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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.
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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.



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.



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

4



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!

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 3-endotoxins), and other toxins such as
Vips (vegetative insecticidal proteins) (Frankenhuyzen 2009, Hernéndez- Rodr guez et al.

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

! 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™ (Bt VT 3PRO)
and Genuity® SmartStax™ (Bt SMT) , and two non-Bt maize hybrids (nBt-1 and nBt-2).
YieldGard® Corn Borer maize expressing the CrylAb protein was the most commonly
planted Bt maize for controlling stalk borers in the world before 2010. Genuity®VT Triple
Pro™ and SmartStax™ 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™ traits and DKC 61-21
possessing Genuity® SmartStax™ traits. YieldGard® Corn Borer contains a single Bt gene,
CrylAb, which was the most commonly planted Bt maize for controlling stalk borers
worldwide before 2010. Genuity® VT Triple PRO™ is a stacked/pyramided Bt corn that
expresses three Bt genes including Cry1A.105 and Cry2Ab2 for controlling above-ground
lepidopteran species and Cry3Bbl for managing underground rootworms, Diabrotica spp.
Genuity® SmartStax'™ corn contains all Bt genes expressed in Genuity® VT Triple Pro™
plus CrylF targeting lepidopteran species and Cry34Ab1/Cry35Abl targeting rootworms.
Genuity® VT Triple PRO™ and SmartStax' ™ 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™ 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°C 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°C, 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 (100x15mm) 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°C,
15min) and dried in an oven dryer (45°C, 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 (2321°C) 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°C, 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 a=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 2.1Db).
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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).
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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 78.843.7 83.113.5 76.647.9 83.1#4.7 84.643.7 89.6+2.1
(%) filter paper 73.842.9 81.5:44.1 76.148.9 80.042.3 73.845.3 85.442.4

leaf 71.245.5 72.745.2 72.745.2 46.948.2 58.14+10.7 -

stalk 43.5#13.1 52.349.6 32.3+13.8 27.7+0.4 28.818.8 -

root 61.847.9 59.5+14.4 65.147.8 67.344.7 49.8+10.2 -
Consumption  wood block 0.09640.013 0.09240.011 0.09840.011 0.10040.003 0.10240.006 0.12040.013
©) filter paper 0.04640.009 0.06640.008 0.05840.009 0.04040.004 0.04640.007 0.04840.006
Tunnel length  wood block 253.1#3.7 226.8436.2 241.2425.7 241.247.2 219.3H1.3 258.8429.2
(mm) filter paper 236.2423.4 290.1+3.2 278.4+18.6 239.548.5 261.6424.3 292.145.8

leaf 181.6426.3 211.6+18.5 158.8421.4 145.3430.4 143.6437.0 -

stalk 121.6417.1 78.4420.5 120.2417.2 126.549.4 138.447.1 -

root 287.8426.6 331.449.9 277.0424.1 280.8+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).
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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.

nBt-1 nBt-2 BtYG BtVT3PRO BtSMT Blank Control

filter paper wood block
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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-Leférre 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 CrylAb, CrylA.105,

Cry2Ab2, Cry3Bbl, CrylF, 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).

130



Colony 1 NS
P=0.14 P=0.09 P=046 P=039 P=0.17 P=043

100
90
80

Mortality (%o)
_ o W B W oy
= = [an] [an] [a] = = (]

NS NS NS NS NS

Colony 2

100
90
80
70
60
50
40
30

Mortality (%0)

F .y T

day2

#
P=0.01

day4 day6 day8  dayl0 dayl2

® NS # * #
P=0.01 P=0.06 P=0.05 P=0.03 P=0.00

day2

day4 day6 day8  dayl0 dayl2

=—4—LU-SM =—LU SM =—=—CON

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 (BUyikgieel 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 ™, 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-3-gluconolactone, a nontoxic molecule derived from glucose, can block the
B(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.
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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™ and Genuity® SmartStax™) 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
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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 Bt
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 Bit.

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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