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Abstract 

The Formosan subterranean termite (FST), Coptotermes formosanus, is an invasive urban pest in 

the United States. Colonies of the FST are dependent on the symbiotic gut protozoa for cellulose 

digestion in the workers’ guts, and the gut bacterial community is known to provide essential 

nutrients to the termite. The objectives of this PhD research were to develop and evaluate 

paratransgenesis and phage therapy for termite control.  

During this study, a termite gut bacterium: Trabulsiella odontotermitis was genetically 

engineered and was evaluated as a ‘Trojan horse’ for paratransgenesis. We proved that T. 

odontotermitis can tolerate 50 times more concentration of ligand-Hecate than the concentration 

required to kill the gut protozoa. We also engineered T. odontotermitis to express Green 

Fluorescent Protein (GFP) and visualized the expression of GFP in the termite gut. We created a 

strain of T. odontotermitis expressing kanamycin-resistant gene using tn7 transposon. We used 

this strain to prove that once ingested, T. odontotermitis can stay in the termite gut for at least 

three weeks and it is horizontally transferred amongst nest mates. We also engineered T. 

odontotermitis to express functional ligand-Hecate-GFP fusion protein. 

Removal of the bacterial community from the gut also has a negative impact on the survival of 

the termites. The presence of a diverse and rich bacterial community makes the termite gut a 

perfect niche for bacteriophages; viruses that infect bacteria. So far, there has been no research to 

study the presence and role of bacteriophages in the gut of the termite. Bacteriophages have the 

potential to be used in ‘Phage therapy’ targeting the essential termite gut bacteria. 

During this study three novel bacteriophages were isolated and sequenced from the termite gut. 

A meta-virome sequencing of the termite gut was also done, which revealed the presence of 



viii 
 

previously unknown bacteriophages and other viruses associated with the termites. This is the 

first study elucidating the presence of a diverse and largely unexplored bacteriophage community 

in the termite gut. The study suggests that termites can serve as a model system to study the 

effect of bacteriophages on bacteria and ultimately on the host harboring the microbial 

community. 
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Chapter 1: Introduction 

Cellulose is considered the most abundant organic polymer on earth (Klemm et al., 2005). In the 

natural terrestrial environment, termites play an important role in recycling cellulose (Jouquet et 

al., 2011).  There are approximately 3000 known species of termites in the world.  In the natural 

ecosystems, termites are considered as the main macroinvertebrate decomposers and soil 

engineers (Bignell, 2006, Ulyshen, 2016). Termites build colonies, mounds, and galleries which 

also impact the local ecosystem. They have direct and indirect effects on microbes in the soil, 

plants, and animals [reviewed in (Jouquet et al., 2011)]. Termites are considered as the first 

animals to evolve eusociality (Korb, 2007, Wang et al., 2015). All the termite species universally 

display co-operative brood care, overlapping generations, and division of labor (Krishna and 

Weesner, 1969). All the termites harbor various microbial symbionts in their gut. Termites are 

broadly classified as higher and lower termites. Higher termites (family Termitidae) contain 

bacterial symbionts in their guts while the lower termites harbor protozoa in addition to the 

bacteria (families Mastotermitidae, Serritermitidae Kalotermitidae, Termopsidae, 

Rhinotermitidae, Hodotermitidae). Many termite species live in huge colonies and some 

subterranean termites can harbor more than a million individual termites at a time (Rust and Su, 

2012). Out of all the termite species, only 6 % of the species have been reported as pests 

(Edwards and Mill, 1986). In the urban environments, some termite species can cause severe 

structural damage, making them an important urban pest.  

Globally, termites are estimated to cause an economic damage of $40 billion annually (Rust and 

Su, 2012). The Formosan subterranean termite (FST), Coptotermes formosanus is the most 

destructive invasive urban pest in the United States. This species was first described from the 

island of Formosa (currently Taiwan, east China). (Shiraki, 1909). It is believed that FSTs were 
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first introduced to Hawaii from China and entered US mainland during the Second World War 

(Husseneder et al., 2012, Yates III and Tamashiro, 1999). The FST was first identified on the US 

mainland in 1957 in Charleston, South Carolina (Chambers et al., 1988). As of 2015, FSTs are 

found in ten states in the US (Su and Scheffrahn, 2016). Formosan subterranean termites are 

estimated to cause an annual economic damage of around $1 billion in the US (Pimentel et al., 

2005) and recent data indicate that the number might be higher. 

In Louisiana, FSTs are estimated to cause an economic loss of $500 million annually (Aluko and 

Husseneder, 2007). Along with the damage caused to the structures made up of dead wood, FSTs 

also infest live trees (Messenger and Su, 2005). In a recent study it was predicted that FSTs may 

further increase their range by 15-20% in the coming years (Buczkowski and Bertelsmeier, 

2017). This new predicted range expansion is likely to cause major economic and ecological 

impacts which makes their control more important than ever. The termite control strategies can 

be broadly classified into chemical control and biological control.  

1.1 Chemical methods used for termite control 

 

Liquid termiticides are most widely used for the control of FSTs. It was estimated that 80% of 

the chemicals used for termite control are liquid-based termiticides (Rust and Su, 2012). These 

termiticides are applied to the soil around the structures. The main objective behind the 

application is to create a barrier between the structure and the termites. They act either by killing 

the termite on contact or by repelling the termites away from the structure (Su and Scheffrahn, 

1990, Forschler, 2009). Permethrin, Cypermethrin, and Bifenthrin are pyrethroids and are widely 

used as repellent termiticides. Pyrethroids act by preventing the closure of the voltage gated 

sodium channels in the axons. Other widely used liquid termiticides such as neonicotinoids act 

on nicotinic acetylcholine receptors while fipronil acts by targeting the GABA-gated chloride 
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channels and glutamate-gated chloride (GluCl) channels. Liquid termiticides are used with the 

main aim of protecting the structures and may not achieve colony level elimination. All the 

subterranean termites form underground colonies and only a small number of foraging termites 

are affected by these liquid termiticides. Even though there has been evidence of horizontal 

transfer with liquid termiticides, due to interconnected nests and supplementary reproductives 

these termiticides may not reach far enough in the termite colony. Thus, when area-wide 

management is desired (not just individual structure protection) an alternative approach is 

desired.  

To overcome this limitation, slow acting non-repellent metabolic or chitin synthesis inhibitors in 

the bait form are used (Su et al., 1995, Su, 2003). These insecticides are picked up by the 

foraging worker termites and are then horizontally transferred to other colony members. 

Metabolic inhibitors, such as hydramethylnon  and sulfluramid which act by targeting the 

mitochondria, have been unsuccessful in achieving colony level elimination most likely due to 

their quick killing action (Su and Scheffrahn, 1998). Insect growth regulators like chitin 

synthesis inhibitors are considered to be more successful than metabolic inhibitors (Evans and 

Iqbal, 2015). Since chitin is not produced by plants, prokaryotes, and vertebrates, chitin synthesis 

inhibitors  are considered comparatively safer in terms of non-target side effects (Merzendorfer, 

2013).  

Even though chemical termiticides in the liquid and bait forms have shown a mixed degree of 

success in achieving colony level elimination, they are known to have additional non-target side 

effects. Neonicotinoids (e.g. imidacloprid Premise ® and fipronil e.g., Termidor® ) which are 

widely used for termite control in the liquid form have been shown to accumulate in soil and 

have a high potential to contaminate surface and ground waterbodies (Bonmatin et al., 2015, Pisa 
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et al., 2015). Both neonicotinoids and fipronil have also been shown to affect many non-target 

invertebrate species including bees (Whitehorn et al., 2012). Pyrethroids have been shown to be 

toxic to multiple non-target organisms (Thatheyus and Selvam, 2013). Even insect growth 

regulators like teflubenzuron and hexaflumuron have been shown to affect non-target insects in 

the environment (Campiche et al., 2006). Due to these unwanted side effects, it was believed that 

biological control can serve as a safer alternative for termite control. 

1.2 Biological methods used for termite control 

 

Biological control methods involve targeting the termites using pathogens. The delivery of 

pathogens in the termite colony is done either by using baits (Wang and Powell, 2004) or by 

trapping and treating termites with pathogens and releasing them back to their colony (Rath, 

2000). Because termites live closely in large colonies, the biological control relies on the 

replication and horizontal transfer of the pathogen causing a colony level elimination [reviewed 

in (Chouvenc et al., 2011)] .  

Fungal pathogens are the most studied biological control agents for termites. Metarhizium 

anisopliae and Beauveria bassiana have been successfully used in the lab to kill FSTs (Hänel 

and Watson, 1983, Wang and Powell, 2004, Jones et al., 1996). Bacteria like Serratia 

marcescens and Bacillus sp. have also been used successfully in the lab as biological control 

agents (Khan et al., 1977, Smythe and Coppel, 1965). It has been suggested that viruses can 

serve as ideal biological control agents for termites (Chouvenc et al., 2011, Chouvenc and Su, 

2010), but very few reports on viruses infecting termites exist (Al Fazairy and Hassan, 1988). 

While biological control has a high likelihood to be successful in the lab, their commercial 

application for termite control remains unsuccessful so far (Chouvenc et al., 2011).  
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Termites have developed many behavioral traits to overcome the pathogens. Termites display 

grooming (Yanagawa and Shimizu, 2007), removal of infected nest mates, secretion of 

antifungal compounds (Bulmer et al., 2009), pathogen alarm behavior (Rosengaus et al., 1999a), 

and closing infected areas of colony (Rosengaus et al., 2011a). They have individual humoral 

and cellular immune systems which involves production of antimicrobial peptides and 

encapsulation (Chouvenc et al., 2009, Da Silva et al., 2003, Rosengaus et al., 2007, Rosengaus et 

al., 1999b). Along with the social behavior and immune responses, termites also harbor 

symbiotic bacteria in their nest wall, which protects them against fungal pathogens (Chouvenc et 

al., 2013). Overall, due the presence of this multilayered defense system, conventional biological 

control remains unsuccessful for termites (Chouvenc et al., 2011). 

The unwanted side effects of chemical control and the failure of biological control create the 

need for a novel environment-friendly termite control strategy. Termites are highly dependent on 

their gut microbes for survival and thus the gut microbes can be used as tools and targets to 

develop novel termite control strategies.  

1.3 Termite gut protozoa as potential targets for termite control 

 

Termites are broadly classified as higher or lower termites based on their gut microbiology. 

Higher termites harbor bacteria in their guts while the lower termites harbor obligatory symbiotic 

protozoa along with the bacteria. Workers of the FST harbor three species of obligatory 

symbiotic protozoa, namely Pseudotrichonympha grassi, Holomastigotoides hartmanni, and 

Spirotrichonympha leidyi (Koidzumi, 1921).  These protozoa help the termite by digesting 

dietary cellulose, and removal of gut protozoa results in the death of the termite due to starvation 

(Eutick et al., 1978). The obligatory symbiotic protozoa which are essential for the survival of 
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the termite are not found anywhere else in nature and thus can be used as targets to develop a 

highly specific termite control strategy. 

Paratransgenesis is a strategy which uses genetically engineered gut bacteria to deliver and 

express foreign genes in a host organism (Coutinho-Abreu et al., 2010). Paratransgenesis has 

been developed for many medically important insects to eliminate the disease-causing protozoal 

parasites such as Trypanosoma cruzi, Plasmodium sp., and Trypanosoma brucei (Durvasula et 

al., 1997, Wang et al., 2012, Aksoy et al., 2008). On similar grounds, a strategy using engineered 

gut bacteria to kill the gut protozoa, ultimately killing the termite, can be developed for termite 

control (Husseneder et al., 2009). 

Antimicrobial peptides can kill the protozoa by destroying their cell membranes (Hancock, 

2001). Hecate is one of the broad-range antimicrobial peptides which has been synthesized in the 

lab to mimic insect antimicrobial peptides (Henk et al., 1995). Hecate can kill both bacteria and 

protozoa, but attachment of a small (7 amino acids) ligand makes it more specific for the 

protozoa and less toxic to the bacteria (Husseneder et al., 2010b). In a previous study it was 

shown that ligand-Hecate successfully killed the gut protozoa of the FST at a concentration of 1 

µM. In the absence of gut protozoa, all the termites died in two weeks due to starvation 

(Husseneder et al., 2010b). For the proof of concept that paratransgenesis can be developed for 

termite control, a commercially available yeast Kluyveromyces lactis was engineered to express 

ligand-Hecate. When fed to the termites in the lab, engineered K. lactis killed the termites by 

eliminating the gut protozoa (Sethi et al., 2014). In a separate study, engineered K. lactis 

expressing melittin, a lytic peptide from bee venom, was successful in killing the termite gut 

protozoa (Husseneder et al., 2016). Even though lab experiments were successful, there are 

limitations to the use of K. lactis in the field;  1) K. lactis is often present in dairy products and 
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associated with fruits (Trindade et al., 2002, Delavenne et al., 2011, Arroyo-López et al., 2008) 

in nature and thus has the potential to spread to unwanted niches in the environment; 2) Also, K. 

lactis is not a part of the termites’ natural gut flora and does not have suitable adaptations for the 

gut environment. A termite gut bacterium can be maintained in the gut for a longer time and 

being from the termite gut it is less likely to survive in the environment, thus providing an 

environmentally-friendly alternative.  

Formosan subterranean termites have a complex and diverse bacterial community in their guts in 

addition to the protozoa. Previous studies have shown that at least 213 different species of 

bacteria are present in the gut of the FST worker (Husseneder et al., 2010a). The bacterial 

community carries out acetogenesis and provides the termites with essential nitrogenous 

compounds and vitamins (Husseneder, 2010, Brune, 2014). Bacteria from the FST gut have also 

been implicated in uric acid recycling (Thong-On et al., 2012). A termite gut symbiotic 

bacterium is well adapted to the termite gut environment and thus is less likely to cause 

environmental contamination. Also, a symbiotic bacterium from the termite gut will not be 

recognized as a pathogen by the termite and thus can pass the multilayered defense system of the 

termite colony like a ‘Trojan Horse’. An ideal bacterial ‘Trojan Horse’ should have the following 

attributes.  

1. It should be a termite gut symbiont, preferably specific to the termite gut and not known 

from the environment. 

2. It should be tolerant to the toxic effects of ligand-Hecate 

3. It should be able to express foreign proteins in the termite gut 

4. It should be maintained in the termite gut when fed externally 

5. It should be horizontally transferred to other nest mates in the colony  
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6. It should be able to express functional ligand-Hecate 

1.4 First research goal 

 

The first goal of this research is to genetically engineer a termite gut bacterium as a ‘Trojan 

Horse’ to express functional ligand-Hecate. Specific objectives for this research goal are 

described below. 

Objective 1: To isolate bacteria from the termite gut 

 To complete this objective, termites were collected from three different colonies in New 

Orleans, LA. Their guts were dissected and bacteria were isolated using conventional isolation 

techniques. Isolated bacteria were identified by sequencing their 16s rRNA genes. All the details 

are described in Chapter 2 (Tikhe et al., 2016b). 

Objective 2: To study the tolerance of isolated termite gut bacteria to ligand-Hecate 

To complete this objective, five bacteria isolated from the termite gut were selected. Minimum 

inhibitory concentration of Hecate and ligand-Hecate were determined for five termite gut 

bacteria. Detailed procedure and results are described in Chapter 2 (Tikhe et al., 2016b).  

Objective 3: To genetically engineer a termite gut bacterium Trabulsiella odontotermitis to 

express foreign proteins in the termite gut 

For the proof of concept that a termite gut bacterium can be engineered and can express foreign 

proteins in the termite gut, T. odondotermitis was engineered to express green fluorescent protein 

(GFP). The engineered bacteria were fed to the termites and GFP expression in the termite gut 

was observed. Details of these experiments are described in Chapter 3 (Tikhe et al., 2016a).  

Objective 4: To study the longevity of engineered T. odontotermitis in the termite gut 
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To complete this objective, T. odondotermitis was engineered at chromosomal level to express a 

kanamycin resistance gene using tn7 transposon based engineering. The engineered strain was 

fed to the termites from three different colonies and its longevity in the gut was monitored. The 

details of these experiments are described in Chapter 3 (Tikhe et al., 2016a).  

Objective 5: To study the horizontal transfer of T. odontotermitis between nest mates 

To complete this objective, donor termites (termites fed a diet containing genetically engineered 

T. odontotermitis) were mixed with recipients (termites that were never fed engineered T. 

odontotermitis). Horizontal transfer of engineered T. odontotermitis to the recipient termites was 

monitored throughout this experiment. The detailed procedure and results of this experiment are 

described in Chapter 3 (Tikhe et al., 2016a).  

Objective 6: To engineer T. odontotermitis to express functional ligand-Hecate 

To complete this objective T. odontotermitis was engineered with five plasmids containing 

ligand-Hecate attached to various signal peptides and one plasmid expressing ligand-Hecate-GFP 

fusion protein. Production and functionality of ligand-Hecate from all the engineered T. 

odontotermitis strains were checked via Western blot and anti-protozoal bioassays against 

Tetrahymena sp. All the details of these experiments are described in Chapter 4 (Tikhe et al., 

2016a).  

1.5 Termite gut bacteria as potential targets for termite control 

 

As described previously, FSTs harbor a complex and diverse community of bacteria in their guts. 

Beacuase the gut bacterial community provides the termites with essential nutrients, it can be 

exploited as a potential target for termite control. 
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Previous studies have shown that removal of bacterial community from the termite gut affects 

the metabolism and reproduction of termites (Rosengaus et al., 2011b, Peterson et al., 2015). All 

of the lab studies carried out to manipulate the gut bacterial community used antibiotics which 

are not suiTable for field applications. Hence an alternative approach to target the termite gut 

bacterial community is needed.  

Phage therapy, which involves the use of bacteriophages to target a desired bacterial strain, can 

be used instead of antibiotics. Phage therapy has been suggested as an alternative solution to treat 

a wide variety of bacterial infections (Miedzybrodzki et al., 2016, Oechslin et al., 2016). Due to 

increased antibiotic resistance, phage therapy has received a renewed attention in the recent years 

(Roach and Debarbieux, 2017).  

The bacterial community in the in the termite gut makes it a perfect niche for the presence of a 

diverse bacteriophage population. Bacteriophages have been known to play an important role in 

the ecosystem by carrying out nutrient recycling via bacterial cell lysis (Wilhelm and Suttle, 

1999). They also play a crucial role bacterial genome evolution via horizontal gene transfer 

(Ochman et al., 2000). Despite the many studies to decipher the taxonomic and functional 

diversity of bacterial community in the termite gut, the bacteriophages in the termite gut remain 

unstudied. It has been shown that bacteriophages from the same location as their host bacteria are 

more successful in infecting the host as compared to other bacteriophages (Vos et al., 2009). This 

suggests that termite gut is the best place to look for bacteriophages infecting the termite gut 

bacteria. Study of bacteriophages from the termite gut will improve understanding of their role in 

the termite gut and might also provide tools to target the gut bacterial community. 
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Chapter 2: Isolation and assessment of gut bacteria from the Formosan 

subterranean termite, Coptotermes formosanus Shiraki (Isoptera: 

Rhinotermitidae), for paratransgenesis research and application * 

2.1 Introduction 

 

The Formosan subterranean termite (FST) Coptotermes formosanus Shiraki is an invasive urban 

pest in the United States. The FST is found at least in 11 states in the US and is responsible for 

an annual economic loss of $1 billion (Pimentel et al., 2005) but this number might be higher 

(Nagro, 2015). Chemical insecticides are widely used to control FST (Rust and Su, 2012). 

Recent studies have shown that chemical termiticides can have negative effects on the 

environment. Many non-target invertebrate species have been shown to be affected by fipronil 

and neonicotinoids, such as imidacloprid (Pisa et al., 2015). Chemical insecticides used for 

termite control have also been shown to be toxic to various bees and have been implicated in 

colony collapse disorder (Whitehorn et al., 2012).   

Biological control methods involving entomopathogens have been evaluated as a non-chemical 

alternative for FST control (Chouvenc et al., 2011). Even though conventional biological control 

is considered to be environment friendly, it remains largely unsuccessful for termite control 

(Chouvenc et al., 2011) due to  the termites’ immune defenses and hygienic behavior (Rosengaus 

et al., 2000, Rosengaus et al., 2004, Hamilton et al., 2011). Apart from this, mutualistic 

association with actinobacteria has been shown to play a role in the termites’ defense against 

pathogens (Chouvenc et al., 2013). To break through the termites’ strong defense mechanisms 

against pathogen invasion, biological control agents need to be improved to avoid detection by 

the termites’ defenses and facilitate efficient spread of potent control agents throughout a colony.
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It has been suggested that a strategy based on paratransgenesis can be developed to achieve these 

goals (Chouvenc et al., 2011).  

Paratransgenesis uses genetically engineered microbial symbionts as “Trojan Horses” to deliver 

and express foreign genes in a host organism (Coutinho-Abreu et al., 2010). The concept of 

paratransgenesis was first developed to control Chagas disease by targeting Trypanosoma cruzi 

in triatomine vectors (Durvasula et al., 1997). Since then, the possible application of 

paratransgenesis has been suggested for many vectors like mosquitoes, sand flies, and tsetse flies 

(Aksoy et al., 2008, Hurwitz et al., 2011, Medlock et al., 2013, Wang et al., 2012). The main 

goal in these classical paratransgenesis approaches is not to kill the insect, but to disrupt disease 

transmission by killing the pathogen.  

The first paratransgenesis system aiming at actually killing an insect pest is being developed for 

the control of the FST (Sethi et al., 2014, Husseneder et al., 2010b). Workers of the FST have a 

complex symbiotic microbial community in their guts which is comprised of protozoa, bacteria, 

and archaea (Noda et al., 2005, Inoue et al., 2008). The three species of gut protozoa, namely 

Pseudotrichonympha grassi, Holomastigotoides hartmanni, and Spirotrichonympha leidyi aid in 

cellulose digestion (Koidzumi, 1921). A termite worker’s ability to digest cellulose is hampered 

by the loss of gut protozoa, which ultimately results in the death of termites (Eutick et al., 1978).  

Hecate is a synthetic antimicrobial peptide capable of killing both bacteria and protozoa (Henk et 

al., 1995). Attachment of a protozoa-specific hepta-peptide ligand increased its specificity 

towards protozoa minimizing non-target effects (Husseneder et al., 2010b). In a previous study, 

commercially available yeast (Kluyveromyces lactis) genetically engineered to express a targeted 

antiprotozoal fusion peptide (ligand-Hecate) has been shown to be successful in killing termites 

by eliminating their gut protozoa (Sethi et al., 2014). Even though the K. lactis based ‘Trojan 
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Horse’ system was successful, a termite-specific bacterium would be a more environmentally 

safe alternative. A termite-specific bacterium’s adaptations to life in the gut make it less likely to 

survive in the environment than, for example, a ubiquitous yeast.  

The FST gut is an ideal source to acquire a termite specific bacterial ‘Trojan Horse’ because of 

the high diversity and density of bacteria residing there (Husseneder et al., 2010a, Shinzato et al., 

2005). The bacteria in the termite gut have been shown to play a key role in metabolic processes 

such as: uric acid recycling, acetogenesis, and nitrogen fixation. Therefore, some of these 

bacteria are likely obligate to termite survival (Doolittle et al., 2008, Thong-On et al., 2012, 

Breznak et al., 1973, Schink et al., 1997). Many bacteria identified in the termite gut are not 

known to exist in the environment or in other insects and are likely specific to termites.  

An ideal bacterial ‘Trojan Horse’ must satisfy the following criteria: The bacteria should be (1) 

termite-specific, (2) able to tolerate higher concentrations of ligand-Hecate than required to kill 

the gut protozoa, (3) genetically modifiable, and (4) readily ingested by the termite and able to 

survive in the termite gut. In this study, we assessed termite gut bacteria for their potential to be 

the “Trojan Horses” for paratransgenesis.  

2.2 Materials and methods 

 

2.2.1 Isolation of bacteria from the FST gut 

 

One hundred worker termites were collected from three different FST colonies in New Orleans, 

Louisiana, USA in fall 2009 using untreated in-ground bait stations. Termite colonies were 

designated as colony 1, colony 2, and colony 3. Termites were brought back to the laboratory in 

plastic containers containing moist filter paper and were processed immediately. Fifty workers 

from each colony were surface-sterilized by dipping them in 70% ethanol twice and then in 
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sterile water. Termites were dried on clean KimWipes®. Termite guts were carefully extirpated 

using sterile forceps as described previously (Sethi et al., 2011) and were homogenized in a 1.5 

ml microcentrifuge tube containing 500 µl sterile Brain Heart Infusion (BHI) broth. The gut 

homogenate was intermittently vortexed to separate the bacteria from the gut wall. Ten-fold 

serial dilutions of homogenized gut contents were prepared and plated in triplicate on two 

selective media, McConkey agar, (M7408 Sigma Aldrich, selective for gram negative), and MRS 

agar (69964 Fluka, selective for lactic acid producing bacteria), and plates were incubated at 30° 

C for 48 h. Bacterial isolates in each media were categorized into different morphological types 

(morphotypes) based on the size, shape, and color of the bacterial colonies. Morphologically 

distinct bacterial colonies were selected and further purified. Individual bacterial isolates were 

grown overnight in BHI broth at 30°C  and were stored as glycerol (20%v/v) stocks at -80°C until 

further analysis.  

2.2.2 Sequencing of the 16S rRNA gene  

 

A total of 135 isolates were grown overnight in 500 µl of sterile BHI. 250 µl of culture was used 

to extract DNA using the DNeasy® 96 Blood & Tissue Kit (Qiagen, Valencia, CA) according to 

manufacturer’s instructions. The 16S rRNA gene was amplified with universal bacterial primers 

27F and 1492R (Lane 1991) using LongAmp™ Taq 2X Master Mix (New England BioLabs, 

Ipswich, MA). The annealing temperature was calculated using the NEB Tm calculator 

(http://tmcalculator.neb.com/#!/). PCR products were purified using QIAquick PCR Purification 

Kit (Qiagen, Valencia, CA) and were run on 1% agarose gel to assess the quality and size. DNA 

concentration of the purified PCR products was measured using NanoDrop® ND1000. PCR 

products were bi-directionally sequenced at Beckman Coulter Genomics facility, MA using 

Sanger dideoxy DNA Sequencing technique. Nearly full length sequences of ~1500 bp were 

http://tmcalculator.neb.com/#!/
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obtained. Forward and reverse sequences were assembled into contigs and were manually 

checked for errors using ChromasPro (v. 1.5). Individual sequences were also checked for the 

presence of chimeras using Mallard 1.02. Good quality sequences were compared with those 

present in the GenBank/NCBI, rdp, and EzTaxon (Cultured) database. The 16S rRNA gene 

sequences of all the bacteria identified in this study were deposited in NCBI Genbank database. 

Accession numbers are presented in Table 2.1.  

2.2.3 Minimum inhibitory concentration of Hecate and Ligand-Hecate 

 

Both Hecate (FALALKALKKALKKLKKALKKAL) and ligand-Hecate 

(ALNLTLHFALALKALKKALKKLKKALKKAL) were synthesized using solid state peptide 

synthesis at the LSU AgCenter Biotechnology Laboratory’s Protein Facility. The minimum 

inhibitory concentration (MIC) of Hecate and ligand-Hecate was determined for the following 

termite gut bacteria isolated in this study, Enterobacter cloacae CMC61A1, Trabulsiella 

odontotermitis AS-7737, Citrobacter sp. E710D3, Lactococcus lactis MC45F4 and Pilibacter 

termitis PE49A2, as previously described (Hancock, 1999). Enterobacter cloacae, Citrobacter 

sp. and L. lactis have been previously reported in various termite species (Harazono et al., 2003, 

Adams and Boopathy, 2005, Bauer et al.,2000, Schultz and Breznak, 1978), but are not unique to 

termites. P. termitis and T. odontotermitis were reported exclusively from the termite gut (Chou 

et al., 2007, Higashiguchi et al., 2006).  Serial dilutions of Hecate and ligand-Hecate were 

prepared in 0.01% acetic acid, 0.2% BSA in polystyrene tubes. Bacteria were grown overnight in 

Müller-Hinton broth (MHB) and were approximately diluted to 106 Colony Forming Units 

(CFU)/ml. The diluted cultures were grown overnight in MHB at 30°C with serially diluted 

Hecate and Ligand-Hecate (final volume: 5 ml). The final concentration of the peptides ranged 

from 100 µM to 0.19 µM. For P. termitis PE49A2, MIC was carried out in an anaerobic gas jar 
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using AnaeroGen (Oxoid, Hampshire, UK). After 24 hrs of incubation, the lowest concentration 

at which no visible growth was observed was considered as the MIC. All the MIC experiments 

were carried out in triplicates.  

2.2.4 Transformation of Trabulsiella odontotermitis 

 

Trabulsiella odontotermitis AS-7737 were grown to 0.6 O.D and 1 ml of the culture was 

centrifuged at 10,000 g at 4°C. The cell pellet was washed two times with 1 ml ice cold sterile 

distilled water followed by two washes with 1 ml ice cold 10% glycerol solution. The cells were 

suspended in 50 µl of 10% glycerol and were immediately used for electroporation. For 

electroporation, 50 ng of plasmid PTrcHis 2-ELGFP6.1–TOPO containing the GFP gene and an 

Ampicillin resistance marker for selective growth (Kato et al., 2002) was mixed with the cells 

and cells were transformed via electroporation in a 2 mm gap electroporation cuvette (Eppendorf 

electroporator 2510 at 2.5 kV). After electroporation, cells were grown in 1 ml SOC medium for 

1h at 37°C and were spread on LB agar with 100 µg/ml Ampicillin and IPTG plates in different 

dilutions. Plates were incubated at 37°C for 24 h and Ampicillin resistant colonies were selected 

for further analysis. Plates with colonies of transformed T. odontotermitis were observed under a 

UV light trans-illuminator to check for the presence of fluorescent colonies. Cells from 

individual bacterial colonies were observed under a fluorescent microscope (Leica DM RXA2 

fluorescent microscope, 100x oil, N.A= 1.3).  

2.2.5 Termite feeding bioassay  

 

Transformed T. odontotermitis expressing GFP (T. odontotermitis –GFP) cells were grown 

overnight in LB-Ampicillin broth and 1 ml of cells were centrifuged and washed 3 times with 5 

ml of sterile distilled water. The cells were suspended in 500 µl of sterile water and were added 
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to cellulose discs prepared as previously described (Sethi et al., 2014). 50 workers and 10 

soldiers collected from the three different termite colonies were allowed to feed on cellulose 

discs containing T. odontotermitis –GFP at 25±2°C and 85 % R.H. For each termite colony, five 

replicates were used. For control, termites were fed on cellulose discs containing no bacteria and 

cellulose discs containing non engineered T. odontotermitis. After 48 hours of feeding on the diet 

containing T. odontotermitis –GFP, termites were moved to a new petri dish containing a sterile 

cellulose disc moistened with sterile tap water. After 48 hours, guts of ten randomly selected 

termite workers from each petri dish were extirpated and homogenized in 500 µl sterile LB 

broth. A part of the homogenate was observed under a fluorescent microscope (Leica DM RXA2 

fluorescent microscope) to test whether the bacteria express GFP in the gut. Serial dilutions of 

the remaining gut homogenate were spread on LB agar containing 100 µg/ml Ampicillin and 

IPTG. After 24 hours, plates were observed under an UV trans-illuminator (UVP, Upland, CA) 

and fluorescent colonies were counted. The number of bacteria from three different colonies was 

analyzed using analysis of variance using SAS 9.3 (SAS Institute, Cary, NC). T. odontotermitis –

GFP isolated from the termite gut were grown overnight in LB broth and were stored as glycerol 

stocks at -80°C.  

2.3 Results and discussion 

 

2.3.1 Bacteria identified from the termite gut 

 

Termites harbor a diverse bacterial population in their gut. Studies using culture independent 

techniques have shown the presence of at least 213 different bacterial species in the gut of FST 

(Husseneder et al., 2010a). For the paratransgenesis-based termite control method, a bacteria 

specific to the termite gut would be an ideal choice to be engineered as a ‘Trojan Horse’ to 

deliver detrimental gene products into a termite colony. Bacteria that are only known to occur in 
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the C-terminus coding region of glmS gene, the inter-genic region between glmS and pstS, and 

the N-terminus coding region of the pstS gene. Genomic DNA of T. odontotermitis was extracted 

using the DNeasy Blood & Tissue Kit (Qiagen 69504) and was subjected to PCR using primers 

GLMS_CT_Fw and PSTS_CT_Rv.  

 

 

Figure 3.1: Multiple alignment of glmS (top) and pstS (bottom) genes of E. coli MG1655, 

Citrobacter koseri ATCC BAA-895, Salmonella enterica subsp. enterica serovar Typhimurium 

LT2, Klebsiella pneumoniae subsp. pneumoniae HS1128 and Enterobacter cloacae EcWSU1. 

Frames show the region used for designing primers GLMS_CT_Fw and PSTS_CT_Rv 

respectively. 

 

The amplified product was cloned in pCR®2.1-TOPO® (Invitrogen K4660-01) according to 

manufacturer’s instructions and was subsequently sequenced at Macrogen, MD, USA. The 

sequence obtained was used to confirm the presence of attTn7 site by comparing it with the 

consensus attTn7 site as described previously (Mitra et al., 2010). At the time of the experiment 

the whole genome sequence of T. odontotermitis was not yet published. However, we were able 

to confirm the sequence obtained from this experiment by comparing it to T. odontotermitis glmS 
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3.2.9 Statistical analysis 

 

All statistical analysis was done using SAS 9.3 (SAS Institute, Cary, NC). PROC UNIVARIATE 

was used to check the data for normality. PROC MIXED with SLICE function was used to 

analyze the data from the feeding experiment from all days and all the replicates. PROC MIXED 

was used to analyze the data for consumption. PROC LOGISTIC adjusted with Tukey’s test was 

used to calculate probabilities of termite mortality for various treatments.  

3.4 Results and discussion 

 

3.4.1 Transformation with a constitutively expressed plasmid leads to strong but transient GFP 

expression in the termite gut  

 

In a previous study we transformed Trabulsiella odontotermitis with a lactose/ IPTG inducible 

GFP plasmid (Tikhe et al., 2016). We were able to retrieve engineered T. odontotermitis via 

culture from the termite gut, thereby confirming that the strain was ingested by the termites. 

However, we were not able to visually detect GFP expression in the termite gut (Tikhe et al., 

2016). Failure to induce the promoter due to insufficient lactose concentration was the most 

likely cause for the lack of expression. Our previous experiments also showed that with a low 

copy number plasmid, it is difficult to observe GFP expression against the termite gut’s auto-

fluorescence (unpublished data).  To overcome these issues, we constructed a new high copy 

number plasmid (pCT-ELGFP 6.1) in this study, which has a variant of GFP under the control of 

a strong constitutively expressed promoter RecA ∆LexA and KanR gene.  

Transformation of T. odontotermitis with pCT-ELGFP6.1 conferred Kanamycin resistance. 

Transformed colonies showed fluorescent phenotype when observed under UV light. Even single 

cells from transformed colonies showed bright fluorescence when observed under a fluorescent 
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Figure 8.12: Unrooted maximum likelihood phylogenetic tree of Circoviridae replication 

initiation protein. The hosts of the Circoviruses are displayed in a picture next to the sequence. 

Environmental Circoviruses are shown in green. Insect related Circoviruses are shown in red.  

 

To study the conservation of functional genes in the gut virome, we studied the orthologous gene 

clusters present in the termite colonies. Orthologous genes may represent a difference in the 

sequence but the function is generally conserved. The orthovenn analysis of the gut virome from 

all the three termite colonies showed that all the 53,000 protein sequences formed a total of 9,625 

clusters. 
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Figure 8.13: Percent distribution of the functional categories of predominant genes from the guts 

of the termites from three different colonies. The data were generated using MG-RAST server by 

comparing the predicted proteins to MD5nr database. 

 

 

Figure 8.12: Unrooted maximum likelihood phylogenetic tree of Circoviridae replication 

initiation protein. The host of the Circoviruses are displayed in a picture next to the sequence. 

Environmental Circoviruses are shown in green color. Insect related Circoviruses are shown in 

red color.  
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Out of these clusters, 8,317 orthologous clusters contained genes from at least two of the three 

termite colonies. A total of 3,823 clusters comprised of 12,295 protein sequences were shared by 

all three colonies. The data suggest that the virome has a core set of functional genes that is 

conserved between all the three termite colonies. The presence of a conserved core is not 

surprising since most of the bacteriophages carry out the same core basic functions such as 

replication, lysis, packaging, and host integration during their life cycle.  

8.3.10 Termites harbor a core virome and may follow piggyback-the-winner model 

 

Based on the taxonomic and functional overlap among the three different termite colonies 

evidenced by shared phage species and gene functions, we hypothesize that termites harbor a 

highly conserved core virome. The obligatory symbionts of the gut protozoa form the core of the 

conserved bacterial community of the FST gut. The presence of bacteriophages infecting 

obligatory symbionts further corroborates our hypothesis of the conserved core virome. 

Phylogenetic analysis of the terminase and integrase genes further indicated that termite gut 

viruses show a high degree of similarity to pro-phage genes rather than lytic bacteriophages. 

Termites are highly dependent on their gut bacteria to complement their own metabolism, and 

changes in the bacterial population have been shown to negatively affect the termite host. The 

impact of bacteriophage pressure on the bacteria is known to alter their metabolic processes. It 

would be essential for the termite and the gut bacteria to maintain a functionally conserved set of 

biochemical pathways despite the presence of bacteriophage pressure. Hence, it would be 

advantageous to the termite host and the symbiotic gut community it relies upon, if the 

bacteriophage is temperate in nature rather than being lytic. We hypothesize that the termite gut 

virome follows the piggyback-the winner model, which predicts that bacteriophages become 

temperate in nature in higher host abundance and thus maximize their replication without 
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disrupting the balance (Knowles et al., 2016, Silveira and Rohwer, 2016). Manipulating the host 

abundance and studying the viruses in the termite gut would further help us understand the 

strategy followed by the termite bacteriophages. Termites are soil dwelling and the gut bacteria 

must be encountering a number of environmental bacteriophages. It would be interesting to study 

whether termite gut bacteriophages prevent the gut bacteria from environmental bacteriophages 

via superinfection immunity. Termites also present us with an ideal model system to study the 

effects of bacteriophages on the bacterial hosts and ultimately on the termites. In the future, we 

intend to develop termites as a model system to study the complicated quadripartite relationship 

between bacteria, bacteriophages, gut protozoa, and the termites themselves.  
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Chapter 9: Conclusion and future directions 

The aim of this research was explore and exploit the termite gut microbes for termite control. 

The first goal was to target the symbiotic gut protozoa of the termites using a genetically 

engineered termite gut bacterium as a ‘Trojan Horse’. To choose an ideal ‘Trojan Horse’ we set 

six criteria. A bacterium fulfilling all the six criteria was to be used as the ‘Trojan Horse’.  

1. It should be a termite gut symbiont 

To satisfy the first criterion, we isolated Trabulsiella odontotermitis, which is a termite 

gut symbiont. 

2. It should be tolerant to the toxic effects of ligand-Hecate 

We showed that T. odontotermitis is fifty times more tolerant to ligand-Hecate than the 

gut protozoa. 

3. It should be able to express foreign proteins in the termite gut 

Engineered T. odontotermitis was able to express GFP in the termite gut, satisfying our 

third criterion.  

4. It should be maintained in the termite gut when fed externally 

Chromosomally engineered T. odontotermitis strain was maintained in the termite gut for 

at least 21 days. 

5. It should be horizontally transferred to other nest mates in the colony  

We showed that T. odontotermitis is transferred horizontally among nest mates 

6. It should be able to express functional ligand-Hecate 

T. odontotermitis was able to express ligand-Hecate-GFP fusion protein which displayed 

antiprotozoal activity.  
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Overall, we showed that T. odontotermitis satisfies all the criteria of an ideal ‘Trojan Horse’ 

(Chapter 1, 2). As the results from a pilot study using T. odontotermitis engineered with a 

plasmid expressing LiHe-GFP fusion protein (Chapter 3) were promising, we are currently 

conducting the final experiments of measuring the antiprotozoal activity of the engineered T. 

odontotermitis strain quantitatively. Once protozoacidal activity of the gene construct is 

confirmed, T. odontotermitis will be engineered at the chromosomal level using a tn7 transposon 

to express and possibly secrete LiHe-GFP fusion protein (see Chapter 2). The engineered strain 

will be assessed for its ability to kill the termites by eliminating the gut protozoa. In the future, 

the engineered T. odontotermitis can be used in bait form as a standalone tool or in combination 

with the current termite control strategies.  

Overall, this study established a platform for a novel termite control strategy. At each step in the 

study, strict criteria (choosing a target specific to the FSTs, choosing a lytic peptide causing 

minimal side effects to the non-target organisms, choosing a bacterium specific to the termite 

gut, reducing the risk of environmental contamination) were used, keeping environmental safety 

a top priority. In the future, this study can serve as a model for developing novel 

paratransgenesis-based insect control strategies. Even though the main focus of the study was to 

target termite protozoa for pest control, the techniques and findings established through this 

study have broader applications in a variety of fields, including targeting medically important 

protozoa.  

The second goal was to study the bacteriophages from the termite gut to set the stage for 

developing phage therapy for termite control targeting the gut protozoa.  To achieve this goal we 

isolated, identified, and sequenced three novel bacteriophages from the termite gut. CVT22, 

Tyrion, and Arya provide us with a potential tool to target the termite gut bacteria that these 
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phages infect. The extent to which the termite gut bacterial composition is altered after feeding 

these bacteriophages to the termites remains to be examined. As the survival of subterranean 

termite colony is dependent on many essential nutrients provided by the bacteria in their 

workers’ guts, we hypothesize that changes in the bacterial flora might have detrimental effects 

on a colony.   

Sequencing the metavirome of the termite gut indicated the presence of a diverse bacteriophage 

population. Many novel bacteriophage genomes were sequenced from the termite gut. This is the 

first study in termites focusing entirely on uncovering the bacteriophages and other associated 

viruses. The study also indicated a potential core virome present in the termite gut. We also 

predicted that the termite gut virome is dominated by lysogenic bacteriophages. These data 

indicate that the termite gut might follow ‘piggy back the winner’ model. This model suggests 

that the higher the abundance of host bacteria, the higher the number of temperate 

bacteriophages. This study establishes a first step toward developing the termite gut as a model 

to study the interactions between bacteriophages, bacteria, gut protozoa, and the termite. The 

study also showed the presence of novel circoviruses possibly infecting termites.   

In summary, the study of bacteriophages provided an insight into the previously unknown aspect 

of the termite gut microbiology. The study opens up a new area of future research.   
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