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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 Kkill 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
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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 I1l 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 (GIuCl) 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
Igbal, 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 (Hanel
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
UM. 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-Lopez 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.

Obijective 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).

Obijective 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).

Obijective 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.

*This chapter previously appeared as Chinmay V.Tikhe, Amit Sethi, Jennifer Delatte, Claudia
Husseneder, 2016, Isolation and assessment of gut bacteria from the Formosan subterranean
termite, Coptotermes formosanus (Isoptera: Rhinotermitidae), for paratransgenesis research and
application, Insect Science. 24, 93-102. It is reprinted by permission of John Wiley and Sons.



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 ina 1.5
ml microcentrifuge tube containing 500 pl 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 pl of sterile BHI. 250 ul 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

22


http://tmcalculator.neb.com/#!/

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
Miiller-Hinton broth (MHB) and were approximately diluted to 10 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 uM to 0.19 puM. 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 pl 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 pg/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 ul 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 pl 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 pug/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 gImS gene, the inter-genic region between glmsS 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_Ruv.

*k k% kk * k kkk kkkkkhkkkkhkkkk kkkkkhkhkhkhhhhhk dhkkkkk * %

E. coli
S. enterica
C. koseri
K. pneumoniae

En. cloacae

‘ kkkkk kk kkkkkkkkhhkkk khkkkhkkhkk khkkhkkkhkhkhkhhkhkhhhkk khkk k% kkkk

C. koseri
S. enterica

E. coli

En. cloacae
K. pneumoniae

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 ECWSUL.
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 gImS
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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 ALexA 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.
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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.



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. 1t 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. Itshould 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.

140



Appendices: Letters of permission

A Letter of permission for Chapter 2

RightsLink PrinTable License

JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS

May 28, 2017

This Agreement between Mr. Chinmay Tikhe ("You™) and John Wiley and Sons ("John Wiley
and Sons") consists of your license details and the terms and conditions provided by John Wiley
and Sons and Copyright Clearance Center.

License Number 4117860758316

License date May 28, 2017

Licensed Content Publisher John Wiley and Sons
Licensed Content Publication Insect Science

Licensed Content Title Isolation and assessment of gut bacteria from the Formosan subterranean
termite, Coptotermes formosanus (Isoptera: Rhinotermitidae), for paratransgenesis research and
application

Licensed Content Author Chinmay V. Tikhe,Amit Sethi,Jennifer Delatte,Claudia Husseneder
Licensed Content Date Jan 19, 2016

Licensed Content Pages 10

Type of use  Dissertation/Thesis

Requestor type Author of this Wiley article

Format Print and electronic

Portion: Full article

Will you be translating? No

Title of your thesis / dissertation Termite gut microbes as tools and targets for termite control
Expected completion date  Jul 2017

Expected size (number of 300pages)

Requestor Location  Mr. Chinmay Tikhe

141



404 Life Sciences building
Department of Entomology

BATON ROUGE, LA 70803

United States

Attn: Mr. Chinmay Tikhe

Publisher Tax ID EU826007151
Billing Type Invoice

Billing Address Mr. Chinmay Tikhe
404 Life Sciences building
Department of Entomology

BATON ROUGE, LA 70803

United States

Attn: Mr. Chinmay Tikhe

Total 0.00 USD

Terms and Conditions

TERMS AND CONDITIONS
5/28/2017 RightsLink PrinTable License

This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or one
of its group companies (each a"Wiley Company") or handled on behalf of a society with which a
Wiley Company has exclusive publishing rights in relation to a particular work (collectively
"WILEY™"). By clicking "accept™ in connection with completing this licensing transaction, you
agree that the following terms and conditions apply to this transaction (along with the billing and
payment terms and conditions established by the Copyright Clearance Center Inc., ("CCC's
Billing and Payment terms and conditions"), at the time that you opened your RightsLink
account (these are available at any time at http://myaccount.copyright.com).

Terms and Conditions

The materials you have requested permission to reproduce or reuse (the "Wiley Materials™) are
protected by copyright.

You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand- alone basis),
non-transferable, worldwide, limited license to reproduce the Wiley Materials for the purpose
specified in the licensing process. This license, and any CONTENT (PDF or image file)
purchased as part of your order, is for a one-time use only and limited to any maximum
distribution number specified in the license. The first instance of republication or reuse granted

142



by this license must be completed within two years of the date of the grant of this license
(although copies prepared before the end date may be distributed thereafter). The Wiley
Materials shall not be used in any other manner or for any other purpose, beyond what is granted
in the license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the copyright
notice that appears in the Wiley publication in your use of the Wiley Material. Permission is also
granted on the understanding that nowhere in the text is a previously published source
acknowledged for all or part of this Wiley Material. Any third party content is expressly
excluded from this permission.

With respect to the Wiley Materials, all rights are reserved. Except as expressly granted by the
terms of the license, no part of the Wiley Materials may be copied, modified, adapted (except for
minor reformatting required by the new Publication), translated, reproduced, transferred or
distributed, in any form or by any means, and no derivative works may be made based on the
Wiley Materials without the prior permission of the respective copyright owner.For STM
Signatory Publishers clearing permission under the terms of the STM Permissions Guidelines
only, the terms of the license are extended to include subsequent editions and for editions in
other languages, provided such editions are for the work as a whole in situ and does not involve
the separate exploitation of the permitted Figures or extracts,

You may not alter, remove or suppress in any manner any copyright, trademark or other notices
displayed by the Wiley Materials. You may not license, rent, sell, loan, lease, pledge, offer as
security, transfer or assign the Wiley Materials on a stand-alone basis, or any of the rights
granted to you hereunder to any other person.

The Wiley Materials and all of the intellectual property rights therein shall at all times remain the
exclusive property of John Wiley & Sons Inc, the Wiley Companies, or their respective
licensors, and your interest therein is only that of having possession of and the right to reproduce
the Wiley Materials pursuant to Section 2 herein during the continuance of this Agreement. You
agree that you own no right, title or interest in or to the Wiley Materials or any of the intellectual
property rights therein. You shall have no rights hereunder other than the license as provided for
above in Section 2. No right, license or interest to any trademark, trade name, service mark or
other branding

https://s100.copyright.com/AppDispatchServlet
5/28/2017  RightsLink PrinTable License

("Marks™) of WILEY or its licensors is granted hereunder, and you agree that you shall not assert
any such right, license or interest with respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY

143



QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of this
Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their respective
directors, officers, agents and employees, from and against any actual or threatened claims,
demands, causes of action or proceedings arising from any breach of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction to be illegal,
invalid, or unenforceable, that provision shall be deemed amended to achieve as nearly as
possible the same economic effect as the original provision, and the legality, validity and
enforceability of the remaining provisions of this Agreement shall not be affected or impaired
thereby.

The failure of either party to enforce any term or condition of this Agreement shall not constitute
a waiver of either party's right to enforce each and every term and condition of this Agreement.
No breach under this agreement shall be deemed waived or excused by either party unless such
waiver or consent is in writing signed by the party granting such waiver or consent. The waiver
by or consent of a party to a breach of any provision of this Agreement shall not operate or be
construed as a waiver of or consent to any other or subsequent breach by such other party.

144



This Agreement may not be assigned (including by operation of law or otherwise) by you
without WILEY"s prior written consent.

https://s100.copyright.com/AppDispatchServlet
5/28/2017  RightsLink PrinTable License

Any fee required for this permission shall be non-refundable after thirty (30) days from receipt
by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and conditions
(which are incorporated herein) form the entire agreement between you and WILEY concerning
this licensing transaction and (in the absence of fraud) supersedes all prior agreements and
representations of the parties, oral or written. This Agreement may not be amended except in
writing signed by both parties. This Agreement shall be binding upon and inure to the benefit of
the parties' successors, legal representatives, and authorized assigns.

In the event of any conflict between your obligations established by these terms and conditions
and those established by CCC's Billing and Payment terms and conditions, these terms and
conditions shall prevail.

WILEY expressly reserves all rights not specifically granted in the combination of (i) the license
details provided by you and accepted in the course of this licensing transaction, (ii) these terms
and conditions and (iii) CCC's Billing and Payment terms and conditions.

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was
misrepresented during the licensing process.

This Agreement shall be governed by and construed in accordance with the laws of the State of
New York, USA, without regards to such state's conflict of law rules. Any legal action, suit or
proceeding arising out of or relating to these Terms and Conditions or the breach thereof shall be
instituted in a court of competent jurisdiction in New York County in the State of New York in
the United States of America and each party hereby consents and submits to the personal
jurisdiction of such court, waives any objection to venue in such court and consents to service of
process by registered or certified mail, return receipt requested, at the last known address of such

party.
WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish open
access articles under the terms of the Creative Commons Attribution (CC BY) License only, the
subscription journals and a few of the Open Access Journals offer a choice of Creative Commons
Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY license
permits commercial and non-Creative Commons Attribution Non-Commercial License

145



Vita

Chinmay Tikhe was born in Pune, India. Chinmay received a Bachelor’s degree in Microbiology
from University of Pune in 2008. After graduation Chinmay enrolled in a Master’s program in
Microbiology in University of Pune. For his Master’s thesis Chinmay worked at National Center
for Cell Science. His research was focused on studying the gut bacteria of various mosquito

species from Dengue endemic and non-endemic areas of India.

In August 2011, Chinmay started his PhD program in the Department of Entomology at
Louisiana State University Agricultural center. Currently, Chinmay is a PhD candidate in Dr.
Claudia Husseneder’s lab. His research is focused on developing new techniques for termite
control using termite gut microbes. Chinmay intends to pursue a career in insect-microbe

interactions.

150



