). The medically most important taxa worldwide are the temperate 

speices Cx. pipiens and the tropical and subtropical Cx. quinquefasciatus. They are 

vectors of seveal human pathogens, such as St. Louis encephalitis virus, West Nile virus, 

and lymphatic filariasis. Aedes species in the large subgenus Stegomyia are medically 

importants, inculding Ae. aegytpi and Ae. albopictus. Ae. aegypti has a worldwide 

distribution in the tropics and subtropics. It is the primary vector of both dengue and 

yellow fever viruses. Ae. albopictus is similar to Ae. aegypti, also transmits dengue virus.  

Cockroaches are insects of the order Blattaria or Blattodea, of which approximately 

30 species out of 4,500 total are associated with human habitats and B. germanica is the 

most abundant. About four species are well known as household pests (Valles et al., 

1999; Schal and Hamilton, 1990). In the ROK, four species of household cockroaches are 
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common, the American cockroach, Periplaneta americana (Linnaeus); the Smoky-brown 

cockroach P. fuliginosa Serville; the House cockroach P. japonica (Kerny); the German 

cockroaches B. germanica (Linnaeus) (Ree, 1999). Of these four species, the German 

cockroach represents a greater public health concern because of its dominance. The 

German cockroaches are found on all continents in association with humnas and their 

food or waste. It may be troublesome nearly wherever food is prepared where central 

heating or environmental conditions provide warmth during colder periods. This species 

has naver been found in locations away from humans or human activity. Lee (1995) 

reported that infestions of the German cockroach accounted for 100% of all cockroache 

infestations in the kitchens of most general hospitals in the ROK. In recent years, high 

population densities of cockroaches are been observed in some restaurants in Busan and 

Changwon cities (Lee, 1988, 1992, 1993) and many customers have complained about 

these pests. Cockroaches have been implicated in the transmission of disease organisms 

(Roth and Willis, 1960) and as a source of potent human allergens in our homes (Chuang 

et al., 2010). 

More than 40 species of trombiculid mites (13 genera) are known or suspected to be 

vectors of O. tsutsugamushi. The most important genus is Leptotrombidium, represented 

by approximately 25 vector species, most of which belong to the subgenus 

Leptotrombidium. Two or more vector species are known in each of the following 4 

genera: Neotrombicula (6 spp.), Ascoschoengastia (2 spp.), Euschoengastia (2 spp.), and 

walchia (2 spp.). Other trombiculid genera that play a role in transmission of O. 

tsutsugamushi to humans are Acomatacarus, eurombicula, Gahrliepia, Leeuwenhoekia, 
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Mackiena, Neoschoengastia, Odontacarus, and Shunsennia. Presently, >56 species, 

belonging to 14 genera, have been identified as vector species of scrub typhus. 

Leptotrombidium deliense, Leptottombidium fletchery, Leptotrombidium arenicola, L. 

pallidum, Leptotrombidium pavlovskyi, and Leptotrombidium scutellare are regarded as 

the primary vectors of scrub typhus in several countries. In the ROK, Jackson et al. 

(1957) first reported the vector species of scrub typhus. Ree et al. (1991) confirmed L. 

pallidum as a vector of O. tsutsugamushi in the ROK and subsequently incriminated L. 

scutellare collected from Jeju Island as a vector (Ree et al., 1992) by applying indrirect 

immnofluorescent antibody (IFA) test to internal tissue samples of individual engorged 

chigger mites. Through polymerase chain reaction (PCR) methods, Ree et al. (1997) 

further detected O. tsutsugamushi from L. pallidum, L. scutellare, Leptotrombidium 

palpale, Leptotrombidium orientale, and Leptotrombidium zetum. and Lee et al. (2011) 

reported O. tsutsugamushi from a novel mite species, Eushoengastia koreaensis. 

 

2. Public health importance 

Mosquitoes are of public health significance because they feed on human blood. 

Blood feeding allows for acquisition and transmission of microorganisms that cause 

infection and disease in human (Kline, 2002). Malaria is transmitted by Anopheles 

mosquitoes (Mullen and Durden, 2009). In the Republic of Korea (ROK, South Korea), 

Plasmodium vivax malaria has been endemic for centuries (Paik et al., 1988; Jun et al., 

2009). In the 1960s and 1970s, active and passive vivax malaria case detection and vector 

control, which included extensive use of pesticides, were combined in an ambitious 
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eradication project by the ROK government (Paik et al., 1988). In the mid-1970s, 

indigenous transmission cases of malaria were greatly reduced and in 1979, the World 

Health Organization (WHO) declared the ROK as a malaria-free zone (Ree, 2000; WHO, 

1981). Plasmodium vivax malaria reemerged when two cases were reported in 

northwestern Gyeonggi Province near the demilitarized zone (DMZ) in 1993 (Chai et al., 

1994). Plsmodium vivax malaria rapidly increased to a high of 4,142 cases by 2000, 

before declining to 864 cases of 2004 (Jun et al., 2009; Chai, 1999; Cho et al., 1994; 

KNIH, 2001; Lee et al., 2007; KCDC, 2011). Malaria steadily increased to 2,227 cases by 

2007, but decreased to 555 by 2012 (KCDC, 2011). 

Dengue fever is caused by Dengue virus, represented by four closely related serotypes 

called Dengue 1, 2, 3, and 4 (Gubler, 1988; Gubler and Kuno, 1997). The disease in 

humans is either classic dengue fever or the more severe dengue hemorrhagic fever or 

dengue shock syndrome (Pawitan, 2011). The Dengue viruses are transmitted by 

mosquitoes, principally Ae. aegypti. More than 2.5 billion people are at risk of dengue 

infection over 100 countries worldwide, and there may be 50–100 million dengue 

infections every year, including 22,000 deaths annually (US CDC, 2011). West Nile virus 

is widely distributed in Africa, the Middle East, Europe, parts of the former Soviet Union, 

India, and Indonesia (Hayes and Wolf, 1988). It has been the cause of endemic and 

epidemic fever, myalgia, and rash, especially in children in the Middle East, and has 

caused encephalitis in some instances (Mullen and Durden, 2009). The primary mosquito 

vectors of West Nile virus are in the genus Culex, particularly Cx. pipiens and Culex 

univittatus. From 1999 to 2010, 30,502 cases of human West Nile virus disease (including 
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8,991 neuroinvasive disease cases) were reported in the USA, resulting in 1,216 deaths 

(US CDC, 2011). Japanese encephalitis is a severe disease of acute encephalitis, with 

children and the elderly primarily affected and with mortality rates reaching >25 % of 

those with overt disease, although many infections are asymptomatic or mild (US CDC, 

2005). Survivors often show neurologic squeals. Numbers of cases have declined in Japan, 

Korea, and Taiwan, because of vector control, vaccination, and changes in agricultural 

practices (Burke and Leake, 1988). Pigs are important amplifier hosts in rural, rice 

growing areas where swine are kept (Thein et al., 1988). Japanese encephalitis is 

probably the most important of the mosquito-borne encephalitis diseases, owing to its 

epidemic nature, widespread distribution, and large numbers of humans, who acquire 

infection, die or recover, yet suffer neurologic squeals (Mullen and Durden, 2009). In 

addition, the Unite State Centers for Disease Control and Prevention (US CDC) had 

received 1,000 reports of mosquito-borne encephalitis viruses (e.g. Eastern equine 

encephalitis, Venezuelan equine encephalitis and West Nile virus) annually (US CDC, 

1992). 

There are two main areas of concern with regard to cockroaches and their potential 

for causing disease in humans: the allergic reactions, including lung and skin reactions, 

and the vector potential of cockroaches for a variety of organisms. Cockroaches, first 

linked to allergic diseases by Bernton & Brown in 1964 (Bernton and Brown, 1964), are 

major sources of indoor allergens; exposure and sensitization to them is associated with 

the development of acute asthma morbidity (Call et al., 1992; Gelber et al., 1993; Kang, 

1976; Kang et al., 1979). Although allergens have been identified in several cockroaches 
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species, only allergens from the German and American cockroaches have been officially 

recognized and named according to World Health Organization/International Union of 

Immunological societies (WHO/IUIS) nomenclature (IUIS, 2006). Aside from the reports 

on allergies, there is also strong evidence that cockroaches are also involved in spreading 

infectious diseases. The diseases caused by the pathogenic bacteria which have been 

found occurring naturally in or on cockroaches include both general and specific 

infections such as bubonic plague (Pasteurella pestis), dysentery (Shigella alkalescens), 

diarrhea (Shigella paradyensteriae), urinary tract infection (P. aeruginosa), abscesses 

(Staphylococcus aureus), food poisonings (Clostridium perfringens Escherichia coli, 

Streptococcus faecalis, P. aeruginosa), gastroenteritis (Salmonella schottmuelleri, S. 

bredeney, S. oranienburg), typhoid fever (Salmonella typhosa), leprory (Mycobacterium 

leprae), and nocardiosis (Actinomyces spp) (Cochran, 1982; Roth and Willis, 1957). 

Orientia tstutsugamushi (Hyashi), the causative agent of scrub typhus, is an obligated 

gram-negative intracellular bacteria causing acute febrile disease in humans. Humans are 

infected only through the bite of infected chigger mites belonging to the family 

Trombiculidae. The typical symptoms of scrub typhus include fever, headache, rash, 

escar, and lymphadenopathy (Kawamura et al., 1995). Scrub typhus is endemic in the 

Republic of Korea (ROK), Japan, other East Asian countries, and northern Australia. 

About 1 million cases are reported annually with more than a billiion people at risk for 

infection (Lerdthusnee et al., 2003). Since the first civilian case of scrub typhus was 

reported (Yi et al., 1986), the numbers of scrub typhus cases have increased to >6,000 

cases annually in the ROK and cases of 9,000 were reported during 2012 
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(http://stat.cdc.go.kr).  

 

3. Insecticide resistance 

DDT was first introduced for mosquito control in 1946. In 1947, the first cases of 

DDT resistance occurred in Ae. tritaeniorhynchus and Ae. solicitant (Brown, 1986). Since 

then more than 100 mosquito species are reported as resistant to one or more insecticide, 

and more than 50 of these are anophelines (WHO, 1992). Insecticides used for malaria 

control have included γ-BHC, OP, carbamate, and pyrethroid insecticides, with the latter 

now taking increasing market share for both indoor residual spraying and large-scale 

insecticide-impregnated bednet programs. Other insecticide groups, such as the 

benzylphenyl ureas and BTI, have had limited use against mosquitoes. OP resistance, 

either in the form of board-spectrum OP resistance or malathion-specific resistance, 

occurs in the major vectors An. culicifacies (Herath et al., 1987), An. stephensi (Eshgy, 

1978; Hemingway, 1982), Anopheles albimanus (Ariaratnam and Georghiou, 1974; 

Hemingway and Georghiou, 1983), and Anopheles sacharovi (Hemingway et al., 1985). 

Anopheles culicifacies is recognized as a species complex (Subbarao et al., 1992). OP 

resistance is widespread in all the major Culex vectors (Hemingway and Karunaratne, 

1998), and pyrethroid resistance occurs in Cx. quinquefasciatus (Amin and Hemingway, 

1989; Bencheikh et al., 1998; Chandre et al., 1998). Pyrethroid resistance has been noted 

in An. albimanus (Brogdon and Barber, 1990), and An. gambiae (Vulule et al., 1994; 

Chandre et al., 1999a; 1999b) among others, while carbamate resistance is present in An. 

sacharovi and An. albimanus (Hemingway et al., 1992). Pyrethroid resistance is 
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widespread in Ae. aegypti (Bang et al., 1969; Malcolm and Wood, 1982; Hemingway et 

al., 1989) and cases of OP and carbamate resistance have also been recorded in this 

species (Matsumura and Brown, 1961; Mourya et al., 1993).  

Control of the German cockroach by use of chemical insecticides has a long history 

going back to at least the early part of this century (Mallis, 1969). However, the question 

of insecticide resistance in these pests did not arise until after the advent of the 

chlorinated hydrocarbon insecticides in the late 1940’s. One of them, the cyclodiene 

chlordane, rapidly became the insecticide of choice for cockroach control. By 1951 there 

were reports from Texas of failures to obtain satisfactory control with this chemical 

(Grayson, 1966). Later research confirmed that high-level resistance to chlordane was 

resent in field populations of the German cockroach (Fisk and Isert, 1953; Grayson, 1954; 

Heal et al., 1953). Subsequently, resistance to this material became so widespread in the 

USA that it had to be abandoned for cockroach control (Grayson, 1966). 

By the mid-1950’s it was apparent that the German cockroach could also develop 

resistance to DDT and prethrins (Grayson, 1966). DDT was not used commercially for 

German cockroach control in the USA, but selections in the laboratory produced high-

level resistance to it (Grayson, 1953). Natural pyrethrins have been used in cockroach 

control for many years, mainly as a flushing agent. Thus, it is not surprising that 

resistance to pyrethrins has been known in the German cockroach since the early 1950’s 

(Keller et al., 1956). Indeed, it is highly likely that resistance to pyrethrins existed in this 

pest for some time prior to its actual discovery, and may represent the earliest case of 

resistance in this species. 
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Subsequent to the loss of chlordane, the organophosphate (OP) insecticides became 

paramount in cockroach control. The most prominent materials at that time were diazinon 

and malathion. By 1959 resistance to malathion existed in laboratory colonies (Burden et 

al., 1959; Grayson, 1960). Later studies showed that high-level resistance to malathion 

occurred both in the laboratory (Grayson, 1963) and in natural populations (Bennet and 

Spink, 1968). Resistance to diazinon was also found in many populations, but was usually 

at a low level (Grayson, 1961; 1966). From the above information it is apparent that the 

German cockroach has a considerable ability to develop resistance to a variety of 

chemical insecticides. As will be shown later, that ability still flourishes and countries to 

negate or reduce the effectiveness of many insecticides.  

Investigations on the mode of action of insecticidal activity of compounds or 

insecticides are of practical importance for mosquito control because it may give useful 

information on the most appropriate formulations and delivery means and because it may 

give useful information for future resistance management. Major mechanisms of 

resistance  to insecticides currently available to control mosquitoes are target site 

insensitivity that reduces sodium channel sensitivity to pyrethroid insecticides or 

acetylcholinesterase sensitivity to OP and carbamate insecticides and enhanced 

metabolism of various groups of insecticides (Hemingway et al., 2004). Alternative 

mosquito control agents with novel mode of action, weak mammalian toxicity and little 

environmental impacts, are badly needed. In addition, certain plant-derived compounds 

were found to be highly effective against insecticide-resistant insect species (Miyakado et 

al., 1989; Ahn et al., 1997). 
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4. Plant essential oils 

Essential oils are volatile natural complex secondary metabolites characterized by a 

strong odor and have a generally lower density than that of water (Bruneton, 1999; 

Bakkali et al., 2008). There are 17,500 aromatic plant species (Bruneton, 1999) among 

higher plants and approximately 3,000 essential oils are known out of which 300 are 

commercially important for pharmaceuticals, cosmetics and perfume industires (Bakkali 

et al., 2008) apart from pesticidal potential (Franzios et al., 1997; Chang and Cheng, 

2002). They are lipophilic in nature and interfere with basic metabolic, biochemical and 

physiological and behavioural functions of insects (Brattsten, 1983). Genera capable of 

elaborating the comounds that constitute essential oils are distributed in a limited number 

of families, such as Myrtaceae, Lauraceae. Rutaceae, Lamiaceae. Asteraceae, Apiaceae, 

Cupressaceae, poaceae, Zingiberaceae and piperaceae. 

Essential oil compounds and their derivaties are considered to be an alternative meas 

of controlling many harmful insects and their rapid degradation in the environment have 

increased specificity that favours beneficial insects (Pillmoor et al., 1993; Larocque et al., 

1999), capacity to delay development, adult emergence and fertility (Marimuth et al., 

1997), deterrent effects on oviposition (Naumann and Isman, 1995; Oyedele et al., 2000), 

and arrestant and repellent action (Landolt et al., 1999). Despite these most promising 

properties, problems related to their volatility, poor water solubility and aptitude for 

oxidation have to be resolved before they are used as an alternative pest control system 

(Moretti et al., 2002). 
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5. Insecticidal constituents from plants 

Vector control is by far the most successful method for reducing incidences of 

mosquito born diseases, but the emergence of widespread insecticide resistance and the 

potential environmental issues associated with some synthetic insecticides has indicated 

that additional approaches to control the proliferation of mosquito population would be an 

urgent priority research. These factors have created the need for environmentally safe, 

degradable and target-specific insecticides against vectors. Currently, numerous products 

of botanical origin have received considerable renewed attention as potentially bioactive 

agents used in insect vector management. Phytochemicals have provided numerous 

beneficial uses ranging from pharmaceuticals to insecticides. Historically, the commercial 

development of botanical insecticides is credited to a lady of Ragusa, Dalmatia, who 

noticed dead insects on a discarded bouqeut of pyrethrin flowers. She began milling 

pyrethrum into powder and thus the pyrethrin industry was born (Hartzel and Wlicoxon, 

1941). Since then, pyrehtirns form chysanthemum flowers and many synthetic derivatives 

stand prominent as effective pesticides. 

Various secondary metabolites of plants, including phenolics, terpenoids and alkaloids, 

have received influential attention in the research for new pesticide (Singh and Upadhyay, 

1993) and jointly or independently they contribute to behavioral efficacy such as 

repellence and feeding deterrence and physiological efficacy such as acute toxicity and 

developmental disruption against various arthropod species (Harborne, 1993; Ahn et al., 

2006; Isman, 2006). Sukumar et al. (1991) has pointed out that the most promising botanical 
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mosquito control agents are plants in the families Asteraceae, Cladophoraceae, Lamiaceae, 

Meliaceae, Oocystaceae, and Rutaceae. Many plant preparations and their constituents 

manifest toxicity to different mosquito species (Sukumar, 1991; Park et al., 2002; 

Perumalsamy et al., 2010) and have been proposed as alternatives to conventional 

mosquitocides. 

Mosquito larvae are attractive targets for pesticides because they breed in water and, 

thus, are easy to deal with them in this habitat. One of the earliest reports of the use of 

plant extracts against mosquito larvae is credited to Campbell et al. (1933) who found 

that plant alkaloids like nicotine, anabasine, methyl anabasine, and lupinine extracted 

from the Russian weed, Anabasis aphylla, killed larvae of Cx. pipiens, Culex territans, 

and Cx. quinquefasciatus. Haller (1940) noted that extracts from Amur cork tree fruit, 

Phellodendron amurense, yielded a quick-acting mosquito larvicide. Wilcoxon et al. 

(1940) reported that extracts derived from the male fern, Aspidium filix-mas, yielded a 

toxic constituent, filicin, a phloroglucinol propyl ketone, which proved toxic to Cx. 

quinquelfasciatus. Hartzell and Wilcoxon (1941) evaluated extracts from 150 species of 

plants for their toxicity to mosquitoes and found several to be very effective. Many 

essential oils from plant origin such as citronella, calamus, thymus, and eucalyptus are 

also reportedly promising mosquito larvicides (James, 1992; Hemingway et al., 2004; 

Wandscheer et al., 2004; Shaalan et al., 2005; Rahuman et al., 2008). However, there are 

very few researches on the toxic effects of phytochemicals on adult mosquitoes. It has 

been suggested that adulticidal action is a potential and untapped field of research (Perich 

et al., 1994). 
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The differential responses induced by phytochemicals on various species of 

mosquitoes were influenced by extrinsic and intrinsic factors, the parts of plant, the 

solvents used for extractions, the geographical location where the planst were grown and 

the mehtods emloyed for evaluation (Sukumar et al., 1991). In addition, certain plant 

constituents were found to be highly effective against insecticide-resistant mosquitoes 

(Kim et al., 2008; Perumalsamy et al., 2010), and they are likely to be useful in resistance 

management strategies and tactics. For example, the phenylpropanoids methyleugenol 

and α-asarone, the saturated hydrocarbon pentadecane, the lignan (‒)-asarinin, and the 

isobutylamide alkaloid pellitorine are effective against larvae from wild colony of Cx. p. 

pallens with extremely high to high levels of resistance to chlorpyrifos, fenitrothion, 

fenthion, α-cypermethrin, deltamethrin, and chlorfenapyr (Perumalsamy et al., 2010). 

Azadiractin from neem tree has long-term been used as insecticides for mosquito 

control, and it may be the most successful plant insecticide among currently 

commercialized plant products. Most surveys on insecticidal effects against mosquitoes 

focused on the well-known horticultural and commonly grown plants. Interestingly, an 

Indian research team reported the insecticidal activities of weed plants found in vast areas 

on plains as well as on hilly regions (Mohan et al., 2007). Weed plant growing in large 

numbers in a large area makes such areas useless or unsuitable as a fodder for cattle. 

However, if their usefulness by the study is proven, these weeds may provide a chance of 

mass control of mosquito and also help in clearing off such weeds to use as an insecticide. 

Numerous essential oil components, such as 1,8-cineole, trans-cinnamaldehyde, 

citronellic acid, eugenol, geraniol, (‒)-linalool, (‒)-menthone, (‒)-β-pinene, and (+)-α-
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pinene are used as fragrances for perfumes and flavorings for food items (Isman, 2006). 

Others, such as eugenol and geraniol are used as insect attractants (O’Neil, 2006). 

Additional uses include disinfectants (carvacrol), solvents for manufacturing resins 

[(‒)-limonene], plasticizers [(+)-α-pinene], and mold eliminators (thymol) (O’Neil, 2006). 

The demand for botanical insecticides is growing because of the public’ increase in 

concern for the negative effects of traditional insecticides, (Appel et al., 2001). Essential 

oils are a natural botanical alternative to traditional insecticides. Numerous studies have 

demonstrated the efficacy of essential oils as insecticides. Constituents of marjoram oil 

were tested against female German cockroaches to determine if they could be used as 

insecticides (Jang et al., 2005). The contact and vapor phase toxicities of marjoram oil 

and its constituents were determined and the results were compared to that of four 

conventional insecticides (Jang et al., 2005). The results from the contact toxicity 

bioassay (using filter paper) indicated that 1,8-cineole, linalool, α-terpineol, and thymol, 

the major constituents of marjoram oil, were more toxic than propoxur but less toxic than 

deltamethrin, dichlorvos, and permethrin (Jang et al., 2005). When compared to 

dichlorvos, all marjoram oil constituents showed less fumigant activity; however, the 

results indicated that marjoram oil, 1,8-cineole, (+)-camphor, linalool, α-terpineol, (‒)-α-

thujone, thymol, and verbenone could be used as fumigants to control German 

cockroaches (Jang et al., 2005). The method of delivery was vapor action, by way of the 

respiratory system (Jang et al., 2005). 

Essential oils and their constituents have also been tested against the turnip aphid, 
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Lipaphis pseudobrassicae (Davis), (Sampson et al., 2005); the confused flour beetle, 

Tribolium confusum (du Val), (Stamopoulos et al., 2007); the granary weevil, Sitophilus 

granarius (L.), (Kordali et al., 2006); the lesser grain borer, Rhyzopertha dominica 

(Fabricius), the rice weevil, Sitophilus oryzae (L.), the red flour beetle, Tribolium 

castaneum (Herbst), (Rozman et al., 2007); and the human head louse, Pediculus 

humanus capitis De Geer, (Yang et al., 2004) for contact and fumigant toxicity. Results 

indicated that all of the above species were susceptible to several of the essential oils and 

their constituents. Carvacrol can be extracted from thyme plants (Mockute and 

Bernotiene, 1999). In a study conducted by Panella et al. (2005), essential oil constituents 

from the heartwood of Alaska yellow cedar were tested for insecticidal and acaricidal 

activity. Of the monoterpenoids tested, only carvacrol was toxic to ticks, fleas, and 

mosquitoes (LC50 = 0.0068, 0.0059, 0.0051 (w/v), respectively) (Panella et al., 2005). 

The contact toxicity (LC50) (filter paper bioassay) of carvacrol to the German cockroach 

was 0.29 mg/cm2 (Jang et al., 2005). 1,8-Cineole can be extracted from eucalyptus trees 

(Yang et al., 2004). The majority of research on cineole has been conducted using 1,8-

cineole. The fumigant toxicity of 1,8-cineole was determined for the rice weevil, the red 

flour beetle, and the lesser grain borer, all of which are major pests of stored grains (Lee 

et al., 2004). The LC50 values were 22.8, 15.3, and 9.5 μl/L of air, respectively (Lee et al., 

2004). The contact toxicity (LC50) (filter paper bioassay) of 1,8-cineole to the German 

cockroach was 0.13 mg/cm2 (Jang et al., 2005), whereas the fumigant toxicity (LC50) was 

92.97 mg/L of air (Jang et al., 2005). 

Trans-cinnamaldehyde can be extracted from the bark of cinnamon trees (Senanayake 
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et al., 1978). Cinnamaldehyde was tested for acaricidal activity against the copra mite, 

Tyrophagus putrescentiae (Schrank), and, the results were compared with the following 

conventional insecticides: benzyl benzoate, N,N-diethyl-mtoluamide (DEET), and dibutyl 

phthalate (Kim et al., 2004). Cinnamaldehyde was toxic to the copra mite, with an LC50 

(determined using treated fabric pieces) of 1.12 μg/cm2. LC50 values for benzyl benzoate, 

N,N-diethyl-m-toluamide (DEET), and dibutyl phthalate were 10.03 μg/cm2, 13.39 

μg/cm2, and 12.87 μg/cm2, respectively (Kim et al., 2004). The results indicated that 

cinnamaldehyde would be considered as an alternative direct contact spray for the control 

of mites in stored products (Kim et al., 2004). A study by Hertel et al. (2006) confirmed 

that cinnamaldehyde inhibits the development and affects the circulatory system and 

antenna-heart of the American cockroach, P. americana (L.). Cinnamaldehyde can also 

be used to protect stored products from the red four beetle and the maize weevil, 

Sitophilus zeamais Motsch (Huang and Ho, 1998). The contact and fumigant toxicity 

(LC50) of cinnamaldehyde to the adult red flour beetle and the maize weevil was 0.70 and 

0.66 mg/cm2 and 0.28 and 0.54 mg/cm2, respectively (Huang and Ho, 1998). 

Cinnamaldehyde also exhibits antifeedant effects against the red flour beetle and the 

maize weevil (Huang and Ho, 1998). The toxicity (LC50) (filter paper bioassay) of (E)-

cinnamaldehyde was 0.23 mg/cm2 to the German cockroach (Jang et al., 2005). 

Citronellic acid, a component of citronella oil, can be extracted from the stems and 

leaves of citronella grass (Nakahara et al., 2003). Citronella oil has repellent properties, 

and it has been used in the production of citronella candles to repel mosquitoes. Few 

studies have been conducted using citronellic acid. Citronellic acid had insignificant 
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insecticidal activity against adult German cockroaches in contact toxicity studies (Jang et 

al., 2005). 

Eugenol can be extracted from the dried flower buds of clove trees (Park and Shin, 

2005). It is an aromatic ether and its structure also contains a hydroxyl functional group. 

It was toxic to the Japanese termite, Reticulitermes speratus Kolbe (Park and Shin, 2005). 

When fumigated with 1 μl/L of air of eugenol there was 100% mortality of the Japanese 

termite at 24 h (Park and Shin, 2005). The mortality of the rice weevil, the lesser grain 

borer, and the red flour beetle when fumigated with 0.1 μl/720 ml volume of eugenol was 

85.0, 80.0, and 12.5% at 24 h, respectively (Rozman et al., 2007). 

Geraniol can be extracted from the petals of various roses (Antonelli et al., 1997), 

geraniums (Timmer et al., 1971), and lemongrass (Dudai et al., 2001). When geraniol was 

tested against the confused flour beetle in fumigant toxicity studies, LC50 values were 

insignificant to all stages; however, geraniol produced more adultoids than any other 

monoterpenoid tested (Stamopoulos, 2007). These results indicate that geraniol has IGR-

like properties and, upon further testing, could be used along with other insecticides to 

control the confused flour beetle (Stamopoulos, 2007). There was no significant mortality 

of German cockroaches treated with geraniol in either contact or fumigation studies (Jang 

et al., 2005). 

(S)-(‒)-Limonene is an essential oil constituent that can be extracted from the rind of 

citrus fruits (Usai et al., 1992). Few essential oil studies have been conducted using (S)-

(‒)-limonene; however, a study done by Hink and Fee (1986) on the toxicity of d-

limonene to all stages of the cat flea, Ctenocephalides felis Bouche, showed that adults, 
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larvae, and eggs are about equal in susceptibility to d-limonene, and pupae are the least 

susceptible to d-limonene. Citrus oil, which contains d-limonene, was toxic to red 

imported fire ants, Solenopsis invicta Buren, in a study performed by Vogt et al. (2002). 

The toxicity (LC50) (filter paper bioassay) of (‒)-limonene to the German cockroach was 

2.58 mg/cm2 (Jang et al., 2005). 

(‒)-Linalool can be extracted from sweet basil (Yousif et al., 1999) and several plants 

in the Lauraceae family (Kilic et al., 2005). Stamopoulos et al. (2007) found that linalool 

was toxic to 10-day-old adult male red flour beetles; the fumigant toxicity (LC50) was 

34.8 μl/L of air. Oils containing linalool were also toxic to small turnip aphids (Sampson 

et al., 2005). The LC50 value for coriander, another oil that contains linalool, was 2.9 

mg/ml after 60 min (Sampson et al., 2005). Strong contact insecticidal activity (LC50 

value of 0.12 mg/cm2) was observed when linalool was tested against adult German 

cockroaches for contact toxicity (filter paper bioassay) (Jang et al., 2005). Strong 

fumigant toxicity (LC50 value of 26.20 mg/L of air) of linalool to the German cockroach 

was also observed (Jang et al., 2005). 

(‒)-Menthone can be extracted from peppermint plants (Baldinger, 1942). Results 

from an experiment conducted by Sampson et al. (2005) indicated that oils containing 

menthone were minimally toxic to turnip aphids. The LC50 value for peppermint, an oil 

that contains menthone, was 8.8 mg/ml after 60 min (Sampson et al., 2005). When 

menthone was tested against adult German cockroaches for contact toxicity (filter paper 

bioassay), moderate insecticidal activity was observed (Jang et al., 2005). 

Contact toxicity (LC50) of menthone to the German cockroach was 0.25 mg/cm2 (Jang 
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et al., 2005). Mint oil, which consists of menthone as a main component, was repellent 

and toxic to red imported fire ants (Appel et al., 2004), American cockroaches, and 

German cockroaches (Appel et al., 2001). LD50 values for American and German 

cockroaches were 10 μl of 2.57% and 2 μl of 3.83% mint oil, respectively (Appel et al., 

2001). Both (+)-α-pinene and (‒)-β-pinene can be extracted from pine trees (Palmer, 

1942). They are isomers, and both are bicyclic compounds. When α-pinene and β-pinene 

were tested against adult German cockroaches for contact toxicity, poor insecticidal 

activity was observed (Jang et al., 2005). The contact toxicity (LC50) (filter paper 

bioassay) of α-pinene and β-pinene to the German cockroach was 2.77 and 1.23 mg/cm2, 

respectively (Jang et al., 2005). Poor insecticidal activity of these essential oils was also 

observed in fumigant toxicity tests (Jang et al., 2005). LC50 values of α-pinene and β-

pinene to the German cockroach were 218.17 and 143.76 mg/L of air, respectively (Jang 

et al., 2005). These LC50 values are approximately 25‒55 times greater than the 

pyrethroid insecticide, permethrin (Jang et al., 2005). Thymol can be extracted from 

thyme plants (Sotomayor et al., 2004). Along with other monoterpenoids and rosemary 

oil, thymol was tested against the wireworm (larval form of a click beetle), Agriotes 

obscurus L. (Waliwitiya et al., 2005). Wireworms are major economic pests of cereal, 

corn, and potatoes (Waliwitiya et al., 2005). Of the oils tested, thymol had the greatest 

contact toxicity (LC50 = 196.0 μg/larva); however, thymol did not have the greatest 

fumigant toxicity (LC50 = 17.1 μg/cm3) of the four compounds tested (Waliwitiya et al., 

2005). The contact toxicity (LC50) (filter paper bioassay) of thymol to the German 

cockroach, determined by Jang et al. (2005), was 0.09 mg/cm2. The fumigant toxicity 
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(LC50) of thymol to the German cockroach was 18.76 mg/L of air at 24h (Jang et al., 

2005).  

 

6. Repellent constituents from plants 

By definition, repellents are substances that act locally or at a distance, deterring an 

arthropod from flying to, landing on or biting human or animal skin (or a surface in 

general) (Blackwell et al., 2003; Choochote et al., 2007). Usually, insect repellents work 

by providing a vapor barrier deterring the arthropod from coming into contact with the 

surface (Brown and Hebert, 1997). Among them, essential oils, complex mixtures of 

volatile compounds isolated from a large number of plants, have been found to have these 

properties against various haematophagous arthropods, some of them being the basis of 

commercial repellent formulations (Curtis et al., 1989). 

Repellent research was highly motivated due to the loss of effectiveness resented in 

formulations used by military personnel during the Second World War. Consequently, 

thousands of repellent candidates were screened; and so synthetic repellents were 

developed (Dethier, 1956). Today, World wide consumption of synthetic repellents has 

increased to prevent losses in stored grains, fruits and other cellulosic materials infested 

by various pests, most of them arthropods. A similar situation occurs for human and 

animal health, where insecticides used to control vectors that transmit parasites or 

pathogens, many of them resistant to these chemicals, will have to be employed in larger 

amounts, due to the change in global temperatures. In fact, Global warming has moved 

the mosquitoes that transmit malaria, yellow fever and dengue into some temperate and 
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higher altitudes, affecting people who are vulnerable to these diseases. It has been 

predicted an increase from approximately 45‒60% in the proportion of the world’s 

population living within the potential zone for malaria transmission (US EPA, 1997). 

Synthetic chemicals have been developed in order to protect human from mosquito bites, 

being DEET not only a broad spectrum repellent, but also the most effective and 

persistent on skin (Isman, 2006). Although used by 30% of the US population, it may 

cause environmental and human health risks; additionally (Pitasawat et al., 2003). 

Therefore, there has been an increase in search efforts for natural and eco-friendly 

repellents. Some plant-based repellents are comparable to, or even better than synthetics; 

however, essential oil repellents ted to being short-lived in their effectiveness, which 

depends on their volatility. Moreover, synthetic repellents generally tend to be more 

effective and/or longer lasting than natural products (Fradin and Day, 2002; Collins et al., 

1993). 

Over the last 50 years, thousands of plants have been screened as potential sources of 

repellents (Sukumar et al., 1991). A large number of EO extracted from different families 

has been shown to have high repellency against mosquito species. 
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7. Mode of action of essential oils 

Most monoterpenes are cytotoxic to plants and animal tissue, causing a drastic 

reduction in the number of intact mitochondria and golgi bodies, impairing respiration 

and photosynthesis and decreasing cell membrane permeability. At the same time they are 

volatile and many serve as chemical messengers for insects and other animals. 

Furthermore, most monoterpenes serve as a signal of relatively short duration, making 

them especially useful for synomones and alarm pheromones. The doses of essential oils 

needed to kill insect pests and their mechanism of action, are potentially important for the 

safety of human as and other vertebrates. The target sites and mode of action have not 

been well elucidated for the monoterpenoids and only a few studies have examined this 

question (Watanabe et al., 1990; Rice and Coats, 1994; Lee et al., 1997). 

Little is known about the physiological actions of essential oils on insects, but 

treatments with various essential oils or their constituents cause symptoms that suggest a 

neurotoxic mode of action (Coats et al., 1991; Kostyukovsky et al., 2002). A 

monoterpenoid, linalool has been demonstrated to act on the nervous system, affecting 

ion transport and the release of acetylcholine esterase in insects (Re et al., 2000). 

Octopamine has a broad spectrum of biological roles in insects, acting as a 

neurotransmitter neurohormone and circulating neurohrmone-neuromodulator (Evans, 

1980; Hollingworth et al., 1984). Octopamine exerts its effects through interaction with at 

least two classes of receptors which, on the basis of pharmacological criteria, have been 

designated octopamine-1 and octopamine-2 (Evans, 1981). Interrupting the functioning of 

octopamine results in total break down of nervous system, in insects. Therefore, 
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octopaminergic system of insects represents a biorational target for insect control. The 

lack of octopamine receptors in vertebrates likely accounts for the profound mammalian 

selectivity of essential oils as insecticides. A number of essential oil compounds have 

been demonstrated to act on octopaminergic system of insects (Enan et al., 1998). 

Enan (2005) showed that eugenol mimics octopamine in increasing intracellular 

calcium levels in cloned cells from the brain of P. americana and Drosophila 

melanogaster and this as also found to be mediated via octopamine receptors. 

Furthermore, the toxicity of eugenol was increased in mutant D. melanogaster that were 

deficient in octopamine synthesis, suggesting that the toxicity is mediated through the 

octopaminergic system, though this was not the case for geraniol. It was suggested that 

these cellular changes induced by eugenol are responsible for its insecticidal properties 

(Price and Berry, 2006). Kostyukovsky et al. (2002) reached a similar conclusion, 

suggesting possible competitive activation of octopaminergic receptors by essential oil 

constituents; they found significant effects at low concentrations in abdominal epidermal 

tissue of Helicoverpa armigera. 

It is unclear if repellents work by common mechanisms in different arthropods, and 

conflicting evidence exists in the literature. For example, tick detects repellents on the 

tarsi of the first pair of legs (Haller’s Organ) and insects detect the same substances on the 

antennae. Furthermore, the difference in sensitivity to the same repellent between 

different classes, orders and families are differences of degree only; no fundamental 

difference in type of response are observed (Rutledge et al., 1997). However, degree of 

differential sensitivity was stable over several generations in mosquitoes, indicating a 
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genetic, heritable basis of tolerance (Rutledge et al., 1985). Hairs on the mosquito 

antennae are temperature and moisture sensitive. The repellent molecules interact with 

the female mosquito olfactory receptors, thereby blocking the sense of smell. Very little is 

known about the receptors responsible for the repellent responses in cockroaches. Oleic 

acid and linoleic acid have been indicated in death recognition and death aversion 

(repellency) in cockroaches and the term ‘necromone’ has been proposed to describe a 

compound responsible for this type of behavior (Rollo et al., 1995).  

 

8. Minimum-risk insecticides 

Overzealous use of syntheitc pesticides led to numerous problesm unforessen at the 

time of their introduction follow as acute and chronic poisoning of applicators, 

farmworker, and even consumers; destruction of fish, birds, and other ecosystems; 

disruption of natural biological control and pollination; extensive groundwater 

contamination of resistnace to pesticides in pest population (Marco et al., 1987; Forget et 

al., 1993; NRC, 2000; Perry et al., 1998). Recently, governments responded to these 

problems with regulatory action, banning or severely restricting the most damaging 

products and creating policies to replace chemicals of concern with thoses demonstrated 

to pose fewer or lesser risks to human health and the environment. In the United States, 

these policies are reflected by the definition of "reduced risk" pesticides by the US EPA 

in the early 1990s with their favored regulatory status, and by the Food Quality Protection 

Act (1996), which , in reappraising safe levels of pesticides residues in foods, is having 

the net effect of removing most synthetic insecticides developed before 1980 from use in 
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agriculture. These changes in the regulatory "environment" appeared to heighten the 

impetus for the discovery and development of alternative pest management agents with 

reduced health and environmental impacts, including insecticides derived from plants. 

 

9. Cyperus rotundus 

C. rotudus L. is weeds in the fields and on the canal borders and is used as antimlarial 

(Thebtar Anonth et al., 1995), antiinflammatory, antipyretic (Gupta et al., 1980) and 

insecticidal (Dadang et al., 1996). It shows cytoprotective effect against ethanol induced 

gastric ulceration (Zhu et al., 1997) and used to treat stomach and bowel disorder (Ohira 

et al., 1998). The alcoholic and aqueous extracts of C. rotundus L. exhibit 

hepatoprotective activity (Mehta et al., 1999). Certain Cyperus spedcies exhibits 

anthelmentic property (Sharaf et al., 1962). Sesquiterpenes (Thebtar Anonth et al., 1995; 

Ohira et al., 1998; Komai and Tang, 1989) sush as patchoulenone, caryophyllene-α-oxide, 

10, 12 peroxy calamenene, 4,7-dimethyl-1-tetralone (Thebtar Anonth et al., 1995), 4,5-

secoeudesmanolide, cyperolone, mustakone and other eudesman-type were isolated and 

identified in the hexane extract of C. rotundus L. (Ohira et al., 1998; Komai and Tang, 

1989). 

Insecticidal activity and repellency against insects have been reported. Liu et al. 

(2011) and Raja et al. (2013) reported strong repellency of B. germanica to C. rotundus 

and potential for protecting stored pulses from Callosobruchus maculatus infestation of C. 

rotundus. Ovicidal and larvicidal activities of C. rotundus against Ae. albopictus were 

reported by Kempraj and Sumangala (2008) and Dadang et al. (1996) reported 
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insecticidal activity of tuber of C. rotundus against the diamondback moth larvae. 

 

10. Perspectives 

Because of insecticide resistance, environmental concern, and health safety, the use of 

many conventional insecticides such as OP and carbamate insecticides will be restricted 

by recent pesticide regulation policies in the USA (US EPA, 2010), EU (Anonymous, 

2005), and South Korea (KLRI, 2007). Until 2003, the US government banned or 

severely restricted 64 insecticides belonging to the categories of UN PIC (Prior Informed 

Consent), UN Severely Hazardous Pesticide Formulations (SHPF), and US PIC lists such 

as chlordimeform and ethyl parathion (US EPA, 2003). In spite of the widespread public 

concerns for long-term health and environmental effects of conventionally used 

insecticides, plant-based natural insecticides have not yet occupied much portion in the 

insecticide marketplace. Due to the improved conditions for mosquito growth by changes 

in living environments and global warming, increase in the mosquito population and their 

vector diseases is forecasted. Accordingly, consumer’s demands for new minimum-risk 

mosquitocides will be increasing. Considering these situations, botanical mosquitocides 

might replace some synthetic ones in the near future. 

Many researches on the plant source such as plant extracts, plant essential oils, and 

their constituents to use as an insecticide are being carried out. Until now, any natural 

products able to exceed the effect of conventional insecticide were not developed. 

Considering the actual state, natural product-based biocides will play a role as alternatives 

in specific situations or parts, not in all parts that synthetic chemicals are used. In addition, 
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some plant-derived constituents gave high toxicity to some aquatic organisms. Therefore, 

these insecticidal compounds may be treated in a limited area, such as closed septic tank 

or the serious insecticide-resistance location where the mosquito population has been 

increased rapidly. 

Many of these compounds have rat oral acute LD50 values in the 2‒3 g/kg range, 

whereas commercial insecticides consisting of mixtures of essential oil compounds 

produce <50 % mortality in rat (often no mortality) at 5 g/kg, the upper limit required for 

acute toxicity tests by most pesticide regulatory agencies (Isman, 2001). Until now, 

mosquitoes have developed resistance to various insecticides, but resistance mechanism 

associated with octopamine receptors has not been reported with mosquitoes. Continued 

application of pyrethroid, carbamate, organophosphates, and insect growth regulators are 

frequently used for the control of mosquitoes. Dependence on these insecticides to 

manage the mosquito-borne diseases is considerable success, but also caused harmful 

effect on other organisms in the ecosystems. Due to the toxicity as well as growing 

incidence of insecticide resistance, the need for novel insecticides and for naturally 

occurring insecticides has been increased. This societal need for the development of more 

selective and more new strategies against mosquito resulted in the detailed studies on 

plant essential oil or extracts (Siddiqui et al., 2004; Rasheed et al., 2005; Amer and 

Mehlhorn, 2006a, b; Sharma et al., 2006). 
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INTRODUCTION 

Vectors including Cx. tritaeniorhynchus, B. germanica, and Cx. p. pallens are 

reported as pests transmitting diseases on human like Japanese encephalitis, allergic 

reaction as well as nuisance (Weber, 1984; Burke and Leake, 1988; Kim et al., 2007).  

The vector control in the ROK has been mainly carried out using conventional 

synthetic insecticides and continued or repeated use of these insecticides has often 

resulted in the development of resistance of mosquitoes (Shim et al., 1982; Shim et al.; 

1995b; Chang et al., 2009a, Shin et al., 2011) and cockroaches (Bang et al., 1993, Chang 

et al., 2009b; and Chang et al., 2010). Increasing levels of resistance to the most 

commonly used insecticides have caused multiple treatments and excessive doses, raising 

serious human health and environmental concerns. Many of the insecticides currently 

used in Korea have failed to control mosquitoes (Shim et al., 1982; Shim et al.; 1995b; 

Kim et al., 2008; Chang et al., 2009a; Chang, 2009b; Chang, 2010; Perumalsamy et al., 

2010; Shin et al., 2011) and cockroaches in the field, most probably because of the 

development of resistance (Bang et al.,1993; Shim, 1993; Kim and Han, 2004). The 

widespread insecticide resistance has been a major obstacle in the cost-effective 

integrated cockroach management program in Korea. In addition, factors such as 

increased costs of labor and pesticide application and safety issues have made cockroach 

control difficult. These problems indicate the need to establish an efficient resistance 

management strategy based on available information on the extent and nature of 

resistance (Scott et al., 1990; Capel, 1991). 
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In this chapter, an assessment was made of the insecticide resistance patterns of wild 

populations of Cx. p. pallens, Cx. tritaeniorhynchus, and B. germanica to insecticides 

commonly used in ROK.  



57 

 

MATERIALS AND METHODS 

1. Mosquitoes tested 

1.1. Cx. p. pallens 

The stock cultures of Cx. p. pallens (susceptible KS-CP strain) wre maintained at the 

Korea National Institute of Health (KNIH) for more than 10 years without exposure to 

any known insecticide. Five different colonies of Cx. p. pallens were established from 

larvae collected near rice paddy fields and cow sheds in Daegu (designated DG-CP), 

Ulsan (US-CP), Busan (BS-CP), Gunsan (GS-CP), and Seoguipo (SG-CP) from early 

August to mid-September, 2009 (Fig. 1). 

 

 

Fig. 1. Colored areas are the collection sites of Cx. p. pallans larvae. 
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PCR-based identification of eight field-collected mosquito colonies was done by the 

method of Kasai (2008) with a slight modification (Table 1). Three hundred mosquito 

larvae per each colony were randomly captured. Genomic DNA was isolated from 

individual fourth instar larvae using a Sigma REDExtract-N-Amp Tissue PCR Kit (St. 

Louis, MO, USA). Each adult (4–5 days old) was homogenized in 125 μl of distilled 

water on ice using a pellet pestle homogenizer and incubated at room temperature for 10 

min, followed by incubation at 95°C for 3 min. One hundred microliters of the Macherey-

Nagel neutralization solution (Düren, Germany) was separately added to the homogenates 

and mixed using a vortex mixer for 30 s, and centrifuged for 2 min at max 11,000 ´ g. 

The resultant mixture was used directly for the genomic PCR. PCR was performed using 

the Sigma REDExtact-N-Amp PCR Reaction Mix (10 μl), which was mixed gently with a 

mixture of 10 μM primers (1 μl each), deionized ultra pure water (4 μl). For each 

individual, two kinds of PCR reactions were performed with different primers (ACEmol 

and ACEpall) (Table 1). The PCR reaction mixture was heated to 94°C for 5 min and then 

put through 30–35 cycles of PCR amplication: 94°C for 30 s, 55°C for 30 s, and 72°C for 

1 min, followed by 72°C for 5 min. The amplified DNA was loaded onto an agarose gel 

(2 %) with the 100 bp Bio-Rad ladder loading marker (Richmond, CA, USA), stained 

with Amresco ethidium bromide (Solon, OH, USA), and visualized on a Vilber Lourmat 

UV trans-illuminator TF-20C (Marne La Vallee, France). Species identification based on 

PCR confirmed that larvae from the wild collections were Cx. p. pallens (Figs. 2 and 3)
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Table 1. Primer sequences for identification of Cx. p. pallens and Cx. p. molestus 

Primer name                    Sequence (5'→3') 

B1246s TGGAGCCTCCTCTTCACGG 

ACEmol   GTGGAAACGCATGATACCAG 

ACEpall GTGGAGACGCATGACGCAT 

 

 

 

Fig. 2. PCR amplification of the Ace gene of KS-CP and KS-CM by ACEpall and ACE 

mol primers. M and KS-CM and -CP stand for marker and Korean strain of Cx. p. molest 

and pallens, respcetively. 
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Fig. 3. PCR amplification of the Ace gene of six field-collected colonies of Cx. p. 

pallens by ACEpall primer. DR, GR, TR, UR, BR and JR-CP stands for one of Cx. p. 

pallens from Daegu, Gwangju, Taegu, Ulsan, Busan and Jeju, respectively. 

 

The collected larvae were transferred to an insect rearing room at the KNIH. Larvae 

were reared in plastic trays (27 ´ 15 ´ 4 cm) containing 0.5 g of sterilized diet (Vivid-

S:Super Terramin, 4:1 by weight). The diet was purchased from Sewhapet (Inchon, ROK). 

The feed consisted of crude protein (>44.0%), crude lipid (>4.0%), crude fiber 

(<3.05%), crude ash (<9.0%), Ca (>1.00%), P (<1.8%), and total digestible 

nutrition (70.0%). Adult mosquitoes were maintained on a 10% sucrose solution and 

were allowed to blood fed on mice for oviposition under an approved animal use protocol 

(KCDC-12-033-1A). All stages were maintained at 27 ± 1°C and 65–75% relative humidity 

(RH) under a 12:12 h light:dark cycle. 
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1.2. Cx. tritaeniorhyunchus 

Six different colonies of Cx. tritaeniorhynchus were established from larvae collected 

near rice paddy fields and cow sheds in Chuncheon (designated CC-CT), Hwaseong (HS-

CT), Busan (BS-CT), Seosan (SS-CT), Jeonju (JJ-CT), and Daegu (DG-CT) from early 

August to mid-September, 2011 (Fig. 4). Field populations of CC-CT and HS-CT were 

collected from small swamps near a hog barn which were surrounded by mountains and 

no faming village within ≈ 3km. The BS-CT collection site was small swamps near a hog 

barn along urban and was surrounded by factories. SS-CT, JJ-CT, and DG-CT larvae were 

collected from small swamps near hog barns which were surrounded by rice paddies and 

by far away villages. The collected larvae were transferred to an insect rearing room at 

the KNIH. Adults and larvae were reared at the same conditions as those stated in Section 

1.1. 

 

 

 

 

 

 

 

 

Fig. 4. Brown and green colored areas are the collection sites of Cx. tritaeniorhynchus. 

Brown and red colors show areas with rice field and without rice field, respectively. 
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2. Cockroaches tested 

To evaluate resistance level of field-collected colonies of B. germanica, a Korean 

susceptible strain of German cockroaches (KS-BG) was maintained in the laboratory 

without exposure to any known insecticide (Chang and Ahn, 2001). Eight different 

colonies of German cockroaches were collected from restaurants in Seoul (designated 

SR-BG colony), Incheon (designated IR-BG colony), Donghae (Gangwon Province) 

(designated DR-BG colony), Cheonan (Chungnam Province) (designated CR-BG colony), 

Daegu (designated TR-BG colony), Busan (designated BR-BG colony), Gunsan (Jeonbuk 

Province) (designated GR-BG colony), and Gwangju (designated KR-BG colony), using 

Dongho Pharmaceutical sticky traps (Seoul) or Bioquip pit-fall traps #2838 (Rancho 

Dominguez, CA, USA) from April to September, 2007 (Fig. 5). The collected 

cockroaches were immediately transferred to polyethylene containers (10 ´ 8.4 cm) with 

200-mesh wire screen attached over the 2.5 cm central hole on the lid. They were reared 

for three generations to ensure sufficient numbers for testing. Cockroaches were 

separately reared in glass jars (43 cm diameter ´ 30 cm) containing Purina calf food 

pallets (Pyeongtaek, Gyeonggi Province, ROK), distilled water and a cardboard shelter. 

They were held at 27 ± 2°C and 60 ± 10% RH under a 12:12 h light:dark cycle. SK 

Chemical Petroleum jelly (Seoul) was lightly applied to the upper inside surface of the 

jars to prevent escape. 
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Fig. 5. Yellow colored areas are the collection sites of B. germanica for insecticide 

resistance monitoring. 

 

3. Insecticides  

Ten different insecticides used in this study were purchased from Sigma-Aldrich: 

bifenthrin (97.0% purity), β-cyfluthrin (98.0%), α-cypermethrin (97.5%), deltamethrin 

(99.5%), etofenprox (96.5%), permethrin (95.5%), chlorpyrifos (98.5%), fenthion 

(95.5%), fenitrothion (98.5%), and chlorfenapyr (99.0%) (Fig. 6). Triton X-100 was 

obtained from Shinyo Pure Chemicals (Osaka, Japan). All of the other chemicals and 

reagents used in this study were of analytical grade quality and available commercially. 

To evaluate resistance level of field-collected colonies of B. germanica, eight 

insecticides examined in this study were as follows: bifenthrin (98% purity), chlorpyrifos 

(99.2%), cypermethrin (96%), and deltamethrin (98.9%) purchased from Sigma-Aldrich; 
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esfenvalerate (98%), permethrin (97%), chlorpyrifos-methyl (98%), and fenthion (90%) 

purchased from Fluka (Buchs, Switzerland) (Fig. 7). 
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Fig. 6. Insecticides used for insecticide resistance monitoring of mosquitoes. 
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Fig. 7. Insecticides used for insecticide resistance monitoring of cockroaches. 

 

4. Bioassays 

4.1. Direct-contact mortality bioassay 

A direct-contact mortality bioassay (WHO, 1981) was used to evaluate the toxicity of 

10 larvicides to late third instar larvae from the susceptible strain and the five field-

collected colonies of Cx. p. pallens. Each larvicide was dissolved in methanol then further 

diluted in distilled water containing Triton X-100 (20 µl/liter). Groups of 25 larvae were 
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separately placed in paper cups (350 ml) that contained the test larvicide solutions (250 

ml). The toxicity of each larvicide was determined using four to six concentrations 

ranging from 1 to 200 ppm. Control received the methanol-Triton X-100 solution in 

distilled water. 

Treated and control larvae were held under the same conditions as those used for 

colony maintenance. Larvae were considered dead if they did not move when they were 

prodded with fine wooden dowel 24 h posttreatment (Perumalamy et al., 2009). All 

treatments were replicated three times using 25 larvae per replicate. Because all bioassays 

could not be conducted at the same time, treatments were blocked over time with a 

separate control treatment included for each block. Freshly prepared solutions were used 

for each block of bioassays (Robertson and Preisler, 1992). 

 

4.2. Topical application assay 

The insecticide susceptibility tests of adult female mosquitoes (aged seven days) and 

cockroaches (14 days) were conducted according to the procedures provided by the World 

Health Orgnization (WHO, 2006). Mosquitoes and cockroaches were briefly 

anaesthetized with ether for two and three minutes, respectively and maintained on a 

Fryka-kaltetechnik ice plate (Esslingen, Germany) during the test. Groups of 25 mosquito 

and 10 cockroach females were used per concentration of each insecticide producing 

between 10 and 90 % kill, and each concentration was replicated three to four times. 

Mosquitoes and cockroaches were applied topically with 0.1 and 0.5 μl, respectively, of a 

given dose of all insecticides dissolved in acetone, except permethrin in methanol. 
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Treatments were applied onto the pronotum of each test vectors with a Burkard 

microapplicator (Ricksmanworth, UK). Controls received 0.1 μl and 0.5 μl of aectone for 

mosquitoes and cockroaches, respectively . 

Treated or control insects were placed in paper cups (7 ´ 5 ´ 9.5 cm, 270 cm3), 

provided with 2% sucrose on the top of the paper cups and held at a temperature of 27 ± 

2 °C and 60 ± 10% RH. The number of dead or moribund insects was counted 24 h after 

treatment. The insects were considered dead if they did not move when the paper cup was 

disturbed. Susceptibility ratios (SRs) were defined as the LC50 values of the lowest susceptible 

insecticides divided by the LC50 values of the highest susceptible insecticides. 

 

5. Data analysis 

Concentration-mortality data were subjected to probit analysis (SAS Institute, 2004). 

The LC50 values for each treatment were considered to be significantly different from one 

another when their 95% confidence limits failed to overlap. Resistance ratios (RR) were 

calculated according to the formula: RR = LC50 of third instar larvae or females from the 

field-collected colony/LC50 of third instar larvae or females from the susceptible Cx. p. 

pallens or B. germanica strain, respectively. RR values of <10, 10–40, 40–160, and >160 

were classified as low, moderate, high, and extremely high resistance, respectively (Kim 

et al., 2004). The susceptibility ratio (SR) was defined as the LC50 value of each field 

strain divided by the LC50 value of the field strain of Cx. tritaeniorhynchus which 

demonstrated the highest susceptibility to the same insecticide.
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RESULTS 

1. Insecticide resistance in field-collected population of Cx. p. pallens 

The relative toxicities of 10 insecticides to third instar larvae from the KS-CP strain 

were compared using a direct-contact mortality bioassay (Table 2). Based on 24 h LC50 

values, β-cyfluthrin and deltamethrin were the most toxic insecticides, followed by     

α-cypermethrin and permethrin. Bifenthrin, fenthion, and chlorpyrifos were moderately 

toxic. Fenitrothion, chlorfenapyr, and etofenprox had low toxicity. 

 

Table 2. Contact toxicities of 10 insecticides to third instar larvae from the KS-CP strain 

of Cx. p. pallens during a 24 h exposure 

Insecticide na Slope ± SE LC50, ppm (95% CLb)   χ2 

β-cyfluthrin 300 1.9 ± 0.17 0.00020 (0.00016–0.00024) 4.24 

deltamethrin 375 1.4 ± 0.13 0.00029 (0.00023–0.00038) 4.16 

α-cypermethrin 375 3.5 ± 0.43 0.00047 (0.00041–0.00052) 0.54 

permethrin 375 1.5 ± 0.13 0.00079 (0.00062–0.00102) 6.24 

bifenthrin 300 2.2 ± 0.23 0.00125 (0.00104–0.00149) 4.60 

fenthion 375 1.9 ± 0.16 0.00306 (0.00254–0.00367) 6.14 

chlorpyrifos 300 2.5 ± 0.26 0.00342 (0.00285–0.00401) 3.64 

fenitrothion 300 1.9 ± 0.19 0.00908 (0.00736–0.01131) 3.05 

chlorfenapyr 375 1.6 ± 0.14 0.01084 (0.00861–0.01357) 6.00 

etofenprox 300 2.0 ± 0.18 0.01864 (0.01533–0.02259) 4.54 

a Total number of larvae tested. 
b CL denotes confidence limit. 
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The toxicities of 10 test insecticides were compared between the DG-CP strain and 

the KS-CP (control) strain (Table 3). As judged by 24 h LC50 values, the DG-CP strain 

had extremely high levels of resistance to chlorpyrifos, fenitrothion, fenthion, bifenthrin, 

and β-cyfluthrin (RR, 675–167), high levels of resistance to permethrin, α-cypermethrin, 

etofenprox, and deltamethrin (RR, 125–40), and low levels of resistance to chlorfenapyr 

(RR, 2). 

 

Table 3. Contact toxicities of 10 insecticides to third instar larvae from the DG-CP strain 

of Cx. p. pallens during a 24 h exposure 

Insecticide na Slope ± SE LC50, ppm (95% CLb) χ2 RRc 

β-cyfluthrin 375 0.8 ± 0.07 0.03338 (0.02147–0.05296) 5.92 166.9 

deltamethrin 375 1.5 ± 0.13 0.01164 (0.00916–0.01476) 3.51 40.1 

α-cypermethrin 375 0.6 ± 0.06 0.04702 (0.02748–0.08521) 1.84 100.0 

permethrin 375 1.5 ± 0.13 0.09855 (0.07749–0.12459) 3.14 124.7 

bifenthrin 375 1.8 ± 0.15 0.24783 (0.19988–0.30600) 3.52 198.3 

fenthion 450 1.7 ± 0.13 1.10212 (0.89075–1.36840) 6.82 360.2 

chlorpyrifos 300 2.1 ± 0.19 2.30959 (1.90197–2.80546) 3.90 675.3 

fenitrothion 300 1.6 ± 0.17 3.30070 (2.60316–4.26656) 2.34 363.5 

chlorfenapyr 375 0.8 ± 0.09 0.01921 (0.01201–0.03123) 2.62 1.8 

etofenprox 375 1.8 ± 0.16 0.78400 (0.63372–0.98115) 2.13 42.1 

a Total number of larvae tested. 
b CL denotes confidence limit. 
c Resistance ratio. 
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The toxicities of 10 insecticides were compared between the US-CP strain and the 

KS-CP strain (Table 4). The US-CP strain had extremely high levels of resistance to 

bifenthrin, β-cyfluthrin, α-cypermethrin, fenthion, fenitrothion, and chlorpyrifos (RR, 

520–171) and high levels of resistance to chlorfenapyr (RR, 81). The larvae showed 

moderate resistance to deltamethrin (RR, 16), and low levels of resistance to etofenprox 

and permethrin (RR, ≤4). 

 

Table 4. Contact toxicities of 10 insecticides to third instar larvae from the US-CP strain 

of Cx. p. pallens during a 24 h exposure 

Insecticide na Slope ± SE LC50, ppm (95% CLb) χ2 RRc 

β-cyfluthrin 300 1.1 ± 0.11 0.07941 (0.05383–0.11962) 2.40 397.1 

deltamethrin 450 0.9 ± 0.09 0.00307 (0.00210–0.00436) 7.16 10.6 

α-cypermethrin 375 1.4 ± 0.12 0.16124 (0.11917–0.21353) 2.98 343.1 

permethrin 450 1.1 ± 0.09 0.02270 (0.01696–0.03656) 3.39 2.9 

bifenthrin 375 1.3 ± 0.12 0.65059 (0.49079–0.87173) 5.44 520.5 

fenthion 225 1.5 ± 0.15 0.89607 (0.64314–1.25216) 2.39 292.8 

chlorpyrifos 375 1.5 ± 0.13 0.58333 (0.45535–0.76356) 6.11 170.6 

fenitrothion 375 1.7 ± 0.14 2.30286 (1.84591–2.90276) 5.97 253.6 

chlorfenapyr 300 1.5 ± 0.15 0.87788 (0.67536–1.15977) 4.32 81.0 

etofenprox 375 1.4 ± 0.12 0.07184 (0.05479–0.09247) 5.48 3.9 

a Total number of larvae tested. 
b CL denotes confidence limit. 
c Resistance ratio. 
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The BS-CP strain was highly resistant to β-cyfluthrin (RR, 54) and moderately 

resistant to permethrin (RR, 20), but had low levels of resistance to α-cypermethrin, 

etofenprox, chlorpyrifos, fenthion, deltamethrin, chlorfenapyr, bifenthrin, and fenitrothion 

(RR, ≤9) (Table 5). 

 

Table 5. Contact toxicities of 10 insecticides to third instar larvae fom the BS-CP strain of 

Cx. p. pallens during a 24 h exposure 

Insecticide na Slope ± SE LC50, ppm (95% CLb) χ2 RRc 

β –cyfluthrin 375 1.7 ± 0.75 0.01070 (0.00862–0.01325) 4.64 53.5 

deltamethrin 300 2.0 ± 0.20 0.00064 (0.00052–0.00078) 2.66 2.2 

α-cypermethrin 375 1.6 ± 0.14 0.00444 (0.00352–0.00568) 4.98 9.0 

permethrin 300 1.7 ± 0.17 0.01572 (0.01246–0.01957) 3.05 19.9 

bifenthrin 375 1.3 ± 0.11 0.00148 (0.00107–0.00208) 3.20 1.2 

fenthion 300 1.9 ± 0.20 0.00489 (0.00394–0.00622) 1.88 1.6 

chlorpyrifos 300 1.2 ± 0.12 0.00904 (0.00634–0.01244) 2.35 2.6 

fenitrothion 300 0.9 ± 0.10 0.00725 (0.00454–0.01111) 3.67 0.8 

chlorfenapyr 300 1.3 ± 0.15 0.01296 (0.00979–0.01784) 0.09 1.2 

etofenprox 300 2.0 ± 0.22 0.07754 (0.06255–0.09813) 3.27 4.2 

a Total number of larvae tested. 
b CL denotes confidence limit. 
c Resistance ratio. 
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The SG-CP strain was highly resistant to chlorpyrifos (RR, 56) and fenthion (RR, 46), 

and moderately resistant to β-cyfluthrin, α-cypermethrin, and deltamethrin (RR, 16–10), 

but demonstrated low levels of resistance to etofenprox, bifenthrin, permethrin, 

chlorfenapyr, and fenitrothion (RR, ≤6) (Table 6). 

 

Table 6. Contact toxicities of 10 insecticides to third instar larvae from the SG-CP strain 

of Cx. p. pallens during a 24 h exposure 

Insecticide na Slope ± SE LC50, ppm (95% CLb) χ2 RRc 

β-cyfluthrin 375 1.9 ± 0.17 0.00327 (0.00266–0.00406) 5.84 16.4 

deltamethrin 450 1.0 ± 0.09 0.00281 (0.00207–0.00386) 4.47 9.7 

α-cypermethrin 450 0.9 ± 0.08 0.00657 (0.00447–0.01002) 3.97 14.0 

permethrin 375 1.5 ± 0.13 0.01635 (0.01287–0.02087) 5.07 20.7 

bifenthrin 375 1.1 ± 0.10 0.00293 (0.00201–0.00427) 2.69 2.3 

fenthion 300 1.9 ± 0.18 0.13966 (0.10749–0.17681) 3.84 45.6 

chlorpyrifos 375 1.8 ± 0.15 0.19158 (0.15520–0.23740) 5.15 56.0 

fenitrothion 375 0.9 ± 0.08 0.00515 (0.00335–0.00783) 5.86 0.6 

chlorfenapyr 375 1.0 ± 0.09 0.02108 (0.01494–0.03018) 5.73 1.9 

etofenprox 300 1.8 ± 0.18 0.12042 (0.09547–0.15595) 2.37 6.5 

a Total number of larvae tested. 
b CL denotes confidence limit. 
c Resistance ratio. 
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The GS-CP strain was highly resistant to β-cyfluthrin (RR, 56) and permethrin (RR, 

46), moderately resistant to α-cypermethrin (RR, 18), but demonstrated low levels of 

resistance to fenthion, chlorpyrifos, etofenprox, bifenthrin, chlorfenapyr, deltamethrin, 

and fenitrothion (RR, ≤9) (Table 7). 

 

Table 7. Contact toxicities of 10 insecticides to third instar larvae from the GS-CP strain 

of Cx. p. pallens during a 24 h exposure 

Insecticide na Slope ± SE LC50, ppm (95% CLb) χ2 RRc 

β-cyfluthrin 375 1.5 ± 0.14 0.01110 (0.00856–0.01461) 2.96 55.5 

deltamethrin 300 2.4 ± 0.25 0.00028 (0.00023–0.00034) 3.72 1.0 

α-cypermethrin 375 1.0 ± 0.19 0.00828 (0.00578–0.01199) 6.09 17.6 

permethrin 375 1.8 ± 0.16 0.03648 (0.02942–0.04562) 2.81 46.2 

bifenthrin 375 1.1 ± 0.19 0.00140 (0.00099–0.00200) 5.10 1.1 

fenthion 450 1.4 ± 0.09 0.02603 (0.01979–0.03437) 4.33 8.5 

chlorpyrifos 300 1.9 ± 0.17 0.00710 (0.00540–0.00914) 4.39 2.0 

fenitrothion 300 1.3 ± 0.12 0.00442 (0.00311–0.00632) 3.83 0.5 

chlorfenapyr 375 1.6 ± 0.15 0.01375 (0.01069–0.01804) 2.22 1.3 

etofenprox 450 1.6 ± 0.14 0.04060 (0.03226–0.05155) 5.93 2.2 

a Total number of larvae tested. 
b CL denotes confidence limit. 
c Resistance ratio. 
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2. Insecticide resistance in field-collected population of Cx. tritaeniorhynchus 

The relative toxicities of 10 insecticides were evaluated against third instar larvae 

from the CC-CT strain using a direct-contact mortality bioassay (Table 8). Based on 24 h 

LC50 values, chlorpyrifos was the most toxic insecticides, followed by fenitrothion and 

fenthion. Etofenprox had the lowest toxicity. All insecticide showed low to moderate SR 

values (1.0–16.5) for the CC-CT strain. 

 

Table 8. Contact toxicities of 10 insecticides to third instar larvae from the CC-CT strain 

of Cx. tritaeniorhynchus during a 24 h exposure 

Insecticide na Slope ± SE LC50, ppm (95% CLb) χ2 SRc 

deltamethrin 375 1.1 ± 0.11 0.0058 (0.0043–0.0079) 1.33 1.0 

permethrin 375 1.2 ± 0.11 0.0089 (0.0066–0.0123) 5.04 1.0 

fenthion 375 1.0 ± 0.11 0.0013 (0.0010–0.0018) 4.23 1.4 

fenitrothion 375 1.1 ± 0.11 0.0012 (0.0009–0.0017) 3.18 2.0 

etofenprox 375 1.1 ± 0.14 0.1817 (0.1350–0.2493) 4.64 2.2 

chlorpyrifos 375 1.2 ± 0.12 0.0009 (0.0007–0.0012) 0.79 2.3 

α-cypermethrin 375 1.2 ± 0.13 0.0043 (0.0032–0.0061) 4.92 2.5 

chlorfenapyr 375 1.1 ± 0.13 0.0072 (0.0054–0.0098) 4.86 5.1 

bifenthrin 375 1.3 ± 0.13 0.0319 (0.0244–0.0431) 2.84 7.8 

β-cyfluthrin 375 1.2 ± 0.11 0.1025 (0.0772–0.1350) 5.30 16.5 

a Total number of larvae tested. 
b CL denotes confidence limit. 
c Susceptibility ratio. 
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The toxicities of 10 test insecticides to third instar larvae from the HS-CT were 

likewise compared (Table 9). As judged by 24 h LC50 values, the mosquito strain 

exhibited the highest susceptibility to chlorpyrifos, followed by chlorfenapyr and α-

cypermethrin. The HS-CT strain demonstrated low to moderate levels of SR values (1.0–

14.5) to all tested insecticides.  

 

Table 9. Contact toxicities of 10 insecticides to third instar larvae from the HS-CT strain 

of Cx. tritaeniorhynchus during a 24 h exposure 

Insecticide na Slope ± SE LC50, ppm (95% CLb) χ2 SRc 

chlorpyrifos 375 1.3 ± 0.14 0.0004 (0.0003–0.0006) 3.59 1.0 

chlorfenapyr 375 1.2 ± 0.11 0.0014 (0.0011–0.0019) 5.78 1.0 

bifenthrin 375 1.3 ± 0.14 0.0041 (0.0031–0.0057) 4.98 1.0 

α-cypermethrin 375 1.2 ± 0.12 0.0021 (0.0016–0.0028) 5.40 1.2 

deltamethrin 375 1.4 ± 0.13 0.0084 (0.0065–0.0110) 4.13 1.5 

permethrin 375 1.3 ± 0.12 0.0133 (0.0102–0.0172) 5.57 1.5 

β-cyfluthrin 375 1.0 ± 0.11 0.0113 (0.0081–0.0158) 5.07 1.8 

fenitrothion 375 1.1 ± 0.11 0.0023 (0.0016–0.0031) 3.55 3.8 

fenthion 375 1.4 ± 0.12 0.0082 (0.0063–0.0108) 4.15 9.1 

etofenprox 375 1.2 ± 0.12 1.2140 (1.6824–2.9729) 2.11 14.5 

a Total number of larvae tested. 
b CL denotes confidence limit. 
c Susceptibility ratio. 
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The BS-CT strain was most susceptible to fenitrothion, followed by fenthion and     

α-cypermethrin (Table 10). The larvae showed low to moderate SR values (1.0–15.5) to 

all tested insecticides. 

 

Table 10. Contact toxicities of 10 insecticides to third instar larvae from the BS-CT strain 

of Cx. tritaeniorhynchus during a 24 h exposure 

Insecticide na Slope ± SE LC50, ppm (95% CLb) χ2 SRc 

fenitrothion 375 1.2 ± 0.19 0.0006 (0.0004–0.0007) 4.21 1.0 

fenthion 375 1.2 ± 0.12 0.0009 (0.0007–0.0013) 0.57 1.0 

α-cypermethrin 375 1.3 ± 0.12 0.0017 (0.0013–0.0023) 5.38 1.0 

β-cyfluthrin 375 1.4 ± 0.12  0.0062 (0.0049–0.0081) 4.00 1.0 

deltamethrin 375 1.5 ± 0.14 0.0078 (0.0062–0.0101) 1.41 1.3 

permethrin 375 1.4 ± 0.13 0.0147 (0.0115–0.0189) 3.47 1.7 

bifenthrin 375 1.2 ± 0.11 0.0109 (0.0082–0.0145) 5.41 2.7 

etofenprox 375 0.9 ± 0.11 0.3190 (0.2242–0.4887) 4.93 3.8 

chlorfenapyr 375 1.3 ± 0.12 0.0132 (0.0101–0.0173) 6.23 9.4 

chlorpyrifos 375 1.2 ± 0.14 0.0062 (0.0047–0.0084) 5.75 15.5 

a Total number of larvae tested. 
b CL denotes confidence limit. 
c Susceptibility ratio. 
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The SS-CT strain had the highest susceptibility to chlorpyrifos, followed by 

fenitrothion and chlorfenapyr (Table 11). The mosquito strain exhibited the lowest 

susceptibility to permethrin. The strain showed high to extremely high SR values 

(103.6–1,053.4) to all tested insecticides, except for etofenprox (SR = 29.3). 

 

Table 11. Contact toxicities of 10 insecticides to third instar larvae from the SS-CT strain 

of Cx. tritaeniorhynchus during a 24 h exposure 

Insecticide na Slope ± SE LC50, ppm (95% CLb) χ2 SRc 

etofenprox 375 1.4 ± 0.13 2.4556 (1.9085–3.2194) 1.82 29.3 

chlorfenapyr 375 1.1 ± 0.11 0.1451 (0.1018–0.2140) 5.93 103.6 

chlorpyrifos 300 1.4 ± 0.16 0.0518 (0.0395–0.0671) 2.62 129.5 

fenitrothion 300 1.3 ± 0.15 0.0854 (0.0633–0.1138) 3.94 142.3 

fenthion 375 1.1 ± 0.11 0.1676 (0.1252–0.2270) 1.94 186.2 

β-cyfluthrin 375 2.6 ± 0.23 3.9266 (3.4040–4.5551) 5.73 633.3 

deltamethrin 375 1.8 ± 0.18 4.1241 (3.4240–5.0802) 5.92 711.1 

bifenthrin 375 2.1 ± 0.19 3.6750 (3.1075–4.3877) 4.66 896.3 

α-cypermethrin 375 1.7 ± 0.17 1.7883 (1.4632–2.2143) 2.52 1,051.9 

permethrin 300 1.6 ± 0.22 9.3748 (7.4854–12.289) 1.01 1,053.4 

a Total number of larvae tested. 
b CL denotes confidence limit. 
c Susceptibility ratio. 
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The JJ-CT strain was highly susceptible to bifenthrin, followed by chlorfenapyr and 

fenthion. The susceptibility of the strain to permethrin was the lowest. The JJ-CT strain 

showed low level of SR value to etofenprox (SR = 1.0), high level of SR values (46.0–

80.2) to chlorfenapyr, fenitrothion and fenthion, and extremely high level of SR values 

(337.0–958.0) (Table 12). 

 

Table 12. Contact toxicities of 10 insecticides to third instar larvae from the JJ-CT strain 

of Cx. tritaeniorhynchus during a 24 h exposure 

Insecticide na Slope ± SE LC50, ppm (95% CLb) χ2 SRc 

etofenprox 375 1.3 ± 0.12 0.0837 (0.0633–0.1122) 5.30 1.0  

chlorfenapyr 375 1.4 ± 0.12 0.0644 (0.0501–0.0839) 4.49 46.0  

fenitrothion 375 1.4 ± 0.14 0.0387 (0.0298–0.0524) 3.83 64.5  

fenthion 300 1.3 ± 0.15 0.0722 (0.0545–0.0958) 2.45 80.2  

β-cyfluthrin 300 1.4 ± 0.20 2.0809 (1.6205–2.7854) 0.32 335.6  

chlorpyrifos 375 1.2 ± 0.12 0.1348 (0.1027–0.1771) 5.54 337.0  

deltamethrin 375 1.8 ± 0.17 3.2911 (2.7295–3.9600) 0.32 567.4  

bifenthrin 300 2.3 ± 0.24 2.3332 (1.9825–2.7749) 3.14 569.1  

permethrin 300 2.2 ± 0.26  8.4916 (7.2353–10.0831) 3.42 954.1  

α-cypermethrin 375 1.7 ± 0.17 1.6286 (1.3287–2.0151) 0.94 958.0  

a Total number of larvae tested. 
b CL denotes confidence limit. 
c Susceptibility ratio. 
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The DG-CT strain was the most susceptible to chlorpyrifos, followed by chlorfenapyr 

and fenitrothion (Table 13). The DG-CT strain showed a low level for the SR value to 

chlorfenapyr (SR = 6.2), moderate level of SR value to etofenprox, chlorpyrifos, 

fenitrothion (SR = 21.8–29.8), high level of SR value to fenthion (SR = 65.4) and 

extremely high level of SR values to bifenthrin, β-cyfluthrin, deltamethrin, α-

cypermethrin and permethrin (SR = 236.2–838.2). 

 

Table 13. Contact toxicities of 10 insecticides to third instar larave from the DG-CT strain 

of Cx. tritaeniorhynchus during a 24 h exposure 

Insecticide na Slope ± SE LC50, ppm (95% CLb) χ2 SRc 

chlorfenapyr 375 1.2 ± 0.12 0.0087 (0.0066–0.0120) 2.08 6.2  

etofenprox 375 1.3 ± 0.12 1.6640 (1.2723–2.1962) 4.74 19.9  

chlorpyrifos 375 1.1 ± 0.11 0.0087 (0.0065–0.0125) 3.37 21.8  

fenitrothion 375 0.8 ± 0.10 0.0179 (0.0123–0.0271) 0.53 29.8  

fenthion 375 1.0 ± 0.10 0.0589 (0.0412–0.0804) 4.73 65.4  

bifenthrin 375 0.9 ± 0.10 0.9683 (0.6725–1.4975) 1.57 236.2  

β-cyfluthrin 375 1.0 ± 0.11 1.5890 (1.1486–2.2070) 4.63 256.3  

deltamethrin 375 1.3 ± 0.12 2.4304 (1.8578–3.2594) 3.39 419.3  

α-cypermethrin 375 1.1 ± 0.11 1.2649 (0.9411–1.6979) 4.30 744.1  

permethrin 375 2.0 ± 0.20 7.4595 (6.3005–8.9727) 2.68 838.2  

a Total number of larvae tested. 
b CL denotes confidence limit. 
c Susceptibility ratio. 
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The insecticide susceptibilities of mosquito strains were compared between two 

different ecological conditions of habitat such as rice paddy fields (agricultural areas, CC-

CT, HS-CT, and BS-CT strains) and non-rice paddy fields (nonagricultural areas, SS-CT, 

JJ-CT, and DG-CT strains) (Table 14). Three Cx. tritaeniorhynchus strains from 

agricultural areas exhibited significantly lower susceptibilities to all of the insecticides 

tested than mosquito strains from nonagricultural areas (average SR values = 28.5–686.3), 

except for the chemicals etofenprox, chlorfenapyr and chlorpyrifos. Excluding etofenprox, 

all tested mosquito strains showed a relatively lower level of susceptibilities to pyrethroid 

insecticides than organophosphate insecticides. 
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Table 14. Comparisons of susceptibilities of 10 insecticides to third instar larvae from 

field-collected Cx. tritaeniorhynchus between two different ecological conditions of 

habitat using contact mortality bioassay during a 24 h exposure 

Insecticide 
LC50, ppm (Mean±SE)a 

P-value SRd 
CT-RPb CT-NRPc 

etofenprox 1.4011 (±0.70)a 0.5716 (±0.32)a 0.4678 2.5 

chlorfenapyr 0.0727 (±0.18)a 0.0073 (±0.22)a 0.1306 10.0 

chlorpyrifos 0.0651 (±0.04)a 0.0025 (±0.28)a 0.0831 26.0 

fenthion 0.0996 (±0.03)a 0.0035 (±0.23)b 0.0100 28.5 

fenitrothion 0.0473 (±0.13)a 0.0014 (±0.08)b 0.0210 33.8 

β-cyfluthrin 2.5322 (±0.72)a 0.0400 (±0.03)b 0.0038 63.3 

bifenthrin 2.3255 (±0.78)a 0.0156 (±0.19)b 0.0077 149.1 

deltamethrin 3.2819 (±0.49)a 0.0076 (±0.10)b 0.0002 431.8 

α-cypermethrin 1.5606 (±0.16)a 0.0027 (±0.12)b 0.0001 578.0 

permethrin 8.4420 (±0.55)a 0.0123 (±0.13)b 0.0001 686.3 

a Average LC50 values of three mosquito strains, t-test 
b CT-RP stands for Cx. tritaeniorhynchus collected from three rural areas with rice paddy, SS-CT, 
JJ-CT and DG-CT strains. 
c CT-NRP stands for Culex tritaeniorhynchus collected from three rural areas without rice paddy, 
CC-CT, HS-CT and BS-CT strains. 
d SR stands for susceptibility ratio LC50; LC50 of third instars of Cx. tritaeniorhynchus from 
RP/LC50 of third instars of Cx. tritaeniorhynchus from NRP. 
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3. Insecticide resistance in field-collected population of B. germanica 

The susceptibility of the eight insecticides examined against KS-BG female German 

cockroaches was evaluated by comparing the LD50 values estimated from the topical 

application (Table 15). Based on 24 h LD50 values, deltamethrin, chlorpyrifos, and 

chlorpyrifos-methyl were the most toxic insecticides, followed by esfenvalerate and 

bifenthrin. Low toxicity to cypermethrin and permethrin was observed. The insecticidal 

activity of fenthion was the least of any of the insecticides. There was no mortality in the 

acetone-treated controls. 

 

Table 15. Toxicity of the eight test insecticides to adult females of the KS-BG strain of 

German cockroaches using topical application during a 24 h exposure 

Insecticide   na   Slope ± SE   LD50, (µg/♀) 95% CLb  χ2 

deltamethrin 250   2.0 ± 0.2   0.0054 (0.0042–0.0067) 3.82 

chlorpyrifos 250   2.2 ± 0.3   0.0062 (0.0049–0.0076) 5.82 

chlorpyrifos-methyl 300   1.6 ± 0.2   0.0070 (0.0052–0.0089) 5.70 

esfenvalerate 350   1.5 ± 0.1   0.0117 (0.0090–0.0149) 8.24 

bifenthrin 300   1.5 ± 0.2   0.0151 (0.0111–0.0196) 2.76 

cypermethrin 250   1.2 ± 0.2   0.0200 (0.0137–0.0280) 3.46 

permethrin 150   1.0 ± 0.2   0.0289 (0.0170–0.0474) 1.72 

fenthion 300   1.8 ± 0.2   0.1400 (0.0898–0.1944) 2.77 

a Number of cockroaches. 
b CL denotes confidence limit. 
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The toxicity of the test insecticides on adult females from the SR-BG colony were 

likewise compared (Table 16). As judged by 24 h LD50 values, the SR-BG females were 

extremely high resistant to deltamethrin, cypermethrin and permethrin (RR, 160–268). 

The SR-BG females were highly and low resistant to chlorpyrifos, bifenthrin and 

esfenvalerate (RR, 125–143), and fenthion and chlorpyrifos-methyl (RR, 11–21). 

 

Table 16. Toxicity of the eight test insecticides to adult females from the SR-BG colony 

of German cockroaches using topical application during a 24 h exposure 

Insecticide  na Slope ± SE   LD50, (µg/♀) 95% CLb  χ2  RRc 

deltamethrin 150 2.3 ± 0.3 1.4478 (1.1323–1.8835) 2.98 268.1 

cypermethrin 180 1.7 ± 0.2 3.3325 (2.4978–4.7125) 1.45 166.6 

permethrin 150 2.3 ± 0.3 4.6346 (3.5968–6.3015) 4.96 160.4 

chlorpyrifos 150 1.9 ± 0.3 0.8835 (0.6657–1.2654) 2.31 142.5 

bifenthrin 180 1.4 ± 0.2 1.9025 (1.3422–3.0315) 4.22 126.0 

esfenvalerate 180 1.4 ± 0.2 1.4573 (1.0322–2.2013) 2.98 124.6 

fenthion 150 1.3 ± 0.5 2.8971 (2.1264–3.2479) 3.47 20.7 

chlorpyrifos-methyl 180 1.1 ± 0.2 0.0758 (0.0583–0.1125) 4.24 11.2 

a Number of cockroaches. 
b CL denotes confidence limit. 
c Resistance ratio. 
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The toxicity of the eight insecticides on adult females from the IR-BG colony was 

compared with toxicity to the susceptible KS-BG adult females (Table 17). The IR-BG 

females were highly resistant to esfenvalerate, bifenthrin, and deltamethrin (RR, 150–

123). The IR-BG females exhibited moderate and low levels of resistance to permethrin, 

cypermethrin, and fenthion (RR, 29–17) and chlorpyrifos-methyl and chlorpyrifos (RR, 

<8), respectively. 

 

Table 17. Toxicity of the eight test insecticides to adult females from the IR-BG colony of 

German cockroaches using topical application during a 24 h exposure 

Insecticide  na Slope ± SE   LD50, (µg/♀) 95% CLb  χ2  RRc 

esfenvalerate 150 1.5 ± 0.2   1.7584 (1.2354–2.6384) 2.77 150.3 

bifenthrin 150 1.3 ± 0.3   2.2393 (1.4703–3.3867) 1.55 148.3 

deltamethrin 150 1.1 ± 0.2   0.6638 (0.3742–1.0752) 1.89 122.9 

permethrin 150 1.6 ± 0.3   0.8298 (0.6020–1.2199) 0.59 28.7 

cypermethrin 150 1.1 ± 0.2   0.5354 (0.3283–0.8751) 0.80 26.8 

fenthion 150 1.7 ± 0.3   2.3419 (1.7014–3.2074) 1.74 16.7 

chlorpyrifos-methyl 180 1.0 ± 0.1   0.0499 (0.0259–0.0904) 2.11 7.1 

chlorpyrifos 180 1.0 ± 0.1 0.0291 (0.0151–0.0497) 3.43 4.7 

a Number of cockroaches. 
b CL denotes confidence limit. 
c Resistance ratio. 
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Toxic effect of the eight insecticides on adult females from the DR-BG colony was 

likely compared (Table 18). The DR-BG females exhibited high levels of resistance to 

deltamethrin, permethrin, esfenvalerate, and bifenthrin (RR, 135–62). The DR-BG 

females were moderately resistant to cypermethrin (RR, 16) and fenthion (RR, 12). Low 

levels of resistance to chlorpyrifos-methyl and chlorpyrifos (RR, ≤4) were detected. 

 

Table 18. Toxicity of the eight test insecticides to adult females from the DR-BG colony 

of German cockroaches using topical application during a 24 h exposure 

Insecticide  na Slope ± SE LD50, (µg /♀) 95% CLb  χ2  RRc 

deltamethrin 150 1.4 ± 0.2 0.7293 (0.5081–1.1095) 0.15 135.1 

permethrin 180 1.7 ± 0.2 3.1724 (2.3806–4.2229) 7.10 109.8 

esfenvalerate 150 1.6 ± 0.3 0.8201 (0.5927–1.2159) 1.00 70.1 

bifenthrin 150 2.0 ± 0.3 0.9281 (0.6949–1.2212) 1.35 61.5 

cypermethrin 150 1.2 ± 0.2 0.3277 (0.1897–0.4953) 2.49 16.4 

fenthion 150 1.7 ± 0.3 1.6583 (1.2241–2.3557) 1.96 11.8 

chlorpyrifos-methyl 150 1.1 ± 0.2 0.0283 (0.0165–0.0467) 2.04 4.0 

chlorpyrifos 150 0.9 ± 0.2 0.0143 (0.0063–0.0257) 0.56 2.3 

a Number of cockroaches. 
b CL denotes confidence limit. 
c Resistance ratio. 



86 

 

The toxicity of the test insecticides to adult females from the CR-BG colony were 

likewise compared (Table 19). The CR-BG females were highly resistant to deltamethrin, 

esfenvalerate, and bifenthrin (RR, 149–50). The CR-BG females exhibited moderate and 

low levels of resistance to permethrin, cypermethrin, and chlorpyrifos (RR, 39–13) and 

fenthion and chlorpyrifos-methyl (RR, <9), respectively. 

 

Table 19. Toxicity of the eight test insecticides to adult females from the CR-BG colony 

of German cockroaches using topical application during a 24 h exposure 

Insecticide  na  Slope ± SE  LD50, (µg /♀) 95% CLb  χ2   RRc 

deltamethrin 150  1.6 ± 0.3 0.8050 (0.5799–1.1920) 0.53 149.1 

esfenvalerate 150  2.0 ± 0.3 0.8555 (0.6487–1.1874) 2.05  73.1 

bifenthrin 150  1.8 ± 0.3 0.7499 (0.5288–1.0099) 2.86  49.7 

permethrin 150  1.7 ± 0.3 1.1257 (0.8143–1.5562) 4.89  39.0 

cypermethrin 150  1.4 ± 0.3 0.3174 (0.1990–0.4573) 0.39  15.9 

chlorpyrifos 150  1.0 ± 0.2 0.0829 (0.0460–0.1390) 1.79  13.4 

fenthion 150  1.7 ± 0.3 1.1338 (0.8088–1.5717) 1.20   8.1 

chlorpyrifos-methyl 120  1.0 ± 0.2 0.0520 (0.0241–0.0976) 1.02   7.4 

a Number of cockroaches. 
b CL denotes confidence limit. 
c Resistance ratio. 
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Table 20 shows the toxicity of the test insecticides to adult females from the TR-BG 

colony. The TR-BG females exhibited extremely high level of resistance to esfenvalerate 

(RR, 270) and high levels of resistance to cypermethrin, deltamethrin, and bifenthrin (RR, 

88–46). The TR-BG females were moderately resistant to permethrin (RR, 19) and 

fenthion (RR, 17). Low levels of resistance to chlorpyrifos-methyl and chlorpyrifos (RR, 

<8) were detected. 

 

Table 20. Toxicity of the eight test insecticides to adult females from the TR-BG colony 

of German cockroaches using topical application during a 24 h exposure 

Insecticide  na Slope ± SE  LD50, (µg/♀) 95% CLb  χ2   RRc 

esfenvalerate 180 2.2 ± 0.3  3.1609 (2.4839–3.9835) 5.68 270.2 

cypermethrin 150 1.6 ± 0.3  1.7619 (1.2552–2.5836) 4.14 88.1 

deltamethrin 150 1.0 ± 0.2  0.3287 (0.1901–0.5503) 1.09 60.9 

bifenthrin 150 1.3 ± 0.2  0.6939 (0.4631–1.1101) 0.96 46.0 

permethrin 120 1.3 ± 0.3  0.5348 (0.3285–0.8264) 0.13 18.5 

fenthion 150 1.7 ± 0.3  2.4019 (1.7605–3.2764) 3.63 17.2 

chlorpyrifos-methyl 180 1.0 ± 0.2  0.0524 (0.0318–0.0839) 2.18 7.5 

chlorpyrifos 120 1.3 ± 0.2  0.0106 (0.0068–0.0178) 1.34 1.7 

a Number of cockroaches. 
b CL denotes confidence limit. 
c Resistance ratio. 
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The BR-BG females exhibited high levels of resistance to deltamethrin, bifenthrin, 

permethrin, and cypermethrin (RR, 160–41) (Table 21). The BR-BG females were 

moderately resistant to esfenvalerate (RR, 20) and fenthion (RR, 10). Low levels of 

resistance to chlorpyrifos and chlorpyrifos-methyl (RR, <5) were observed. 

 

Table 21. Toxicity of the eight test insecticides to adult females from the BR-BG colony 

of German cockroaches using topical application during a 24 h exposure 

Insecticide na Slope ± SE LD50, (µg/♀) 95% CLb  χ2   RRc 

deltamethrin 180 1.9 ± 0.3 0.8641 (0.6393–1.1291) 3.96 160.0 

bifenthrin 180 2.1 ± 0.3 2.3951 (1.9016–3.0287) 4.63 158.6 

permethrin 180 1.3 ± 0.2 1.2739 (0.8677–1.8086) 0.71 44.1 

cypermethrin 180 2.1 ± 0.3 0.8225 (0.6382–1.0631) 5.85  41.1 

esfenvalerate 150 1.6 ± 0.3 0.2283 (0.1623–0.3161) 1.01 19.5 

fenthion 150 2.2 ± 0.3 1.4420 (1.1198–1.8847) 1.85 10.3 

chlorpyrifos 150 1.6 ± 0.3 0.0263 (0.0189–0.0370) 1.87 4.2 

chlorpyrifos-methyl 150 1.6 ± 0.3 0.0235 (0.0167–0.0328) 2.09 3.4 

a Number of cockroaches. 
b CL denotes confidence limit. 
c Resistance ratio. 
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Table 22 shows the toxicity of the test insecticides to adult females from the GR-BG 

colony. The GR-BG females were highly resistant to chlorpyrifos, bifenthrin, and 

deltamethrin (RR, 139–98). The GR-BG females exhibited moderate and low levels of 

resistance to permethrin, esfenvalerate, and fenthion (RR, 28–16) and cypermethrin and 

chlorpyrifos-methyl (RR, <8), respectively. 

 

Table 22. Toxicity of the eight test insecticides to adult females from the GR-BG colony 

of German cockroaches using topical application during a 24 h exposure 

Insecticide  na Slope ± SE LD50, (µg/♀) 95% CLb  χ2   RRc 

chlorpyrifos 150 1.9 ± 0.3 0.8596 (0.6473–1.1949) 2.47 138.6 

deltamethrin 150 1.8 ± 0.3 0.5290 (0.3894–0.7217) 1.26  98.0 

bifenthrin 150 2.8 ± 0.4 1.2305 (1.0072–1.5170) 0.29 81.5 

permethrin 150 1.5 ± 0.3 0.7982 (0.5654–1.2038) 2.17 27.6 

esfenvalerate 150 1.3 ± 0.2 0.2795 (0.1615–0.4136) 0.10 23.9 

fenthion 150 2.2 ± 0.3 2.1694 (1.6670–2.7851) 6.05 15.5 

cypermethrin 150 1.5 ± 0.3 0.1414 (0.0916–0.1991) 1.59 7.1 

chlorpyrifos-methyl 150 1.2 ± 0.2 0.0436 (0.0272–0.0657) 3.13 6.2 

a Number of cockroaches. 
b CL denotes confidence limit. 
c Resistance ratio. 
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The toxicity of the test insecticides to adult females from the KR-BG colony was 

examined by topical application (Table 23). The KR-BG females were highly resistant to 

chlorpyrifos, esfenvalerate, deltamethrin, and bifenthrin (RR, 140–85). The KR-BG 

females exhibited moderate and low levels of resistance to cypermethrin (RR, 29) and 

permethrin (RR, 11) and fenthion and chlorpyrifos-methyl (RR, <9), respectively. 

 

Table 23. Toxicity of the eight test insecticides to adult females from the KR-BG colony 

of German cockroaches using topical application during a 24 h exposure 

Insecticide na Slope ± SE LD50, (µg/♀) 95% CLb  χ2 RRc 

chlorpyrifos 150 1.3 ± 0.2 0.8702 (0.5734–1.4600) 1.38 140.4 

esfenvalerate 150 1.4 ± 0.3 1.5725 (1.0035–2.4380) 1.22 134.4 

deltamethrin 150 1.0 ± 0.2 0.7076 (0.3896–1.1694) 0.01 131.0 

bifenthrin 150 1.3 ± 0.2 1.2901 (0.8575–1.9964) 1.28 85.4 

cypermethrin 150 1.2 ± 0.2 0.5862 (0.3497–0.8917) 0.09 29.3 

permethrin 150 1.2 ± 0.9 0.3034 (0.1938–0.4645) 3.62 10.5 

fenthion 150 1.6 ± 0.3 1.2036 (0.8679–1.6800) 2.06 8.6 

chlorpyrifos-methyl 150 1.1 ± 0.2 0.0142 (0.0073–0.0234) 2.13 2.0 

a Number of cockroaches. 
b CL denotes confidence limit. 
c Resistance ratio.
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DISCUSSION 

Repeated and long- term use of insecticide for vector control can result in evelopment 

of marked regional resistance in vectors. Major factors on insecticide resistance 

development of vectors need to be cafully looked into. Especially, ecological conditions 

on habitats among the factors have to be considered, because exposure degree of vectors 

to insecticides is very various according to ecological conditions. Antonio-Nkondjio et al. 

(2011) referred an importance of ecological conditions of vector breeding site in same 

area for developing insecticide resistance of vectors.  

In this study, the average insecticide susceptibilities of mosquito strains were 

compared between two different ecological conditions of habitat, namely rice paddy 

fields (agricultural areas, CC-CT, HS-CT, and BS-CT strains) and non rice paddy fields 

(non-agricultural areas, SSCT, JJ-CT, and DG-CT strains). Three Cx. tritaeniorhynchus 

strains from agricultural areas had significantly lower susceptibility to all of the 

insecticides tested than mosquito strains from nonagricultural areas, except for the 

chemicals etofenprox, chlorfenapyr, and chlorpyrifos. Pyrethroid insecticides have been 

employed frequently in the ROK due to their strong insecticidal activity and relatively 

lower human toxicity when compared to organophosphate insecticides (Chang et al., 

2009a). As a result of their increased usage, they showed high to extremely high levels of 

resistance, while the less used organophosphates showed low to moderate resistance. In 

the monitoring areas of this study, pyrethroid insecticides have been used for the control 

of agricultural pests for a long period, and this extended use may be why Cx. 
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tritaeniorhynchus exhibited high resistance to pyrethroids. Because Cx. tritaeniorhynchus 

breeds mainly in paddy fields, it is under heavy selection pressure due to the agricultural 

applications of insecticides (Watanabe et al., 1990; Kamimura and Arakawa, 1991; Shim 

et al., 1995a; Karunaratne and Hemingway, 2000). 

Resistance monitoring is an effective component in a resistance management 

approach because it provides current information on the responses of vector populations 

to insecticides. Susceptibility tests need to be conducted over a broad area, as insecticide 

pressures and usage may vary geographically. Insecticide failures to vectors in the ROK 

have occurred most likely as a result of the development of resistance (Shim et al., 1995a, 

b; Kim et al., 2007; Chang et al., 2009a,b; Yoo et al., 2013). Early detection of trends in 

the development of potential resistance can facilitate the use of synergists, the rotation of 

insecticides and/or classes of insecticides, or the use of alternate technologies that reduce 

the usage of chemical insecticides (Yilma et al., 1991; Lee et al., 1997). A better 

understanding of the mechanisms governing resistance development in vectors will be 

extremely important for developing novel strategies to circumvent and/or delay resistance 

development, controlling resistant mosquitoes and, ultimately, reducing the prevalence of 

vector-borne diseases like Japanese encephalitis and allergic reaction in the ROK.
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CHAPTER II 

Insecticidal Activity of Plant Essential Oils and Their 

Major Constituents against Mosquitoes and Cockroaches 
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INTRODUCTION 

Mosquitoes are cosmopolitan and common and transmit a variety of diseases, such as 

yellow fever, dengue hemorrhagic fever, malaria, several forms of encephalitis, and 

filariasis, as well as nuisance insect pests (Mullen and Durden, 2009). In 2009, it was 

estimated that approx. half the world’s population in 106 malaria-endemic countries is at 

risk of malaria infection, and that 225 million people contract malaria each year, with at 

least 781,000 deaths annually (WHO, 2010). In the ROK, Plasmodium vivax malaria 

reemerged in 1993 and rapidly increased to a high of 4,142 cases by 2000, before 

declining to 864 cases by 2004. Malaria steadily increased to 2,227 cases by 2007. 

However, a malaria vaccine is not yet available (PATH, 2009). More than 2.5 billion 

people are at risk of dengue infection over 100 countries worldwide, and there may be 

50–100 million dengue infections every year, including 22,000 deaths annually (US CDC, 

2011). 

Cockroaches are not usually the most important cause of a disease, but they may play 

a supplementary role in the spread of some diseases. They are proven or suspected 

carriers of the organisms causing diarrhea, dysentery, cholera, leprosy, plague, typhoid 

fever, and viral diseases such as poliomyelitis (WHO 1997). In addition, they carry the 

eggs of parasitic worms and may cause allergic reactions, including dermatitis, itching, 

swelling of the eyelids and more serious respiratory conditions (Stankus et al., 1990). 

Complex mixtures exerting synergistic actions are considered to have a higher and 

long-lasting effect through various mechanisms than pure organic compound alone 
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(Hummelbrunner and Isman, 2001; Perumalsamy et al., 2012). In preliminary studies of 

essential oils for mosquito larvicidal and cockroach insecticidal activity, cassia bark, 

clove bud and star anise oils were shown to have toxicity against third instar larvae of 

wild An. sinensis and Ae. albopictus and a steam distillate from the rhizome of coco-grass, 

C. rotundus L. (Cyperaceae), was shown to possess insecticidal activity against adult 

female German cockroaches. C. rotundus essential oil contains a large number of mono- 

and sesqui-terpenoids (Kilani et al., 2008; Lawal and Oyedeji, 2009). However, no 

information is available concerning the potential of binary mixtures of Bti and the oil 

constituents for managing mosquitoes and of C. rotundus rhizome-derived materials for 

managing German cockroaches that are resistant to conventional insecticides, although 

joint toxic effects of insecticides with plant extracts on different mosquito species have 

been well-noted (Shaalan et al., 2005). 

In this chapter, an assessment is made of the potential of Bti alone or in combination 

with eugenol, (E)-cinnamaldehyde and (E)-anethole at 1:1 ratio against third instar larvae 

from wild An. sinensis and Ae. albopictus, identified by polymerase chain reaction (PCR), 

for use as future commercial mosquito larvicides. The toxicities of the binary mixtures 

were compared with those of four currently available larvicides fenthion, fenitrothion, 

temephos and Bti. Also, the toxicity of 17 steam distillate constituents from C. rotundus 

rhizome, another seven known compounds of C. rotundus rhizome (Kilani et al., 2008, 

Lawal and Oyedeji, 2009), and 14 structurally related compounds were examined against 

adult females or males from an insecticide-susceptible strain and two field-collected 

colonies of German cockroaches for developments of future commercial insecticides. The 
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toxicities of these compounds were compared with those of the currently available three 

organophosphorus (OP), three carbamate, and three pyrethroid insecticides. In addition, 

the route of insecticidal action and quantitative structure-activity relationship (QSAR) of 

test compounds are discussed. 
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MATERIALS AND METHODS 

1. Mosquitoes tested 

Engorged An. sinensis and Ae. albopictus females were collected from cow sheds and 

bamboo forest near a village in Jeonju (Jeonbuk, ROK), respectively from late July to late 

August, 2011 using Shinyoung black light FL-6w traps (Seoul) (Fig. 8). The cow sheds 

had varying histories of insecticide use, while any insecticide had not been applied to 

bamboo forest. They were immediately transferred to an insect rearing room at the KNIH. 

Rearing methods.  

 

 

Fig. 8. A colored area is the collection sites of An. sinensis and Ae. albopictus for toxicity 

test of binary mixtures of Bti and plant essential oils. 
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To induce oviposition, engorged females were placed individually in paper cups 

(350ml) lined with filter papers and half filled with distilled water. Rearing conditions 

were the same as those stated in Chapter I. The ethical approval for use of mice was 

permitted by the Korea Centre for Disease Control & Prevention Institutional Animal 

Care and Use Committee (KCDCIACUC) (K-CDC12-033). Members of Anopheles 

mosquitoes were identified to species by polymerase chain reaction (PCR) with genomic 

DNA extracted from single legs of individual adult mosquitoes as described by Wilkerson 

et al. (2003) and Li et al. (2005)  (Table 24). The PCR products were separated on a 2% 

agarose gel and visualized with Safe-pinky DNA Gel staining solution (×10,000) 

(GenDepot, TX, USA). Fragment sizes were estimated by comparison to molecular 

weight standards provided by 100-bp Ladder Molecular Weight DNA Marker (Bioneer, 

Seoul, ROK). Species identification for Anopheles females based on PCR revealed that 

females from the wild colony were An. sinensis (Fig. 9). 

 

Table 24. Primer sequences for identification of An. sinensis 

Primer Sequence(5'→3') 

universal primer TGT GAA CTG CAG GAC ACA TGA A 

Anopheles sinensis ATT GTT GTC CAG CCC GCT AAC 

Anopheles pullus ATA TCA TGG CTT AAC ACC GCG T 

Anopheles lesteri TGC CTA GAA CTT CCG CCA ATC 

Anopheles belenrae CAT TTT TCA CGA CTG CGA CGG 

Anopheles kleini GCG TCC ATA CTG TCT CAA CGA 
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Fig. 9. PCR amplication of the genomic DNA of six Anopheline mosquitoes. (A), 

Anopheles kleini (390 bp); (B) Anopheles pullus (222 bp); (C) Anopheles belenrae (163 

bp); (D) Anopheles lesteri (281 bp); (E) An. sinensis (493 bp); (F) Anopheles sineroides 

(518 bp). 

 

2. Cockroaches tested 

A Korean susceptible strain of German cockroach (KSS) has been maintained in the 

laboratory for over 20 years without exposure to any known insecticide (Chang and Ahn 

2001). Two different colonies of German cockroaches were originally collected from a 

Chinese restaurant in Seoul (designated SEL colony) and from a fast food store in 

Daejeon (designated DJN colony) using Dongho Pharmaceutical sticky traps (Seoul) in 

mid-July 2009 (Fig. 10). They were reared for five generations to ensure sufficient 

numbers for testing. Rearing methods and conditions were the same as those stated in 

Chapter I.  



105 

 

 

 

Fig. 10. Colored areas are the collection sites of B. germanica. 

 

3. Materials 

Cassia bark, clove bud, and star anise oils were purchased from Berjé 

(http://www.berjeinc.com) (Bloomfield, NJ, USA). Pure organic acetyleugenol (AEU), 

(E)-anethole (AN), β-caryophyllene (CP), (E)-cinnamaldehyde (CA), estragole (ES) and 

eugenol (EU) were purchased from Sigma-Aldrich. Seventeen compounds identified in 

the steam distillate of C. rotundus rhizome, another seven known compounds of C. 

rotundus rhizome (Kilani et al., 2008, Lawal and Oyedeji, 2009), and 14 structurally 

related compounds examined in this study are listed in Table 30. (+)-(E)-, (–)-(E)-, and (–

)-(Z)-Myrtanol, and (–)-(E)-myrtanyl acetate were purchased from Fluka. The other 34 

compounds were purchased from Sigma-Aldrich. Values of molecular weight (MW) and 

vapor pressure (VP) parameters for these compounds were obtained from 
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http://www.thegoodscentscompany.com (Table 25). Insecticides used in this study were 

as follows: bifenthrin (99% active ingredient (AI)), β-cyfluthrin (98.0% AI), cypermethrin 

(98% AI), α-cypermethrin (97.5% AI), deltamethrin (98.9% AI), etofenprox (96.5% AI), 

permethrin (95.5% AI), fenthion (95.5% AI), fenitrothion (98.5% AI), and chlorfenapyr 

(99.0% AI) purchased from Sigma-Aldrich; chlorpyrifos (99% AI), dichlorvos (99.7% 

AI), temephos (94.8% AI), bendiocarb (99.9% AI), dioxacarb (99% AI), and propoxur 

(99.9% AI) purchased from Fluka; Bti (ITU: >3500) purchased from Seongin Pharmar 

(Seoul). Triton X-100 was supplied by Shinyo Pure Chemicals. All of the other chemicals 

used in this study were analytical grade and available commercially. 
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Table 25. Molecular weight and vapor pressure values of 38 compounds examined 

Compounds MWa VPb Compound MWa VPb 

(–)-Borneolc 154 0.035 (+)-(E)-Myrtanold 154 0.0249 

(1R)-(+)-Camphord 152 0.225 (–)-(E)-Myrtanold 154 0.0249 

(1S)-(–)-Camphord 152 0.225 (–)-(Z)-Myrtanold 154 0.0249 

Carvacrole 150 0.0296 (–)-(E)-Myrtanyl acetated 196 0.0583 

(E)-Carveol 152 0.0117 (1R)-(–)-Myrtenale 150 0.145 

(R)-(–)-Carvone 150 0.0656 (1R)-(–)-Myrtenole 152 0.0179 

(S)-(+)-Citronellal 150 0.0656 Nerold 154 0.0133 

1,8-Cineolee 154 1.65 (+)-Nootkatonec 218 0.00036 

(R)-(+)-Citronellald 154 0.215 (R)-(–)-α-Phellandrenec 136 1.86 

(S)-(–)-Citroneallald 154 0.215 (+)-α-Pinenee 136 3.49 

β-Citronellold 156 0.0183 (–)-α-Pinenee 136 3.49 

(–)-α-Copaenee 204 0.038 (+)-β-Pinenee 136 2.399 

m-Cymened 134 1.72 (–)-β-Pinenee 136 2.399 

ο-Cymened 134 1.36 (–)-(E)-pinocarveole 152 0.0283 

ρ-Cymenee 134 1.65 (+)-Terpinen-4-ole 154 0.0478 

(–)-Dihydrocarveole 154 0.0177 (–)-Terpinen-4-ole 154 0.0478 

(+)-Dihydrocarvonee 152 0.0177 (+)-α-Terpineolc 154 0.0283 

Geraniold 154 0.013 Terpinolenee 136 1.13 

Linaloold 154 0.0905 (1S)-( –)-Verbenonee 150 0.0773 

a Molecular wt. 
b Vapor pressure at 25°C. 
c Compounds reported by Lawal and Oyedeji (2009) and kilani et al. (2008).  
d Compounds structurally related to C. rotundus rhizonme steam distillate constituents. 
e Compounds identified in this study.  
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4. C. rotundus rhizome steam distillation 

Air-dried rhizome (200 g) of C. rotundus was purchased from Boeun medicinal herb 

shop, Kyoungdong medicinal herb market (Seoul). It was pulverized and subjected to 

steam distillation at 100°C for 2 h using a Clevenger type apparatus. The volatile oil was 

dried over anhydrous sodium sulfate and stored in a sealed vial at 4°C until use. The yield 

of the steam distillate was 2.7% on dry weight basis of the rhizome. 

 

5. Chromatography analysis 

5.1. Cassia bark, clove bud and star anise oils 

An Agilent 6890N gas chromatograph (Santa Clara, CA, USA), equipped with a split 

injector and a flame ionization detection (FID) system, was used to separate and detect 

the constituents of the tested essential oils. Analytes were separated with a J&W 

Scientific 30 m ´ 0.25 mm i.d. (df = 0.25 µm) HP-5 MS capillary column (Folsom, CA, 

USA). The oven temperature was programmed from 50°C (5 min isothermal) to 280°C at 

5°C/min (held for 10 min at final temperature). The linear velocity of the helium carrier 

gas was 34 cm/s at a split ratio of 1:10. Oil constituents were identified by coelution of 

authenticated samples following coinjection. 

GC-MS analysis was performed using an Agilent 6890N gas chromatograph-Agilent 

5973N MSD mass spectrometer. The capillary column and temperature conditions for the 

GC-MS analysis were the same as those described above for GC analysis. The helium 

carrier gas column head pressure was 15.7 psi (108.4 kPa). The ion source temperature 
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was 230°C. The interface was kept at 280°C, and mass spectra were obtained at 70 eV. 

The sector mass analyzer was set to scan from 25 to 800 amu every 0.35 s. Chemical 

constituents were identified by comparison of the mass spectra of each peak with those of 

authentic samples from a mass spectrum library (Anonymous. 2000). 

 

5.2. C. rotundus steam distillate 

A Shimadzu GC-2010 gas chromatograph (Tokyo, Japan), equipped with split injector 

and a FID system, was used. Analytes were separated with an Osaka Chemical 60 m × 

0.25 mm i.d. (df = 1.0 μm) RTX-1 capillary column (Osaka, Japan). The oven temperature 

was programmed from 50°C, held for 16 min, and ramped at 5°C/min to 130°C, held for 

40 min and ramped at 2°C/min to 210°C, held for 8 min and ramped at 5°C/min to 250°C, 

and held for 10 min. The linear velocity of the helium carrier gas was 14.0 cm/s–1 at a 

split ratio of 1:10. Steam distillate constituents were identified by coelution of 

authenticated samples following coinjection. Gas chromatography-mass spectrometry 

(GC-MS) analysis was performed using a Shimadzu gas chromatograph-mass 

spectrometer QP-2010. The capillary column and temperature conditions for the GC-MS 

analysis were the same as those described above for GC analysis. Helium carrier gas 

column head pressure was 17.5 pounds per square inch (psi) (120.7 kPa). The ion source 

temperature was 200°C. The interface was kept at 250°C and mass spectra obtained at 70 

eV. The sector mass analyzer was set to scan from 35 to 400 amu every 0.2 s. Chemical 

constituents were identified by comparison of mass spectra of each peak with those of 

authentic samples from a mass spectra library (Anonymous, 2000). 
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6. Bioassay 

6.1. Direct-contact mortality bioassay 

A direct-contact mortality bioassay (Perumalsamy et al., 2010) was used to evaluate 

the toxicity of all materials to third instar larvae from wild mosquito populations. Based 

on the preliminary test results, binary mixtures of Bti and each compound (AN, CA and 

EU) at 1:1 ratio were used because binary mixtures at 1:2 and 1:3 ratios were less toxic 

than 1:1 mixture. Each test material (except for Bti) in ethanol was suspended in distilled 

water with Triton X-100 (20 µl/l). Bti was diluted in water containing Triton X-100 (20 

µl/l). Groups of 25 mosquito larvae in paper cups (350 ml) were separately exposed to 

each tested material emulsion (250 ml). The toxicity of each material was determined 

with four to six concentrations ranging from 0.0001 to 100 mg/l. Negative controls 

consisted of the ethanol-Triton X-100 solution in distilled water or Triton X-100 solution 

in distilled water. All treatments were replicated three times using 25 larvae per replicate. 

Five to six concentrations of the test insecticides in 0.5 µl of acetone were topically 

applied to the abdominal sternites of CO2-anesthetized adult females (5–7 days old) from 

the susceptible strain and eight field-collected colonies of German cockroaches. Control 

cockroaches received 0.5 µl of acetone. They were separately placed onto the bottom 

section of 300 ml paper cups and provided food and water. Each bioassay was replicate 

three times using 10 females per replicate. 

Treated and control insects were held under the same conditions as those used for 

colony maintenance. At 24 h posttreatment, a larva was considered dead if it did not move 
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when prodded with a fine wooden dowel. Because not all bioassays could be conducted at 

the same time, treatments were blocked over time with a separate control treatment 

included in each block. Freshly prepared solutions were used for each block of bioassays 

(Robertson and Preisler, 1992). 

 

6.2. Residual contact+fumigant mortality bioassay 

A filter-paper contact + fumigant mortality bioassay (Jung et al., 2007) was used to 

evaluate the toxicity of all compounds and insecticides examined to adult females or 

males from KSS strain and two field-collected SEL and DJN colonies of German 

cockroaches. Based on the preliminary test results, four to six concentrations of the test 

materials, each in 100 µl of methanol, were applied to 5-cm diameter Whatman no. 2 

filter papers (Maidstone, UK). Control filter papers received 100 µl of methanol. After 

drying in a fume hood for 2 min, each filter paper was placed onto the bottom section of a 

tapered polyethylene cylinder (7 × 5 × 7 cm). Groups of 10 females or 10 males (8–10 

days old) were separately placed onto the treated filter papers and each container was 

sealed with the original tight-fitting lid. 

Treated and control (methanol only) cockroaches were held at the same conditions 

used for colony maintenance. Mortalities were determined 24-h post treatment. 

Cockroaches were considered dead if their bodies and appendages did not move when 

prodded with fine wooden dowels (Jung et al., 2007). All treatments were replicated five 

times using 10 females or 10 males per replicate. 
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6.3. Vapor-phase mortality bioassay 

The closed and open container treatment method (Jung et al., 2007) was used to 

determine whether the lethal activity of 14 selected compounds against the insecticide-

resistant SEL females was attributable to contact or fumigant action. Approximately 

1/10–2/10 quantities of the residual contact + fumigant LD50 values of each compound in 

100 µl of methanol were applied to filter papers. Control filter papers in each format 

received 100 µl of methanol. Each treated filter paper was placed onto the bottom section 

of a disposable plastic petri dish (5-cm diameter × 1 cm) and the dish was then sealed 

with gauze. The dish was placed onto the bottom section of a tapered cylinder and groups 

of 10 females (8–10 days old) were separately placed onto the gauze, which prevented 

direct contact of cockroaches with the test compound. Each container was then either 

sealed with the lid (closed container treatment method) to investigate the potential vapor-

phase toxicity of the test materials, or sealed with the lid that had a fine wire screen 

covering a 5-cm diameter central hole in the lid (open container treatment method). 

Mortalities were determined as stated above. All treatments were replicated three times 

using 10 females per replicate. 

 

7. Data analysis 

Data were corrected for control mortality using Abbott’s formula (1925). Mortality 

percentages were transformed to arcsine square root values for analysis of variance 

(ANOVA). The Bonferroni multiple-comparison method was used to test for significant 
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differences among the treatments (SAS Institute, 2004). A t-test was used to test for 

significant differences between two treatment methods (SAS Institute, 2004). Means ± SE 

of untransformed data are reported. Concentration– or dose–mortality data were subjected 

to probit analysis (SAS Institute, 2004). The toxicity was classified as follows: high, LD50 

<0.5 mg/cm2; moderate, LD50 0.5–1 mg/cm2; low, LD50 1–5 mg/ cm2; and little or no 

toxicity, LD50 >5 mg/cm2. The LC50 or LD50 values for each species and their treatments 

were considered to be significantly different from one another when their 95% confidence 

limits failed to overlap. The co-toxicity coefficient (CC) and synergistic factor (SF) were 

calculated according to the methods of Sun and Johnson (1960) and Kalyanasundaram 

and Das (1985) respectively. Values of SF >1 indicate synergism and SF <1 indicate 

antagonism. A resistance ratio (RR) was calculated according to the formula RR = LD50 

of cockroaches from SEL or DJN colony/ LD50 of cockroaches of KSS strain. RR values 

of <10, 10–40, 40–160, and >160 were classified as low, moderate, high, and extremely 

high resistance, respectively (Kim et al., 2004). Sex susceptibility ratio (SSR) was 

determined as the ratio of KSS female LD50 to KSS male LD50. 

Multiple regression analysis of the toxicities of compounds to females and males of 

German cockroaches was performed using their LD50 values and physical parameter 

(MW and VP) values for the test compounds (SAS Institute, 2004). 



114 

 

RESULTS 

1. Toxicity to Ae. albopictus and An. sinensis 

1.1. Chemical composition of test essential oils 

Cassia bark, clove bud and star anise oils were composed of one major and six minor 

constituents, three major and one minor constituents and two major and eight minor 

constituents respectively, as judged by mass spectral data and coelution of authenticated 

samples following coinjection (Fig. 11). The major constituent was CA and comprised 

93.6% of the cassia bark oil. The three major constituent was EU, AEU and CP and 

comprised 69.0, 20.2 and 10.1% of the clove bud oil, respectively. The major constituent 

was AN and ES and comprised 70.6 and 17.2% of the star anise oil, respectively (Fig. 12). 

 

 

            (1)                       (2)                         (3) 

Fig. 11. Gas chromatogram of cassia bark (1), clove bud (2), and star anise (3) oils. 
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      (1)                            (2)                       (3) 

Fig. 12. Stuructures of (E)-cinnamaldehyde (1), (E)-anethole (2), and eugenol (3). 

 

1.2. Comparative toxicity of test insecticides 

The comparative toxicity of 12 insecticides to third instar larvae of wild Ae. 

albopictus was examined using a direct-contact mortality bioassay (Table 26). Based on 

24 h LC50 values, β-cyfluthrin (0.0013 mg/l) was the most toxic insecticide, followed by 

bifenthrin (0.0023 mg/l) against Ae. albopictus larvae. Strong toxicity was also observed 

with fenthion, deltamethrin and α-cypermethrin (LC50, 0.0033–0.0036 mg/l). LC50 of 

temephos, fenitrothion, chlorpyrifos, chlorfenapyr and permethrin was between 0.0056 

and 0.0087 mg/l. Low toxicity was produced by Bti and etofenprox. Mortality in the 

ethanol-Triton X-100-water-treated controls or Triton X-100-water-treated controls was 

less than 2%. 
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Table 26. Toxicity of 12 test insecticides to third instar larvae from wild Ae. albopictus 

using a direct-contact mortality bioassay during a 24 h exposure 

Insecticidea Slope ± SE LC50 , mg/l (95% CL) χ2b P-value 

β-Cyfluthrin 1.4 ± 0.12 0.0013 (0.0009–0.0016) 1.27 0.74 

Bifenthrin 1.3 ± 0.12 0.0023 (0.0018–0.0031) 3.94 0.27 

Fenthion 1.3 ± 0.14 0.0033 (0.0039–0.0054) 4.88 0.18 

Deltamethrin 1.1 ± 0.12 0.0035 (0.0026–0.0038) 5.78 0.12 

α-Cypermethrin 1.4 ± 0.14 0.0036 (0.0033–0.0041) 3.98 0.26 

Temephos 1.2 ± 0.11 0.0056 (0.0048–0.0060) 3.51 0.32 

Fenitrothion 1.2 ± 0.12 0.0058 (0.0052–0.0062) 1.84 0.61 

Chlorpyrifos 1.2 ± 0.12 0.0058 (0.0054–0.0063) 3.32 0.35 

Chlorfenapyr 0.9 ± 0.10 0.0064 (0.0069–0.0081) 2.60 0.46 

Permethrin 1.2 ± 0.12 0.0087 (0.0078–0.0119) 3.14 0.37 

Btic 1.5 ± 0.14 1.7884 (1.4159–1.8377) 4.01 0.26 

Etofenprox 1.3 ± 0.12 1.8532 (1.4069–2.3953) 6.06 0.11 

a For each insecticide, the number of larvae tested was 375. 
b Pearson χ2, goodness-of-fit test. 
c B. thuringiensis var. israelensis 
 
 

An. sinensis larvae were less susceptible than Ae. albopictus larvae (Table 27). The 

RSR varied according to insecticide tested. Extremely high RSR (371–1297) was 

observed in α-cypermethrin, deltamethrin, permethirn, β-cyfluthrin and bifenthirn, while 

high RSR was observed in chlorpyrifos and temephos. Moderate RSR (ca 11) was 

produced by chlorfenapyr, fenthion and fenitrothion. Low RSR (<2) was obtained from 

etofenprox and Bti.  
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Table 27. Toxicity of 12 test insecticides to third instar larvae from wild An. sinensis 

using a direct-contact mortality bioassay during a 24 h exposure 

Insecticidea Slope ± SE LC50 , mg/l (95% CL) χ2b P-value RSRc 

β-Cyfluthrin 1.1 ± 0.11 1.3221 (0.9806–1.3420) 5.73 0.13 1017.0 

Bifenthrin 1.0 ± 0.11 2.9831 (2.5706–3.4242) 3.69 0.30 1297.0 

Fenthion 1.5 ± 0.14 0.0352 (0.0275–0.0463) 1.70 0.64 10.7 

Deltamethrin 1.2 ± 0.12 2.3692 (2.1976–2.8043) 5.88 0.12 676.9 

α-Cypermethrin 1.3 ± 0.12 1.3347 (1.0170–1.3922) 0.64 0.89 370.8 

Temephos 0.8 ± 0.10 0.7309 (0.6042–1.1203) 1.50 0.68 130.5 

Fenitrothion 1.3 ± 0.12 0.0656 (0.0501–0.0774) 1.80 0.61 11.3 

Chlorpyrifos 1.7 ± 0.14 0.5648 (0.4534–0.7105) 5.81 0.12 97.4 

Chlorfenapyr 1.0 ± 0.11 0.0676 (0.0584–0.0977) 3.40 0.33 10.6 

Permethrin 1.0 ± 0.18 8.2611 (5.8057–10.0884) 2.43 0.30 949.6 

Btid 1.1 ± 0.11 2.1681 (1.5913–2.3587) 4.51 0.21 1.2 

Etofenprox 1.0 ± 0.11 1.3783 (1.1831–1.9468) 1.93 0.59 0.7 

a For each insecticide, the number of larvae tested was 375. 
b Pearson χ2, goodness-of-fit test. 
c Relative susceptibility ratio, LC50 of third instars from wild An. sinensis/LC50 of third instars 
from wild Ae. albopictus. 
d B. thuringiensis var. israelensis. 
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1.3. Toxicity of essential oils and major constituents 

The toxicity of the three essential oils and their major constituents on third instar 

larvae from wild Ae. albopictus was likewise compared as stated above (Table 28). As 

judged by 24 h LC50 values, cassia oil was more toxic than either star anise or clove bud 

oils against Ae. albopictus larvae. (E)-Cinnamaldehyde was more toxic than either (E)-

anethole or eugenol. Overall, all the test oils and constituents were less toxic than the test 

insecticides. 

 

Table 28. Toxicity of three essential oils and their major constituents to third instar larvae 

from a wild Ae. albopictus population using a direct-contact mortality bioassay during a 

24 h exposure 

Materiala Slope ± SEb LC50, mg/l (95% CL) χ2c P-value 

CS oil 1.8 ± 0.20 27.96 (25.67–35.90) 4.28 0.23 

SA oil 1.5 ± 0.18 39.22 (31.76–45.87) 4.73 0.19 

CB oil 1.9 ± 0.19 46.63 (38.85–57.43) 1.22 0.75 

CA 1.1 ± 0.13 11.46 (8.52–15.56) 5.17 0.16 

AN 1.6 ± 0.19 16.66 (13.57–21.23) 1.39 0.71 

EU 1.6 ± 0.17 24.60 (20.71–26.87) 5.62 0.13 

AEU  > 100   

CP  > 100   

ES  > 100   

a CS, cassia bark; SA, star anise; CB, clove bud; CA, (E)-cinnamaldehyde; AN, (E)-anethole; EU, 
eugenol; AEU, acetyleugenol; CP, β-caryophyllene; ES, estragole. 
b For each material, the number of larvae tested was 375. 
c Pearson χ2, goodness-of-fit test. 
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1.4. Toxicity of binary mixtures 

The toxicity of binary mixtures (1:1 ratio) of each test material to wild Ae. albopictus 

larvae was likewise compared (Table 29). Binary mixtures of Bti and CA, AN or EU were 

significantly more toxic than either Bti (Table 27) or corresponding constituent alone 

(Table 28). The binary mixtures were ca 213, 133 and 75 times more toxic than Bti. Based 

on the CC and SF values, the three binary mixtures operated synergistically (CC, 140.7–

368.3; SF, 0.0007–0.0010) against wild Ae. albopictus larvae. The binary mixtures of CA 

and AN, CA and EU or AN and EU at 1:1 ratio did not differ significantly in toxicity from 

CA, AN or EU alone (Table 29). 
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Table 29. Toxicity of binary mixtures of test materials to third instar larvae from wild Ae. 

albopictus using a direct-contact mortality bioassay during a 24 h exposure 

Mixturea Slope ± SEb LC50, mg/l (95% CL) χ2c CCd SFe 

Bti + CA 1.1 ± 0.11 0.0084 (0.0063–0.0117) 0.64 368.33 0.0007 

Bti + AN 1.0 ± 0.11 0.0134 (0.0096–0.0189) 4.71 241.05 0.0008 

Bti + EU 1.2 ± 0.12 0.0237 (0.0178–0.0325) 4.72 140.69 0.0010 

CA + AN 1.3 ± 0.14 14.4442 (11.2046–17.9454) 6.02 0.94 1.2603 

CA + EU 1.6 ± 0.16 18.4751 (14.9223–23.3084) 4.40 0.85 0.7511 

EU + AN 1.5 ± 0.17 28.2705 (24.2947–32.8111) 5.14 0.70 1.1493 

a Bti, B. thuringiensis var. israelensis; CA, (E)-cinnamaldehyde; AN, (E)-anethole; EU, eugenol. 
b For each material, the number of larvae tested was 375. 
c Pearson χ2, goodness-of-fit test. 
d Co-toxicity coefficient. 
e Synergistic factor. 
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The toxic effects of the test essential oil constituents on third instar larvae from wild 

An. sinensis were likewise compared (Table 30). Interestingly, all of the compounds were 

of equal toxicity against both Ae. albopictus and An. sinensis larvae. 

 

Table 30. Toxicity of three essential oils and their major constituents to third instar larvae 

from a wild An. sinensis population using a direct-contact mortality bioassay during a 24 

h exposure 

Materiala Slope ± SEb LC50 ,  mg/l  (95% CL) χ2c P-value 

CS oil 2.0 ± 0.19 35.32 (29.73–40.42) 3.71 0.29 

SA oil 1.8 ± 0.19 45.28 (37.57–50.06) 1.44 0.70 

CB oil 2.1 ± 0.25 55.66 (47.63–66.20) 2.30 0.51 

CA 1.8 ± 0.18 18.56 (15.23–22.93) 3.60 0.30 

AN 1.4 ± 0.16 25.11 (19.72–31.54) 3.74 0.29 

EU 2.1 ± 0.19 31.09 (26.28–34.31) 4.09 0.25 

AEU  > 100   

CP  > 100   

ES  > 100   

a CS, cassia bark; SA, star anise; CB, clove bud; CA, (E)-cinnamaldehyde; AN, (E)-anethole; EU, 
eugenol; AEU, acetyleugenol; CP, β-caryophyllene; ES, estragole. 
b For each material, the number of larvae tested was 375. 
c Pearson χ2, goodness-of-fit test. 
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Against An. sinensis larvae (Table 31), binary mixtures of Bti and CA, AN or EU (1:1 

ratio) were significantly more toxic than either Bti (Table 27) or corresponding 

constituent alone (Table 30). The binary mixtures were ca 136, 56 and 40 times more 

toxic than Bti. As judged by the CC and SF values, the three binary mixtures operated in a 

synergy pattern (CC, 75.1–245.3; SF, 0.0008–0.0017) against wild An. sinensis larvae. 

The binary mixtures of CA and AN, CA and EU or AN and EU at 1:1 ratio did not show 

synergistic action. 

 

Table 31. Toxicity of binary mixtures of test materials to third instar larvae from wild An. 

sinensis using a direct-contact mortality bioassay during a 24 h exposure 

Mixturea Slope ± SEb LC50 , mg/l (95% CL) χ2c CCd SFe 

Bti + CA 1.0 ± 0.11 0.0159 (0.0115–0.0225) 4.58 245.3 0.0008 

Bti + AN 1.1 ± 0.12 0.0388 (0.0284–0.0525) 2.75 102.9 0.0015 

Bti + EU 0.8 ± 0.10 0.0541 (0.0371–0.0813) 3.41 75.1 0.0017 

CA + AN 1.5 ± 0.17 26.2664 (20.7860–30.7792) 3.36 0.8 1.3170 

CA + EU 1.4 ± 0.16 34.6886 (27.6374–38.7374) 5.05 0.7 1.0792 

EU + AN 1.8 ± 0.18 42.7661 (35.4283–52.9040) 2.08 0.7 1.3305 

a Bti, B. thuringiensis var. israelensis; CA, (E)-cinnamaldehyde; AN, (E)-anethole; EU, eugenol. 
b For each material, the number of larvae tested was 375. 
c Pearson χ2, goodness-of-fit test. 
d Co-toxicity coefficient. 
e Synergistic factor. 
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1.5. Enhanced toxicity of binary mixtures 

The toxicity of mixtures of three major compounds and Bti was evaluated for the 

most effective mixing rate (Table 32) Higher mixing rate of a major compound in the 

mixture was than that of Bti, higher synergistic toxicity to two mosquito species was. For 

example, when mixing rates of EU and Bti was 3:7, 5:5 and 7:3, lethality were 28.0%, 

46.7%, and 72.0% against Ae. albopictus larvae and were 21.3%, 42.7% and 60.0% 

against An. sinensis larvae, respectively. 
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Table 32. Contact toxicity according to mixing rate of B. thuringiensis var israelensis and 

test compounds to third instar larvae of Ae. albopictus and An. sinensis during a 24 h 

exposure 

Mixture Con. (ppm) Ratio 

Lethality %, mean (± SEa) 

Aedes albopictus 
 

Anopheles sinensis 

CA : Btib 0.009 3 : 7 38.7 (± 2.7)b 
 

30.7 (± 4.8)b 

 
 5 : 5 58.7 (± 3.5)b 

 
49.3 (± 3.5)b 

 
 7 : 3 89.3 (± 4.8)a 

 
77.3 (± 5.3)a 

AN : Bti b 0.020 3 : 7 32.0 (± 4.6)b 
 

26.7 (± 7.1)b 

 
 5 : 5 54.7 (± 4.8)b 

 
45.3 (± 1.3)b 

 
 7 : 3 80.0 (± 4.6)a 

 
70.6 (± 3.5)a 

EU : Btib 0.040 3 : 7 28.0 (± 2.3)b 
 

21.3 (± 5.8)b 

 
 5 : 5 46.7 (± 7.1)b 

 
 42.7 (± 5.8)ab 

 
 7 : 3 72.0 (± 6.1)a 

 
60.0 (± 4.6)a 

a For each mixture, the number of larvae tested was 375. 
b Means within each column followed by the same letter are not significantly different (P = 0.05; 
Bonferroni’s test). 
b Ca, AN and Eu stand for (E)-cinnamaldehyde, (E)-anethole and eugenol, respectively. 
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2. Toxicity to B. germanica 

2.1. Chemical constituents of C. rotundus rhizome steam distillate 

The steam distillate of C. rotundus rhizome was composed of 5 major and 38 minor 

constituents by comparison of mass spectral data and coelution of authenticated samples 

after coinjection (Table 33. The five major constituents were α-cyperone, β-selinene, 

cyperene, aristolone, and caryophyllene oxide, and comprised 30.02, 16.43, 11.83, 8.13, 

and 6.12% of the steam distillate, respectively. Together, they comprised 72.5% of total 

constituents of C. rotundus rhizome steam distillate. 

 

Table 33. Chemical constituents of C. rotundus rhizome steam distillate identified by gas 

chromatography and gas chromatography-mass spectrometry 

Peak no.  Compound  RTa (min)  % area 

1  α-pineneb  19.49  0.06  

2  Sabinene  20.88  0.02  

3  β-pineneb  21.30  0.13  

4  p-cymeneb  22.83  0.08  

5  Limoneneb  23.32  0.09  

6  1,8-cineoleb  23.44  0.34  

7  (E)-pinocarveolb  28.79  0.23  

8  Pinocarvone  29.59  0.04  

9  Terpinen-4-olb  30.61  0.02  

10  Dihydrocarvoneb  31.12  0.05  

11  Myrtenalb  31.29  0.04  

12  Myrtenolb  31.56  0.07  
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Table 33. Chemical constituents of C. rotundus rhizome steam distillate identified by gas 

chromatography and gas chromatography-mass spectrometry (Continued) 

Peak no.  Compound  RTa (min)  % area 

13  Verbenoneb  31.89  0.05  

14  (E)-carveolb  35.40  0.08  

20  α-copaeneb  43.08  0.44  

21  Dehydroaromadendrene  43.21  0.21  

22  β -elemene  43.55  0.20  

23c  Cyperene  45.04  11.83  

24  β -caryophylleneb  48.34  2.11  

25  α-muurolene  48.57  0.36  

26c  β -selinene  49.64  16.43  

27  α-selinene  50.06  0.68  

29  (-)-spathulenol 51.92  0.40  

30  Isospathulenol  52.18  2.05  

33c  Caryophyllene oxideb  54.90  6.12  

34  Diepi-α-cedrenepoxide  57.08  0.49  

35  Aristolene epoxide  57.65  4.36  

37  Aromadendrene epoxide  59.52  2.60  

38c  Aristolone  60.31  8.13  

39  Isoaromadendrene epoxide  60.57  2.31  

40c α-cyperone 62.28 30.02 

a Retention time. 
b Compounds identified by GC with authentic sample coinjction. The other constituents were 
identified by GC-MS without authentic sample coninjection. 
c Major constituent. 
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2.2. Insecticide susceptibility 

The toxicity of three OP, three carbamate, and three pyrethroid insecticides examined 

to the susceptible KSS females of German cockroach was evaluated using the residual 

contact + fumigant mortality bioassay (Table 34). Based on 24 h LD50 values, 

deltamethrin was the most toxic insecticide, followed by dichlorvos, cypermethrin, and 

chlorpyrifos. Low toxicity was observed with dioxacarb, bifenthrin, bendiocarb, and 

fenitrothion. The toxicity of propoxur was the lowest of any of the insecticides. There 

was no mortality in the methanol treated controls. 
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Table 34. Toxicity of nine insecticides to susceptible KSS females from B. germanica 

using residual contact + fumigant mortality bioassay during a 24 h exposure  

Insecticide  Slope ± SE  LD50, mg/cm2 (95% CL)   χ2 

Deltamethrin  1.1 ± 0.18  0.0174 (0.0109–0.0208)  0.36  

Dichlorvos  1.0 ± 0.17  0.0239 (0.0136–0.0313)  1.18  

Cypermethrin  1.2 ± 0.16  0.0317 (0.0208–0.0358)  0.66  

Chlorpyrifos  0.9 ± 0.14  0.0361 (0.0218–0.0505)  0.11  

Dioxacarb  0.1 ± 0.14  0.0527 (0.0289–0.0613)  2.28  

Bifenthrin  1.0 ± 0.17  0.0628 (0.0415–0.0828)  1.24  

Bendiocarb  0.9 ± 0.18  0.0917 (0.0519–0.1148)  1.93  

Fenitrothion  1.2 ± 0.17  0.1185 (0.0782–0.1890)  1.54  

Propoxur  1.1 ± 0.25  0.6826 (0.4374–0.9323)  0.45  

 

2.3. Insecticide resistance 

The comparative toxicity of nine test insecticides to two field-collected SEL and DJN 

females was evaluated as stated above (Table 35 and 36). As judged by 24 h LD50 values, 

SEL females exhibited high levels of resistance to deltamethrin, cypermethrin, bifenthrin, 

dichlorvos, and fenitrothion (RR, 154–42), moderate levels of resistance to chlorpyrifos, 

dioxacarb, and bendiocarb (RR, 29–21), and low level of resistance to propoxur (RR, 9) 

compared with KSS females. DJN females exhibited extremely high level of resistance to 
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dichlorvos (RR, 195), high levels of resistance to chlorpyrifos, deltamethrin, fenitrothion, 

cypermethrin, bifenthrin, and dioxacarb (RR, 109 41), and moderate levels of resistance 

to bendiocar and propoxur (RR, 31 and 12). 

 

Table 35. Comparative toxicity of nine insecticides to females from two field-collected 

SEL colonies of B. germanica using residual contact + fumigant mortality bioassay 

during a 24 h exposure 

Insecticide 
SEL female 

Slope ± SE  LD50, mg/cm2 (95% CL) χ 2 RRa  

Deltamethrin  2.0 ± 0.33  2.6804 (2.0696–2.8160) 0.57  154.0  

Dichlorvos  1.4 ± 0.23  1.1780 (0.8224–1.3906) 1.60  49.3  

Cypermethrin  1.7 ± 0.26  2.8982 (2.1261–4.0546) 0.86  91.4  

Chlorpyrifos  1.4 ± 0.23  1.0394 (0.7240–1.0168) 0.17  28.8  

Dioxacarb  2.0 ± 0.30  1.4592 (1.1164–1.8562) 1.07  27.7  

Bifenthrin  1.6 ± 0.27  4.2036 (3.0176–4.8213) 4.07  66.9  

Bendiocarb  1.5 ± 0.26  1.8870 (1.3387–2.3318) 0.38  20.6  

Fenitrothion  1.5 ± 0.23  4.9789 (3.4948–5.0646) 1.94  42.0  

Propoxur  1.4 ± 0.21  6.4442 (4.5816–8.7402) 0.68  9.4  

a Resistance ratio, LD50 of females from SEL colony/LD50 of females of KSS strain (Table 39). 
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Table 36. Comparative toxicity of nine insecticides to females from two field-collected 

DJN colonies of B. germanica using residual contact + fumigant mortality bioassay 

during a 24 h exposure 

Insecticide 
DJN female 

Slope ± SE  LD50, mg/cm2 (95% CL)   χ 2  RRb  

Deltamethrin  1.7 ± 0.28  1.0146 (0.7380–1.4456) 2.31  58.3 

Dichlorvos  1.8 ± 0.29  4.6485 (3.4573–6.7555) 0.87  194.5 

Cypermethrin 1.4 ± 0.22  1.4785 (1.0150–2.0916) 0.64  46.6 

Chlorpyrifos  1.2 ± 0.19  3.9368 (2.5702–4.3863) 2.84  109.1 

Dioxacarb  1.9 ± 0.26  2.1720 (1.6719–2.5034) 2.99  41.2 

Bifenthrin  2.7 ± 0.40  2.7541 (2.2398–2.8329) 0.67  43.9 

Bendiocarb  2.4 ± 0.37  2.8334 (2.2654–3.6433) 0.33  30.9 

Fenitrothion  1.9 ± 0.28  6.8804 (5.1605–7.4281) 1.67  58.1 

Propoxur  1.6 ± 0.23  7.8931 (5.7832–9.5561) 0.46  11.6 

b Resistance ratio, LD50 of females from DJN colony/LD50 of females of KSS strain (Table 39).
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2.4. Toxicity of test compounds 

The residual contact + fumigant toxicities of C. rotundus rhizome steam distillate and 

38 test compounds to KSS females were evaluated (Table 37). Based on 24 h LD50 values, 

C. rotundus rhizome steam distillate exhibited very low toxicity (24.14 mg/cm2).      

p-Cymene (LD50, 0.21 mg/cm2) was the most toxic compound and the toxicity of this 

compound and fenitrothion stated in Table 39 did not differ significantly from each other. 

This compound was significantly more toxic than propoxur but less toxic than the other 

seven insecticides. High toxicity was also produced by nerol, linalool, o-cymene,     

(S)-(–)-citronellal, (1S)-(–)-camphor, terpinolene, and m-cymene (LD50, 0.29–0.47 

mg/cm2). These compounds and propoxur did not differ significantly in toxicity. 

Moderate toxicity was obtained from 1,8-cineole, (1R)-(+)-camphor,              

(R)-(–)-α-phellandrene, (R)-(+)-citronellal, carvacrol, (–)-β-pinene, (+)-β-pinene,      

(–)-α-pinene, and (+)-α-pinene (LD50, 0.52-0.98 mg/cm2). Low and no toxicity was 

observed in the other seven (LD50, 1.05–2.60 mg/cm2) and 14 compounds (LD50, >5 

mg/cm2), respectively. 
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Table 37. Toxicity of C. rotundus rhizome steam distillate (SD) and 38 compounds to 

susceptible KSS females of B. germanica using residual contact + fumigant mortality 

bioassay during a 24 h exposure 

Compounda  
 Female   

Slope ± SE LD50, mg/cm2 (95% CL)   χ 2  

C. rotundus rhizome SD 3.7 ± 0.65  24.14 (20.41–28.38) 2.54  

p-Cymene  4.1 ± 0.59  0.21 (0.18–0.25)  2.90  

Nerol  1.1 ± 0.19  0.29 (0.21–0.47)  4.03  

Linalool  1.0 ± 0.18  0.36 (0.23–0.63)  2.04  

o-Cymene  4.2 ± 0.67  0.39 (0.33–0.45)  2.76  

(S)-(–)-Citronellal  1.3 ± 0.28  0.40 (0.26–0.72)  2.88  

(1S)-(–)-Camphor  1.3 ± 0.17  0.44 (0.28–0.69)  0.33  

Terpinolene  1.3 ± 0.22  0.44 (0.28–0.69)  1.99  

m-Cymene  3.1 ± 0.52  0.47 (0.38–0.56)  4.18  

1,8-Cineole  4.5 ± 0.93  0.52 (0.39–0.77)  4.47  

(1R)-(+)-Camphor  1.3 ± 0.17  0.53 (0.35–0.84)  0.45  

(R)-(–)-α-Phellandrene  1.4 ± 0.20 0.59 (0.40–0.91)  0.21  

(R)-(+)-Citronellal   1.3 ± 0.32 0.61 (0.42–0.92)  2.34  

Carvacrol  1.4 ± 0.21  0.69 (0.54–1.04)  0.29  

(–)-β-pinene  1.8 ± 0.23  0.78 (0.55–1.06)  0.25  

(+)-β-pinene  2.0 ± 0.29  0.85 (0.62–1.13)  2.75  

(–)-α-pinene  1.6 ± 0.32  0.91 (0.63–1.28)  3.93  

(+)-α-pinene  1.4 ± 0.24  0.98 (0.65–1.45)  3.59  

(–)-terpinen-4-ol  1.2 ± 0.20  1.05 (0.67–1.67)  2.82  
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Table 37. Toxicity of C. rotundus rhizome steam distillate (SD) and 38 compounds to 

susceptible KSS females of B. germanica using residual contact + fumigant mortality 

bioassay during a 24 h exposure (Continued) 

Compounda  
 Female   

Slope ± SE  LD50, mg/cm2 (95% CL)  χ 2 

(+)-terpinen-4-ol  1.8 ± 0.25  1.20 (0.86–1.65)  4.55  

(R)-(–)-carvone  1.5 ± 0.23  1.37 (0.94–2.04)  4.51  

(S)-(+)-carvone  1.3 ± 0.22  1.41 (0.93–2.23)  0.18  

(1R)-(–)-myrtenal  1.5 ± 0.21  1.72 (1.18–2.57)  5.14  

(+)-α-terpineol  7.0 ± 1.13  1.80 (1.66–1.98)  2.92  

(–)-borneol  1.3 ± 0.21  2.60 (1.77–3.88)  5.29  

a The other 14 compounds were ineffective (LD50, >5 mg/cm2). 

 

Toxic effects of the test materials on KSS males were likewise compared (Table 38). 

C. rotundus rhizome steam distillate showed very low toxicity (LD50, 18.09 mg/cm2).   

p-Cymene (LD50, 0.14 mg/cm2) was the most toxic compound. High toxicity was also 

observed in nerol, (S)-(–)-citronellal, linalool, o-cymene, terpinolene, (1S)-(–)-camphor, 

m-cymene, (1R)-(+)-camphor, 1,8-cineole, (–)-β-pinene, (R)-(–)-α-phellandrene, 

carvacrol, (R)-(+)-citronellal, and (+)-β-pinene (LD50, 0.18-0.45 mg/cm2). Moderate 

toxicity was produced by (–)-α-pinene, (–)-terpinen-4-ol, (+)-α-pinene, (+)-terpinen-4-ol, 

(R)-(–)-carvone, and (S)-(+)-carvone (LD50, 0.53–0.78 mg/cm2). Low and no toxicity was 

obtained from the other three (LD50, 1.20–1.79 mg/cm2) and 14 compounds (LD50, >5 

mg/cm2), respectively. There was no significant difference in toxicity of C. rotundus 
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rhizome steam distillate and 24 active compounds against both females and males 

because 95% CLs of LD50 values of the females overlapped with that of the males, 

although males were slightly more susceptible than females against the test compounds. 

 

Table 38. Toxicity of C. rotundus rhizome steam distillate (SD) and 38 compounds to 

susceptible KSS males of B. germanica using residual contact + fumigant mortality 

bioassay during a 24 h exposure 

Compounda  
 Male   

  SSRb 
Slope ± SE  LD50, mg/cm2 (95% CL)   χ 2  

C. rotundus rhizome SD 1.2 ± 0.24  18.09 (12.01–26.23)  3.22  1.3  

p-Cymene  1.2 ± 0.19  0.14 (0.09–0.18)  2.20  1.6  

Nerol  1.2 ± 0.19  0.18 (0.11–0.28)  1.71  1.6  

Linalool  1.0 ± 0.18  0.26 (0.14–0.41)  2.64  1.4  

o-Cymene  1.5 ± 0.22  0.26 (0.20–0.35)  5.86  1.5  

(S)-(–)-Citronellal  1.3 ± 0.23  0.22 (0.14–0.33)  1.19  1.8  

(1S)-(–)-Camphor  1.5 ± 0.19  0.33 (0.22–0.48)  4.33  1.3  

Terpinolene  1.4 ± 0.22  0.28 (0.18–0.42)  1.53  1.6  

m-Cymene  2.4 ± 0.30  0.34 (0.27–0.43)  4.89  1.4  

1,8-Cineole  1.4 ± 0.20  0.39 (0.26–0.58)  3.50  1.3  

(1R)-(+)-Camphor  1.4 ± 0.24  0.38 (0.26–0.57)  3.95  1.4  

(R)-(–)-α-Phellandrene 1.5 ± 0.18  0.43 (0.29–0.63)  1.18  1.4  

(R)-(+)-Citronellal  1.5 ± 0.20  0.44 (0.29–0.80)  3.76  1.4  

Carvacrol  1.2 ± 0.19  0.43 (0.29–0.69)  2.46  1.6  

(–)-β-pinene  1.5 ± 0.17  0.41 (0.28–0.60)  1.04  1.9  

(+)-β-pinene  1.2 ± 0.23  0.45 (0.29–0.70)  1.16  1.9  
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Table 38. Toxicity of C. rotundus rhizome steam distillate (SD) and 38 compounds to 

susceptible KSS males of B. germanica using residual contact + fumigant mortality 

bioassay during a 24 h exposure (Continued) 

Compounda 
 Male   

SSRb 
Slope ± SE  LD50, mg/cm2 (95% CL)  χ 2 

(–)-α-pinene  1.2 ± 0.18  0.53 (0.31–0.82)  0.33  1.7  

(+)-α-pinene  1.3 ± 0.21  0.58 (0.36–0.87)  4.59  1.7  

(–)-terpinen-4-ol  2.0 ± 0.33  0.54 (0.39–0.81)  0.59  1.9  

(+)-terpinen-4-ol  1.1 ± 0.20  0.62 (0.37–0.97)  0.89  1.9  

(R)-(–)-carvone  0.9 ± 0.19  0.71 (0.35–1.27)  0.47  1.9  

(S)-(+)-carvone  0.8 ± 0.19  0.78 (0.37–1.37)  1.81  1.8  

(1R)-(–)-myrtenal  1.7 ± 0.23  1.20 (0.84–1.69)  3.84  1.4  

(+)-α-terpineol  1.4 ± 0.21  1.24 (0.83–1.85)  4.22  1.5  

(–)-borneol  1.5 ± 0.23  1.79 (1.24–2.64)  2.40  1.5  

a The other 14 compounds were ineffective (LD50, >5 mg/cm2). 
b Sex susceptibility ratio, female LD50/male LD50. 
 
 
 

The toxicities of C. rotundus rhizome steam distillate and 24 active compounds to 

SEL and DJN adult females were likewise compared (Table 39 and 40). Interestingly, all 

the compounds were of equal toxicity against adult females from the KSS strain and two 

field-collected SEL and DJN colonies, indicating a lack of cross-resistance in the SEL 

and DJN. 
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Table 39. Toxicity of C. rotundus rhizome steam distillate (SD) and 24 selected 

compounds to females from two field-collected SEL colonies of B. germanica using 

residual contact + fumigant mortality bioassay during a 24 h exposure 

Compound  
SEL female  

Slope ± SE  LD50, mg/cm2 (95% CL)   χ 2  

C. rotundus rhizome SD  2.0 ± 0.30  26.6 (20.6–34.3)  2.52  

p-cymene  3.2 ± 0.47  0.34 (0.25–0.41)  2.49  

Nerol  2.7 ± 0.39  0.43 (0.35–0.50)  3.66  

Linalool  1.4 ± 0.24  0.46 (0.33–0.56)  3.84  

o-Cymene  1.3 ± 0.20  0.48 (0.31–0.87)  2.59  

(S)-(–)-Citronellal  1.3 ± 0.23  0.59 (0.39–0.94)  0.65  

(1S)-(–)-Camphor  1.4 ± 0.38  0.64 (0.44–1.00)  2.86  

Terpinolene  1.4 ± 0.24  0.75 (0.51–1.16)  5.00  

1,8-Cineole  5.6 ± 0.93  0.64 (0.58–0.72)  1.86  

(1R)-(+)-Camphor 1.4 ± 0.22  0.72 (0.49–1.12)  0.41  

(R)-(–)-α-Phellandrene 1.3 ± 0.20  0.85 (0.58–1.21)  3.17  

(R)-(+)-Citronellal 1.3 ± 0.21  0.62 (0.41–1.00)  0.86  

m-Cymene 5.3 ± 0.77  0.59 (0.53–0.65)  3.18  

Carvacrol  2.6 ± 0.36  0.74 (0.61–1.14)  2.06  

(–)-β-Pinene  1.9 ± 0.33  0.91 (0.66–1.23)  0.55  

(+)-β-Pinene  1.6 ± 0.24  0.97 (0.67–1.38)  0.65  

(–)-α-Pinene  1.2 ± 0.20  1.06 (0.68–1.66)  1.05  
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Table 39. Toxicity of C. rotundus rhizome steam distillate (SD) and 24 selected 

compounds to females from two field-collected SEL colonies of B. germanica using 

residual contact + fumigant mortality bioassay during a 24 h exposure (Continued) 

Compound  
SEL female  

Slope ± SE  LD50, mg/cm2 (95% CL)  χ 2 

(+)-α-Pinene  1.4 ± 0.22  1.24 (0.84–1.84)  2.13  

(–)-Terpinen-4-ol  4.3 ± 0.71  1.59 (1.41–1.80)  0.21  

(+)-Terpinen-4-ol  7.4 ± 1.12  1.68 (1.55–1.83)  3.91  

(R)-(–)-Carvone  4.3 ± 0.76  1.90 (1.68–2.25)  5.68  

(S)-(+)-Carvone  3.8 ± 0.80  1.98 (1.73–2.45)  5.87  

(1R)-(–)-Myrtenal  1.6 ± 0.23  1.83 (1.34–2.67)  2.59  

(+)-α-Terpineol  4.8 ± 0.73  2.17 (1.96–2.47)  7.64  

(–)-Borneol  1.3 ± 0.21  2.79 (1.89–4.23)  2.85  
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Table 40. Toxicity of C. rotundus rhizome steam distillate (SD) and 24 selected 

compounds to females from two field-collected DJN colonies of B. germanica using 

residual contact + fumigant mortality bioassay during a 24 h exposure 

Compound 
DJN female 

Slope ± SE  LD50, mg/cm2 (95% CL)   χ 2  

C. rotundus rhizome SD  1.7 ± 0.30  25.9 (19.5–34.9)  3.60  

p-cymene  3.9 ± 1.13  0.37 (0.11–0.67)  4.19  

Nerol  1.6 ± 0.26  0.39 (0.29–0.46)  2.53  

Linalool  1.4 ± 0.23  0.42 (0.30–0.49)  2.20  

o-Cymene  1.3 ± 0.24  0.45 (0.29–0.80)  3.01  

(S)-(–)-Citronellal  1.1 ± 0.21  0.54 (0.34–0.90)  0.36  

(1S)-(–)-Camphor  1.4 ± 0.21  0.64 (0.44–0.97)  0.85  

Terpinolene  1.4 ± 0.22  0.84 (0.58–1.32)  0.71  

1,8-Cineole  4.3 ± 0.82  0.84 (0.66–0.98)  1.87  

(1R)-(+)-Camphor 1.4 ± 0.23  0.71 (0.49–1.10)  0.35  

(R)-(–)-α-Phellandrene 1.4 ± 0.21  0.92 (0.62–1.47)  0.15  

(R)-(+)-Citronellal 1.5 ± 0.20  0.61 (0.42–0.92)  1.55  

m-Cymene 6.3 ± 0.84  0.53 (0.49–0.58)  5.22  

Carvacrol  2.1 ± 0.31  0.69 (0.55–0.89)  4.74  

(–)-β-Pinene  1.4 ± 0.23  0.98 (0.66–1.45)  3.87  

(+)-β-Pinene  1.5 ± 0.21  1.03 (0.71–1.48)  3.96  

(–)-α-Pinene  1.8 ± 0.30  1.12 (0.80–1.54)  3.10  
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Table 40. Toxicity of C. rotundus rhizome steam distillate (SD) and 24 selected 

compounds to females from two field-collected DJN colonies of B. germanica using 

residual contact + fumigant mortality bioassay during a 24 h exposure (Continued) 

Compound  
DJN female 

Slope ± SE  LD50, mg/cm2 (95% CL)  χ 2 

(+)-α-Pinene  1.8 ± 0.28  1.19 (0.87–1.63)  5.61  

(–)-Terpinen-4-ol  6.0 ± 0.93  1.65 (1.50–1.81)  3.59  

(+)-Terpinen-4-ol  5.6 ± 0.90  1.73 (1.57–1.92)  2.59  

(R)-(–)-Carvone  4.5 ± 0.76  1.85 (1.65–2.15)  1.67  

(S)-(+)-Carvone  4.0 ± 0.83  1.92 (1.69–2.32)  4.14  

(1R)-(–)-Myrtenal  1.6 ± 0.23  1.94 (1.42–2.80)  3.22  

(+)-α-Terpineol  4.0 ± 0.72  2.00 (1.78–2.31)  2.08  

(–)-Borneol  1.4 ± 0.21  2.16 (1.49–3.12)  4.98  

 

2.5. Structure-activity relationship 

Comparisons were made to determine residual contact + fumigant toxicity differences 

involving the skeletal structure, configuration, optical rotation, and functional groups of 

the compounds tested (Table 41). Acyclic terpenoids geraniol and nerol (geometric 

isomers) exhibited significant differences in their toxicity against both KSS females and 

males. Nerol (a primary alcohol) and linalool (a tertiary alcohol) did not differ 

significantly in toxicity but geraniol (a primary alcohol) was nontoxic. The toxicity of the 

aldehyde citronellal and the less saturated nerol and linalool (except for geraniol) did not 

differ significantly in toxicity from each other. The byclic terpenoid ketones camphor and 

verbenone were highly toxic and nontoxic, respectively. In case of p-menthane terpenoids, 



140 

 

terpinen-4-ol and α-terpineol (tertiary alcohols), whose only structural difference is the 

position of the alcohol functional group showed significant changes in activity patterns: 

the former is significantly more toxic than the latter against both sexes. The nonalcohol 

active compound was carvone, which is less saturated than alcohols, but the more 

saturated dihydrocarvone was inactive. In addition, p-cymene was significantly more 

toxic than either o- or m-cymene. There was no significant difference in toxicities of  

(S)-(–)- and (R)-(+)-camphors, (S)-(+)- and (R)-(–)-carvones, (S)-(–)- and           

(R)-(+)-citronellals, (–)- and (+)-terpinen-4-ols, and four pinenes [(–)-α-, (+)-α-, (–)-β-, 

and (+)-β-pinene]. 

Correlation analysis showed that MW is not significantly correlated with LD50 (r = 

0.274 and 0.317 for female and male, respectively). VP has no correlation with LD50, 

either (r = –0.178 and –0.253 for female and male, respectively). Multiple linear 

regression analysis also showed no significant relationship between the contact + 

fumigant toxicities (LD50 values) of the compounds to female and male cockroaches, and 

the physical parameters (MW and VP values) for the 24 compounds (R2 = 0.08 and R2 = 

0.1). These findings thus suggest that the contact + fumigant toxicities of compounds are 

not related with the physical characteristics of the compounds. 
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Table 41 Structure-activity relationship of terpenoids against susceptible B. germanica 

females 

High toxicity  Moderate toxicity  Low toxicity  No toxicity  

Acyclic     

(S)-(–)-Citronellal (R)-(+)-Citronellal   Geraniol  

Linalool     β-Citronellol  

Nerol     

Bicyclic     

(1S)-(–)-camphor (1R)-(+)-Camphor (–)-Borneol  (+)-(E)-Myrtanol  

 (–)-β-Pinene  (1R)-(–)-Myrtenal  (–)-(E)-Myrtanol  

 (+)-β-Pinene   (–)-(Z)-Myrtanol  

 (–)-α-Pinene   (–)-(E)-Myrtanyl 
acetate  

 (+)-α-Pinene   (1R)-(–)-Myrtenol  

   (1S)-(–)-
Verbenone  

p-Menthane      

p-Cymene  Carvacrol  (R)-( –)-Carvone (E)-Carveol  

o-Cymene  1,8-Cineole  (S)-(+)-carvone  (–)-Dihydrocaveol  

m-Cymene  
(R)-(–)-α-
Phellandrene 

(–)-Terpinen-4-ol  (+)-
Dihydrocarvone  

Terpinolene   (+)-Terpinen-4-ol  (–)-(E)-
Pinocarveol  

  (+)-α-Terpineol   
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2.6. Route of insecticidal action 

The fumigant toxicities of 14 selected compounds to SEL females were examined 

using a vapor-phase mortality bioassay in two formats (Table 42). At 0.05 mg/cm3    

(1S)-(–)-camphor, there was a significant difference (P = 0.0096) in lethal activity against 

females between exposure in a closed container, which resulted in 90% mortality, and 

exposure in an open container, which resulted in 13% mortality. Similar differences in the 

response of SEL females to the other 13 test compounds in two treatments were likewise 

observed. There was no mortality in the methanol-treated controls. 
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Table 42. Fumigant toxicity of 14 selected compounds to field-collected SEL females of 

B. germanica using vapor-phase mortality bioassay during a 24 h exposure 

Compound 
Conc., 

mg/cm3 

Mortality (%) (± SE) 

P valuea 
Vapor in closed 

container 

Vapor in open 

container 

(1S)-(–)-Camphor 0.05 90 ± 5.8  13 ± 8.8   0.0096 

(R)-(–)-Carvone  0.16  90 ± 5.8 0 0.0007  

(S)-(+)-Carvone  0.16  83 ± 3.3 0 0.001  

1,8-Cineole  0.05  87 ± 3.3  3 ± 3.3 0.0007  

(S)-(–)-Citronellal  0.05  100  7 ± 6.7 0.0008  

m-Cymene  0.05  100  7 ± 3.3 0.0002  

o-Cymene  0.04  97 ± 3.3  7 ± 3.3 0.0012  

p-Cymene  0.04  97 ± 3.3  3 ± 3.3 0.0009  

Nerol  0.03  97 ± 3.3 10 ± 5.8 0.0023  

(R)-(–)-α-Phellandrene 0.07  97 ± 3.3  3 ± 3.3 0.0009  

(–)-β-Pinene  0.08  100 17 ± 6.7 0.0002  

(–)-α-Pinene  0.10  97 ± 3.3 17 ± 3.3 0.0009  

(–)-Terpien-4-ol  0.13  93 ± 3.3  3 ± 3.3 0.0033  

Terpinolene  0.06  87 ± 3.3 13 ± 3.3 0.0002  

a According to a t-test. 
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DISCUSSION 

1. Toxicity of binary mixtures to Ae. albopictus and An. sinensis 

This current finding clearly indicates that binary mixtures of Bti and CA, AN or EU 

(1:1 ratio) exhibited a synergistic action against both wild Ae. albopictus and An. sinensis 

larvae based on the CC and SF values. In particular, a Bti and CA mixture was the most 

effective larvicide. Many of the insecticides currently used in South Korea have failed to 

control anopheline mosquitoes, most probably because of the development of resistance 

(Shin et al., 2003; Chang et al., 2009a). This original finding indicates that these mixtures 

may hold promise for the development of novel and effective mosquito larvicides even 

against currently insecticide-resistant mosquito populations. In addition, individual 

compounds are active at high concentration, which makes them uneconomical for 

practical use. Very few studies on mosquito larvicidal activity of binary mixtures of Bti 

and phytochemicals have investigated compared with synthetic insecticides (Shaalan et 

al., 2005). Kuppusamy et al. (2011) reported that binary mixtures of Bti and ethanol 

extract from whole plant of Andrographis paniculata Nees (Acanthaceae) against An. 

stephensi Liston exhibited a synergistic action at all tested ratios (1:4, 1:2 and 1:1). The 

toxicity of the binary mixtures gradually increased when a mixing rate of the plant extract 

increased. Synergistic action was also reported in the binary mixtures of neem seed 

extract and Bti against larvae of Ochlerotatus togoi Theobald (Hellpap and Zebitz, 1986) 

and of neem, Azadirachta indica A. Juss (Meliaceae), oil or pongamia, Pongamia pinnata 

L. (Fabaceae), oil and Bti against larvae of Cx. quinquefasciatus Say (Murugan et al., 
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2002). 

Investigations on the joint toxic action mechanisms of binary mixtures and the 

insecticide resistance mechanisms are of practical importance for mosquito control 

largely because they may give useful information on the most appropriate formulations to 

be adopted for their future commercialization and for future resistance management 

(Perumalsamy et al., 2012). Also, they can give useful information on the development of 

new mosquito larvicides. Alternative mosquito control agents with novel modes of action, 

low mammalian toxicity, low toxicity to aquatic nontarget organisms, and little aquatic 

environmental impact are urgently needed. However, available information on toxic 

effects of binary mixtures of Bti and phytochemicals on insecticide-resistant mosquitoes 

is limited, although the enhanced toxicity of binary mixtures of some plant extracts with 

an insecticide against different mosquito species has been well noted (Shaalan et al., 

2005). Joint toxic action mechanisms of binary mixtures of chemicals include that one 

may interfere with the other’s activation, or with its detoxification reaction induced by 

enzyme systems such as cytochrome P450, glutathione S-transferases, and/or esterases 

(leading to rapid detoxification or sequestration of a chemical), or with both in insects 

(Perumalsamy et al., 2012; Corbett, 1974). The most plausible explanation for the 

enhanced toxicity of a binary mixture might be the hypothesis that one toxicant interferes 

with the enzymatic detoxification of the second toxicant, thereby potentiating its toxicity 

(Corbett, 1974). Thangam and Kathiresan (1990) studied the toxicity of DDT, BHC and 

malathion, and the effects of their synergism with leaf and flower extracts of 

Bougainvillea glabra Choisy (Nyctaginaceae) on larvae of Cx. sitiens Wiedemann. They 
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suggested that synergism might be due to plant extract inhibiting some factors, such as 

detoxifying enzymes in mosquito larvae. It has been also demonstrated that neem or 

pongamia oil acted synergistically with Bti against Cx. quinquefasciatus larvae and 

caused swelling of mitochondrial cristae and endoplasmic reticulum followed by 

enlargements of vacuoles and condensations of the mitochondrial matrix (Murugan et al., 

2002). In this study, CA, AN, and EU have acted as a powerful synergist, enhancing the 

effectiveness of Bti against both wild Ae. albopictus and An. sinensis larvae. In addition, 

CA, AN, and EU are virtually equal in toxicity to both insecticide-susceptible Ae. 

albopictus and -resistant An. sinensis larvae, suggesting that these compounds and the 

pyrethroid and organophosphorus insecticides do not share a common mode of action or 

elicit cross-resistance. However, detailed tests are needed to fully understand the exact 

synergy mechanism of the binary mixture of Bti and essential oil constituents. 

In conclusion, the binary mixtures of Bti and CA, AN or EU (1:1 ratio) could be 

useful as larvicides in the control of mosquito populations, particularly in the light of their 

activity against insecticide-resistant mosquito larvae. For practical use of the binary 

mixtures as novel larvicides to proceed, further research is needed to establish their 

human safety. In addition, their effects on nontarget aquatic organisms and the aquatic 

environment need to be established. 

 

2. Toxicity of C. rotundus rhizome constiuents to B. germanica 

Plant essential oils consist of highly complex mixtures of hydrocarbons, such as 

terpenes (monoterpenes, sesquiterpenes, and diterpenes), and oxygenated compounds, 
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such as alcohols, aldehydes, esters, ketones, oxides, and phenols (Lawless, 2002; Isman, 

2006). They jointly or independently contribute to a variety of biological efficacies, 

including repelling or attracting arthropods, deterring feeding or oviposition, stimulating 

or inhibiting hatch, and insecticidal activity (Ahn et al., 2006; Isman, 2006). Certain plant 

preparations and their constituents manifest insecticidal activity against cockroaches and 

have been proposed as alternatives to the widely used insecticides (Ngoh et al., 1998; 

Chang and Ahn, 2001; Jang et al., 2005; Jung et al., 2007). In this study, a contact + 

fumigant mortality bioassay to identify the insecticidal constituents of C. rotundus 

rhizome steam distillate against German cockroaches was used. The insecticidal 

principles were determined to be the monoterpenoids 1,8-cineole, p-cymene, α-pinene,  

β-pinene, myrtenal, and terpinen-4-ol. In addition, strong toxicity was also produced by 

(1S)-(–)-camphor, (S)-(–)-citronellal, m-cymene, o-cymene, linalool, nerol, and 

terpinolene. Nevertheless, all the individual compounds were less effective than 

insecticides examined (except for propoxur). No significant difference in toxicity against 

females and males was observed. In addition, these compounds described were highly 

effective against German cockroaches resistant to OP, carbamate, and pyrethroid 

insecticides examined. This original finding indicates that these compounds may hold 

promise for the development of novel and effective insecticides even against currently 

insecticide- resistant cockroach populations. 

QSAR of chemicals against cockroaches has been well noted (Tsao et al., 1995; Ngoh 

et al., 1998; Jang et al., 2005; Jung et al., 2007). Tsao et al. (1995) found that enhanced 

activity of monoterpenoids and phenols through derivatization of the hydroxyl group 
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appeared to result from the increased VP (leading to greater fumigant action) and/or 

increased lipophilicity (leading to better penetration and bioavailability in the insect 

body). Jang et al. (2005) studied the structure-activity relationship of monoterpenoids and 

suggested that structural characteristics, such as degrees of saturation and types of 

functional groups rather than VP parameter, appear to play a role in determining the 

monoterpenoid toxicities to German cockroaches. In this study, structural characteristics, 

such as carbon skeleton, aromatic substitution (m-, o-, and p-cymene), geometric 

isomerism, types of functional groups, presence of alcohol functional group (primary vs. 

tertiary alcohols) along the carbon chain, and position of hydroxyl group (terpinen-4-ol vs. 

α-terpineol), appear to play a role in determining the toxicities to German cockroaches. 

Neither optical rotation, MW, nor VP parameters was significantly related to the observed 

toxicities. 

Investigations on the modes of action and the resistance mechanisms of naturally 

occurring insecticides are of practical importance for cockroach control because they may 

give useful information for future resistance management. Major mechanisms of 

resistance to insecticides currently used to control cockroaches are target site insensitivity 

that reduces sodium channel sensitivity to the pyrethroid insecticides or 

acetylcholinesterase (AChE) sensitivity to OP and carbamate insecticides and enhanced 

metabolism of various groups of insecticides (Siegfried and Scott, 1992; Anspaugh et al., 

1994). Thus, alternative cockroach control products with novel modes of action, low 

mammalian toxicity, and less impact on sensitive environment (i.e., communication 

facilities, food industrial facilities, and hospitals) are urgently needed. Certain plant 
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preparations or their constituents are highly effective against insecticide-resistant insect 

pests (Yang et al., 2009; Perumalsamy et al., 2010), and they are likely to be useful in 

resistance management strategies. For example, the toxicities of camphor, 1,8-cineole, 

linalool, terpinen-4-ol, and α-terpineol were almost identical against females from either 

susceptible KR-HL and pyrethroid/malathionresistant BR-HL strains of Pediculus 

humanus capitis (De Geer) (Yang et al., 2009). Our current finding indicates that the 24 

compounds described earlier are virtually equal in toxicity to both susceptible and 

resistant female cockroaches, suggesting that these compounds and the AChE inhibitors 

and pyrethroids neither share a common mode of action nor elicit cross-resistance. 

Detailed tests are needed to fully understand the modes of action of these compounds, 

although the octopaminergic (Kostyukovsky et al., 2002) and γ-aminobutyric acid 

receptors (Priestley et al., 2003) have been suggested as novel target sites for some 

essential oil constituents. 

Elucidation of the route of insecticidal action of natural insecticides also provides 

practically important information for cockroach control, such as the most appropriate 

formulations to be adopted for their future commercialization. Volatile compounds of 

many plant essential oils consist of alcohols, aldehydes, alkanes, and terpenoids, 

particularly monoterpenoids (Lawless, 2002; Isman, 2006). These compounds primarily 

act as fumigants with additional contact action (Ahn et al., 2006). The dual fumigant + 

contact activity against German cockroach has been reported with (E)-anethole (Chang 

and Ahn, 2001); borneol, camphor, citronellal, cumene, α-pinene, β-pinene, and 

terpinolene (Jung et al., 2007); and linalool, α-terpineol, α-thujone, thymol, and 
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verbenone (Jang et al., 2005). Ngoh et al. (1998) reported the contact toxicity of the 

phenylpropanoids eugenol, methyleugenol, isosafrole, and safrole, and the fumigant 

toxicity of safrole and isosafrole, but neither contact nor fumigant toxicity of isoeugenol 

and the monoterpenoids cineole, p-cymene, limonene, and α-pinene against female 

American cockroaches, Periplaneta americana (L.). In the current study, 14 

monoterpenoids described were effective in closed but not in open containers against 

field-collected female German cockroaches. These results indicate that the route of 

insecticidal action of these compounds was largely a result of vapor action. The 

difference between our present and previous study might be attributable to the difference 

in the drying times of solvent (contact toxicity bioassay, 2 min vs. 30 min; fumigant 

toxicity bioassay, 2 min vs. 5 min). The dual contact + fumigant action of the test 

compounds as demonstrated through our contact + fumigant and vapor-phase mortality 

bioassays is of practical importance because volatile compounds can easily reach deep 

harborages in enclosed space, resulting in good control. This system has advantages 

because exposure to volatile compounds can be easily controlled. 

These results indicate that C. rotundus rhizome steam distillate products containing  

p-cymene, nerol, and linalool could be useful as fumigants with contact action in the 

control of cockroach populations, particularly in the light of their activity against 

insecticide-resistant cockroaches, in enclosed spaces, such as inaccessible cockroach 

hiding place (i.e., crevices, electrical ducts, plumbing ducts, or cabinet voids). For 

practical use of the products as novel fumigants to proceed, or for their use as a 

component in a push-pull strategy, further research is needed to establish their human 
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safety. However, historically C. rotundus has long been considered to have medicinal 

properties such as remedy mainly for spasms and stomach disorders (Namba, 1993). In 

addition, formulations (aerosol, fumigant, smoking agent, and spray) for improving 

insecticidal and larvicidal potency and stability need to be developed. 
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CHAPTER III 

Repellency of Plant Essential Oils and Their Constituents 

against Blattella germanica Adults and Leptotrombidium 

pallidum Nymphs 
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INTRODUCTION 

Of 40 species of trombiculid mites reported in the ROK, L. pallidum (Nagayo, 

Miyagawa, Mitamura & Tamiya) is a primary vector of O. tsutsugamushi (Hyashi), the 

causative agent of scrub typhus because of the widespread distribution and abundance, 

especially in rural areas (Seong et al., 2001, Lee et al., 2009). The mite species is a 

primary vector of the bacterium Orientia tsutsugamushi (Hyashi), the causative agent of 

scrub typhus (chigger-borne rickettsiosis) in Korea, Japan, China, Thailand, and other 

East Asian countries (Strickman 2001, Kelly et al., 2009). Approximately one million 

cases of scrub typhus occur every year and more than one billion people may be at risk 

worldwide (Rosenberg 1997, Watt et al., 2000). Since 2004, the annual number of cases 

of scrub typhus greatly increased to more than 4500 in the ROK (Anonymous 2012a). To 

assess potential of plant oil as effective control agent against L. pallidum, acaricidal and 

repellent activities of three plant oils were assessed. 

The German cockroach is one of the most serious domestic insect pests because of its even 

cosmopolitan occurrence and abundance in home and other structures as a potential vector of 

human pathogens and major source of allergens (Koehler, et al., 1990; Brenner, 1995; Arlian, 

2002). In addition, cockroach exuviae are found to support large populations of the European 

house dust mite, Dermatophagoides pteronyssinus, resulting in exacerbated cases of bronchial 

asthma (Koehler, et al., 1990; Brenner, 1995; Arlian, 2002). 

Repellents can be preventive tools in the transport and storage of merchandise and in 

sensitive areas such as kitchens, children’s nurseries, and hospitals and in protecting 
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sensitive electronic equipment, communications equipment, and food industrial facilities 

from cockroaches (Schal and Hamilton, 1990; Rozendaal, 1997) and can be effective 

tools for protecting individuals from mite bites and mite-borne diseases (Gupta and 

Rutledge, 1994) because L. pallidum larvae (chiggers) live in microhabitats called mite-

islands missed by many commercially available acaricides. The most widely used insect 

repellent products are currently based on N,N-diethyl-3-methylbenzamide (DEET) 

(Frances, 2007), which continues to be an effective compound. However, this compound 

has many problems, such as an unpleasant odor and damage on certain plastics and synthetic 

rubber as well as central nervous system depression, urticaria, contact dermatitis, potential 

encephalopathic toxicity, and rarely, death (Qiu et al., 1998; Katz et al., 2008; Sudakin and 

Trevathan, 2009). Accordingly, there is a critical need for the development of safer new 

repellents and repellent formulations (Schal and Hamilton, 1990; Rozendaal, 1997). 

Much effort has been focused on them as potential sources of commercial repellents, in 

part, because certain plant preparations containing repellent constituents meet the criteria 

of minimum-risk repellents (Isman, 2008; Koul et al., 2008). 

In this chapter, an assessment is made of the repellency of male B. germanica to 1,8-

cineole and zerumbone that comprise C. rotundus rhizome and another nine previously 

identified constituents without insecticidal activity from the essential oil of the rhizome 

(Chang et al., 2012) as well as binary mixtures of the active constituents under laboratory 

condition for use as future commercial B. germanica repellents. The repellency of these 

constituents was compared with that of the currently available synthetic repellent DEET 

because this compound is registered as an insect repellent in the ROK. Another assessment 
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was made of the potential of cassia bark, eucalyptus, and star anise oils, as well as major 

constituents (E)-cinnamaldehyde, 1,8-cineole, and (E)-anethole of the corresponding oils 

toward L. pallidum chiggers. The repellencies of these materials were compared with 

those of currently available repellents DEET, IR3535 (ethyl 3-[acetyl(butyl)amino] 

propanoate), and permethrin to assess their use as future commercial trombiculid mite 

repellents.
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MATERIALS AND METHODS 

1. Instrumental analysis 

1H and 13C NMR spectra were recorded in CD3OD on a Bruker Avance 400 

WB spectrometer (Rheinstetten, Baden-Württemberg, Germany) at 400 and 100 

MHz, respectively, using tetramethylsilane as an internal standard and chemical 

shifts are given in δ (ppm). Merck silica gel (0.063–0.2 mm) (Darmstadt, Hesse, 

Germany) was used for column chromatography. Merck Precoated silica gel plates 

(Kieselgel 60 F254) were used for analytical thin-layer chromatography (TLC). A 

Thermo Scientific Spectra System P 2000 high-performance liquid chromatograph 

(HPLC) (Waltham, MA) was used for isolation of active principles. 

 

2. Cockroaches 

The stock cultures of B. germanica (susceptible KSS strain) (Chang et al., 2012) were 

used as stated in Chapter II. Rearing method and conditions were the same as those stated 

in Chapter I. Because male B. germanica are more sensitive than female one to olfactory 

stimuli (Scheffler and Dombrowski, 1992), adult males were used for repellency 

bioassays. 

 

3. Chiger mites 

Striped field mice, Apodemus agrarius Pallas, were collected from Mt. Myeongseong 
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(N 38°9′3.85″, E 127°19′20.73″) (Cheolwon, Gwangwon, South Korea) from early April 

to late June 2010 using 1440 Sherman live traps (7.6 ´ 8.9 ´ 22.9 cm) (Tallahassee, FL) 

containing two saltine crackers with peanut butter as a bait (Fig. 13). The mice were 

immediately transported to an insect rearing room (National Institute of Health). The 

mice were euthanized and hung individually over a 1-liter beaker filled to a depth of 1 cm 

with tap water for chigger harvesting. Plastic containers (7 ´ 5 cm) containing the 

chiggers were held in a bio-safety cabinet at 28 ± 2°C and 60 ± 5 % relative humidity 

under a 12:12 h light:dark cycle. After each repellent test, species identification based on 

morphological keys (Ree, 1990) under a microscope (´400) revealed that the chiggers 

tested belonged to L. pallidum. 

 

 

 

 

 

 

 

 

 

 

Fig. 13. The collection sites of L. pallidum for repellent test. 

 
Cheolwon 
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4. Chemicals 

Two constituents, 1,8-cineole and zerumbone, identified in the rhizome of C. rotundus 

and 11 previously identified constituents from the rhizome essential oil (Chang et al., 

2013) are listed in Table 43, along with their boiling points and sources. For the 

structure–activity relationship analysis, values of the boiling points (BPs) for these 

compounds were obtained from ACD/ChemSketch (ACD/LAB 12.0 for Microsoft 

Window, Advanced Chemistry Development, Inc., Montreal, Canada) (Table 43). Cassia 

bark, eucalyptus, and star anise oils were purchased from Berjé. Acaricidal or insecticidal 

constituents of the cassia bark, eucalyptus, and star anise oils were reported to be (E)-

cinnamaldehyde (93.6%) (Kim et al., 2006), 1,8-cineole (90%) (Yang et al., 2004), and 

(E)-anethole (70.6%) (Kim, 2011), respectively. All pure organic compounds examined 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Three different commercial 

repellents DEET [97% active ingredient (AI)], IR3535 (98% AI), and permethrin 

(cis:trans = 26.7:71.6, 98.3% AI) were purchased from Sigma-Aldrich. All of the other 

chemicals used in this study were of reagent-grade quality and available commercially. 



165 

 

Table 43. Physical properties of 11 pure organic compounds tested for repellency 

Compounda BPb Purity (%) 

(E)-Carveol 231.455 ≥95.0 

1,8-Cineole 174.012 99.0 

(−)-α-Copaene 248.499 ≥90 

(R)-(+)-Limonene 175.44 ≥93.0 

(S)-(−)-Limonene 175.44 ≥95.0 

(1R)-(−)-Myrtenal 215.742 98.0 

(+)-(E)-Myrtanol 219.516 ≥98.0 

(−)-(Z)-Myrtanol 219.516 98.5 

(−)-(E)-Pinocaveol 217.499 ≥96.0 

(1S)-(−)-Verbenone 227.499 ≥93.0 

Zerumbone 321.611 ≥98.0 

DEET 297.453 97 

a Purchased from Sigma-Aldrich ((St. Louis, MO). 
b Boiling point, °C/760 mmHg. 
 

5. Extraction and Isolation of repellent constituens from C. rotundus 

Air-dried rhizome (600 g) of C. rotundus was purchased from Boeun medicinal herb 

shop, Kyoungdong medicinal herb market (Seoul). It was pulverized, extracted with 

methanol (3 ´ 3 L) at room temperature for 2 days and filtered. The combined filtrate was 

concentrated to dryness by rotary evaporation at 40°C to yield ~152 g of an extract as a 

dark greenish tar (based on the weight of the dried rhizome). The extract (100 g) was 

sequentially partitioned into hexane- (16.4 g), chloroformrm- (45.3 g), ethyl acetate- 
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(10.7 g), and water-soluble (27.6 g) portions for subsequent bioassay. The organic 

solvent-soluble portions were concentrated under vacuum at 40°C and the water-soluble 

portion was concentrated at 50°C. For isolation of active principles, 244.6 and 163.1 

μg/cm2 of each C. rotundus rhizome-derived material were tested in a filter-paper choice 

bioassay as described previously (Peterson et al., 2002). 

The hexane-soluble fraction (15 g) was most biologically active and was 

chromatographed on a 5.5 ´ 70 cm silica gel (600 g) column by elution with a gradient of 

hexane and ethyl acetate (100:0 (2 l), 95:5 (1 l), 90:10 (1 l), 80:20 (1 l), and 70:30 (1 l) by 

volume) and finally with methanol (2 l) to provide 30 fractions (each about 250 ml) (Fig. 

14). Column fractions were monitored by TLC on silica gel plates developed with hexane 

and ethyl acetate (7:3 by volume) mobile phase. Fractions with similar Rf values on the 

TLC plates were pooled. Spots were detected by spraying with 10% sulfuric acid and then 

heating on a hot plate. Fractions 1 to 10 (4.8 g) was rechromatographed on a 5.5 ´ 70 cm 

silica gel (600 g) column by elution with a gradient of hexane and ethyl acetate (80:20 (1 

l), 70:30 (1 l), and 50:50 (1 l) by volume) and finally with methanol (2 l) to provide 20 

fractions (each about 250 ml). Fractions 1 to 8 (2.3 g) was rechromatographed on a silica 

gel column by elution with a gradient of hexane and ethyl acetate (90:10 (1 l), 80:20 (1 l), 

and 70:30 (1 l) by volume) and finally with methanol (2 l) to provide 20 fractions (each 

about 250 ml). For further separation of the constituents from the fractions 1 to 5 (1.5 g), 

a preparative HPLC was used. The column was a 19 mm i.d. ´ 300 mm Waters μPorasil 

(Milford, MA, USA) using a mobile phase of hexane and ethyl acetate (97:3 by volume) 
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at a flow rate of 2.0 ml/min. Chromatographic separations were monitored using a UV 

detector at 265 nm. Finally, two active principles 1 (0.5 g) and 2 (0.2 g) were isolated at a 

retention time of 10.4 and 13.3 min, respectively. 
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 H11121 
Active (0.5 g) 
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Active (0.2 g) 

       

 

Fig. 14. Isolation procedures of cockroach repellent principles from C. rotundus.
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6. Repellency test 

6.1. Cockroaches 

6.1.1. Filter-paper choice test 

A filter paper choice test (Peterson et al., 2002) was used to evaluate the repellency of 

all compounds to male B. germanica (7–10 days old). Each test was conducted between 

20:00 to 23:00 h in 5 min test periods as described previously (Peterson et al., 2002). A 

12.5 cm Whatman no. 2 filter paper (Maidstone, UK) was cut in half. One side was 

treated with varying amounts (652.4, 326.2, 163.1, 81.5, and 16.3 μg/cm2) of each 

compound in 1 ml of methanol and DEET in 1 ml of ethanol, and the other side was treated 

with 1 ml of methanol for the test compound or 1 ml of ethanol for DEET. After air 

drying for 1 min, the papers were placed in a 15 cm Petri dish arena. The position of the 

treated side was randomized. The top of the Petri dish had a 1 cm hole cut in the center 

for introduction of the cockroach directly into the center of the arena. One insect at a time 

was introduced. The hole was then stopped by using a small piece of paper to prevent 

escape of the insect. Immediately after the introduction of the insect, the number of 

seconds it spent on the treated of untreated side in 300 s was timed with two stopwatches. 

If a compound gave ≥40% repellency at a given concentration, further bioassays were 

done. Filter papers and cockroaches were used once then discarded. Each test was 

replicated 10 times using 25 males per replicate with overhead florescent lighting at 25–

28°C and 50–70 % RH. 

In a separate experiment, the repellency of binary mixtures of eight selected active 

constituents at three tested ratios (30:70, 50:50, and 70:30 by weight) was likewise 



170 

 

examined. The repellency of a binary mixture was determined with a concentration of 

81.5 μg/cm2. All treatments were replicated 10 times. 

 

6.1.2. Choice box test 

Repellency of male B. germanica to four selected active constituents and DEET was 

tested in Ebeling choice boxes (Ebeling et al, 1966) as described previously (Appel et al., 

2001). Tests were conducted in 11 ´ 11 ´ 11 cm acrylic boxes with their upper side 

opened. The opened upper side was covered with cellophane tape having nine holes. Food 

and water were placed in the dark compartment of the choice box. Amount of 652.4 

μg/cm2 of each constituent in 2 ml of methanol or DEET in 2 ml of ethanol was evenly 

applied to the four walls of dark compartment of the choice box using fine brush. Control 

boxes were treated with 2 ml of methanol or ethanol as stated previously. Treatments 

were allocated randomly to the choice boxes. Twenty adult male B. germanica were 

released into the untreated compartment of the choice box and were allowed to enter the 

treated compartment for 24 h. Cockroaches were able to move freely between the dark 

(treated) and the lighted (untreated) compartments through two 10 mm diameter holes in 

the partition separating the sides. 

For the tests that used antennectomized male B. germanica, a razor blade was used to 

remove the antennae at the scape as described previously (Peterson et al., 2002). The 

cockroaches were allowed to recover from the procedure for 24 h before being exposed to 

652.4 μg/cm2 of each constituent in 1 ml of methanol or DEET in 1 ml of ethanol 
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according to the method stated previously. 

Choice box were exposed to 25–28°C and 50–70% RH under a 12:12 h light:dark cycle. 

Banks of white fluorescent lights were ~1.6 m above the choice boxes and produced a 

light intensity in the untreated compartment of 300–350 lux using a Markson Scientific 

INS Digital Lux Meter (Phoenix, AZ). The number of cockroaches in each compartment 

was recorded at 4, 8, 10, 14, 16, 18, and 24 h after exposure to each constituent. 

Repellency was defined as the mean percentage of cockroaches present in the light 

compartment during the photophase. Six replicates were used for each treatment in a 

completely randomized design. 

 

6.2. Chigger Mites 

6.2.1. Cotton-fabric circle bioassay 

Test oils and constituents were evaluated using the method of Jo et al., (2008) with a 

slight modification. Every bioassay was conducted from 16:00 to 23:00. Based on the 

preliminary test results, 4–5 concentrations of the test materials, each in 100 μl of ethanol, 

were applied with pipettes to a 1 cm-wide space (repellent zone, RZ) between 2.5-cm 

diameter outer circle and 1.5-cm diameter inner circle (active zone, AZ) drawn in center 

of the 700 mesh white cotton-fabric circles (10 cm in diameter) (Fig. 15). DEET, IR3535, 

and permethrin served as positive controls and were similarly prepared. Negative controls 

consisted of 100 μl of ethanol. After drying in a fume hood for 2 min, each fabric circle 

was placed onto the bottom section of a glass container. Groups of 10 active chiggers 
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were separately placed onto the AZ of the cloth for 5 min. The number of chiggers in the 

AZ of the cloth at the end of this period was counted and the chiggers were recorded as 

‘repelled’. Residual duration of repellency of all materials as a second measure of 

repellency was investigated as stated above. Based on the preliminary test results, 30 

mg/cm2 (a concentration showing 100% repellency) of each essential oil, major 

constituent, and DEET in 100 μl of ethanol was applied as stated above. Repellency tests 

for IR3535 and permethrin were not conducted because more than 30 mg/cm2 of these 

repellents caused mortality of the chiggers. After the treated fabrics were air-dried for 60, 

120, 180, 240, 300, 360, 420, 480, 540, and 600 min, groups of 10 active chiggers were 

placed onto the AZ of the cloth for each drying time treatment. After the one 5-min cycle 

was completed, new chiggers were introduced. The number of chiggers repelled was 

counted as stated above. Treated and control (ethanol only) chiggers were held at the 

same conditions as those used for colony maintenance. Because all bioassays could not be 

conducted at the same time, treatments were blocked over time with a separate control 

treatment included in each block. Freshly prepared compound solutions were used for 

each block of bioassays (Robertson and Preisler, 1992). All treatments were replicated 5 

times using 10 chiggers per replicate. 
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Fig 15. A cotton-fabric circle (10 cm diameter) for repellency test of the test material 

towards L. pallidum chiggers. The circle consisted of 1 cm space (repellent zone, RZ) 

between 2.5 cm diameter outer circle and 1.5 cm diameter inner circle (active zone, AZ). 

Each test material was applied with pipettes to RZ. 

 

6.2.2. Climbing distance bioassay 

The climbing distance of L. pallidum chiggers after treatment with each oil, 

constituent, and repellent was examined by the method of Lerdthusnee et al. (2003) with 

a slight modification. The procedure is based on the propensity for chiggers to climb 

upwards. Tests were conducted in 7 ´ 20 cm glass cylinders with their upper side opened. 

A plastic Q-tip (1 cm long cotton bud and 10 cm long shaft) was used as the substrate for 

the test material (Fig. 16). There was a 1-cm diameter hole at 2 cm upwards from the 

bottom section of the cylinder for placing a chigger at the Q-tip. Lines were drawn around 

the perimeter of the cylinder as scales at every 1 cm upwards as shown in Fig. 16. 
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Varying concentrations (0.01 to 10%) of each test material in 100 μl of ethanol were 

applied with pipettes to the cotton bud and allowed to dry in the air for 2 min. A single 

chigger was placed at the base of the Q-tip through a hole of cylinder. The longest 

climbing distance of the chigger for 5 min was observed. Each test was replicated 30 

times using a new chigger each time. 

 

Fig. 16. A glass cylinder (7 ´ 20 cm) used to evaluate the climbing distance of L. 

pallidum chigger by the test material treatment. A chigger (A) was placed at the base of 

the Q-tip (B) through a 1 cm diameter hole (C). 
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7. Data analysis 

The repellent index for German cockroaches was calculated according to the formula: % 

repellency for filter-paper choice assay = [(Tu – Tt)/Tn] ´ 100, where Tu is number of seconds 

spent on the untreated side, Tt is number of seconds cockroach spent on the treated side, 

and Tn is total number of seconds (300) (Peterson et al., 2002); % repellency for Ebeling 

choice box assay = 100 – [(Ta/Tn) ´ 100], where Tn is number of total cockroaches tested 

and Ta is number of cockroaches in the treated group. The percentages of repellency were 

transformed to arcsine square-root values for analysis of variance. The Bonferroni 

multiple-comparison method was used to test for significant differences among 

treatments (SAS 9.13 program, SAS Institute, Cary, NC). A Student’s t-test was used to 

test for significant differences between two treatment methods using SAS 9.13 program. 

Means ± SE of untransformed data are reported. 

The repellent index (RI) for chigger mites was calculated according to the formula: % RI = 

[(Ta – Tb)/Ta] ´ 100, where Ta is number of chiggers in the AZ and Tb is number of 

chiggers that moved out of the RZ (Jo et al., 2008). The climbing distance ratio (CDR) 

was calculated according to the formula: % CDR = (Md/Td) ´ 100, where Md is a value of 

the longest climbing distance of each chigger on the plastic shaft and Td is a value of total 

shaft length (10 cm). The median repellent concentration (RC50), the median residual 

duration of repellency (RT50), and the median climbing distance-disturbing concentration 

(CC50) were determined using RI, duration time (min) of repellency, and CDR, 

respectively (SAS Institute 2004). The RC50, RT50, and CC50 values for the treatments 
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were considered to be significantly different from one another when their 95% confidence 

limits failed to overlap. The relative repellent concentration ratio (RRCR) was calculated 

according to the formula: RRCR = RC50 of DEET/RC50 of each test material. The relative 

repellent duration ratio (RRDR) was determined according to the formula: RRDR = RT50 of 

each test material/RT50 of DEET. The relative climbing distance-disturbing concentration 

ratio (RCCR) was calculated according to the formula: RCCR = CC50 of IR3535/CC50 of 

each test material. Means [± standard error (SE)] of untransformed data are reported.  
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RESULTS 

1. Repellency of constituents from C. rotundus against B. germanica 

1.1. Bioassay-guided fractionation and isolation 

Fractions obtained from the solvent hydrolysable of the methanol extract of C. 

rotundus rhizome were bioassayed toward male B. germanica by filter paper choice test 

(Table 44). At a concentration of 244.6 μg/cm2, the hexane-soluble fraction was most 

biologically active and the other three fractions were almost ineffective. The hexane-

soluble fraction was used to identify peak activity fractions for the next step in the 

purification. 

 

Table 44. Repellency of fractions obtained from the solvent hydrolyzable of the methanol 

extract of C. rotundus rhizome to male B. germanica using filter-paper choice assay 

 

Material 

repellency,a % (± SE) 

244.6 μg/cm2 163.1 μg/cm2 

methanol extract 100aA 66 ± 3.0bB 

hexane-soluble fraction 100aA 78 ± 1.7aB 

chloroform-soluble fraction 4 ± 2.8b - 

ethyl acetate-soluble fraction 6 ± 3.5b - 

water-soluble fraction 5 ± 4.2b - 

a Means within a column followed by the same letter are not significantly different (P = 0.05, 
Bonferroni method). 
 



178 

 

Filter-paper choice bioassay-guided fractionation of C. rotundus rhizome extract 

afforded two active principles identified by spectroscopic analyses, including MS and 

NMR (Fig. 17-26). The two active principles were 1,8-cineole (1) and zerumbone (2). 

1,8-Cineole (1) was obtained as colorless oil and identified by instrumental analyses. The 

EI-MS revealed a molecular ion at m/z 154 [M]+ (Fig. 17) and fragmentation patterns 

showed as follows: EI-MS [70 eV, m/z (% rel. int.)]; 154 [M]+ (23), 139 (19), 126 (5), 111 

(25), 108 (29), 93 (18), 71 (36), 69 (28), 43 (100). The 1H NMR spectrum of 1,8-cineole 

revealed a methyl singlet at δ0.92 and a large methyl singlet at δ 1.14 for two equivalent 

methyl groups (Table 45). The spectra gave proton signals at δ 1.33, 1.46, 1.55, and 1.95. 

The 13C NMR spectrum of 1,8-cineole confirmed three methyl groups (27.8 ppm and two 

for 129.26 ppm) and proposed the presence of two oxygenated carbons (72.00 and 75.83 

ppm). In addition, the presence of three methyl groups was confirmed by DEPT 

experiment (Fig. 20). The interpretations of proton and carbon signals were largely 

consistent with those of Hayashi (2009).
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Fig. 17. EI-MS spectrum of compound 1. 
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Fig. 18. 1H-NMR spectrum of compound 1. 

 

 

Fig. 19. 13C-NMR spectrum of compound 1. 
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Fig. 20. DEPT spectrum of compound 1. 
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Table 45. NMR spectroscopic data of 1,8-cineole 

C number 1
H-NMR  

13
C-NMR, ppm  

1 - 72.00 

2 1.46, t (J,11.6Hz), 1.55, m, 2H 32.55 

3 1.95, m, 2H 23.76 

4 1.33, m, 1H 34.34 

5 1.95, m, 2H 23.76 

6 1.46, t (J,11.6Hz), 1.55, m, 2H 32.55 

7 0.92, s, 3H 27.81 

8 - 75.83 

9 1.14, s, 3H 29.26 

10 1.14, s, 3H 29.26 

 

 

Fig 21. Structure of 1,8-cineole (1). 
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Zerumbone (2) was obtained as pale yellow crystalls and identified by instrumental 

analyses. The EI-MS revealed a molecular ion at m/z 218 [M]+ (Fig. 22). The 1H NMR 

spectrum of zerumbone showed four methyl singlets at δ 1.67, 1.46, 1.11, and 0.97 

assigned to C-12, C-13, C-14, and C-15, respectively (Table 46). The spectra also gave a 

large proton signal at δ 5.86 due to protons at two methine carbons and three multiplets 

found at between δ 2.16-2.41 attributed to the methylene groups at positions C-1, C-4, 

and C-5. The 13C NMR spectrum having fifteen carbons showed the most downfield 

signal at 207.02 ppm due to the carbonyl group at C-8 and gave characteristic downfield 

signals at 126.19-163.39 by the methylene carbons. The signals of methyl group at C-12, 

C-13, C-14, and C-15 were observed at 15.48, 11.97, 24.61, and 29.92 ppm (Table 46). 

The presence of four methyl groups was also confirmed from DEPT data (Fig. 25). The 

interpretations of proton and carbon signals of compounds 2 were largely consistent with 

previously studies (Abdul et al., 2008; Batubara et al., 2013). 
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cineole #25-26 RT: 0.73-0.76 AV: 2 NL: 1.21E8
T: FTMS + p ESI Full ms [55.00-2000.00]
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Fig. 22. EI-MS spectrum of compound 2. 
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Fig. 23. 1H-NMR spectrum of compound 2. 

 

  

Fig. 24. 13C-NMR spectrum of compound 2. 
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Fig. 25. DEPT spectrum of compound 2. 
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Table 46. NMR spectroscopic data of zerumbone 

C number 1

H-NMR  
13

C-NMR, ppm  

1 1.80, d, 1H; 2.41, m, 1H 43.41 

2 5.20,dd, H 126.19 

3 -  137.78 

4 2.16-2.34, m, 2H 40.49 

5 2.16-2.34, m, 2H 25.57 

6 6.00, m, 1H 151.41 

7 -  139.05 

8 -  207.02 

9 5.86, s, 1H 128.22 

10 5.86, s, 1H 163.39 

11 -  38.99 

12 1.67, 3s, 3H 15.48 

13 1.46, 3s, 3H 11.97 

14* 1.11, 3s, 3H 24.61 

15* 0.97, 3s, 3H 29.92 

 

 

Fig. 26. The structure of zerumbone (2). 
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1.2. Repellency of test compounds 

The repellency of 11 constituents examined and DEET to male B. germanica was 

evaluated using the filter-paper choice test (Table 47). At a concentration of 163.1 μg/cm2, 

zerumbone, 1,8-cineole, (+)-(E)-myrtenol, and (−)-(Z)-myrtenol exhibited complete 

(100%) repellency and were significantly more effective than DEET. At 81.5 μg/cm2, 

repellency of the treatments had considerably decreased to <70%. At 326.2 μg/cm2, 

complete repellency was also produced by (R)-(+)-limonene, (1S)-(−)-verbenone, and (S)-

(+)-limonene. These compounds (except for (S)-(+)-limonene) at 163.1 μg/cm2 still 

provided significantly greater roach repellency compared with DEET. At 326.2 μg/cm2, 

repellency of (−)-(E)-pinocaveol and DEET did not differ significantly. At 652.4 μg/cm2, 

the other three constituents were almost ineffective. The boiling point parameter (Table 

43) appears to be not greatly associated with repellency of the test compounds to B. 

germanica. 
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Table 47. Repellency of 11 test compounds and DEET to male B. germanica using filter-

paper choice assay 

 

Compound 

Repellency,a % (± SE) 

652.4b 326.2 163.1 81.5 16.3 

Zerumbonec 100aA 100aA 100aA 76 ± 3.0aB 31 ± 2.5aC 

1,8-Cineolec 100aA 100aA 100aA 57 ± 3.0aB 25 ± 2.5bC 

(+)-(E)-Myrtanol 100aA 100aA 100aA 61 ± 6.0aB 30 ± 2.7aC 

(−)-(Z)-Myrtanol 100aA 100aA 100aA 59 ± 4.9aB 24 ± 3.6bC 

(R)-(+)-Limonene 100aA 100aA 84 ± 3.7bB 34 ± 2.5bC - 

(1S)-(−)-Verbenone 100aA 100aA 83 ± 2.8bB 25 ± 3.9cC - 

(S)-(−)-Limonene 100aA 100aA 62 ± 4.9cB 19 ± 3.2cC - 

(−)-(E)-Pinocaveol 100aA 89 ± 2.8bB 48 ± 3.7dC 8 ± 3.5dD - 

(−)-α-Copaene 10 ± 4.2b - - - - 

(E)-Carveol 7 ± 4.8b - - - - 

(1R)-(−)-Myrtenal 5 ± 3.1b - - - - 

DEET 100aA 90 ± 2.9bB 53 ± 2.7cdC 10 ± 5.3dD 2 ± 2.1cD 

a Means within a column followed by the same letter are not significantly different (P = 0.05, 
Bonferroni method). 
b Unit, μg/cm2. 
c Compounds identified in this study. The other compounds were Cyperus rotundus rhizome 
constituents reported by Chang et al. (2012). 
d Application for 10 min. 
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The repellency of eight selected constituents and DEET at 652.4 μg/cm2 to male B. 

germanica was investigated using the Ebeling choice box assay (Table 48). Zerumbone 

exhibited complete repellency 10 h post-treatment and were just as effective as DEET. At 

14 h, the compound still provided great roach repellency (80%) and exhibited 

significantly lower repellency than DEET. (−)-(E)-Pinocaveol, (−)-(Z)-myrtenol, and (+)-

(E)-myrtenol gave 100% repellency 8 h post-treatment but 75, 73, and 68% repellency 10 

h post-treatment, respectively. (1S)-(−)-Verbenone exhibited 100 and 75% repellency at 4 

and 10 h, respectively. (R)-(+)-Limonene, (S)-(−)-limonene, and 1,8-cineole gave 85, 80 

and 70% and 50, 43 and 30% repellency 4 and 8 h post-treatment, respectively. 
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Table 48. Repellency of eight selected compounds and DEET to male B. germanica exposed at 652.4 μg/cm2 using Ebeling 

choice box assay 

Compound 
Repellency,a % (± SE) at hours after treatment 

4 8 10 14 16 18 

Zerumbone 100aA 100aA 100aA 80 ± 8.7bB 60 ± 2.9bC 40 ± 11.5bD 

(−)-(E)-Pinocaveol 100aA 100aA 75 ± 8.7bB 58 ± 7.3cC 30 ± 7.6cD - 

(−)-(Z)-Myrtanol 100aA 100aA 73 ± 7.3bcB 55 ± 2.9cdC 22 ± 6.1cdD - 

(+)-(E)-myrtanol 100aA 100aA 68 ± 7.3cB 48 ± 6.0dC 18 ± 7.3dD - 

(1S)-(−)-Verbenone1 100aA 80 ± 7.6bB 75 ± 7.6bB 50 ± 11.6dC 20 ± 8.7dD - 

(R)-(+)-Limonene 85 ± 2.9bA 50 ± 2.9cB 17 ± 4.4dC - - - 

(S)-(−)-Limonene 80 ± 5.0bA 43 ± 5.8cB 15 ± 7.6dC - - - 

1,8-Cineole 70 ± 8.7cA 30 ± 5.8dB - - - - 

DEET 100aA 100aA 100A 100aA 95 ± 2.9aB 78 ± 7.3aC 

a Means within a column followed by the same letter are not significantly different (P = 0.05, Bonferroni method).
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Antennectomy of male B. germanica resulted in a diminished response to the 

constituents in Ebeling choice box (Table 51). In the five comparisons, the amount time 

the antennectomized cockroaches spent on either the treated or untreated box side was 

significantly different. Unantennectomized and antennectomized male cockroaches 

exhibited complete and ≤75% repellency to all compounds, respectively. 

 

Table 49. Repellency of antennectomized and nonantennectomized male B. germanica to 

four test compounds and DEET using Ebeling choice box assay 24 h posttreatment 

 

Compounda 

Repellency, % (± SE) 

Antennectomized Nonantenectomized P-valueb 

Zerumbone 50 ± 5.8 100 0.0010 

(+)-(E)-Myrtanol 47 ± 6.0 100 0.0009 

(−)-(Z)-Myrtanol 38 ± 7.8 100 0.0005 

(1S)-(−)-Verbenone 73 ± 6.0 100 0.0114 

DEET 37 ± 4.4 100 0.0001 

a Exposed at 652.4 μg/cm2. 
b Student’s t-test. 
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1.3. Repellency of binary mixtures 

Repellent effects of the binary mixtures of the constituents on male B. germanica 

were examined using the filter-paper choice test (Table 50). Zerumbone was found to 

synergize the repellency of (+)-(E)-myrtenol in that the binary mixtures of (+)-(E)-myrtenol 

with zerumbone (30:70, 50:50, and 70:30 ratios) resulted in significantly greater 

repellency than either zerumbone or (+)-(E)-myrtenol alone. The higher the concentration 

of zerumbone was, the more effective the repellency of zerumbone was. Similar 

differences in the response of male B. germanica to 1,8-cineole, (−)-(Z)-myrtenol, (R)-

(+)-limonene, (1S)-(−)-verbenone, (−)-(E)-pinocaveol, and (S)-(−)-limonene were 

likewise observed. Binary mixtures of 1,8-cineole and (+)-(E)-myrtenol or (−)-(Z)-

myrtenol (30:70 ratio) were significantly more repellent than either 1,8-cineole, (+)-(E)-

myrtenol, or (−)-(Z)-myrtenol alone. Repellencies of the mixtures were significantly 

higher than those of DEET (Table 49). Binary mixture of (+)-(E)-myrtenol and (−)-(Z)-

myrtenol (50:50 and 70:30) were significantly more repellent than either (+)-(E)-myrtenol 

or (−)-(Z)-myrtenol alone. However, binary mixtures of (R)-(+)-limonene, (S)-(−)-

limonene, (−)-(Z)-myrtenol, or (−)-(E)-pinocaveol and the other constituents exhibited no 

synergy (data not shown). 
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Table 50. Repellency of binary mixtures of test compounds to male B. germanica exposed 

at 81.5 μg/cm2 using filter-paper choice assay 

Treatment 

Repellency,a % (± SE) 

Mixture ratio  

30:70 50:50 70:30 

Zerumbone + (+)-(E)-Myrtanol 85 ± 2.0ab 93 ± 1.3a 96 ± 1.2b 

+ 1,8-Cineole 82 ± 1.7b 91 ± 1.6a 94 ± 1.8a 

+ (−)-(Z)-Myrtanol 80 ± 2.3a 82 ± 1.6b 89 ± 1.4b 

          + (R)-(+)-Limonene 74 ± 2.1b 85 ± 2.6ab 90 ± 1.5a 

+ (1S)-(−)-Verbenone 73 ± 2.5a 76 ± 2.6a 80 ± 2.2a 

+ (−)-(E)-Pinocaveol 73 ± 2.2a 79 ± 2.0ab 82 ± 2.2b 

+ (S)-(−)-Llimonene 72 ± 2.0a 76 ± 2.1ab 83 ± 2.2b 

a Application for 10 min. 
b Means within a column followed by the same letter are not significantly different (P = 0.05, 
Bonferroni method). 
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Table 50. Repellency of binary mixtures of test compounds to male B. germanica exposed 

at 81.5 μg/cm2 using filter-paper choice assay (Continued) 

Treatment 

repellency,a % (± SE) 

mixture ratio 

30:70 50:50 70:30 

1,8-Cineole + (+)-(E)-Myrtanol 73 ± 2.1ab 65 ± 1.8b 52 ± 2.2c 

+ (−)-(Z)-Myrtanol 70 ± 2.3a 69 ± 3.0a 66 ± 2.3a 

+ (1S)-(−)-Verbenone 54 ± 2.5a 56 ± 2.3a 58 ± 2.4a 

         + (R)-(+)-Limonene 53 ± 2.1a 59 ± 3.1ab 62 ± 2.3b 

+ (−)-(E)-Pinocaveol 52 ± 2.2a 58 ± 3.1a 60 ± 2.4a 

+ (S)-(−)-Limonene 51 ± 2.0a 53 ± 2.3a 60 ± 2.7a 

(+)-(E)-myrtanol + (−)-(Z)-Myrtanol 68 ± 2.0a 75 ± 2.4ab 81 ± 2.4b 

+ (−)-(E)-Pinocaveol 50 ± 2.8a 54 ± 2.1ab 60 ± 1.6b 

+ (1S)-(−)-Verbenone 48 ± 2.1a 54 ± 3.6ab 58 ±2.8b 

a Application for 10 min. 
b Means within a column followed by the same letter are not significantly different (P = 0.05, 
Bonferroni method). 



196 

 

2. Repellency of test oil constituents to L. pallidum 

2.1. Repellency of Test Materials 

Based on RC50 values, (E)-cinnamaldehyde (0.95 mg/cm2) was most pronounced in 

chigger repellency and was 4.1, 20.2, and 24 times more potent at repelling the chiggers 

than DEET, IR3535, and permethrin, respectively (Table 51). High repellency was also 

observed with (E)-anethole and cassia bark oil and these materials were ~2.6 times more 

potent at repelling the chiggers than DEET. The repellency of star anise oil, 1,8-cineole, 

and DEET (RC50, 2.85–3.85 mg/cm2) did not differ significantly from each other. 

Eucalyptus oil exhibited significantly higher repellency than either IR3535 or permethrin. 
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Table 51. Median repellent concentration (RC50) of three essential oils, major constituents 

of the oils, and three commercial repellents toward wild L. pallidum chiggers 

Materiala nb Slope (±SE) RC50 (95% CLc), mg/cm2 χ2d P-value RRCRe 

CB oil 350 1.0 (±0.11) 1.52 (1.07–2.22) 6.43 0.267 2.53 

SA oil 350 1.1 (±0.12) 2.85 (2.03–3.25) 8.24 0.144 1.35 

EU oil 300 1.3 (±0.17) 4.87 (3.98–7.27) 4.46 0.347 0.79 

CA 350 1.0 (±0.10) 0.95 (0.68–1.33) 2.11 0.833 4.05 

AN 350 1.3 (±0.12) 1.47 (1.10–1.97) 5.30 0.380 2.62 

CI 350 1.3 (±0.14) 3.57 (3.01–3.82) 3.19 0.670 1.08 

DEET 350 1.1 (±0.13) 3.85 (2.76–4.82) 4.40 0.493 1.00 

IR3535 200 2.7 (±0.39)  19.19 (16.20–22.50) 3.82 0.997 0.20 

Permethrin 350 0.9 (±0.12)  22.83 (19.51–26.84) 5.76 0.585 0.17 

a CB, SA, and EU denote cassia bark, star anise, and eucalyptus, respectively. CA, AN, and CI 
denote (E)-cinnamaldehyde, (E)-anethole, and 1,8-cineole and are major constituent of cassia bark, 
star anise, and eucalyptus, respectively. 
b Number of chiggers used. 
c CL denotes confidence limit. 
d Pearson χ2, goodness-of-fit test. 
e Relative repellent concentration ratio = RC50 of DEET/RC50 of each test material. 
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2.2. Residual Duration of Repellency of Test Materials 

The residual duration of repellency of all materials to L. pallidum chiggers was 

likewise compared (Table 52). As judged by RT50 values, DEET (323 min) exhibited the 

longest duration of repellency. The three essential oils and their major constituents (RT50, 

108–167 min) were significantly less pronounced in the residual duration of repellency 

than DEET. 

 

Table 52. Median residual duration time (RT50) of repellency of three essential oils, major 

constituents of the oils, and DEET toward wild L. pallidum chiggers 

Materiala nb Slope (±SE) RT50 (95% CLc), min χ2d P-value RRDRe 

CB oil 350 3.3 (±0.41)  152.7 (137.4–173.5) 4.03 0.545  0.47 

SA oil 350 4.4 (±0.46)  120.6 (110.7–131.1) 5.74 0.333  0.37 

EU oil 350 3.9 (±0.21) 108.4 (96.4–117.8) 3.75 0.347  0.34 

CA 250 3.7 (±0.62)  166.6 (157.7–200.5) 1.19 0.755  0.52 

AN 350 3.6 (±0.40)  127.9 (115.9–140.0) 3.49 0.625  0.40 

CI 250 4.7 (±0.60)  118.0 (108.9–126.8) 0.90 0.826  0.37 

DEET 350 4.9 (±0.49)  323.2 (292.1–349.1) 6.04 0.302  1.00 

a CB, SA, and EU denote cassia bark, star anise, and eucalyptus, respectively. CA, AN, and CI 
denote (E)-cinnamaldehyde, (E)-anethole, and 1,8-cineole and are major constituent of cassia bark, 
star anise, and eucalyptus, respectively. 

b Number of chiggers used. 
c CL denotes confidence limit. 
d Pearson χ2, goodness-of-fit test. 
e Relative repellent duration time ratio = RT50 of each test material/RT50 of DEET. 
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2.3. Climbing Distance of Chiggers by treatment with Test Materials 

Based on CC50 values, (E)-cinnamaldehyde was the most effective compound, 

followed by (E)-anethole and cassia bark oil (Table 53). These compounds were 43.4, 

16.3, and 11.4 times greater movement than IR3535 (CC50, 6.51%), respectively. High 

repellency was also observed with 1,8-cineole and star anise oil. The repellency of these 

materials was 7.7 and 4.0 times more pronounced than that of IR3535. The repellency of 

eucalyptus oil and IR3535 did not differ significantly from each other. Eucalyptus oil 

exhibited significantly greater movement than either DEET or permethrin. 
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Table 53. Median climbing distance-disturbing concentration (CC50) of three essential 

oils, major constituents of the oils, and three commercial repellents toward wild L. 

pallidum chiggers 

Materiala nb Slope (±SE) CC50 (95% CLc), % χ2d P-value RCCRe 

CB oil 150 0.8 (±0.05) 0.57 (0.44–0.76) 3.79   0.285 11.42 

SA oil 150 0.7 (±0.06) 1.61 (1.10–2.65) 4.68   0.197 4.04 

EU oil 150 0.6 (±0.75) 4.07 (2.39–5.58) 2.11   0.551 1.60 

CA 120 1.1 (±0.05) 0.15 (0.13–0.19) 2.09   0.351 43.40 

AN 120 1.0 (±0.08) 0.40 (0.33–0.49) 3.01   0.222 16.28 

CI 150 0.8 (±0.06) 0.85 (0.65–1.18) 5.10   0.165 7.66 

DEET 180 0.6 (±0.04) 8.76 (7.44–9.98) 7.62   0.106 0.74 

IR3535 150 0.7 (±0.06) 6.51 (4.64–8.45) 6.01   0.109 1.00 

Permethrin 120 2.4 (±0.22)  9.28 (8.66–10.76) 2.26   0.328 0.70 

a For explanation, see Table 1. 
b Number of chiggers used. 
c CL denotes confidence limit. 
d Pearson χ2, goodness-of-fit test. 
e Relative climbing distance-disturbing concentration ratio = CC50 of IR3535/CC50 of each test 
material. 
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DISCUSSION 

1. Repellency of C. rotundus rhizome constituents to B. germanica 

Various secondary substances, such as alkaloids, phenolics, and terpenoids, exist in 

plant extracts and essential oils and jointly or independently they contribute to behavioral 

efficacy, such as repellence and feeding deterrence, and physiological efficacy, such as 

acute toxicity and developmental disruption, toward arthropod species (Ahn et al., 2006; 

Isman 2006). Many plant extracts and essential oils manifest repellency toward different 

arthropods (Butler, 2007). However, very little information exists in relation to the 

repellency of plant preparations toward cockroach species, compared with mosquitoes, 

house fly, and horn fly (Moore et al., 2007; Butler, 2007). Repellent constituents derived 

from plants toward cockroaches include flavonoids (Peterson et al., 2002), 

phenylpropanoids (Ngoh et al., 1998), and terpenoids (Petterson et al., 2002; Peterson et 

al., 2002; Jain et al., 1982; Inazuka, 1983; Henderson et al., 2005; Scialdone and Liauw, 

2006; Liu et al. 2011). For example, Petterson et al. (2002) studied the repellency of 

catnip, Nepeta cataria, essential oil constituents to male B. germanica and reported that 

the iridoid monoterpenoid E,Z-nepetalactone was significantly more active than either 

Z,E-nepetalactone or deet. In this study with filter-paper choice assays, the repellent 

principles of C. rotundus rhizome were determined to be the sesquiterpenoid zerumbone 

and the monoterpenoids 1,8-cineole, limonene, myrtanol, pinocarveol, and verbenone. 

Zerumbone was the most effective of the test compounds. These constituents (except for 

pinocarveol) were more effective than deet. This is the first report of the repellency of 
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zerumbone, myrtanol, and pinocarveol to B. germanica, although C. rotundus essential oil 

and 1,8-cineole were reported to have repellency toward nymphs of the insect at a 

concentration of 1 ppm after 1 h exposure (Liu et al., 2011). 

Investigations on physical and physiological characteristics of biorepellents are of 

practical importance for B. germanica control because it may give useful information on 

the most appropriate formulations and delivery means to be adopted for their future 

commercialization. Volatile constituents derived from most plants extracts and essential 

oils consist of alkanes, alcohols, aldehydes, and terpenoids, particularly monoterpenoids 

(Paré and Tumlinson, 1999; Figueiredo et al., 2008), and some are insect repellents 

(Isman, 2006). Because of their high volatility, the essential oils and their constituents 

usually are effective toward arthropods only for a relatively short period, typically less than 2 h 

(Isman, 2006; Moore et al., 2007). However, available information on B. germanica 

repellency is limited because most studies stated previously investigate repellency using 

bioassays with short period, mainly 5 to 10 min. 1,8-Cineole and α-pinene were reported 

to have 92% and 82 % repellency, respectively, toward B. germanica nymphs 2 h 

posttreatment at a concentration of 5 ppm (Liu et al., 2011). However, Appel et al. (2001) 

reported that mint oil extract at the rate of 2 mL of mint oil to 457.5 cm2 was extremely 

repellent (~100%) to Periplaneta americana and B. germanica for 14 days. 

In this study with Ebeling choice box assays, (+)-(E)-myrtanol, (−)-(Z)-myrtanol, (−)-

(E)-pinocaveol, and zerumbone were extremely effective toward male B. germanica for 

8–10 h, whereas (1S)-(−)-verbenone was highly effective for 4 h. Nevertheless, these 

constituents were less effective than deet. The differences in repellency noted may be 
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attributable to the differences in the quantitative losses due to the different volatility of 

the compounds as described previously (Brown and Hebert, 1997). The ability of a 

chemical vapor to repel is related to its BP with BPs between 230 and 260°C at 

atmospheric pressure being the most desirable range for an effective repellent (Brown and 

Hebert, 1997). The BPs of (E)-carveol and (−)-α-copaene coincide with the optimal range 

and were less effective than either zerumbone with higher BPs, compounds with lower 

BPs, or compounds with similar BPs. In addition, (1R)-(−)-myrtenal was less effective 

than either (+)-(E)-myrtanol or (−)-(Z)-myrtanol with similar BP. This current finding 

indicates that other chemical parameters, such as structural characteristics (e.g. degrees of 

saturation, types of functional groups, and types of carbon skeleton), also appear to be 

associated with repellency of these compounds toward B. germanica. Peterson et al. 

(2002) studied the repellency of catnip, Nepeta cataria, essential oil constituents to male 

B. germanica and reported that the iridoid monoterpenoid E,Z-nepetalactone was 

significantly more active than either Z,E-isomer or deet. In addition, repellency of 

unantennectomized and antennectomized male B. germanica to zerumbone, (+)-(E)-

myrtanol, (−)-(Z)-myrtanol, (1S)-(−)-verbenone, and deet differ significantly, indicating 

that the chemoreceptors involved in this behavioral response are probably located on the 

antennae as described previously (Peterson et al., 2002). Detailed tests are needed to fully 

understand their modes of repellent action. 

It has been also reported that the effectiveness and duration of repellency toward 

arthropods was more pronounced in binary mixtures of repellent essential oils or their 

constituents than the single oil or constituent. For example, a significant increase in the 
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effectiveness and duration of repellency was produced by the binary mixtures of either 

Zanthoxylum piperitum pericarp steam distillate (ZP-SD), Zanthoxylum armatum seed oil 

(ZA-SO), or their active constituents and Calophyllum inophyllum nut oil (CI-NO) toward 

female Stomoxys calcitrans compared with either ZP-SD, ZA-SO, or deet alone (Hieu et 

al., 2010). In this filter-paper choice assays, repellencies produced by the binary mixtures 

of zerumbone and 1,8-cineole, (+)-(E)-myrtanol, or (−)-(Z)-myrtanol at three mixture 

ratios were more pronounced than those produced by each individual compound toward 

male B. germanica. The improved effectiveness of repellency might be attributable to the 

lower evaporation rate and/or better persistence of zerumbone in the combined presence 

of the other compound. The optimum zerumbone content was determined to be more than 

50% according to our laboratory results. This original finding supports the contention that 

binary mixtures described may hold promise as novel and effective repellent products 

toward B. germanica. 

In conclusion, C. rotundus rhizome-derived products, including single active 

constituent or binary mixtures of zerumbone and another constituents described, could be 

useful as repellents in the control of B. germanica populations in sensitive environments 

such as computer facilities, food industrial facilities, kitchens and hospitals and 

inaccessible cockroach hiding place (e.g., crevices, electrical ducts, plumbing ducts, or 

cabinet voids), provided that special formulations (e.g., microencapsulation) (Petterson et 

al. 2002) giving a slow release of active constituents can be selected or developed. For 

the practical use of C. rotundus rhizome-derived products as novel roach repellents to 

proceed, further research is needed to establish their human safety. Historically, C. 
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rotundus is widely used as analgesic, sedative, antiplasmodic, antimalarial, and stomach 

disorders (Meena et al., 2010; Sivapalan, 2013). In addition, their effects on nontarget 

organisms and the environment need to be established. Lastly, detailed tests are needed to 

understand how to improve repellency potency and stability for eventual commercial 

development. 

 

2. Repellency of major constituents from three plant essential oils to L. pallidum 

In this test, the chigger mites tested were identified after each repellent test and all 

identified chigger mites were L. pallidum. Lee et al. (2009) reported all chigger mites 

collected from the same areas in 2006 were L. pallidum and rodent infestation rates for L. 

pallidum among collected chigger mite species were highest. The present lab study 

clearly indicates that cassia bark and star anise oils and their major constituents (E)-

cinnamaldehyde and (E)-anethole have the potential for repellency to L. pallidum 

chiggers on the basis of data on RC50 and CC50 of the materials. The repellency of the 

materials exhibited significantly more potent repellency than either DEET, IR3535, or 

permethrin. This original finding indicates that the essential oils and their major 

constituents described may hold promise for the development of novel and effective 

repellent products toward L. pallidum chiggers. To do this, it would be necessary to 

establish human or animal model system to test the real repellency from host. 

Investigations on physicochemical and physiological characteristics of biorepellents 

provide important practical information for trombiculid mite control, such as the most 

appropriate formulations and delivery means to be adopted for their future 
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commercialization (Kim et al., 2006). Volatile compounds of most essential oils consist 

of alkanes, alcohols, aldehydes, and terpenoids (particularly monoterpenoids) (Lawless, 

2002) and some are insect repellents (Ahn et al., 2006; Isman, 2006). Because of their 

high volatility, essential oils and their constituents usually are effective toward arthropods only 

for a relatively short period, typically less than 1 h (Rozendaal, 1997; Fradin and Day, 2002; 

Isman, 2006). At 0.20 mg/cm2, Zanthoxylum piperitum (L.) de Candolle pericarp oil 

treatments resulted in 91 and 68% repellency following 30 and 60 min exposures toward 

stable fly, Stomoxys calcitrans (L.), respectively, while DEET gave 100 and 84% 

repellency (Hieu et al., 2010). A concentration of 10% Rhododendron tomentosum Harmaja 

oil diluted in acetone had 95% repellency toward Ixodes ricinus (L.) nymphs, which is an 

activity comparable to that of DEET (Jaenson et al., 2005). However available information on 

repellency toward L. pallidum chiggers is limited. In the present study, three essential oils 

and major oil constituents examined had a significantly shorter residual duration time of 

repellency than DEET toward L. pallidum chiggers. The differences in repellency noted 

may be attributed to the differences in the quantitative losses due to the differential 

volatility of the essential oil-derived materials and DEET as reported previously (Hieu et 

al., 2010); although other factors may be important. Hieu et al. (2010) studied the 

repellency to stable fly of Z. piperitum oil, Zanthoxylum armatum DC oil, and their 

constituents alone or in combination with Calophyllum inophyllum L. oil, as well as six 

aerosol formulations containing Z. piperitum oil or Z. armatum oil and C. inophyllum oil 

using an exposed human hand bioassay. They reported that an increase in effectiveness and 

duration of repellency was produced by binary mixtures of the oil or bioactive constituents 
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and C. inophyllum oil and that the repellency of aerosols containing 2.5% Z. piperitum oil 

or 2.5% Z. armatum oil and 2.5% C. inophyllum oil was comparable to that of 5% DEET 

aerosol. Mixtures formulated from the test essential oils or the bioactive constituents 

described and other oils or phytochemicals could be useful as potential repellents for the 

control of L. pallidum chiggers. 

In conclusion, cassia bark or star anise oil products containing (E)-cinnamaldehyde or 

(E)-anethole could be useful as repellents for protecting humans from bites and nuisance 

caused by L. pallidum chiggers. For the practical use of the test essential oil-derived 

products as novel chigger repellents to proceed, further research is needed to test real 

repellency using human or animal models and to establish their safety in relation to 

human health, the environment, and mode of repellency. Essential oils are commonly 

used as fragrances and flavoring agents for foods, beverages, and cosmetics (Lawless 

2002) and are generally regarded as safe. In addition, mixture formulations for improving 

repellency potency and stability need to be developed. 
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CONCLUSION 

Many of the insecticides currently used in the ROK have failed to control mosquitoes 

and German cockroaches, most probably because of the development of resistance. 

Monitoring of insecticide resistance indicates that wild populations of these vectors 

exhibited high levels of resistance to various groups of insecticides despite marked 

regional variations of insecticide susceptibility. This regional resistance of these vectors 

has been a major obstacle in cost-effective integrated vector management programs. 

Increasing levels of resistance to widely used insecticides have resulted in multiple 

treatment and excessive amount, fostering serious human health and environmental 

concerns. In addition, the number of approved insecticides and repellents will probably be 

reduced in the near future in the United States (US EPA, 2011) and in the European 

Union (Anonymous, 2005). The removal of conventional insecticide or repellent products 

from markets due to the increase in insecticide resistance or welfare concerns will have a 

serious impact on the proliferation of mosquitoes and cockroaches. 

Certain plant essential oils could be developed into products suitable for integrated 

pest management because they can be selective, have few harmful effects on nontarget 

organisms and are environmentally nonpersistent (Ahn et al., 2006; Isman, 2006). They 

also can be used in conjunction with biological control (Isman, 2006). A mixture of 

complex hydrocarbons (usually terpenoids) and oxygenated compounds (alcohols, 

aldehydes, esters, ketones, oxides and phenols) exists in essential oils (Lawless, 2002), 

and jointly or independently the oil constituents contribute to toxicity to arthropods 
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(Isman, 2006). Cinnamaldehyde, anethole, and eugenol showed significantly enhanced 

larvicidal activity against larvae of mosquitoes when blended with Bti. CA, AN, and EU 

exhibit higher repellency against chigger mites than DEET as well. However, resudial 

duration time of the three repellent agents were shorter than that of DEET. Six 

monoterpenoids, 1,8-cineole, ρ-cymene, α-pinene, β-pinene, myrtenal, and terpinen-4-ol 

showed strong fumigant insecticidal activity against German cockroaches resistant to 

organophosphates, carbamates and pyrethroids examined. Zerumbone exhibited higher 

repellency against German cockroaches than DEET, but residual duration time in short 

was a problem. 

US EPA revealed that CA is not soluble in water and rapidly degraded in the soil, 

therefore it is not expected to pose any hazard to nontarget organisms and AN is safe to 

aquatic environments. Although CA and AN have low toxic risk to aquatic environment 

and binary mixtures of CA and AN with Bti showed high larvicical activity, further study 

on proper concentration in safe under aquatic environment need for practical use. stong 

Fumigant insecticidal activity and repellency of constituents from C. rotundus is highly 

effective for control of German cockroaches, because applicators find it difficult to reach 

deep harborages and many insecticides cannot be applied to sensitive environments. To 

protect an individual from biting arthropods, repellency is more important than irritability. 

Irritability occurs when insect is stimulated to move away from an repellent-treated 

surface after contact and avoids the treated surface owing to repellent residue. In contrast, 

repellency occurs when the repellent detects and avoids treated surfaces without physical 

contact. Repellent constituents from cassia bark, star anise and clove bud exhibited wider 
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repellent area than commercial repellents such as DEET, IR3535, and permethrin. The 

plant derived repellent constituents prevented chigger mite from contacting where they 

were treated. These results stress usefulness of the plant oil derived repellent constituents 

as alternative agents of commercial repellents for reducing tsutsugamushi disease. 

However, residual repellent duration time remained as an overcomed problem for 

practical use. 

In conclusion, plant essential oil (cassia bark oil, star anise oil, clove bud oil)-derived 

preparations and C. rotundus rhizome-derived preparations containing active constituents 

described herein merit further study as potential insecticides for the control of insecticide-

resistant mosquito or cockroach populations or repellents for protecting humans from 

bites and nuisance caused by vectors as repellents in the control of B. germanica 

populations in sensitive environments such as computer facilities, food industrial facilities, 

kitchens and hospitals and inaccessible cockroach hiding place (e.g., crevices, electrical 

ducts, plumbing ducts, or cabinet voids) in light of global efforts to reduce the level of 

highly toxic synthetic insecticides or repellents in the aquatic or indoor environments. 
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감염병 매개체들에 한 살  항  니 링  

식물체 래  물질들  한 항  리 략 
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규식 

 

 

감염병매개체  말라리아( 얼룩날개 ), 본뇌염( 빨간집 ), 

열( 숲 ), 열( 숲 ), 사사 ( 숲 ), 알러지 

(독 퀴), 쯔쯔가무시 ( 진드 )과 같  간에게  

질병뿐만 아니라  곤 과  다. 계, 카 트계  

피 스 드계  같   살  계  복 사  항  달  

 해  다  곤 과 경에 해  생시 다. 특 , 

한 살  항  경  합  매개체  프 그램에 주 한 
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애물  어 다. 그러므 , 감염병 매개체  합리  항  리 략  

수립하  하여 안 하고  체  개  실  필 하다. 

식물체  식물체  래한 연물 살  상  안 하고, 

경에 한  , 에 한  험  가지고  

다양하고 새 운 살  가지고 어 항  가  감 시키  

문에 감염병 매개체  한 재 가  가진 체   

고 다.   

야 에  집  빨간집 (Cx. p. pallens)  빨간집 (Cx. 

tritaeniorhynchus)   개체 에 한 살  항  양상  사하  

본 연 에 , 지역에 라 살  감수   항  다양하 고, 

빨간집 에   살  항  수  아주  살  항  

수 지 다양하게 나타났다: bifenthrin(resistance ratio: RR = 1-521); β-

cyfluthrin(RR = 16-397); α-cypermethrin(RR = 9-343); deltamethrin(RR = 

1-40); etofenprox(RR = 2-42); permethrin(RR = 3-46); chlorpyrifos(RR = 

2-675); fenitrothion(RR = 0.5-364); fenthion(RR = 2-360). 야 에  

집  빨간집 에  업지역에  집  개체  업지역  아닌 

지역에  집  개체  보다 피 스 드계 살 에  항  수  

아주  항  수 지 나타내었다. 런 결과들  빨간집 가 

주  에  식하  문에 다양한 업  살 에 었고 런 
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살   업지역에  집  빨간집  개체  비 

업지역에  집  개체  보다  항  나타낸 가  것 다. 

퀴에 해 도 bifenthrin[ 항 (RR), 46-159], deltamethrin(RR, 61-

268)]과 esfenvalerate[RR, 70-270; BR-BG 암컷(RR, 20)과 GR-BG암컷(RR, 

24)]에  다양한 지역  살  항  양상   었다. 

항   들에 한 과   략  수립하  해, Bti  

식물체  들[계피  래 (E)-cinnamaldehyde(CA), 향  래 

anethole(AN), 향  래 eugenol(EU)]  합하여 나무숲에  집  

숲  에  집  얼룩날개 에 한 살 과 상승  

사하 다. 그 결과, Bti  CA, AN 또  EU  단독 리 했   보다 

합액  리했  상승 [ 숲  한 상승독  계수(co-

toxicity coefficient, CC): 140.7-368.3  상승 계수(synergistic factor, 

SF): 0.0007-0.0010; 얼룩날개 에 한 상승독  계수: 75.1-

245.3  상승 계수: 0.0008-0.0017]  나타내었다.  

항  퀴  과  어할 수  새 운 식물 래 물질  

탐색하  해 향  상  감수   야  2  계통(SEL과 DJN 

계통) 에 한 살  연 가 수행 었다. 향   합물  p-cymene, 

nerol, linalool, o-cymene, (S)-(-)-citronellal, (1S)-(-)-camphor, 

terpinolene, and mcymene (LD50, 0.29-0.47 mg/cm2)  감수  퀴에 해 
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  훈  독  나타냈다. 들  6  아 틸 린에스 라  

해 (RR, 9-154)  3  피 스 드계 살 (RR, 12-195)에 해 

항  나타낸  퀴 계통들에 도 비슷한 결과  나타냈다.  같  

결과들  향  래 물질들과 실험에 사  합  살 가 같  

살 에 하지 않   항  생시키지 않  다  것  

나타내고 다. 훈  살  검  실험에  상  monoterpenoids  개  

 보다  폐  에  SEL 암컷에 해 독  게 나타났  

것  훈 독에 한다  것  나타낸다. 

독 퀴  진드 에 한 식물체 래 물질들  피  측  

수행 었다. 독 퀴 암컷과 수컷에 한 향  근경 래 물질들  

피  측 었다. 향  근경 래 주  피 물질  sesquiterpenoid 

계열  zerumbone(ZER)과 monoterpenoid 계열  1,8cineole, limonene, 

pinocarveol과 verbenone 었다. 각 실험 물질  163.1 ㎍/cm2 리  여지 

택 실험 에  ZER, 1,8cineole, (+)(E)myrtanol과 (-)(Z)myrtanol  

100% 피  나타내었고, deet 보다 상당   피  나타내었다. 

81.5 ㎍/cm2에  ZER과 1,8cineole, (+)(E)myrtanol, (-)(Z)myrtanol  

합(무게, 30:70, 50:50, 70:30) 었   피  상당  상승하 , 

합물  피  85-96%  단 물질 57-61% 보다  것  하 다. 

 ZER 함 량  50% 상 다. 각 피물질  652.4 ㎍/cm2가 리  
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Ebeling choice box 실험에 ZER  리 후 10시간 동안 100%  벽한 

피  나타내었 , 런 결과  deet  피 과 비슷하다  것  

나타낸다. (+)(E)pinocaveol, (-)(Z)myrtanol 과 (+)(E)myrtanol  8시간 

동안 100%  피  나타냈다. 듬 가 거  퀴  거 지 않  

퀴  ZER, (+)(E)myrtanol, (-)(Z)myrtanol, (1S)(-)verbenone에 한 

피  상당  가 었다. 런 결과  행동 에  후각 수 체 

 듬 에 재한다  것  나타낸다.    

쯔쯔가무시  주  매개  진드 에 한 계피, 칼립 스, 

향  주  물질들  (E)-cinnamaldehyde, (E)-anethole, 

eugenole과 상업  피 들  피  사하 다. 수 피 도 (RC50) 

값에 근거하여, (E)-cinnamaldehyde, (E)-anethole, 계피   향 

(RC50, 0.95-1.52 mg/cm2) DEET(3.85 mg/cm2) 보다 상당   

피  나타냈다. 수 상승 지 도(the median climbing distance-

disturbing concentration, CC50)값에 근거하여, (E)-cinnamaldehyde, (E)-

anethole, 계피 , 1,8cineole  향  IR3535 (CC50, 

6.51%)보다 43, 16, 11, 8   과  보여주었다. DEET(323 )  수 

피 지 시간(the median residual duration time of repellency (RT50))  

든 식물체   피물질들(108-167 ) 보다 상당  았다. 

결 , 계피 , 향 , 향  향  래 살   
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피 물질들  감염병 매개체 개체   해 한 체 가  수 

 것 , 특  살  항  개체  에 하게 사  수  

것 다. 상  물질들  살   피  실질  사  해 간에 

한 안    해   곤 과 수  곤 에 한 독 에 한 연 도 

드시 행 어야 할 것 다. 마지막  살 과 피  향상 시킬 수 

 안 과 에 한 개  드시 필 하다.          

 

Key words: , 퀴, 진드 , 식물 살 , 식물 피 , 식물체 

, 살  항  
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