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ABSTRACT 

The Formosan subterranean termite, Coptotermes formosanus Shiraki, is a 

worldwide distributed pest of wooden structures and living plants that causes huge economic 

losses. Compared to chemical pesticides, biological control may provide a more 

environmentally friendly and persistent method for the control of C. formosanus. In this 

research, a series of studies were conducted to understand the termite-pathogen interaction 

and to develop a feasible biological control strategy.  

In the first part of the research, the toxicity of Bt toxins expressed by genetically 

modified maize to termites was tested. Plant tissues or extracts of three commercially planted 

Bt maize and two non-Bt maize were provided to termites as food. The results revealed no 

significant difference in survival rate, food consumption or length of tunnels among termites 

feeding on Bt and non-Bt maize. The following experiments show that maize cob can be used 

as a termite bait matrix.  

In the second part of the research, the susceptibility of C. formosanus to 

MosquitoDunks
®
, which contains about 10% of the entomopathogenic bacterium, Bacillus 

thuringiensis subspecies israelensis, was tested. No-choice and choice bioassays did not 

show a promising lethal effect of MosquitoDunks
® 

on termites. Furthermore it was shown 

that C. formosanus can suppress the growth of B. thuringiensis. Also, clay was tested for its 

potential to be a termite bait matrix that can be used to encapsulate biological control agents. 

Choice tests showed that significantly more termites aggregated in chambers where clay was 

provided, indicating the possibility of clay to be used as a termite attractant.   
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In the third part of the research, the potential to combine a biological control agent 

and a chemical pesticide against termites was investigated. The effect of low concentrations 

of lufenuron, a chitin synthesis inhibitor, on termite physiology and behavior was tested. 

Results showed that lufenuron significantly reduced vigor and disease resistance of termites. 

In the following experiments, termite mortality was significantly higher and synergistic in the 

combination of lufenuron and Pseudomonas aeruginosa (Schroeter) compared to treatment of 

lufenuron or P. aeruginosa alone. To combine lufenuron and a termite pathogen may bring a 

successful IPM strategy for the control of termites. 

  



 

1 
 

CHAPTER 1. INTRODUCTION 

1.1 Formosan Subterranean Termite 

Termites feed on various types of cellulose. In the natural environment, termites 

play an important role in cellulose degradation and carbon recycling. Verma et al. (2009) 

reported that termites consume and recycle one third of all wood and plant material each year 

in tropical and subtropical areas. However, some termite species can be serious pests of 

structural wood when their habitats overlap with humans. The annual economic loss caused 

by termite pests was estimated to be 40 billion dollars worldwide (Rust and Su 2012). In the 

United States, the most destructive termites are subterranean termites belong to the family 

Rhinotermitidae. The Formosan subterranean termite, Coptotermes formosanus Shiraki, is an 

invasive species originating from China and Pacific areas. Since first collected from 

Charleston, South California in 1957 (Chambers 1988), C. formosanus colonies has been 

reported established in 11 states in the continental United States (Woodson et al. 2001). C. 

formosanus is called “super termite” because of its wide distribution, huge colony size, 

extensive foraging areas, and great damage to structural wood and living plants. Suszkiw 

(2000) estimated that the repair and control cost of C. formosanus is about 1 billion dollars in 

the United States each year. A more recent study stated that C. formosanus caused an annual 

economic loss of 300 million dollar in New Orleans alone (Lax and Osbrink 2003). In 

addition, Henderson (2008) reported that the massive foraging activity of C. formosanus may 

have caused serious damage to the levee system in New Orleans.  
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1.2 Control of Termites with Chemical Pesticides 

Currently, two types of treatment, liquid termiticides and baiting systems, are 

widely used for the control of subterranean termites. Soil treated with liquid termiticides, 

such as fipronil, imidacloprid and chlorantraniliprole, places chemical barriers between 

termites and wooden structures (Ibrahim et al. 2003, Osbrink et al. 2005, 2011, Parman and 

Vargo 2010). According to a 2002 survey, liquid termiticides account for three fourths of the 

market share of termite control (Rust and Su 2012). Although the effectiveness of liquid 

termiticides has been proven by laboratory and field studies (Hu 2005, Mao et al. 2011, 

Vargo and Parman 2012, Gautam et al. 2014), they are not free from shortcomings. Soil 

treatments with liquid termiticides requires the use of a large amount of chemical, which not 

only increase the cost to homeowners, but also exert non-target effects to soil and aquatic 

organisms (Mostert 2002, Clasen et al. 2012, Hayasaka et al. 2012). Baiting systems provide 

another option for long-term control of subterranean termites (Henderson and Forschler 1997, 

Henderson 2001, Rust and Su 2012). A baiting system will deliver slow-acting pesticides, 

such as hexaflumuron and noviflumuron, to the whole colony of termites through direct 

feeding and secondary transfer (Su 1994, 2005, Su et al. 1997, Sajap et al. 2000, Getty et al. 

2000, 2007, Husseneder et al. 2007, Osbrink and Cornelius 2013). Baiting systems decrease 

environmental exposure of pesticides. However, the present bait stations are very labor 

intensive for checking and replacement, and thus limits their application for the termite 

control. 
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1.3 Overview of Biological Control of Termites 

Compared to the use of chemical pesticides, biological control may provide an 

environmental friendly method for termite control. Many potential biological control agents, 

including nematodes, bacteria, and fungi, have been tested against termites under laboratory 

conditions. According to a review by Chouvenc et al. (2011), a total of 227 scientific reports 

related to termite biological control were published between 1960 and 2011. Many of them 

reported high termite mortality caused by pathogens, such as Bacillus thuringiensis, Serratia 

marcescens, Pseudomonas fluorescens, Beauveria bassiana, Paecilomyces fumosoroseus, 

and Metarhizium anisopliae, in laboratory bioassays (Connick et al. 2001, Castilhos-fortes et 

al. 2002, Sun et al. 2003, Wang and Powell 2004, Meikle et al. 2005, Wright et al. 2005, 

2008, Dong et al. 2007, Devi and Kothamasi 2009, Singha et al. 2010, Wright and Cornelius 

2012). However, in spite of the success of laboratory studies, few termite pathogens show 

positive results to suppress termite colonies in the field. Therefore, Chouvenc et al. (2011) 

concluded that “the fifty years of attempted biological control of termites” is a “failure”. 

However, the “failure” of biological control is a result of ignoring factors such as termite 

disease resistance and efficient method to deliver a termite pathogen. Further study of these 

aspects may bring insights to develop a feasible biological control method against termites.  

1.4 Termite Disease Resistance 

It is known that termites have strong resistance in response to infection of microbial 

pathogens. Compared to other insects, termites benefit from their social living as it 

strengthens their resistance to disease. Traniello et al. (2002) reported that, when exposed to 
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the entomopathogenic fungus M. anisopliae, groups of dampwood termites, Zootermopsis 

angusticollis, had significantly lower mortality than did isolated individuals. Interestingly, 

they also found that the resistance to M. anisopliae can be transferred from immunized 

members to unimmunized nestmates. The mechanism for this social transfer of immunity has 

not been fully understood. However, a study on the carpenter ant, Camponotus 

pennsylvanicus, showed that trophallaxis may play an important role in this process 

(Hamilton et al. 2011). In addition, the grooming behavior between individuals can 

efficiently remove pathogens attached on the cuticle of termites and decrease disease risk 

(Yanagawa and Shimizu 2007, Yanagawa et al. 2008, Chouvenc et al. 2009). Some studies 

also showed that termite will bury infected and dead termites to reduce the contact between 

healthy termites and pathogens (Chouvenc and Su 2012).  Termites are also known to 

produce antimicrobial components, such as naphthalene, butylated hydroxytoluene, dioctyl 

phthalate, fenchone and adipic dioctyl ester, that suppress the growth of pathogens in their 

habitats (Wiltz et al. 1998, Wright et al. 2000).  

1.5 Delivering of Termite Pathogens 

For a successful biological control strategy, it is essential to maintain the viability 

of pathogens delivered to the target insect. Unfortunately, very few studies have focused on 

how to deliver pathogens to termite colonies. Wang and Powell (2004) reported that, under 

laboratory conditions, incorporating M. anisopliae into a cellulose bait increase fungal 

transmission in two subterranean termite species, Reticulitermes flavipes and C. formosanus. 

However, this study did not test how long M. anisopliae conidia could survive in cellulose 
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baits to maintain an efficient concentration that kill termites. Dunlap et al. (2007) reported 

that keratin hydrolysate can be used as a foam forming compound to increase the 

bioavailability of Paecilomyces fumosoroseus for the control of C. formosanus.  

1.6 Prospect for the Biological Control of Termites 

Because of the strong disease resistance of termites, traditional biological control 

alone may not ensure effective termite control under natural conditions. Inhibition of the 

immune or behavioral response may be necessary to increase the effectiveness of a termite 

pathogen in the field. Connick et al. (2001) reported that some immune inhibitors such as 

ibuprofen and ibuprofen sodium salt significantly increased the mortality of C. formosanus 

caused by S. marcescens infection. Hamilton and Bulmer (2012) also reported that feeding 

dsRNA knockdown immune-related genes to Reticulitermes flavipes and increase their 

susceptibility to the fungal pathogen M. anisopliae. Combining these technologies with 

traditional biological control may bring a feasible termite control strategy that decreases the 

use of chemical pesticides. Meanwhile, for future studies of termite biological control, it 

would be valuable to pay more attention on methods to deliver a pathogen to termite colonies 

and ensure the viability of pathogens in the long-term.  
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CHAPTER 2. SURVIVAL RATE, FOOD CONSUMPTION AND 

TUNNELING OF THE FORMOSAN SUBTERRANEAN TERMITE 

(ISOPTERA: RHINOTERMITIDAE) FEEDING ON BT AND NON-BT 

MAIZE
1
 

2.1 Introduction 

Bacillus thuringiensis (Bt) is a group of gram-positive, spore forming bacteria that 

have great agricultural importance. Since it was first isolated in 1901 by Japanese biologist, 

Ishiwata Shigetane, a considerable number of studies have been conducted on its application 

as a biological pesticide (Schnepf et al. 1998, Roh et al. 2007). Based on their flagellar 

antigens, phage susceptibility and plasmid profiles, approximately 100 Bt subspecies have 

been identified and have have been found to target a variety of insect hosts and nematodes 

(Mohan et al. 2009, Sanahuja et al. 2011). Although not considered as typical pathogens of 

termites, some Bt subspecies were reported to be toxic to some termite species, such as 

Reticulitermes flavipes, Nasutitermes ehrhardti, Heterotermes indicola, Microcerotermes 

championi, Bifiditermes beesoni, Microcerotermes beesoni and Microtermes obesi (Smythe 

and Coppel 1965, Khan 1981, Castilhos-fortes et al. 2002, Khan et al. 1977, 1978, 1985, 

2004, Singha et al. 2010).  

The pathogenic mechanism of Bt on its target insects depends on two types of 

crystal proteins, Cry and Cyt toxin (also known as δ-endotoxins), and other toxins such as 

Vips (vegetative insecticidal proteins) (Frankenhuyzen 2009, Hernández- Rodríguez et al. 

2009, Bravo et al. 2011). With the advance of modern molecular technology, some Cry and 

                                                             
1
 This chapter previously appeared as Cai Wang, Gregg Henderson, Fangneng Huang, Bal K. 

Gautam, and Chenguang Zhu. Survival rate, food consumption, and tunneling of the 

Formosan subterranean termite (Isoptera: Rhinotermitidae) feeding on Bt and non-Bt maize. 

Sociobiology 59 (2012): 1335-1350. It is reprinted by permission of Sociobiology. 
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Vip genes have been cloned and transformed to maize and cotton against a variety of pests 

(Koziel et al. 1993, Vincent 2010). Presently, GM Bt crops are critically important for 

modern agriculture. By 2011, Bt crops (maize and cotton) were planted on 65 million 

hectares worldwide (James 2011).  

Our interest in the relationship between GM Bt maize and termites was based on 

two academic facts: (1) very few studies have focused on the non-target effect of GM Bt 

maize on termites; and (2) maize stalks and other agricultural waste have already been used 

as a termite bait matrix in China (Zhang et al. 1995, Li et al. 2001, Henderson 2008, Zhang et 

al. 2009). In this study, the Formosan subterranean termite, Coptotermes formosanus Shiraki, 

an important economic pest in the southern United States, was fed with materials of three Bt 

maize hybrids, YieldGard
®
 Corn Borer

 
(Bt YG), Genuity

®
 VT Triple PRO

TM
 (Bt VT 3PRO) 

and Genuity
®
 SmartStax

TM
 (Bt SMT) , and two non-Bt maize hybrids (nBt-1 and nBt-2). 

YieldGard
®
 Corn Borer

 
maize expressing the Cry1Ab protein was the most commonly 

planted Bt maize for controlling stalk borers in the world before 2010. Genuity
®
VT Triple 

Pro
TM

 and
 
SmartStax

TM
 are two new Bt maize technologies which contain multiple Bt genes. 

The objectives of this study were to determine if C. formosanus was susceptible to toxins 

expressed by Bt maize hybrids and to study the consumption behavior of C. formosanus 

feeding on maize materials. 
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2.2 Materials and Mathods 

2.2.1 Termites 

C. formosanus was collected from Brechtel Park, New Orleans on March 17, 2011, 

using milk crate traps as described in Gautam and Henderson (2011a). Termites were 

maintained in trash cans (140L) with wet wood under high relative humidity conditions for 

less than one month.  

2.2.2 Bt and Non-Bt Maize Hybrids 

Plants of three Bt maize and two non-Bt maize (Monsanto Company, St. Louis. MO) 

were collected from a green house located at Louisiana State University Agricultural Center, 

in Baton Rouge, LA. The three Bt corn hybrids were DKC 67-23 RR2 containing YieldGard
®
 

Corn Borer trait, DKC 67-88 expressing Genuity
® 

VT Triple Pro
TM 

traits and DKC 61-21 

possessing Genuity
® 

SmartStax
TM

 traits. YieldGard
®
 Corn Borer contains a single Bt gene, 

Cry1Ab, which was the most commonly planted Bt maize for controlling stalk borers 

worldwide before 2010. Genuity
®
 VT Triple PRO

TM 
is a stacked/pyramided Bt corn that 

expresses three Bt genes including Cry1A.105 and Cry2Ab2 for controlling above-ground 

lepidopteran species and Cry3Bb1 for managing underground rootworms, Diabrotica spp. 

Genuity
®
 SmartStax

TM
 corn contains all Bt genes expressed in Genuity

®
 VT Triple Pro

TM
 

plus Cry1F targeting lepidopteran species and Cry34Ab1/Cry35Ab1 targeting rootworms. 

Genuity
®
 VT Triple PRO

TM 
and SmartStax

TM
 maize were among the first stacked/pyramided 

Bt maize technologies that were commercialized in 2010 in the United States and Canada. 

The two non-Bt maize hybrids were DKC 61-22 and DKC 67-86. The hybrid, DKC 61-22, 
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was genetically closely related to the Bt maize hybrid, DKC 61-21, while DKC 67-86 was 

closely related to the Bt corn hybrids DKC 67-23 and DKC 67-88. Expression of Cry proteins 

in the corn hybrids was confirmed using an ELISA-based technique (EnviroLogix, 

Quantiplate
TM

 kits, Portland, ME). Leaves, stalks and roots of each maize hybrid were put in 

separate Ziploc
®
 bags with a small amount of water and stored in 4℃ for less than one week. 

Before use, the plant tissues were carefully washed with distilled water to clean the pollen 

and dust off the surface.  

2.2.3 Experimental Design 

A two-way completely random design was used in the study with corn hybrid and 

food source as the two main factors. The experiment contained five corn hybrids mentioned 

above. For each corn hybrid, tests were conducted in five different ways as food sources for 

the termite: (1) wood block containing maize leaf extract, (2) filter paper containing maize 

leaf extract, (3) maize leaf tissue, (4) maize stalks, and (5) maize root. In addition, wood 

block and filter paper treated with distilled water only were also included in the tests as blank 

controls. There were five replications in each treatment combination. Therefore, a total of 27 

treatment combinations and 135 experimental units were tested in this experiment. 

2.2.4 Substrate and Bioassay Arena 

Autoclaved (121℃, 45min) sand was weighed and mixed uniformly with distilled 

water in a Ziploc
®

 bag to make the 15% moisture sand by weight. Thirty grams wet sand was 

placed in each Petri dish (100×15mm) and pressed by bottom side of a smaller Petri dish 

(60×15mm) to form a thin layer as the substrate for termites. 
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2.2.5 Wood Block and Filter Paper 

Wood blocks (1.9×1.9×0.9cm southern yellow pine) were autoclaved (121℃, 

15min) and dried in an oven dryer (45℃, 1d). Dry weight of wood blocks and filter paper 

(4.25 cm diameter, Whatman
®
) was recorded. Maize leaves (25 g) were cut into small pieces 

and extracted with 20 ml distilled water. Approximately 10 ml of extract was collected from 

each hybrid. One ml of extract was added to the surface of wood block and filter paper and 

air-dried at room temperature. Wood blocks and filter paper treated with 1 ml of distilled 

water only were used as blank control. 

2.2.6 Maize Leaves, Stalks and Roots 

Maize stalks were straight-cut to check infection of stalk bores, which could make 

tunnels inside the stalk. Leaves and non-infected stalks were cross-cut into small segments 

(4-5 cm). Roots of maize (5 g) were weighted and cut into 3 cm segments and mixed with 30 

g sand containing 15% moisture in each replicate of the root treatment. 

2.2.7 Bioassays and Data Recording 

Based on the colony structure, 50 termite workers and 2 nymphs (wing budded 

individuals) were introduced into each experimental unit. The bioassays were maintained at 

room temperature (23±1℃) for two weeks. Dead termites were removed daily and distilled 

water was added when necessary. After two weeks, live termites of each experimental unit 

were counted. Wood blocks, filter paper, leaves and stalks were carefully brushed clean of 

sand. The bottom side was scanned to observe the consumption areas and patterns. After 

completely drying in an oven dryer (45℃, 1d), the weight of wood blocks and filter paper 
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were recorded to determine consumption. Because maize leaf, stalk and root used in this test 

were fresh, the consumption calculated by difference of dry weight was not available. The 

bottom side of each Petri dish was scanned to record the tunneling behavior and length of 

tunnels. 

2.2.8 Statistical Analysis 

The assumptions of independent and normal distribution were verified by the 

diagnostics plots in SAS 9.3 (SAS Institute, 2011), A two-way analysis of variance (ANOVA) 

was performed using PROC MIXED procedure to compare the survival rate, consumption, 

and tunnel length of termites feeding on different maize hybrids and different food sources. 

Post ANOVA comparisons were performed using Tukey’s HSD test. Significant levels were 

determined at α=0.05.  

2.3 Results 

2.3.1 Survival Rate 

The mean survival rates of the two controls at 14 d were 89.6% (wood block) and 

85.4% (filter paper) (Table 2.1). The main effect of food source on survival rate of termites at 

14 d was significant (F = 24.57; df = 4,99; P < 0.0001), but the effect of maize hybrid and the 

interaction of food source and maize hybrid was not significant (F = 1.41; df = 4,99; P = 

0.2348 for maize hybrid and F = 0.91; df = 16,99; P = 0.5652 for interaction). An average of 

36.9% of termites feeding on maize stalks survived after 14 days across the five maize 

hybrids (both Bt and non-Bt), which was significantly less (P < 0.05) than that observed for 

any other food source. Survival rate of termites feeding wood bock was 81.2%, which was 
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significantly greater (P < 0.05) than that observed for those feeding maize leaf tissue (64.3%) 

or root (60.7%), but it was not significantly different compared to the survivorship (77.1%) of 

the termites feeding on filter paper. A difference was also significant (P < 0.05) between the 

filter paper and maize root, but not significant between filter paper and maize leaf tissue or 

between leaf tissue and root (Figure 2.1a). 

2.3.2 Amount of Food Consumption 

The mean consumption of the two controls at 14 d was 0.120 g (wood block) and 

0.048 g (filter paper) (Table 2.1). As observed in the survival rate, the main effect of food 

source on food consumption after 14 days was significant (F = 69.90; df = 1,40; P < 0.0001), 

but the effect of maize hybrid and the interaction of food source and maize hybrid was not 

significant (F = 0.42; df = 4,40; P = 0.7908 for maize hybrid and F = 1.21; df = 4,40; P= 

0.3204 for interaction). An average of 0.098 g wood block was consumed after 14 days across 

the five maize hybrids, which was significantly greater than that (0.051 g) recorded for the 

termites feeding on filter paper.  

2.3.3 Tunnel Length 

The mean tunnel length of the two controls after 14 days was 258.8 mm (wood 

block) and 292.1 mm (filter paper) (Table 2.1). Similarly as observed in the termite survival 

and food consumption, the main effect of food source on survival rate of termites at 14 d was 

significant (F = 58.98; df = 4,100; P < 0.0001), but the effect of maize hybrid and the 

interaction of food source and maize hybrid was not significant (F = 0.62; df = 4,100; P = 

0.6511for maize hybrid and F = 1.30; df = 16,100; P = 0.2092 for interaction). The length of 
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tunnels among different food sources from the highest to the lowest was: root (298.6 mm) > 

filter paper (261.2 mm) = wood block (236.3 mm) > leaf (168.2 mm) > stalk (117.0 mm) 

(Figure 2.1b). 

 

 

 

Figure 2.1 (a) Survival rate (mean ± SEM) and (b) tunnel length (mean ± SEM) of termites 

on different food sources across five Bt and non-Bt maize hybrids. Mean values followed by 

the same letter are not significantly different (P > 0.05). 

 



 

19 
 

 

 

 

Table 2.1. Survival rate (mean ± SEM), food consumption (mean ± SEM), and tunnel length (mean ± SEM) of termites feeding on different food 

sources containing Bt and non-Bt maize plant tissue or extract. 

 

  nBt-1 nBt-2 Bt YG Bt VT 3PRO Bt SMT Blank control 

Survival rate 

(%) 

wood block 78.8±3.7 83.1±3.5 76.6±7.9 83.1±4.7 84.6±3.7 89.6±2.1 

filter paper 73.8±2.9 81.5±4.1 76.1±8.9 80.0±2.3 73.8±5.3 85.4±2.4 

leaf 71.2±5.5 72.7±5.2 72.7±5.2 46.9±8.2 58.1±10.7 - 

stalk 43.5±13.1 52.3±9.6 32.3±13.8 27.7±10.4 28.8±8.8 - 

root 61.8±7.9 59.5±14.4 65.1±7.8 67.3±4.7 49.8±10.2 - 

Consumption 

(g) 

wood block 0.096±0.013 0.092±0.011 0.098±0.011 0.100±0.003 0.102±0.006 0.120±0.013 

filter paper 0.046±0.009 0.066±0.008 0.058±0.009 0.040±0.004 0.046±0.007 0.048±0.006 

Tunnel length 

(mm) 

wood block 253.1±13.7 226.8±36.2 241.2±25.7 241.2±7.2 219.3±11.3 258.8±29.2 

filter paper 236.2±23.4 290.1±13.2 278.4±18.6 239.5±8.5 261.6±24.3 292.1±15.8 

leaf 181.6±26.3 211.6±18.5 158.8±21.4 145.3±30.4 143.6±37.0      - 

stalk 121.6±17.1 78.4±20.5 120.2±17.2 126.5±9.4 138.4±17.1      -  

root 287.8±26.6 331.4±9.9 277.0±24.1 280.8±16.5 316.0±20.5      - 
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2.3.4 Consumption Pattern and Tunneling Behavior of Termites Feeding on Maize 

Materials 

In the leaf treatments, both the daily observations and scanned pictures of leaf 

tissue (Figure 2.2) showed that termites prefer to eat primarily the vein. A tunnel inside the 

vein was regularly observed. Observations also revealed that termites prefer to stay on the 

surface of sand and leaf tissue. In the stalk treatments, termites made tunnels inside the stalks 

(Figure 2.3b-f). Within the second or third day after release of termites, 1 to 3 holes were 

made on the surface of split stalks by termites (Figure 2.3a). Observations and scanned 

pictures also showed that termites stay inside the split stalks, rather than making tunnels in 

the sand, resulting in fewest tunnels in sand substrate when compared to other food source 

treatments (Figure 2.4). In the root treatments, the termites consumed a large quantity of roots 

and broke them down into small pieces and pellets. Extensive tunneling was found in the root 

treatments (Figure 2.4). 

 
Figure 2.2 Consumption pattern of termites feeding on non-Bt (nBt-1, nBt-2) and Bt (Bt YG, 

Bt VT 3PRO and Bt SMT) maize leaves.
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Figure 2.3 (a) Holes made by termites on the surface of split stalks at day 2-3 and the 

consumption pattern of termites feeding on (b) nBt-1, (c) nBt-2, (d) Bt YG, (e) Bt VT 3PRO 

and (f) Bt SMT maize stalks. 

 

 

 

Figure 2.4 Tunneling pattern of termites in the bottom side of Petri dish containing different 

food sources with Bt and non-Bt plant tissue or extract. 
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2.4 Discussion 

Despite their great value in modern agriculture, non-target effects of GM Bt crops 

have been of major concern. Meta-analysis showed that, by 2008, more than 360 original 

papers focusing on the non-target effect of GM Bt crops had been published (Naranjo 2009). 

However, among those papers, few studies related to termite species were included. In nature, 

termites could interact with GM Bt crops in various ways. For example, more than 10 termite 

species, such as Ancistrotermes latinosus, Macrotermes falciger, Pseudacanthotermes 

spiniger, Cornitermes cumulans, Procornitermes triacifer, Ancistrotermes latinosus, attack 

maize directly; some of them even cause 20 to 50% loss in corn yield (Mill 1992, Nkunika 

1994, Rouland-Lefèvre 2011). In addition, Bt toxins produced by GM Bt crops can be 

released into soil by residue decomposition and root exudates (Tapp and Stttzky 1998, 

Muchaonyerwa and Waladde 2007, Saxena 2010, Helassa et al. 2011, Das and Chaudhary 

2011). Subterranean termite species such as C. formosanus are likely to be exposed to Bt 

toxins remaining in soil (Muchaonyerwa and Waladde 2007). Our results suggest that three 

GM Bt maize involved in our study have no effect on C. formosanus.  

Husseneder and Grace (2005) developed a method to deliver foreign genes to 

termite colonies through genetically modified gut bacteria, which indicates a potential 

application of Bt toxin(s) in termite control. However, despite studies on susceptibility of 

termites to Bt subspecies, no termite-targeted toxin have been identified. Our study showed 

that seven Bt toxins expressed in three GM Bt crops, including Cry1Ab, Cry1A.105, 

Cry2Ab2, Cry3Bb1, Cry1F, Cry34AB1 and Cry35AB1, do not negatively affect C. 
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formosanus. This result will provide valuable information for the future screening work of 

termite-sensitive Bt toxins.  

Significant difference in survival rate of termites was found among different food 

sources (Figure 2. 1a). The lowest survival rate observed in termites feeding on maize stalk 

could be caused by fungi growing on the surface of stalks observed from day 5 of the 

experiment. Gautam and Henderson (2011b) showed that, in laboratory conditions, attack of 

pathogenic fungi may lead to high mortality of termites. However, in nature, various 

strategies are used by termites to control fungi. For example, Chouvenc and Su (2012) 

reported that C. formosanus avoid the entomopathogenic fungus Metarhizium anisopliae by 

employing several behavioral patterns. Some anti-fungal chemicals associated with termites 

also inhibit the growth of fungi in natural conditions (Chen et al. 1998, Bulmer and Crozier 

2004, Rosengaus et al. 2007).  

Although C. formosanus is not considered an agricultural pest, some studies 

showed that they consume herbaceous crops such as sugarcane and bamboo (Dai and Luo 

1980, Su and Scheffrahn 1986, Chen and Henderson 1996, Hapukotuwa 2011). Chen and 

Henderson (1996) stated that the feeding preference of C. formosanus for sugarcane may be 

caused by glutamic acid and aspartic acid in sugarcane juice. Li et al. (2000) reported that 

sugarcane powders were significantly preferred by C. formosanus over pine wood powders or 

starch. Our study reveals that, leaves, stalks and roots of maize also can be alternative food 

sources for C. formosanus. Moreover, termites showed special consumption and tunneling 

behaviors when feeding on maize tissues. 
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One possible application of this maize consumption behavior is to develop a stalk 

bait for use against C. formosanus. In China, maize stalks have already been used as a termite 

bait matrix to control subterranean termites such as Reticulitermes chinensis (Zhang et al 

1995, Zhang et al. 2009). Compared to traditional bait matrices such as pinewood and 

cardboard, stalk bait shows some obvious advantages. Firstly, as an agricultural waste, maize 

stalk is a quite abundant resource for bait production, thus reducing the cost and the over 

utilization of forestry resources. Moreover, since termites made tunnels inside the stalks, 

more contact area can be attained between termites and the stalk bait, which may enhance 

toxicant contact and transfer.  
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aeruginosa and the combination effect was synergistic. However, the interaction of lufenuron 

and S. marcescens or B. thuringiensis subsp. israelensis was not as strong as the interaction of 

lufenuron and P. aeruginosa, since higher mortality was only observed in one of the colonies.  

 

 

Figure 8.1. Daily mortality (mean ± SEM) of termites: (1) pre-fed lufenuron and then exposed to 

P. aeruginosa (LU-PA), (2) only pre-fed lufenuron (LU), (3) only exposed to P. aeruginosa (PA), 

and (4) controls. * represents significant difference among four treatments within each time 

period (P < 0.05). 
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Figure 8.2. Daily mortality (mean ± SEM) of termites: (1) pre-fed lufenuron and then exposed to 

S. marcescens (LU-SM), (2) only pre-fed lufenuron (LU), (3) only exposed to S. marcescens 

(SM), and (4) controls. * represents significant difference among four treatments within each 

time period (P < 0.05); NS represents no significant difference among four treatments within 

each time period (P > 0.05). 
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Figure 8.3. Daily mortality (mean ± SEM) of termites: (1) pre-fed lufenuron and then exposed to 

B. thuringiensis subsp. israelensis (LU-BTI), (2) only pre-fed lufenuron (LU), (3) only exposed 

to B. thuringiensis subsp. israelensis (BTI), and (4) controls. * represents significant difference 

among four treatments within each time period (P < 0.05); NS represents no significant 

difference among four treatments within each time period (P > 0.05). 

 

Unlike vertebrates, insect immune systems lack an acquired immune response (Vilmos 

and Kurucz 1998, Schmidt et al. 2008). Cuticle, cellular responses, and humoral responses are 

major aspects of insect immunity (Vilmos and Kurucz 1998, James and Xu 2011). Some 
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enzymes, such as glutathione S-transferase (GST) and superoxide dismutase (SOD), which have 

multiple functions in metabolism, also play important roles in insect immune responses (Turrens 

2003, Molina-Cruz et al. 2008, Huang et al. 2011, James and Xu 2011). It is known that 

organophospates, organochlorines and some botanical pesticides can suppress cellular responses 

by changing the viability and amount of hemocytes (Azambuja et al. 1991, Sharma et al. 2003, 

2008, George and Ambrose 2004, James and Xu 2011, Koodalingam et al. 2013). A variety of 

synthetic pesticides also can reduce the activity of GST and SOD, thus increasing stresses on 

insect immunity (Büyükgüzel 2009, Wu et al. 2009, James and Xu 2011). Fewer studies on the 

effect of pesticides on cuticle and humoral responses exist (James and Xu 2011).  

Lufenuron blocks the formation of the exoskeleton, thus may negatively affects the 

ability of termite cuticle to operate as a barrier against microbial pathogens. Merzendorfer (2013) 

stated that some chitin synthesis inhibitors can inhibit the formation of the peritrophic membrane 

of insects. Lufenuron may suppress disease resistance of termites by disrupting the function of 

peritrophic membrane that prevents microbial infection in the midgut. Zhu et al. (2012) reported 

that hexaflumuron, another chitin synthesis inhibitor, interferes with the balance of hemolymph 

compounds in the cutworm, Spodoptera litura Fabricius. Lufenuron may also influence cellular 

responses, humoral responses and metabolic enzymes associated with termite immunity, though 

the mechanisms of these processes are largely unknown. 

Social behavior is important in effective disease defense of termites. To prevent 

infection, termites will often isolate dead cohorts into “quarantined barriers” made up of soil and 

fecal pellets (Logan et al. 1990, Rosengaus et al. 2011, Yu et al. 2012). Rosengaus et al. (1998), 

and Chouvenc et al. (2008, 2009) reported that chemical constituents of fecal pellets of 

Zootermopsis angusticollis Hagen and Reticulitermes flavipes (Kollar) play a role in inhibiting 
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spore germination of the fungus Metarhizium anisopliae (Metchnikoff) Sorokin. Neoh et al. 

(2012) closely studied the carcass-burying behavior of four termite species including C. 

formosanus. They found that, for C. formosanus, carcasses were actively detected, dragged and 

buried. In our study, when exposed to three microbial pathogens, termites pre-fed lufenuron did 

not show active carcass-burying behavior of dead cohorts. Other behavioral patterns that 

contribute to disease resistance of termites include self- and allogrooming. Chouvenc et al. (2009) 

found that, to prevent fungus infection, R. flavipes workers groom and ingest large amount of 

conidia of M. anisopliae.  

The strong immune responses and pathogen defense behaviors of C. formosanus 

greatly decrease the risk of microbial infection, though it lives in humid environments that favor 

the growth of various pathogens (Husseneder et al. 2010). For the same reason, Chouvenc et al. 

(2011) believe it is improbable that biological control of termites will ever see the light of day. A 

few efforts have been taken to suppress the disease resistance of termites. For example, Bayer 

Corporation claims that one of its products, Premise Plus Nature 
TM

, can make termites more 

susceptible to fungal infection by suppressing their grooming behavior 

(www.pctonline.com/Article.aspx?article_id=39807). Connick et al. (2001) reported that some 

immune inhibitors such as dexamethasone, ibuprofen, and ibuprofen sodium salt can 

significantly increase the mortality of C. formosanus exposed to S. marcescens. Bulmer et al. 

(2009) found that D-δ-gluconolactone, a nontoxic molecule derived from glucose, can block the 

β(1,3)-glucanase effector activity of termite Gram-negative bacteria binding protein-2 (tGNBP-2) 

and accelerate mortality of Nasutitermes corniger (Motschulsky) caused by the infection of M. 

anisopliae, Serratia sp. and Pseudomonas sp.. Hamilton and Bulmer (2012) used double-

stranded RNA (dsRNA) to knockdown the expression of two antifungal defense genes of R. 
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flavipes, termicin and GNBP-2, and observed a decrease in cuticular antifungal activity. We 

believe that lufenuron has an advantage in suppressing termite resistance to microbial pathogens 

since its potential as a bait toxicant has been well studied.  

Lufenuron also has a potential for the development of a combination bait with P. 

aeruginosa. The value to combine chemical termiticides and biological control agents has been 

discussed by Grace (2003), Lenz (2005), and Woodrow and Grace (2008). However, Chouvenc 

et al. (2011) expressed a concern about the “unrealistic optimism” of such potential based on 

data collected from “bioassays with poor biological relevancy”. In our study, only one 

concentration each of lufenuron and bacteria was tested using small groups of termites. 

Therefore, before drawing a firm conclusion that integration of the two methods (chitin synthesis 

inhibitors and termite pathogens) can be a successful termite control strategy, more laboratory 

tests involving various concentration combinations and a bigger termite group size followed by 

multi-site field tests are needed.  

8.5 References 

Adams, L., and R. Boopathy. 2005. Isolation and characterization of enteric bacteria from the 

hindgut of Formosan termite. Bioresour. Technol. 96: 1592-1598. 

Alaux, C., J.-L. Brunet, C. Dussaubat, F. Mondet, S. Tchamitchan, M. Cousin, J. Brillard, A. 

Baldy, L. P. Belzunces, Y. L. Conte. 2010. Interactions between Nosema microspores and a 

neonicotinoid weaken honeybees (Apis mellifera). Environ. Microbiol. 12: 774-782. 

Aufauvre, J., D. G. Biron, C. Vidau, R. Fontbonne, M. Roudel, M. Diogon, B. Viguès, L. P. 

Belzunces, F. Delbac, and N. Blot. 2012. Parasite-insecticide interactions: a case study of 

Nosema ceranae and fipronil synergy on honeybee. Scientific reports 2: 

doi:10.1038/srep00326. 

Azambuja, P. Jr, E. S. Garcia, N. A. Ratcliffe, and J. D. Warthen, 1991. Immune-depression in 

Rhodnius prolixus induced by the growth inhibitor, azadirachtin. J. Insect Physiol. 37: 771–

777. 

Bowen, C. J., and B. Kard, 2012. Termite aerial colony elimination using lufenuron bait 

(Isoptera: Rhinotermitidae). J. Kans. Entomol. Soc. 85: 273-284. 



 
 

136 
 

Bulmer, M. S., I. Bachelet, R. Raman, R. B. Rosengaus, and R. Sasisekharan. 2009. Targeting an 

antimicrobial effector function in insect immunity as a pest control strategy. P.N.A.S. 106: 

12652-12657. 

Büyükgüzel, E.. 2009. Evidence of oxidative and antioxidative responses by Galleria mellonella 

larvae to malathion. J. Econ. Entomol. 102: 152-159. 

Chouvenc, T., and N.-Y. Su. 2012. When subterranean termites challenge the rules of fungal 

epizootics. PLoS ONE. 7: e34484. 

Chouvenc, T., N.-Y. Su, and A. Robert. 2009. Inhibition of Metarhizium anisopliae in the 

alimentary tract of the eastern subterranean termite Reticulitermes flavipes. J. Invertebr. 

Pathol. 101: 130-136. 

Chouvenc, T., N.-Y. Su, and J. K. Grace. 2011. Fifty years of attempted biological control of 

termites – analysis of a failure. Biol. Control 59: 69-82. 

Chouvenc, T., N.-Y. Su, and M. L. Elliott. 2008. Interaction between the subterranean 

termiteReticulitermes flavipes (Isoptera: Rhinotermitidae) and the entomopathogenic fungus 

Metarhizium anisopliae in foraging arenas. J. Econ. Entomol. 101: 885-893. 

Connick Jr., W. J., W. L. A. Osbrink, M. S. Wright, K. S. Williams, D. J. Daigle, D. L. Boykin, 

and A. R. Lax. 2001. Increased mortality of Coptotermes formosanus (Isoptera: 

Rhinotermitidae) exposed to eicosanoid biosynthesis inhibitors and Serratia marcescens 

(Eubacteriales: Enterobacteriaceae). Environ. Entomol. 30: 449-455. 

Gautam, B. K., and G. Henderson. 2011. Effects of sand moisture level on food consumption and 

distribution of Formosan subterranean termite (Isoptera: Rhinotermitidae) with different 

soldier proportions. J. Entomol. Sci. 46: 1-13. 

George, P. J. E., and D. P. Ambrose. 2004. Impact of insecticides on the hemogram of. 

Rhynocoris kumarii Ambrose and Livingstone (Hem., Reduviidae). J. Appl. Entomol. 128: 

600-604. 

Grace, J. K..  2003. Approaches to biological control of termites. Sociobiology 41: 115-122. 

Haagsma, K., M. K. Rust, D. A. Reierson, T. H. Atkinson, and D. Kellum. 1995. Formosan 

subterranean termite established in California. Calif. Agric. 49: 30-33. 

Hamilton, C., and M. S. Bulmer. 2012. Molecular antifungal defenses in subterranean termites: 

RNA interference reveals in vivo roles of termicins and GNBPs against a naturally 

encountered pathogen. Dev. Comp. Immunol. 36: 372–377. 

Haverty, M. I., R. L. Tabuchi, E. L. Vargo, D. L. Cox, L. J. Nelson, and V. R. Lewis. 2010. 

Response of Reticulitermes hesperus (Isoptera: Rhinotermitidae) colonies to baiting with 

lufenuron in Northern California. J. Econ. Entomol. 103: 770-780. 



 
 

137 
 

Henderson, G.. 2001. Practical considerations of the Formosan subterranean termite in Louisiana: 

a 50-year-old problem. Sociobiology 37: 281-393. 

Henderson, G.. 2008. The termite menace in New Orleans: did they cause the floodwalls to 

tumble? Am. Entomol. 54: 156-162. 

Huang, J., S. Wu, and G. Ye. 2011. Molecular characterization of the sigma class gutathione S-

transferase from chilo suppressalis and expression analysis upon bacterial and insecticidal 

challenge. J. Econ. Entomol. 104: 2046-2053. 

Husseneder, C., D. M. Simms, G. K. Aluko, and J. Delatte. 2010. Colony breeding system 

influences cuticular bacterial load of Formosan subterranean termite (Isoptera: 

Rhinotermitidae) workers. Environ. Entomol. 39: 1715-1723.  

Islam, M. T, S. J. Castle, and S. Ren. 2010. Compatibility of the insect pathogenic fungus 

Beauveria bassiana with neem against sweetpotato whitefly, Bemisia tabaci, on eggplant. 

Entomol. Exp. Appl. 134: 28-34.  

James, R. R., and J. Xu. 2011. Mechanisms by which pesticides affect insect immunity. J. Invert. 

Pathol. 109: 175–182. 

Jayasimha, P., and G. Henderson. 2007. Effect of Aspergillus flavus and Trichoderma harzianum 

on survival of Coptotermes formosanus (Ispotera: Rhinotermitidae). Sociobiology 49: 135-

141. 

Khan, K. I., Q. Fazal, R. H. Jafri, and M. Ahmad. 1977. Susceptibility of various species of 

termites to a pathogen, Serratia marcescens. Pak. J. Sci. Res. 29: 46–47. 

Khan, K. I., R. H. Jafri, M. Ahmad, K. M. S. Khan. 1992. The pathogenicity of Pseudomonas 

aeruginosa against termites. Pakist. J. Zool. 24: 243-245.  

Khan, K. I.. 1981. Studies of pathogens of termites of Pakistan. Ph.D. dissertation. University of 

the Punjab. 

Koodalingam, A., P. Mullainadhan, and M. Arumugam. 2013. Immuno-suppressive effects of 

aqueous extract of soapnut Sapindus emarginatus on the larvae and pupae of vector 

mosquito, Aedes aegypti. Acta Trop. 126: 249–255.  

Lenz, M. 2005. Biological control in termite management: The potential of nematodes and 

fungal pathogens. pp. 47-52. In C.-Y. Lee, and W. H. Robinson (eds.), Proceedings of the 

fifth international conference on urban pests, Singapore.  

Lewis, J. L. B. T. Forschler. 2010. Impact of five commercial baits containing chitin synthesis 

inhibitors on the protist community in Reticulitermes flavipes (Isoptera: Rhinotermitidae). 

Environ. Entomol. 39: 98-104. 

Logan, J. W.M., R. H. Cowie, and T. G. Wood. 1990. Termite (Isoptera) control in agriculture 

and forestry by non-chemical methods: a review. Bull. Entomol. Res. 80: 309-330.  



 
 

138 
 

Lovelady, C., D. Cox, M. Zajac, and B. Cartwright. 2006. Lufenuron termite bait. pp. 68-69. In S. 

C. Jones (ed.), Proceedings of the 2008 national conference on urban Entomology, Tulsa, 

OK.  

Merzendorfer, H.. 2013. Chitin synthesis inhibitors: old molecules and new developments. Insect 

Sci. 20: 121-138. 

Molina-Cruz, A., R. J. DeJong, B. Charles, L. Gupta, S. Kumar, G. Jaramillo-Gutierrez, and C. 

Barillas-Mury. 2008. Reactive oxygen species modulate Anopheles gambiae immunity 

against bacteria and Plasmodium. J. Biol. Chem. 283: 3217-3223. 

Neoh, K.-B., B.-K. Yeap, K. Tsunoda, T. Yoshimura, C.-Y. Lee. 2012. Do termites avoid 

carcasses? Behavioral responses depend on the nature of the carcasses. PLoS ONE 7: 

doi:10.1371/journal.pone.0036375. 

Osbrink, W. L. A.,  K. S. Williams, W. J. Connick Jr., M. S. Wright, and A. R. Lax. 2001. 

Virulence of bacteria associated with the Formosan subterranean termite (Isoptera: 

Rhinotermitidae) in New Orleans, LA. Environ. Entomol. 30: 443-448.  

Pettis, J. S., D. vanEngelsdorp, J. Johnson, and G. Dively. 2012. Pesticide exposure in honey 

bees results in increased levels of the gut pathogen Nosema. Naturwissenschaften 99:153-

158. 

Rojas, M. G., and J. A. Morales-Ramos. 2004. Disruption of reproductive activity of 

Coptotermes formosanus (Isoptera: Rhinotermitidae) primary reproductives by three chitin 

synthesis inhibitors. J. Econ. Entomol. 97: 2015-2020. 

Rosengaus, R. B., J. F. A. Traniello, and M. S. Bulmer. 2011. Ecology, behavior and evolution 

of disease resistance in termites. pp 165–191. In D. E. Bignell, Y. Roisen, and N. Lo (eds.). 

Biology of termites: a modern synthesis. Springer, New York,  

Rosengaus, R. B., M. R. Guldin, and J. F. A. Traniello. 1998. Inhibitory effect of termite fecal 

pellets on fungal spore germination. J. Chem. Ecol. 24:1697–1706. 

Rust, M. K., and N.-Y. Su. 2012. Managing social insects of urban importance. Annu. Rev. 

Entomol. 57: 355-375.  

Rust, M. K.. 2005a. Advances in the control of Ctenocephalides felis (cat flea) on cats and dogs. 

Trends Parasitol. 21: 232-236. 

Rust, M. K.. 2005b. Innovations and future directions in the control of cat fleas on cats and dogs. 

pp. 35-40. In Proceedings of the 8th international symposium on ectoparasites of pets 

(ISEP), Hannover, Germany. 

Rust, M. K.. 2010. How do flea control products kill fleas? Clinician's Brief 8: 82–84, 90. 



 
 

139 
 

Schmidt, O., U. Theopold, N.E. Beckage. 2008. Insect and vertebrate immunity: key similarities 

versus differences. pp. 1–23. In N. Beckage (ed.), Insect immunology, Academic Press, 

New York. 

Shapiro-Ilan, D., T. E. Cottrell, B. W. Wood. 2011.  Effects of combining microbial and 

chemical insecticides on mortality of the pecan weevil (Coleoptera: Curculionidae). J. Econ. 

Entomol. 104: 14-20. 

Sharma, P. R., O. P. Sharma, and B. P. Saxena. 2003. Effect of neem glod on hemocytes of the 

tobacco armyworm, Spodoptera littura (Fabricius) (Lepidoptera: Noctuidae). Current Sci. 

84: 690–695.  

Sharma, P. R., O. P. Sharma, and B. P. Saxena. 2008. Effect of sweet flag rhizome oil (Acorus 

calamus) on hemogram and ultrastructure of hemocytes of the tobacco armyworm, 

Spodoptera litura (Lepidoptera: Noctuidae). Micron 39: 544–551. 

Sindhu, S. S., Y. S. Rakshiya, and M. K. Verma. 2011. Biological control of termites by 

antagonistic soil microorganisms. pp. 261-309. In A. Singh, N. Parmar, and R. C. Kuhad 

(eds.). Bioaugmentation, biostimulation and biocontrol. Springer. New York, USA.  

Singha, D., B. Singha, and B. K. Dutta. 2010. In vitro pathogenicity of Bacillus thuringiensis 

against tea termites. J. Biol. Control 24: 279-281. 

Su, N.-Y., and R. H. Scheffrahn. 1996. Comparative effects of two chitin synthesis inhibitors, 

hexaflumuron and lufenuron, in a bait matrix against subterranean termites (Isoptera: 

Rhinotermitidae). J. Econ. Entomol. 89: 1156-1160. 

Sun, J., J. R Fuxa,and G. Henderson. 2002. Sporulation of Metarhizium anisopliae and 

Beauveria bassiana on Coptotermes formosanus and in vitro. J. Invert. Pathol. 81: 78-85. 

Turrens, J. F.. 2003. Mitochondrial formation of reactive oxygen species. J. Physiol. 55: 335–344. 

Vahabzadeh, R. D., R. E. Gold, and J. W. Austin. 2007. Effects of four chitin synthesis inhibitors 

on feeding and mortality of the eastern subterranean termite, Reticulitermes flavipes 

(Isoptera: Rhinotermitidae). Sociobiology 50: 833–859. 

Vidau, C., M. Diogon, J. Aufauvre, R. Fontbonne, B. Viguès, J.-L. Brunet, C. Texier, D. G. 

Biron, N. Blot, H. E. Alaoui, L. P. Belzunces, and F. Delbac. 2011. Exposure to sublethal 

doses of fipronil and thiacloprid highly increases mortality of honeybees previously infected 

by Nosema ceranae. PLoS ONE 6: doi:10.1371/journal.pone.0021550 

Vilmos, P., and E. Kurucz. 1998. Insect immunity: evolutionary roots of the mammalian innate 

immune system. Immunol. Lett. 62: 59–66. 

Wang, C., and G. Henderson. 2013. Evidence of Formosan subterranean termite group size and 

associated bacteria in the suppression of entompathogenic bacteria, Bacillus thuringiensis 

subspecies israelensis and thuringiensis. Ann. Entomol. Soc. Am. (In press).  

http://www.springerlink.com/content/?Editor=Ajay+Singh
http://www.springerlink.com/content/?Editor=Nagina+Parmar
http://www.springerlink.com/content/?Editor=Ramesh+C.+Kuhad
http://www.springerlink.com/content/978-3-642-19768-0/
http://www.cabdirect.org/search.html?q=au%3A%22Dipendra+Singha%22
http://www.cabdirect.org/search.html?q=au%3A%22Baby+Singha%22
http://www.cabdirect.org/search.html?q=au%3A%22Dutta%2C+B.+K.%22
http://www.cabdirect.org/search.html?q=do%3A%22Journal+of+Biological+Control%22


 
 

140 
 

Woodrow, R. J., and J. K. Grace. 2008. Termite control from the perspective of the termites: a 

21
st
 Century approach. pp. 256-271. In T. P. Schultz, H. Militz, M. H. Freeman, B. Goodell, 

and D. D. Nicholas (eds.). Development of commercial wood preservatives. ACS 

Symposium Series. Washington, DC.    

Wu, S., W. Dou, J.-J. Wu, and J.-J. Wang. 2009. Purification and partial characterization of 

glutathione S-transferase from insecticide-resistant field populations of Liposcelis paeta 

Pearman (Psocoptera: Liposcelididae). Arch. Insect Biochem. Phys. 70: 136-150. 

Yanagawa, A., F. Yokohari, and S. Shimizu. 2009. The role of antennae in removing 

entomopathogenic fungi from cuticle of the termite, Coptotermes formosanus. J. Insect Sci. 

9: insectscience.org /9.6. 

Yanagawa, A., F. Yokohari, and S. Shimizu. 2010a. Defense mechanism of the termite, 

Coptotermes formosanus Shiraki, to entomopathogenic fungi. J. Invert. Pathol. 97: 165–170. 

Yanagawa, A., F. Yokohari, and S. Shimizu. 2010b. Influence of fungal odor on grooming 

behavior of the termite, Coptotermes formosanus. J. Insect Sci. 10:  

insectscience.org/10.141. 

Yu, B.-Y., D. Ying, Z. Zhang, and J.-C. Mo. 2012. Advances in mechanism of resisting 

entomopathogenic microbial infection in termites. Acta Entomol. Sin. 55: 994-998. 

Zhu, Q., Y. He, J. Yao, Y. Liu, L. Tao, and Q. Huang. 2012. Effects of sublethal concentrations 

of the chitin synthesis inhibitor, hexaflumuron, on the development and hemolymph 

physiology of the cutworm, Spodoptera litura. J. Insect Sci. 12: 1-13 

  

http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Yanagawa%2BA%5bauth%5d
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Yokohari%2BF%5bauth%5d
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Shimizu%2BS%5bauth%5d


 
 

141 
 

CHAPTER 9. SUMMARY AND CONCLUSION 

The Formosan subterranean termite, Coptotermes formosanus Shiraki, is a worldwide 

distributed pest of wooden structures and living plants that cause huge economic loss. Compared 

to chemical pesticides, biological control may provide a more environmental friendly and 

persistent method for the control of C. formosanus. Many pathogens have been tested previously 

for their ability against termites under laboratory conditions, and positive results were shown. 

However, recent studies showed that the strong immune and behavioral responses of termites 

may limit the application of these termite pathogens. In this Ph.D. research, a series of studies 

were conducted to understand the termite-pathogen interaction and to develop a feasible 

biological control strategy.  

In the first part of the research, the toxicity of Bt toxins expressed by genetically 

modified maize to termites was tested. Plant tissues of three commercial planted Bt maize 

(YieldGard
®
, Genuity

®
 VT Triple PRO

TM
 and Genuity

®
 SmartStax

TM
) and two non-Bt maize 

were provided to termites as food. Five food sources including wood blocks and filter paper 

treated with plant extract as well as leaves, stalks, and roots of maize were tested in the 

laboratory. The experiment was maintained for two weeks and the survival rate of termites, food 

consumption, and tunneling behavior were recorded. The results revealed no significant 

difference in survival rate, food consumption and length of tunnels between termites feeding on 

Bt and non-Bt maize, indicating that Bt proteins expressed in the three Bt maize technologies did 

not negatively affect Formosan subterranean termites. However, comparing to wood block and 

filter paper treatments, termites feeding on maize tissues showed different consumption pattern 

and tunneling behavior, which suggests that maize stalk is a good candidate for termite bait 

matrices.  

In the following experiments, the consumption and food transfer efficiency of two 
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commercially used termite bait materials, wood and cardboard, and one potential bait material, 

maize cob, were evaluated for use against termites in the lab. In the no-choice test, the 

consumption of wood and cob was similar and significantly more than cardboard. Tunneling 

under the food sources was similar. In the two-choice test, the consumption was: cob > wood, 

wood > cardboard, cob = cardboard, and tunneling under these choices was: cob = wood, wood = 

cardboard, cob > cardboard. In the three-choice test, no significant difference was detected in 

consumption, but tunnels made under the cob were significantly more than wood and cardboard. 

Nile blue A was used to study food transfer of bait material among termite cohorts. Dyed 

cardboard, cob or wood (0.1% Nile blue A) was provided to termites as food. Termites feeding 

on wood turned blue in significantly greater number at 6h compared to cardboard and cob, but 

there was no significant difference after 12h. Blue termites feeding on different bait materials 

were then collected and combined with undyed termites. When undyed (white) termites were 

placed with blue termites and food (wood block), termites turned blue in the same percentage 

regardless of original bait material fed on. However, when no food was provided (starvation 

group), the rate of white termites turning blue was dramatic; in dyed wood treatment, more 

termites turned blue than that of cardboard, though neither were significantly different from cob. 

Our study is the first to show that, cob, an otherwise waste product of the food and biofuel 

industry, is as efficient as wood and cardboard as a termite bait matrix. 

In the second part of the research, the susceptibility of C. formosanus to 

MosquitoDunk
®
, which contain about 10% of the entomopathogenic bacteria, Bacillus 

thuringiensis subspecies israelensis (Bti), was tested. In the no-choice tests, mosquito dunks 

showed a weak but significant effect on the survival and tunneling of C. formosanus as compared 

to the controls. In choice tests, the mortality of C. formosanus was not significantly different 

between the treatments containing mosquito dunks and the controls.  

To further study the Bt resistance, C. formosanus was tested for its ability to suppress 

the growth of Bacillus thuringiensis subspecies israelensis (Bti) and thuringiensis (Btt). Different 



 
 

143 
 

group sizes (50, 25, 10 and no termites [control]) of C. formosanus were placed on well-grown 

Bti or Btt agar plates. On day 1, the diameters of Bti and Btt colonies in the three treatments 

containing termites were significantly smaller than in the controls. The diameters of Bti and Btt 

colonies in the 50-termite treatment were significantly smaller than in the 10-termite treatment. 

However, neither was significantly different from the 25-termite treatment. This group size 

dependent suppression was even more distinct on day 2. On day 5, inhibitory zones were 

observed in all three treatments containing termites where Bti or Btt colonies originally grew. 

The Bti and Btt cells from these inhibitory zones regenerated on new plates after transfer from 

25- and 10-termite treatments as did the controls, but no regeneration was observed after transfer 

from 50-termite treatment. Results show that the presence of C. formosanus can suppress the 

growth of Bti and Btt and the suppression effect enhanced with increased of group size. 

Moreover, antagonistic tests show that natural bacteria carried by termites play a role in the 

suppression of Bti and Btt. 

Although the test of mosquito dunk did not show a promising lethal effect on C. 

formosanus, it brought us inspiration to pay attention to delivery method of a termite pathogen. 

Clay encapsulating of biological control agents has been well studied. In the present study, the 

biological significance of clay on C. formosanus was investigated. Choice tests showed that 

significantly more termites aggregated in chambers where clay blocks were provided, regardless 

of colony group, observation period or nutritional condition (fed or starved). No-choice tests 

showed that clay had no observable effect on survivorship, live or dry biomass, water content, 

and tunneling activity after 33-35 days. However, clay appeared to significantly decrease filter 

paper consumption (dry weight loss). Active particle (sand, paper and clay) transport behavior 

was observed in both choice and no-choice tests. When present, clay was preferentially spread on 

the substrate, attached to the smooth surfaces of the containers, and used to line sand tunnels. 
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Our study showed the potential to use clay for termite bait attraction and biological control agent 

encapsulation.  

In the third part of the research, the potential to combine a biological control agent and 

a chemical pesticide was tested. A laboratory study was conducted to understand the effect of 

low concentrations of lufenuron, a chitin synthesis inhibitor, on termite physiology and behavior. 

Survivorship, running speed, body water content, food consumption, tunneling, microbial 

infection, and two behavioral patterns (carcass burying behavior and particle transport behavior) 

were compared among C. formosanus fed lufenuron-treated (250, 500 or 1000 ppm) or untreated 

(control) filter paper. In 30-32 days, all lufenuron treatments significantly reduced survivorship, 

running speed, consumption and tunneling, but had no substantial effect on body water content. 

In addition, termites fed the three concentrations of lufenuron became infected by opportunistic 

pathogens. Carcass burying and particle transport behaviors also were inhibited by lufenuron.  

In the following experiments, C. formosanus previously fed lufenuron (1000 ppm) was 

exposed to each of the three entomopathogenic bacteria, Pseudomonas aeruginosa (Schroeter) 

Migula, Serratia marcescens Bizio, and B. thuringiensis subsp. israelensis. We found that termite 

mortality was significantly higher and synergistic in the combination of lufenuron and P. 

aeruginosa compared to treatment of lufenuron or P. aeruginosa alone. Other bacteria and 

lufenuron combinations were not quite as effective. Interestingly, only in treatments without 

lufenuron did termites show carcass-burying behavior. The results indicate that lufenuron, a 

chitin synthesis inhibitor, can suppress Formosan subterranean termite resistance to P. 

aeruginosa. To combine lufenuron and a termite pathogen may bring a successful IPM strategy 

for the control of termites.  
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