
ABSTRACT 

DIVERSITY AND DISTRIBUTION OF CODH GENES WITHIN PHYLOGENETICALLY 
HIGHER TERMITE GUT MICROBIAL COMMUNITIES 

 

By Buckley D. Fechter 

 Termites embody a highly efficient bioreactor for converting cellulose and 
hemicellulose into acetate, a chemical that fuels insect energy metabolism.  A highly 
complex nutritional mutualism between termites and their gut microbes underlies this 
process and gives termites the ability to subsist solely on lignocellulosic plant material.  
Lithoautotrophic gut bacteria known as acetogens assist with the efficiency of the 
reactor by utilizing the byproducts of fermentative processes, hydrogen and carbon 
dioxide, to form additional acetate.  This retains carbon and energy in the system 
making it available to the host.   

As termites have evolved, their gut tracts have become more 
compartmentalized.  It remains unknown whether this compartmentalization has 
distributed certain acetogenic bacteria within different gut compartments. A gene of 
particular importance in understanding the diversity and distribution of acetogenic 
metabolism is cooS, which encodes carbon monoxide dehydrogenase (CODH), an 
enzyme that unites the methyl branch with the carbonyl branch of the acetogenic 
pathway.  Degenerate CODH gene PCR primers along with cloning, restriction length 
polymorphism analysis and sequencing were employed to investigate CODH genes in 
five phylogenetically higher termites and individual gut segments of one of these 
termites, Gnathamitermes perplexus.   

The aim of this research was to reveal the diversity of CODH genes in several 
higher termites and to determine whether phylogenetic or functional differences exist 
among the different gut segments in one such termite.  These analyses identified three 
main phylogenetic groupings of CODH amino acid sequences and found that individual 
gut segments of G. perplexus contained different types of CODH enzymes.  The results 
indicate that there are similarities among CODH enzymes found in a variety of higher 
termites but that individual gut compartments can contain different types of CODH 
enzymes.  This suggests that axial stratification of acetogenic metabolism has occurred 
along the length of the gut in higher termites. 
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CHAPTER I 

INTRODUCTION 

 

Biology and Phylogeny of Termites 

Termites are in the order Isoptera and are closely related to cockroaches and 

mantids (Inward et al, 2007).  Termites have been estimated to account for up to 

10 percent of all terrestrial insects (Kambhampati & Eggleton, 2000). There are 

seven accepted families of termites, which are then further broken into two 

groups comprised of six families of lower termites and one family of higher 

termites.  Higher termites comprise approximately 85% of the known termite 

species (Kambhampati & Eggleton, 2000).  These two groupings differ in that 

higher termites lack flagellate protozoa in their gut microbiota and have a well-

defined segmented gut tract (Schmitt-Wagner et al, 2003).  Lower termite gut 

tracts contain abundant flagellate protozoa, which are attributed with the main 

role in lignocellulose degradation and consist of three compartments, of which 

the hindgut paunch is thought to play the dominant role in digestion (Matsui et al, 

2009).  

Termites and wood-feeding cockroaches are the only animals able to 

subsist solely on the lignocellulosic components of plants (Breznak, 1982).  The 

complex symbiosis between the termite and its mutualistic gut micrbiota allows 

the degradation and eventual fermentation of polysaccharides derived from 

wood. Certain bacterial members of this community assist with the efficiency of 
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this process by producing enzymes for acetogenesis by capturing and converting 

hydrogen and carbon dioxide into acetate, which the insect then uses. 

The diet of lower termites consists of primarily wood and other 

lignocellulose material (Kambhampati & Eggleton, 2000).  With the help of a 

microbial community that includes symbiotic protists, lower termites have evolved 

the ability to use these often difficult to digest materials as a source of energy.  

Even with this difficult diet, their gut tract has remained relatively simple.  It is 

primarily comprised of one large paunch where digestion occurs and accounts for 

about one-third of the wet weight of the insect.  

Higher termite guts have evolved to handle a more diverse range of food.  

Higher termites are known to feed on soil, grass, and even self-cultivating fungi 

(Inward et al, 2007; Rouland-Lefevre, 2000).  Higher termites have a much more 

segmented gut comprising a crop, midgut, mixed segment, proctodeal segment 

1, proctodeal segment 2, proctodeal segment 3 (analogous to the hind gut 

paunch in phylogenetically lower termites), colon and rectum (Bignell, 2000).  

Gnathamitermes perplexus is a higher termite that contains well definable gut 

compartments and was used in these studies to investigate the distribution of 

CODH genes, a marker for microbial acetogenic metabolism in three sections of 

the gut. 
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Microorganisms of the Termite Gut 

The microbial communities of termite guts are extremely diverse.  A typical gut 

contains over 200 microbial species representing all three domains of life: 

Eukaryotic protozoa, bacteria and methanogenic Archaea (Brune & Stingl, 2006; 

Hongoh et al, 2003).  Over hundreds of millions of years termites have developed 

a mutualistic symbiotic relationship with these microorganisms, to the point 

where most of these organisms rely upon their insect hosts and are not found 

anywhere else in nature (Ohkuma & Kudo, 1996).     

Archaea, though not overly abundant, are ubiquitous in termites as well as 

wood-feeding cockroaches.  Many of the studied Archaea in the termite gut are 

methanogens (Brauman et al, 1992).  By contrast, bacterial phyla, such as 

Actinobacteria, Firmicutes, Bacteroides, Proteobacteria, and Spirochetes, are 

extremely abundant in the gut tracts of termites and roaches (Schmitt-Wagner et 

al, 2003; Yang et al, 2005); however, very few of these species are able to be 

grown in pure culture and many do not exist anywhere else in the world and are 

thereby extremely rare (Ohkuma, 2003; Ohkuma & Kudo, 1996).  The rarity of 

these microbes outside of the termite gut suggests a strong co-evolution between 

termites and their specific gut microbes (Hongoh, 2010; Schmitt-Wagner et al, 

2003; Yang et al, 2005).  In lower termites, protists are necessary for digestion of 

plant materials and therefore are necessary for the survival of the group 

(Cleveland, 1924; Cleveland, 1925). Lower termites contain between one and 



4 
 

 

eleven species of protists (Hungate, 1943) which are responsible for secreting 

the enzymes that break down lignocellulose. 

 

Microbial Function in Termite Nutrition 

Most animals depend on microbial communities to aid in digestion.  Microbial 

communities often increase digestive and absorptive efficiency in their hosts; this 

increased efficiency allows the animal to survive on resources it would not be 

able to on its own.  A well-known example of this symbiosis can be found in 

cattle. The microbial community present in the rumen of cattle contributes to 

degrading the consumed grasses and other cellulose material ingested (Yue et 

al, 2013). The microbes aid in preventing diet induced inflammation as well as 

increased digestion (Greening & Leedle, 1989; Zebeli & Metzler-Zebeli, 2012). 

The true champions of such symbiotic relationships are termites and wood-

feeding cockroaches. Because of this symbiosis, both of these insect families are 

able to gain 100% of their energy demands from lignocellulose, a woody, carbon-

rich biopolymer found in plants (Breznak, 1982).  Even though lignocellulose is 

the largest organic carbon source potentially available to terrestrial animals, 

these are the only two animals that are able to subsist solely on it. 

Termites produce their own cellulolytic enzymes from salivary glands or 

mid-gut epithelium to initiate the digestive process of lignocellulose.  Even with 

the digestion of lignocellulose initiated it is still necessary for a mutualistic 
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symbiosis to occur between termites and their microbial community (Matsui et al, 

2009; Scharf et al, 2010; Yang et al, 2005).  Aside from the knowledge that 

microbes are required for their digestion and therefore survival, there is limited 

knowledge on the interactions that occur between microbes present in the gut of 

a termite (Breznak, 1994; Matsui et al, 2009; Scharf et al, 2010; Yang et al, 

2005).  It is known, however, that enzyme production to degrade lignocellulose 

by bacterial interaction is present in lower termites it is likely greater in higher 

termites due to the lack of protozoa (Matsui et al, 2009). 

Many of the bacteria in termites are acetogens, which produce acetate that the 

termite can utilize as a source of energy.  It is particularly interesting that 

acetogens are successful, because they compete with methanogens.  The 

lithotrophic metabolism that acetogens and methanogens use would suggest that 

acetogens would be at a decisive disadvantage due to the difference in 

thermodynamics.  Acetogenesis from H2+CO2 has an overall ∆G between -18 to  

-48 kJ/mol verses methanogenesis from H2+CO2 having a ∆G of -67 to -98 

kJ/mol (Schink, 1997).  Because methanogens utilize methanogenesis to 

produce methane instead of acetate due to the more favorable energetics, they 

typically are the more dominate when competing in nature.  Acetogens are 

associated with environments that utilize natural polymers such as cellulose and 

lignin, such as in termite guts.  They are able to out-compete methanogens due 

to their ability to utilize alternate electron acceptors as well as having a proton 

potential that drives ATP synthesis (Brauman et al, 1992; Jones & Simon, 1985; 
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Muller, 2003).  Due to the high levels of hydrogen, there exists a high proton 

potential allowing acetogenesis to take place (Lopez et al, 1999; Phelps & 

Zeikus, 1984).  In fact, acetate production through acetogenic metabolism and 

can provide nearly one-third the overall energy needed by a termite (Breznak & 

Switzer, 1986).  Figure 1.1 shows the general path of lignocellulosic material as it 

gets processed into methane and acetate during digestion.  

 

Figure 1.1. Schematic of acetate production in wood-feeding termites.  

 

Acetogenesis 

Bacteria referred to as acetogens utilize a process called acetogenesis to 

produce acetate from utilizing hydrogen and carbon dioxide.  Acetogens are 

anaerobic bacteria that are found in many nutrient poor locations as well as 

nutrient rich environments such as the guts of termites.  Clostridium aceticum 

was the first isolated and then lost bacteria that grew under conditions that 

contained only carbon dioxide and hydrogen (Fontaine et al, 1942; Wieringa, 

1940)).   Moorella thermoacetica was isolated in 1942 and has been studied for 
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its potential to grow on hydrogen and carbon dioxide (Kerby 1983).   M. 

thermoacetica utilizes hydrogen to reduce carbon dioxide to create acetate 

without the formation of other metabolic end products, thereby making it a 

homoacetogen (Wieringa, 1940).   

Landfills and biodigesters are used by humans to break down organic 

waste materials, such as leftover food products, paper products, and excrement. 

These are examples of dissimilatory food webs used by humans, but termite guts 

are also a type of dissimilatory food web. This kind of food web is driven by a 

community of organisms that sequentially break down complex organic carbon 

sources.  Complex polymers are depolymerized and broken down into oligomers 

which then are then converted into carbon dioxide.  Carbon dioxide then can 

undergo acetogenesis or methanogenesis.  Using multiple organisms over 

several steps allows for a more efficient process and a higher yield of energy 

(Breznak, 1984).  In landfills, this energy is released as methane gas which is 

then burned, but in termites, this energy is utilized by the insect.   Acetogens 

increase efficiency in these systems by utilizing carbon dioxide that is produced 

at the end of a dissimilatory food web for a source of carbon for growth.  Animals 

that contain acetogens in their digestive tracts can often utilize the acetate as an 

energy source.  Even humans utilize this synergistic relationship to increase 

efficiency of digestion (Hooper et al, 2002).   
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Wood-Ljungdahl Pathway and Biochemistry of Carbon Monoxide 

Dehydrogenase 

Acetogens utilize the Wood-Ljungdahl pathway, also known as the acetyl-CoA 

pathway, for the process of metabolizing hydrogen and carbon dioxide. The 

hydrogen is used as an electron donor and the carbon dioxide is used as an 

electron acceptor.  In the Wood-Ljungdahl pathway, carbon dioxide is reduced to 

carbon monoxide and combined with a methyl group originating from a second 

molecule of carbon dioxide to produce acetyl-CoA.  This metabolism, based on 

remarkably simple substrates, requires a comparably complex series of 

reductions occurring in two branches of the pathway: the methyl and carbonyl 

branch (Fig. 1.2). 

In the methyl branch of the Wood-Ljungdahl pathway, carbon dioxide is 

sequentially reduced using hydrogen electrons to form the methyl group.  In the 

pathway, formate dehydrogenase initially accepts the carbon dioxide and 

converts it to formate.  Formyl-THF synthase adds formate (at the expense of 1 

ATP) to the coenzyme tetrahydrofolate to create formyl-tetrahydrofolate 

(Ragsdale, 2008).  Methenyl-THF cyclohydrolase converts the formyl group to a 

methenyl group, forming methenyl-THF.  From here, the methyl group is further 

reduced via methylene-THF dehydrogenase thereby forming methylene-THF and 

then by and additional reduction to methyl-THF by methylene-THF reductase.  
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Finally the reduced carbon, now a methyl group, is poised for transfer (Ljungdahl 

& Clark, 1986; Ragsdale & Ljungdahl, 1984; Vanoni et al, 1990).   

 

Figure 1.2. General schematic of the Wood-Ljungdahl pathway for CO2-reductive 

acetogenesis.   

Meanwhile in the carbonyl branch, a second molecule of carbon dioxide is 

reduced by the enzyme, carbon monoxide dehydrogenase, to carbon monoxide.  

Methyl transferase transfers the methyl group from the methyl branch to the 

acetyl CoA synthase that holds the carbon monoxide from the carbonyl branch.  

These two molecules are joined to form acetyl-CoA.  ATP can then be recovered 
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when the acetyl-CoA is converted to acetate.  Alternatively, the acetogen can use 

acetyl-CoA for biosynthesis.  When acetate is formed, there is no net ATP gain or 

loss; however, it is thought that the pathway generates a proton motive force, 

thereby contributing to the energy conservation of the cell through a form of 

anaerobic respiration (Muller, 2003).  This metabolic flexibility from very simple 

starting materials (e.g. hydrogen and carbon dioxide) gives acetogens the ability 

to grow lithotrophically, or the ability to grow from inorganic minerals, as well as 

autotrophically.  It is speculated that this represents a very ancient type of 

metabolism used perhaps by some of the earliest existing microbes (Leadbetter 

et al, 1999).  

As shown in the Wood-Ljungdahl pathway, carbon monoxide 

dehydrogenase (CODH) is an important enzyme that is necessary for 

acetogenesis in anaerobic bacteria.  CODH is fundamental in allowing the 

carbonyl branch to acquire the carbon monoxide it requires to produce acetyl-

CoA.  Because CODH is necessary for the Wood-Ljungdahl pathway to function 

the CODH gene that codes for CODH is a great marker (King, 2003).   

 

 

 

 

  



11 
 

 

Previous Research Supporting these Studies 

A previous study looking at the anaerobic carbon monoxide dehydrogenase 

diversity in the microbial communities of wood-feeding insects was drawn upon 

to develop the procedural approach to this experiment (Matson et al, 2011).  

Within this study the diversity of the CODH gene present in the hindguts of lower 

termites and wood-feeding cockroaches were investigated using degenerate 

primers.  The CODH genes identified in that study were incorporated into this 

study to provide context to phylogenetic comparisons.   
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CHAPTER II 

METHODS AND MATERIALS 
 

Insect Collection 

Gut community DNA was obtained from worker caste specimens of five species 

of phylogenetically higher termites by Dr. Eric Matson.  Four of these species 

were collected from locations in Cost Rica.  Specimens included:  Nasutitermes 

sp. collected in Costa Rica from their nest situated in a guava tree (Psidium 

guajaba), Rhynchotermes sp. collected among leaf litter, Amitermes sp. collected 

from the roots of decaying sugar cane and Microcerotermes sp. collected from 

nests situated in an unidentified palm.  Specimens of Gnathamitermes sp. were 

collected in Joshua Tree National Park, CA from their subterranean nests.   In 

addition to whole gut DNA samples, DNA was extracted from several gut 

segments of Gnathamitermes sp.   

The DNA from the gut microbial communities of Gnathamitermes 

perplexus was isolated and collected by Dr. Eric Matson.  Termites were 

collected from Joshua Tree National Park in South-Eastern California (permit 

number JOTR-2008-SCI-0002). Whole gut samples were pooled from the entire 

gut of 25 worker caste termites.  Segments were sectioned from another 25 

termites and pooled.  DNA was extracted according to previously developed 

protocols (Matson et al, 2011) and frozen at -20°C until use.  Samples were 

diluted to a concentration of 10 ng/µl for PCR amplification.  The termite gut was 
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divided into three sections consisting of the anterior, proctodeal segment 2, and 

the posterior sections (Figure 3.1)  

 

Degenerate Primer Sets 

Degenerate primers developed for amplifying CODH genes (Matson et al, 2011) 

were utilized for this project and are reported in appendix A.  These primers 

target conserved amino acid sequences near the beginning and end of the 

catalytic subunit of anaerobic CODH and are able to amplify CODH genes 

containing one of over 68 million potential combinations of forward and reverse 

primer binding sequences.  

 

Amplification of CODH Genes 

PCRs of the CODH genes from DNA templates were performed in 20 µl PCR 

reactions in triplicate for each sample.  Primer cooS-1F was not used in any of 

the CODH templates from G. perplexus because this primer produced no 

detectible signal as determined by individual pair-wise PCR amplifications of 

individual primer combinations on community DNA samples (Figure 3.1).   

Amplifications used a combination of forward and reverse primer modules 

and was carried out in 60 µl volumes containing 1x Failsafe Buffer D (Epicentre, 

Madison, WI), 20 ng of DNA, forward and reverse primer modules at 0.2 
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pmol∙degeneracy-1∙primer-1 (final conc.), and 2 µl of HiFi taq (Roche Diagnostics, 

Mannheim, Germany).  The reaction for the whole gut utilized primers 2F, 3F, 4F, 

1R, 2R and 3R.  P1/anterior section utilized primers 2F, 3F, 4F, 1R, 2R and 3R 

for the reaction.  The reaction for the proctodeal segment 2 utilized 2F, 3F, 4F, 

1R and 2R.  P3/posterior section utilized primers 2F, 4F, 1R and 2R for the 

reaction. 

The 60 µl PCR reactions were split into three 20 µl PCR tubes to more 

evenly thermocycle.  The denaturing/polymerase activating step was conducted 

for two minutes at 94°C.  The amplification was conducted for 26 cycles.  The 

conditions for each cycle were 30 seconds at 94°C, 30 seconds at 55°C, and 90 

seconds at 72°C.  The PCR mix was then held at 72°C for eight minutes to 

ensure amplification was complete.  PCR products were then cooled and held at 

4°C.   

PCR products were visualized by gel electrophoresis through a 1% 

agarose gel in a 1x TAE buffer followed by post-staining with ethidium bromide.  

Products were purified by preparative gel electrophoresis by excising amplicons 

containing putative CODH gene products from a 1% low melting temperature 

agarose gel using the QIAQuick gel extraction kit according to manufacturer’s 

protocol (QIAGEN, Inc., Valencia, CA).   
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CODH Gene Library Construction and Sequencing 

Amplicons produced by PCR represent approximately 80% of the total CODH 

gene size.  Due to the blunt-ended PCR products, it is necessary to attach 

adenosine nucleotide overhangs.  In order to prepare the ends for cloning into 

TOPO-TA cloning vectors (Invitrogen, Grand Island, NY) for sequencing, a 

mixture of 1 µl of dNTP (10 µM), 1 µl of 10x ThermoPol buffer (New England 

Biolabs, Ipswich, MA), 0.2 µl of NEB taq, 8 µl of Purified PCR was incubated for 

15 minutes.  The 10.2 µl reaction was incubated at 72°C.  

2 µl of PCR products were used in a TOPO cloning reaction.  The product 

was added to a 1 µl salt solution, 2 µl of PCR grade water, and 1 µl of the TOPO-

TA 2.1 vector according to the manufacturer’s protocol (Invitrogen).  This mixture 

was incubated for 15 minutes at room temperature.  After 15 minutes TOPO 

vectors were chilled on ice.  2 µl of the cloning reaction was then added to 

chemically competent Escherichia coli DH5 (Invitrogen) and gently stirred.  The 

cells were then placed back on ice and incubated for 30 minutes, heat shocked 

for 30 seconds at 42°C, and immediately transferred back to ice.  Cells were 

recovered for one hour in SOC medium at 37C while shaking.  Transformants 

were plated on seven LB plates containing 100 µg/ml of ampicillin for selection.  

Plates were pre-warmed to 37°C to reduce shock to the cells. For each segment 

(whole gut, proctodeal segment 2, and the P3/posterior section,), there was one 

plate spread with 100 µl of cells, two plates spread with 50 µl, two plates spread 
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with 25 µl, two plates spread with 10 µl.  These colonies were grown overnight at 

37C. 

To create a library, 96 colonies were selected and suspended in 125 µl 

0.5x TE buffer in a 96 well microtiter plate.  2 µl of the 0.5x TE buffer that 

contained the selected clone colonies were stamped onto rectangular plates 

containing LB and 100 µg/ml of ampicillin agar.  These libraries were transferred 

to fresh LB/Amp agarose trays every three weeks during the extent of the 

research.  The remaining cells suspended in TE buffer were covered in foil, 

placed in a plastic bag and then frozen.  To insure the clones contained the 

CODH gene, colony PCR amplifications were performed using 3.8 µl of PCR 

water, 6 µl of buffer H, 1 µl of template (cells suspended in TE), 0.5 µl of vector-

specific T7 primer, 0.5 µl of vector-specific T3 primer, and 0.2 µl of Neb taq.  

Denaturing/polymerase activating step was conducted for two minutes at 94°C.  

The amplification thermocycling phase was conducted for 30 cycles.  The 

conditions for each cycle were 30 seconds at 95°C, 1 minute at 55°C, and 90 

seconds at 72°C.  The PCR mix was then held at 72°C for eight minutes to 

ensure amplification was complete.  PCR products were then cooled and held at 

4°C.  
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Restriction Fragment Length Polymorphism (RFLP) Analysis  

Restriction digests were done to help identify unique types of the CODH genes.    

Conditions for restriction digests consisted of 1.6 µl of water, 0.2 µl of buffer H 

(Epicentre, Madison, WI), 0.2 µl of Hinp1l (New England Biolabs, Ipswich, MA), 

and 0.02 µl of bovine serum albumin (BSA) and 5 µl of PCR product.  The 

restriction digest mixtures were incubated at 37°C for four hours. 

The restriction digested products and undigested PCR amplification 

products of the clones were run on a large-format 2.5 % agarose gel in a 1x TAE 

buffer.  Gels were stained with ethidium bromide in deionized water for 30 

minutes.   The gels were visually inspected to make sure that the undigested 

PCR product for each colony had a molecular weight of 1.4 kb.  The colonies that 

had the correct molecular weight were then grouped by number, corresponding 

to their unique digest pattern. 

To prepare genes for sequencing, one colony representing every unique 

RFLP type of proctodeal segment 2 and P3/posterior were picked and cultured in 

5 mL of LB broth with an ampicillin concentration of 100 µg/mL.  Broth tubes 

containing colonies were incubated between 18-22 hours under agitation.  

Plasmids were extracted using QIAGEN Mini-Prep plasmid extraction kits 

(QIAGEN, Inc., Valencia, CA) according to the manufacturer’s protocol.  

Four to five µg of plasmid DNA was needed for sequencing.  The clones 

that produced concentrations of plasmids below the necessary concentrations 
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underwent re-amplification and the resulting PCR product was sent for 

sequencing.  Plasmid DNAs or PCR products were sent to the University of 

Wisconsin Biotechnology Center (Madison, WI) for Sanger sequencing.  

Sequencing was initiated using vector-specific primers T7 and T3 (Invitrogen).  

 

Assembly of Nucleotide Sequences 

Raw nucleotide sequences were obtained from the University of Wisconsin 

Biotechnology Center (Madison, WI).  These sequences were viewed using the 

program Chromas Lite (Technelysium Pty Ltd. version 2.1).  The sequences 

were then copied and trimmed in a notepad document.  The sequence for each 

clone was visually inspected and trimmed to ensure accuracy.  These 

sequences, after being adjusted for accuracy, were assembled using the online 

assembly program CAP3 (Huang & Madan, 1999) to create a contiguous 

sequence for each CODH gene. 

 Once the assemblies were created, the nucleotide sequences were again 

inspected for any variations or errors.  The nucleotide sequences were then 

translated in silico into amino acid sequences using the program Artemis 

(Wellcome Trust Sanger Institute release 14.0.0).  Frame shifts caused by 

deletions, additions, or incorrect translations were investigated and corrected to 

create a full un-interrupted amino acid sequence of approximately 450 

characters.  The amino acid sequences were then used in BLAST searches at 
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the National Center for Biotechnology Information (NCBI) database to ensure 

they accurately represented CODH enzymes.  

 

Determination of Operational Taxonomic Units (OTUs)  

After the nucleotide sequences obtained from the Sanger sequencing were 

translated into amino acid sequences they were compared for similarity using the 

ARB software package 5.3 (Ludwig et al, 2004).  Clones that had a 97% or 

higher similarity were deemed similar and counted as the same operational 

taxonomic unit (OTU).  Additional data sets exist for five species of 

phylogenetically higher termites obtained by advising professor and had already 

been computationally analyzed to assure the quality of the sequence information 

that they contained by a process of sequence curation.  This is done by merging 

the data sets with publicly available CODH sequences using ARB.  ARB is a 

software program specifically designed to quantify similarities and differences 

among the sequences in a process called phylogenetic analysis.  This analysis of 

data can be used to make predictions about the evolutionary relationships among 

genes.   
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Phylogenetic Analysis 

By utilizing the aligned and merged protein data sets, several phylogenetic trees 

were created.  A main protein phylogeny tree was constructed of all CODH 

sequences in the database.  This phylogeny was created by first merging all 

CODH data sets into ARB.  An additional three phylogenetic trees were 

constructed based upon the three unique clades present on the main protein 

phylogenetic tree.  All alignments utilized were visually inspected to eliminate any 

truncated sequences or any miss-aligned sequences.  To improve usefulness of 

alignments filters were created to determine criteria for phylogenetic 

comparisons.  
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CHAPTER III 

RESULTS 

Amplification of CODH Genes 

The highly segmented gut of G. perplexus has two points at which it can be 

accurately sectioned, creating 3 sections.  The P1/anterior, proctodeal segment 

2, and the P3/posterior sections in addition to the whole gut sample were pooled 

from 25 worker class termites.  The DNA from the gut microbial communities of 

each of these sections was extracted and diluted to a concentration of 10 ng/µl 

for PCR amplification.  The DNA was extracted according to previously 

developed protocols (Matson et al, 2011).  The P1/anterior section consisted of 

the crop (C), midgut (M), mixed segment (MS), and proctodeal segment 1 (P1).  

The P2 section consisted of only the proctodeal segment 2.  The P3/posterior 

section consisted of the proctodeal segment 3 (P3) (analogous to the hind gut 

paunch in phylogenetically lower termites) the colon (P4) and rectum (P5) (Figure 

3.1).  

  



22 
 

 

 

Figure 3.1. Gnathamitermes sp. gut anatomy and segments used for CODH 
diversity analysis.  Solid lines show where incisions divided the gut into different 
sections.  Scale bar indicates approx.1 mm. 

 

A pairwise combination of degenerate forward and reverse primers was 

implemented to determine functional primer modules (Appendix A).  This was 

done to reduce the number of non-specific PCR amplification of community DNA 

templates.   The forward primer 1F yielded no amplification of CODH genes in 

any combination of the reverse primers 1R, 2R, or 3R.  There was no identifiable 

amplification for any combination for G. perplexus P1/anterior section (Figure 

3.2).  
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Figure 3.2. Pairwise amplification of termite gut community DNA by forward and 
reverse primer modules.  Number of “+” signs is a subjective scale for the 
intensity of the amplification product where +++ corresponds the highest signal 
intensity and + is a faint but clearly detectable signal.  Where no PCR product 
was detected, no symbol is given. 

 

PCR of the CODH gene template was conducted on: whole gut, 

P1/anterior, proctodeal segment 2, and P3/posterior. PCR products were verified 

to have the proper 1.4 kb size (Fig. 3.3). Strong bands of DNA were visualized 

for the amplifications of the whole gut, proctodeal segment 2, and the 

P3/posterior samples, but no band of DNA was visible for the P1/Anterior 

segment.  

Nasutitermes sp. Rhynchotermes sp. Microcerotermes sp.

1R 2R 3R 1R 2R 3R 1R 2R 3R

1F 1F + 1F

2F + + + + 2F + + + + + + 2F + + + + + +

3F 3F 3F

4F + + + + + + + 4F + + + + + + 4F + + + + + + + +

Amitermes sp.

1R 2R 3R 1R 2R 3R 1R 2R 3R

1F 1F 1F

2F + + + + 2F + + + + + + 2F

3F 3F + 3F

4F + + + + 4F + + + + + 4F

1R 2R 3R 1R 2R 3R

1F 1F

2F + + + 2F + + + + +

3F + 3F

4F + + + + 4F + + + + +

P2 section Posterior section

Gnathamitermes sp. Gnathamitermes sp.

Gnathamitermes sp. Gnathamitermes sp.

Whole-gut Anterior section
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Figure 3.3. PCR product of the amplified CODH gene.  Lanes: 1) Whole gut, 2) 
P1/anterior, 3) proctodeal segment 2, 4) P3/posterior, and 5) 2-log molecular 
weight standard.  Arrows indicate approximate sizes of 1 kb, 1.4kb, and 2 kb 
DNA molecules.  

 

Gel Purification and Extraction 

The gel purification and extraction of the CODH gene was successfully 

conducted and  purified PCR products were visualized using a UV light source.  

The DNA bands were excised from the gel using a sterile razor blade.  These 

slivers of gel contained the various amplified CODH genes .  The gel slices 

weighed the following: Whole gut= 500mg, proctodeal segment 2=260mg, 

1.4kb 

1 kb 

2 kb 

1        2      3       4       5 
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P3/posterior=400mg.  The gel mass determined the proper amount of extraction 

reagents.  Proper DNA size of 1.4 kb was again confirmed by gel electrophoresis  

(Figure 3.4).  

  

 

 

Figure 3.4. Extracted and purified DNA. Lanes: 1) Whole gut, 2) proctodeal 
segment 2, 3) P3/posterior, and 4) 2-log molecular weight standard.  Arrows 
indicate approximate sizes of 1 kb, 1.4kb, and 2 kb DNA molecules.   

1.4kb 

1 kb 

2 kb 

1         2          3          4 
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CODH Gene Library Construction and Sequencing  

Numerous transformants were recovered and underwent PCR amplification of 

the CODH gene.  Gel electrophoresis from colonies cultivated on LB/Ampicillin 

plates contained the proper sized DNA band for the CODH gene (Figures 3.5, 

3.7, and 3.9).  DNA extraction was successful, yielding 95 colonies from 

proctodeal segment 2, 81 colonies from Whole gut, and 89 colonies from 

P3/posterior that yielded a positive result for the CODH gene.   

Restriction digests of the CODH genes were successful and resulted in 

good band separation.  The conducted digest yielded 43 unique RFLP patterns 

for the whole gut, 31 unique RFLP patterns for proctodeal segment 2, and 48 

unique RFLP patterns for P3/posterior (Figures 3.6, 3.8, and 3.10).  Many of the 

RFLP types were observed multiple times.  proctodeal segment 2 contained a 

RFLP type that appeared in the library 38 times.  This RFLP type was present 4 

times in the whole gut and only 1 time in the P3/posterior sample.  The top five 

RFLP types for each section are illustrated in table 3.1.   

 

P1/Anterior ND

P2 DV1 (40%) DV6 (8%) DV21 (6%) DV15 (5%) DV2 (3%)

P3/Posterior P3P4 (17%)P3P3 (9%) P3P5 (4%) P3P12 (4%)P3P1 (3%)

WG WG2(6%) WG4(6%) WG7(6%) WG1(5%) WG10(4%)

ND, none detected

Top 5 RFLP Types (% of Library)

Table 3.1. RFLP types and % found in each of the tested G. perplexus gut segments.



27 
 

 

  

 

Figure 3.5. PCR amplification and restriction digests of section whole gut clones.   
Arrows indicate PCR amplificon of 1.4kb.  Similar RFLP types are grouped by 
numbers.  (xx) Signifies no RFLP type assigned. 
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Figure. 3.6. Collector curve of colonies grown from whole gut. Bars indicate 
number of colonies for each RFLP type.  
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Figure 3.7. PCR amplification and restriction digests of section proctodeal 
segment 2 clones.   Arrows indicate PCR amplificon of 1.4kb.  Similar 
RFLP types are grouped by numbers.  (xx) Signifies no RFLP type 
assigned. 
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Figure 3.8. Collector curve of colonies grown from proctodeal segment 2.  Bars 
indicate number of colonies for each RFLP type. 
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Figure 3.9. PCR amplification and restriction digests of section P3/posterior 
clones.   Arrows indicate PCR amplificon of 1.4kb.  Similar RFLP types are 
grouped by numbers.  (xx) Signifies no RFLP type assigned. 
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Figure. 3.10 Collector curve of colonies grown from P3/posterior. Bars indicate 
number of colonies for each RFLP type.  
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Several clones that represented specific RFLP patterns underwent PCR 

amplification to produce DNA for sequencing.  Colonies from proctodeal segment 

2 that underwent PCR amplification were B8, B12, D6, D10.  Colonies from 

P3/posterior that underwent PCR amplification were H3, C2, E1, C10, E3, G4, 

F1, C4, D12, A7, C2, C4, C10, D12, E3, F3, and G11.  Correct DNA amplicon 

band size of 1.4kb was noted for all but 3 PCR products.  

Even after multiple attempts of plasmid extractions and PCR amplification, 

not all RFLP representatives resulted in DNA sequence data.  Proctodeal 

segment 2 RFLP types that failed to yield sequence data were types 9 and 11.  

P3/posterior RFLP types that failed to yield sequence data were types 9, 17, 21, 

27, 29, 32, 33, and 46.  

 

Phylogenetic Analysis 

The clones that contained a 97% percent similarity were deemed 

equivalent and were counted as the same operational taxonomic unit (OTU).  For 

the higher termite G. perplexus 59 operational taxonomic units were condensed 

from 341 clones.  Of these clones 209 were from the whole gut, 83 were from 

proctodeal segment 2, and 49 were from P3/posterior section (Appendix B).  

These operational taxonomic units were utilized to determine the protein 

phylogeny of CODH sequences identified (Figure 3.11).    All operational 

taxonomic units in the inventory grouped into one of three distinct clades that 
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were separated by long branch lengths and supported by strong boot strap 

values.   

A phylogenetic tree for each of these distinct clades was created using the 

same process as the main protein phylogeny.  Clades, A, B, and C, each contain 

operational taxonomic units from cockroaches, lower termites and higher 

termites.  Operational taxonomic units that represented all three clades were also 

represented in each of the G. perplexus sets whole gut, proctodeal segment 2, 

P3/posterior.  When the percentages of OTUs were tabulated, it was determined 

that Clade B contained the fewest operational taxonomic unit’s.  The proctodeal 

segment 2 was comprised of 75% of OTUs from clade C.  This percentage 

increased to 89% when calculated with the number of instances the OTUs were 

recorded in the library (Table 3.2).  Proctodeal segment 2 also housed the lowest 

number of Clade B operational taxonomic units at 8%.  This percentage 

decreased to 5% when calculated with number of instances the OTUs were 

recorded in the library.   
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Figure 3.11. Protein phylogeny of CODH sequences recovered from inventories 
of termite gut communities. In total, 209 RFLP types from G. perplexus and a 
combined 104 from other higher termites listed in Figure 3.2 were sequenced in 
this study and compared to CODH sequences from lower termites and 
cockroaches. Representative operational taxonomic units were used to construct 
the protein maximum likelihood tree based on 361 columns of aligned and filtered 
sequence data using the Jones-Taylor-Thorton model of substitution.  Well-

supported nodes (70%) are indicated with values produced by a 100 step 
bootstrap analysis of the data. Length of the marker bar indicates the 
evolutionary distance as 0.1 changes per amino acid position.  
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Clade A (Figure 3.12) contained 83 OTUs, where 31 of the operational 

taxonomic units came from lower termites and 14 came from cockroaches.  The 

higher termite G. perplexus had a distribution of 3 OTUs coming from whole gut, 

8 coming from P3/posterior, and 2 OTUs coming from proctodeal segment 2 in 

clade A.  With the exception of one operational taxonomic unit from a 

Microcerotermes sp. and five from a Rhynchotermes sp., all termites collected 

from Costa Rica grouped in a sub-clade A1.  Sub-clade A1 contained no lower 

termite OTUs or cockroach OTUs.  This subgroup was supported by a 100% 

bootstrap support.  There were six termite gut Treponema sp. isolates; T. primitia 

str. (ZAS-1), T. primitia str. (ZAS-2), Treponema str. (ZAS-5), Treponema sp. 

(ZAS-6), Treponema sp. (ZAS-8) and T. azotonutricium (ZAS-9a).   All six 

grouped together besides T. azotonutricium (ZAS-9a).  T. azotonutricium (ZAS-

9a) instead grouped with operational taxonomic units from termites Zootermopsis 

nevadensis (Zn-33) and Reticulitermes Hesperus (Rh-24). 
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Table 3.2.  Percentages of Operational Taxonomic Units Belonging to Clade A, B 
and C.   

 

Number of instances of RFLPs represented in inventories of G. perplexus are 
given parenthetically. 

 

Clade B (Figure 3.13) contained 31 operational taxonomic units eight of 

which were cockroach OTUs and three were lower termite OTUs.  The 

distribution of operational taxonomic units from clade B from G. perplexus 

consisted of six OTUs from whole gut, three from P3/posterior, and one from 

proctodeal segment 2.  All cockroach OTUs formed sub-clade B1 with the 

exception of one OTU from the nymph cockroach Periplaneta americana (CpA-

10).  This sub-clade B1 had a 96% 100-bootstrap support and a long branch 

length. 

Clade A Clade B Clade C

Cumulative OTUs

Cockroaches 38% 22% 40%

Lower Termites 56% 5% 39%

Higher Termites 32% 17% 51%

Gnathamitermes perplexus

Whole-gut 18%(19%) 35%(14%) 47%(66%)

Segment P2 17%(6%) 8%(5%) 75%(89%)

Segment P3P 36%(48%) 14%(10%) 50%(43%)
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Figure 3.12. Clade A: Protein phylogeny of CODH sequences recovered from 
inventories of termite gut communities. Representative operational taxonomic 
units were used to construct the protein maximum likelihood tree based on 432 
columns of aligned and filtered sequence data using the Jones-Taylor-Thorton 

model of substitution.  Well-supported nodes (70%) are indicated with values 
produced by a 100 step bootstrap analysis of the data. Length of the marker bar 
indicates the evolutionary distance as 0.1 changes per amino acid position.  
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Figure 3.13. Clade B: Protein phylogeny of CODH sequences recovered from 
inventories of termite gut communities. Representative operational taxonomic 
units were used to construct the protein maximum likelihood tree based on 436 

columns of aligned and filtered sequence data.  Well-supported nodes (70%) 
are indicated with values produced by a 100 step bootstrap analysis of the data. 
Length of the marker bar indicates the evolutionary distance as 0.1 changes per 
amino acid position.  
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Clade C (Figure 3.14) contained 96 operational taxonomic units which was 

the most of all of the clades.  Fifteen were cockroach OTUs and 21 were lower 

termite OTUs.  The distribution of OTUs from clade C in G. perplexus consisted 

of eight OTUs from whole gut, 11 from P3/posterior, and nine from proctodeal 

segment 2.  Clade C showed much shorter branch lengths than either clade A or 

clade B.  When looking at G. perplexus there was a much greater proportion of 

operational taxonomic units from proctodeal segment 2 present than whole gut or 

P3/posterior.   
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Figure 3.14. Clade C: Protein phylogeny of CODH sequences recovered from 
inventories of termite gut communities. Representative operational taxonomic 
units were used to construct the protein maximum likelihood tree based on 428 

columns of aligned and filtered sequence data.  Well-supported nodes (70%) 
are indicated with values produced by a 100 step bootstrap analysis of the data. 
Length of the marker bar indicates the evolutionary distance as 0.1 changes per 
amino acid position.   
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CHAPTER IV 

DISCUSSIONS AND CONCLUSION 

Discussion 

In the study by Matson et al. 2011 it was shown that lower termites and wood 

feeding cockroaches grouped into three distinct clades.  This grouping was 

recapitulated during the phylogenetic analysis of higher termites.  The 

significance of this grouping is that, through gene neighborhood context, we can 

predict the CODH genes function.  Gene neighborhood context relies on the 

principle that genes that work in conjunction with each other are conserved and 

close in proximity to ensure that the process is carried out together.   

 When looking at the gene neighborhood context of clade A associated 

genes we can see that the CODH gene is located near other genes necessary 

for the acetyl-CoA pathway.  CODH enzyme requires a small subunit in order to 

function.  This subunit is encoded by the CooC gene, which is found downstream 

from the CODH gene.  In addition, other genes that code for enzymes in the 

carbonyl-branch of the acetyl-CoA pathway are coded directly downstream of the 

CODH gene.  These genes are ACS (acetyl-CoA synthetase), and the gene that 

encodes for methyl-tetrahydrofolate corrinoid Fe-S methyl transferase.  Clade B 

has similar context as clade A.   

 The gene neighborhood context of clade C-associated CODH genes 

suggests that it is not used for acetogenesis but rather used for other metabolic 
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functions.  This is based on the fact that the clade C-associated CODH genes 

are not located near any acetyl-CoA pathway genes.  The function of clade C-

associated CODH genes still remains unknown, however its presence and 

diversity highlights the fact that it must have some importance.     

The pairwise primer test yielded results about differences in interspecies 

diversity as well as differences in the diversity of the CODH gene based upon its 

location in the gut segments of G. perplexus.  The pairwise primer test of the 

whole gut of G. perplexus exhibited drastic differences based upon the various 

successful combinations of primers.  Differences were seen between all species 

tested.  Zootermopsis nevandensis, Reticulitermes hesperus, Incisitermes minor, 

Cryptocercus punctulatus (nymph) Cryptocercus punctulatus (adult), Periplaneta 

americana (adult) all showed that there was no PCR signal detected with the use 

of the primer cooS-F1.  This implies that this particular primer does not bind on 

any conserved regions of the CODH gene that is present in those species.  The 

fact that the primer cooS-F1 exhibits signal when paired with the cooS-1R 

reverse primer for the Rhynchotermes sp. suggests that these CODH genes are 

different than in the other species.  The cooS-3F forward primer not exhibiting 

any signal in any species tested besides G. perplexus implies that the CODH 

genes amplified using the cooS-3F forward primer are unique in this termite 

compared to the other species investigated.  Differences in the diversity were 

exhibited in G. perplexus with the utilization of the cooS-3F and cooS-1R primer 

combination.  In addition, information can be inferred from the intensity of the 
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signal.  Increased signal intensity as seen between the gut segments implies that 

there is a different level of diversity and distribution of the CODH genes within the 

gut segments.  When the signal intensities of the P3/posterior section of G. 

perplexus is overlaid on top of the proctodeal segment 2 section of G. perplexus 

you can see that it matches with the signal intensities of G. perplexus whole gut 

sample.  This suggests that there is variation of CODH genes.  The lack of PCR 

amplification using any primer combinations in the anterior section of G. 

perplexus suggests that cross-contamination between gut compartments has not 

occurred during sectioning and supports the notion that this portion of the gut 

might not contain organisms that conduct acetogenesis using the acetyl-CoA 

pathway.   

When G. perplexus was screened for CODH genes all forward and 

reverse degenerate primers were used.  These primers included sequences that 

targeted over 68 million combinations of binding sequences.  It was observed 

that there were strong bands of DNA that were the appropriate size for the 

CODH gene in the whole gut sample as well as the proctodeal segment 2 section 

and the P3/posterior section.  However, there was no sign of any PCR signal in 

the P1/anterior section.  This, along with the results of the pairwise primer test, 

supports the conclusion that no acetogenesis is occurring in the P1/anterior 

section of G. perplexus via the acetyl-CoA pathway. However, the possibility that 

genes for CODH enzymes that are not targeted by the primer set exist in this 

portion of the gut has not specifically ruled out.  



45 
 

 

The gut sections proctodeal segment 2 and P3/posterior of G. perplexus 

yielded 95 and 89 clones, respectively.  When RFLP analysis was conducted, 

these clones condensed to 31 unique RFLP patterns for proctodeal segment 2 

and 48 unique RFLP patterns for P3/posterior.  This is due to proctodeal 

segment 2 having a very dominate CODH type that accounted for 38 of the 

clones.  This comprised 40% of the total sampling.  It should also be noted that 

This RFLP type was only identified in whole gut 4 times.  Because whole gut is a 

combination of all the segments, it further strengthens that the concept that this 

clone is the dominate operational taxonomic unit in proctodeal segment 2.  This 

has implications that P3/posterior has an overall more diverse microbial 

community with respect to acetogenic bacteria.  Furthermore, in only one 

instance did one of these CODH genes present in both the proctodeal segment 2 

and P3/posterior.  This suggests that there is no mixing of gut sections. This also 

suggests that there is definite compartmentalization within the segmented gut of 

G. perplexus. 

The phylogenetic trees are reliable due to their high number of aligned 

and filtered columns of data during construction.  To further increase the 

accuracy of the maximum likelihood phylogenetic trees a 100-bootstrap 

parsimony tree was overlaid showing that there were many nodes that had 

support of 70% or higher.  When comparing the diversity that exists within the 

phylogenetic clades that present themselves proctodeal segment 2 dominates 

the diversity.  75% of unique operational taxonomic units from proctodeal 



46 
 

 

segment 2 fell into clade C.  This finding is even more interesting when we look 

at the abundance of CODH genes.  89% of CODH genes identified from 

proctodeal segment 2 belonged to clade C.  P3/posterior has a much more even 

distribution of operational taxonomic units between the three clades.  The high 

concentration of clade C CODH genes implies that the proctodeal section 2 may 

be specialized.     

Within clade A there is a grouping of Treponema that has the similar 

grouping and bootstrap support, similar to the ones observed by Matson et al. 

2011.  In addition to this similarity there are differences such as all the termites 

collected from Costa Rica grouped in a sub-clade A1.  This could be the result of 

their similar evolutionary lineage or from their regional location.  Specialization of 

the symbiosis that exists between an organism and their hosts could also be the 

reason that there were no lower termite operational taxonomic units present in 

this sub-clade.  

The clade B holds a sub-clade B1 that houses many CODH proteins from 

the cockroach.  The sub-clade B1 suggests that the CODH enzyme has 

remained conserved in these species.  Due to this grouping it may suggest that 

the particular enzyme has become specialized for cockroaches.  Also, the long 

branch length present for sub-clade B1 suggests that these CODH enzymes 

diverged long ago.  Cockroaches also contained the highest number of Clade B 

operational taxonomic units out of all the other groups at 22% of total operational 
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taxonomic units.  Lower termites housed the least Clade B operational taxonomic 

units at 5%.  CODH genes from Clade B represented 35% of the unique 

operational taxonomic units suggesting they play a major part in the diversity of 

termite gut, however when abundance is taken into account they may represent 

a more rare group of CODH genes with only 14% of the clone libraries being 

affiliated with Clade B. When the percentage of operational taxonomic units were 

tabulated it was determined that clade B contained the fewest operational 

taxonomic unit’s for all groups of insects.  Though more rare than the other 

clades, it is likely that it holds a vital function with acetogenesis due to its 

relationship with other genes that are associated with acetogenic metabolism 

(Breznak & Switzer, 1986). 

Though clade C is likely not directly responsible for acetogenesis it must 

have some function.  When looking at G. perplexus there was a much greater 

proportion of operational taxonomic units from proctodeal segment 2 present 

than whole gut or P3/posterior.  In addition clade C is much more prominent in 

higher termites, specifically the proctodeal segment 2 of G. perplexus.  G. 

perplexus contains a higher diversity of clade C operational taxonomic units in 

the proctodeal segment 2 inventory as compared to the P3/posterior inventory.  

This helps illustrate that there is likely very little mixing of microbes between the 

segments.  The fact that proctodeal segment 2 is 75% dominated by clade C 

operational taxonomic units and comprised of 89% clones from clade C is 

predictive that there is some underlying function of clade C CODH enzymes in 
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that particular gut section.  Because it is commonly associated with clade A 

CODH enzymes they may play a synergistic part in the metabolism.  It could be 

possible that different compartments are playing different roles in the digestion 

and conversion of lignocellulose.  

 

Summary 

The CODH genes identified in gut microbial communities of higher termites group 

into 3 distinct clades as it did in a study by Matson et al. in 2011.  This study 

revealed through pairwise degenerate primers that there does in fact exist a 

difference between the diversity and composition of the CODH gene between 

species of termites as well as within the various gut compartments located within 

the phylogenetically higher termite, G. perplexus.  Due to the fact that  no CODH 

genes were found in the P1/anterior section of G. perplexus, it is suspected that 

acetogenesis does not occur in this section.  That proctodeal segment 2 in G. 

perplexus is dominated by CODH genes belonging to clade C, suggests a 

specific role for this CODH type in that compartment.  The function of the clade C 

CODH genes is unknown and thus further research is needed.  Biochemical 

analysis and possibly enzyme purification could give further insight into the 

function of this unknown but assuredly important gene.  The methods used to 

identify the anaerobic carbon monoxide dehydrogenase gene has proven to be a 

powerful tool in a cultivation-independent approach aimed at studying and 
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making comparisons among many anaerobic CODH genes.  Additional 

comparisons of free-living and other host associated environments that contain 

CODH genes my allow conclusions to be drawn about diversity and function of 

the various CODH types observed in the guts of termites. 
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Appendix A 

Sequences of degenerate cooS primers 
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Appendix A 

Sequences of degenerate cooS primers 

 

  

  

Forward Primers

cooS -1F ATG GGI CCI TGY AGR ATH GA

ATG GGI CCI TGY CGI ATH GA

cooS -2F ATG GGI CCI TGY AGR ATH AC

ATG GGI CCI TGY CGI ATH AC

cooS -3F ATG GGI CCI TGY AGR ATH TC

ATG GGI CCI TGY CGI ATH TC

ATG GGI CCI TGY AGR ATH AG

ATG GGI CCI TGY CGI ATH AG

cooS -4F AAY GGI CCI TGY AGR ATH AC

AAY GGI CCI TGY CGI ATH AC

Reverse Primers

cooS -1R CCC ATR TGI ARN ACI GGI GG

CCC ATR TGI ARD ATI GGI GG

cooS -2R CCR AAR TTI ARN ACI GGI GG

CCR AAR TTI ARD ATI GGI GG

cooS -3R CCI ARR TGI ARN ACI GGI GG

CCI ARR TGI ARD ATI GGI GG

Sequences Targeted
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Condensed Operational Taxonomic Unit's from G. perplexus 
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Appendix B: Condensed Operational Taxonomic Unit's from G. perplexus 

 

Underlined RFLP types indicates the sequence representing the operational 

taxonomic unit for phylogenetic analyses.  

OTU RFLP (Clones) WG P2 P3P Name on Tree

Gp1 DVa1(38), Gp5(3), DVb2(1), Gp22(6), DVf7(1), Gp19(2), Gp31(1), DVb4(8) 12 48 01DVa1

Gp2 DVc1(2), DVd8(6), DVe11(3), DVa8(1) 12 12DVc1

Gp3 DVe5(3), Gp35(1) 1 3 24DVe5

Gp4 DVd11(1), DVe4(1), P3PB1(1), DVb11(1) 3 1 22DVd11

Gp5 DVe8(2), Gp4(1) 1 2 27DVe8

Gp6 Dvd6(1), Gp15(4) 4 1 17DVd6

Gp7 Dvd7(1), Gp13(1) 1 1 18ND7

Gp8 Gp33, P3PF10(2) 1 2 P3P38f10

Gp9 Gp18(2), Gp24(1), Gp8(5) 8 Gp18

Gp10 Gp10(1), Gp34(1), P3PC6(1), Gp7(1) 3 1 23P3PC6

Gp11 Gp16(1), P3PB7(1), P3PG6(1), Gp6(6) 7 2 P3P44G6

Gp12 DVc9(1), DVd1(2), Gp2(1) 1 3 20DVc9

Gp13 DVa3(1), DVc2(1) 2 04DVa3

Gp14 Gp27(1), P3PF12(1) 1 1 P3P41F12

Gp15 DVb1(3), DVd5(1) 4 02DVb1

Gp16 Gp1(15) 15 Gp1

Gp17 Gp9 1 Gp9

Gp18 P3PD8(1) 1 P3P26D8

Gp19 Dve9(1) 1 28DVe9

Gp20 Gp3 1 Gp3 

Gp21 P3PA5(3) 3 P3P07A5

Gp22 P3PB3(4) 4 P3P05B3

Gp23 Gp28 1 Gp28

Gp24 Gp23 3 Gp23

Gp25 P3PB11(3) 3 P3P13B11

Gp26 DVf11(1) 1 29DVf11

Gp27 P3PA12(1) 1 P3P14A12

Gp28 DVh10(1) 1 31DVh10

Gp29 P3PH11(1) 1 P3P47H11

Gp30 Gp26 1 Gp26

Gp31 Gp30 1 Gp30

Gp32 P3PD6(1) 1 24P3PD6

Gp33 P3PC1(1) 1 P3P16C1

Gp34 P3PG12(1) 1 P3P48G12

Gp35 P3PH6(1) 1 P3P45H6

Gp36 P3PB4(1) 1 P3P06B4

Gp37 Gp14 1 Gp14

Gp38 P3PB12(2) 2 P3P15B12

Gp39 P3PC11(1) 1 28P3PC11

Gp40 P3PD5(1) 1 Not on tree

Gp41 Gp11 2 Gp11

Gp42 Gp29 1 Gp29

Gp43 P3PG4(1) 1 P3P43G4

Gp44 Gp20 1 Gp20

Gp45 Gp21 2 Gp21

Gp46 Gp17 2 Gp17

Gp47 Gp32 1 Gp32

Gp48 P3PE6(2) 2 P3P37E6

Gp49 Gp25 2 Gp25

Gp50 P3PD2(1) 1 P3P18D2

Gp51 Gp12 2 Gp12

Gp52 DVh6(1) 1 30DVh6

Gp53 P3PF1(1) 1 P3P31F1

Gp54 P3P01A1(3) 3 P3P01A1

Gp55 P3P03A3(8) 8 P3P03A3

Gp56 P3P20D4(1) 1 P3P20D4

Gp57 P3P35E5(1) 1 P3P35E5

Gp58 P3P40F11(1) 1 Not on tree

Gp59 P3PH3(1) 1 Not on tree

Gut Segment



54 
 

 

REFERENCES 

 

Bignell DE (2000) Introduction to symbiosis. In Termites: evolution, sociality, symboses, ecology, 
Abe T, Bignell DE, Higashi M (eds), Introduction to symbiosis, pp 189-208. Dordrecht, The 
Netherlands: Kluwer Academic Publishers 

 
Brauman A, Kane MD, Labat M, Breznak JA (1992) Genesis of acetate and methane by gut 
bacteria of nutritionally diverse termites. Science 257: 1384-1387 

 
Breznak JA (1982) Intestinal microbiota of termites and other xylophagous insects. Ann Rev 
Microbiol 36: 323-343 

 
Breznak JA (1984) Biochemical aspects of symbiosis between termites and their intestinal 
microbiota. Symp Ser Br Mycol Soc Cambridge : Cambridge University Press 6: 173-203 

 
Breznak JA (1994) Acetogenesis from carbon dioxide in termite guts. In Acetogenesis, Drake HL 
(ed), pp 303-330. New York: Chapman & Hall 

 
Breznak JA, Switzer JM (1986) Acetate synthesis from H2 plus CO2 by termite gut microbes. Appl 
Environ Microbiol 52: 623-630 

 
Brune A, Stingl U (2006) Prokaryotic symbionts of termite gut flagellates: phylogenetic and 
metabolic implications of a tripartite symbiosis. Prog in Mol and Subcell Biol 41: 39-60 

 
Cleveland L (1924) The physiological and symbiotic relationship between intestinal protozoa of 
termites and their host, with special reference to Reticulitermes flavipes (Kollar). Biol Bull 46: 
178-227 

 
Cleveland L (1925) The ability of termites to live perhaps indefinitely on a diet of cellulose. Biol 
Bull 48: 289-293 

 
Fontaine FE, Peterson WH, McCoy E, Johnson MJ, Ritter GJ (1942) A new type of glucose 
fermentation by Clostridium thermoaceticum. J Bacteriol 43: 701-715 

 
Greening RC, Leedle JA (1989) Enrichment and isolation of Acetitomaculum ruminis, gen. nov., 
sp. nov.: acetogenic bacteria from the bovine rumen. Arch Microbiol 151: 399-406 



55 
 

 

 
Hongoh Y (2010) Diversity and genomes of uncultured microbial symbionts in the termite gut. 
Biosci Biotech and Biochem 74: 1145-1151 

 
Hongoh Y, Ohkuma M, Kudo T (2003) Molecular analysis of bacterial microbiota in the gut of the 
termite Reticulitermes speratus (Isoptera; Rhinotermitidae). FEMS Microbiol Ecol 44: 231-242 

 
Hooper LV, Midtvedt T, Gordon JI (2002) How host-microbial interactions shape the nutrient 
environment of the mammalian intestine. Ann rev of nutrition 22: 283-307 

 
Huang X, Madan A (1999) CAP3: A DNA sequence assembly program. Genome res 9: 868-877 

 
Hungate RE (1943) Quantitative analysis on the cellulose fermentation by termite protozoa. Ann 
Entomol Soc Am 36: 730-739 

 
Inward D, Beccaloni G, Eggleton P (2007) Death of an order: a comprehensive molecular 
phylogenetic study confirms that termites are eusocial cockroaches. Biol Lett 3: 331-335 

 
Jones JG, Simon BM (1985) Interaction of acetogens and methanogens in anaerobic freshwater 
sediments. Appl Environ Microbiol 49: 944-948 

 
Kambhampati S, Eggleton P (2000) Chapter 1 - Taxonomy and phylogeny of termites. In 
Termites: evolution, sociality, symbioses, ecology, Abe T, Bignell DE, Higashi M (eds), pp 1-24. 
Dordrecht, Boston, London: Kluwer Academic Publishers 

 
King GM (2003) Uptake of carbon monoxide and hydrogen at environmentally relevant 
concentrations by mycobacteria. Appl Environ Microbiol 69: 7266-7272 

 
Leadbetter JR, Schmidt TM, Graber JR, Breznak JA (1999) Acetogenesis from H2 plus CO2 by 
spirochetes from termite guts. Science 283: 686-689 

 
Ljungdahl LG, Clark JE (1986) Purification of 5,10-methenyltetrahydrofolate cyclohydrolase from 
Clostridium formicoaceticum. Meth Enzymol 122: 385-391 

 
Lopez S, McIntosh FM, Walllace RJ, Newbold CJ (1999) Effect of adding acetogenic bacteria on 
methane production by mixed rumen microorganisms. Animal Feed Sci and Tech 78: 1-9 



56 
 

 

 
Ludwig W, Strunk O, Westram R, Richter L, Meier H, Yadhukumar, Buchner A, Lai T, Steppi S, 
Jobb G, Förster W, Brettske I, Gerber S, Ginhart AW, Gross O, Grumann S, Hermann S, Jost R, 
König A, Liss T, Lüssmann R, May M, Nonhoff B, Reichel B, Strehlow R, Stamatakis A, Stuckmann 
N, Vilbig A, Lenke M, Ludwig T, Bode A, Schleifer KH (2004) ARB: a software environment for 
sequence data. Nuc Acids Res 32: 1363-1371 

 
Matson EG, Gora KG, Leadbetter JR (2011) Anaerobic carbon monoxide dehydrogenase diversity 
in the homoacetogenic hindgut microbial communities of lower termites and the wood roach. 
PloS one 6: e19316 

 
Matsui T, Tokuda G, Shinzato N (2009) Termites as functional gene resources. Recent Pat 
Biotechnol  3: 10-18 

 
Muller V (2003) Energy conservation in acetogenic bacteria. Appl Environ Microbiol 69: 6345-
6353 

 
Ohkuma M (2003) Termite symbiotic systems: efficient bio-recycling of lignocellulose. Appl 
Microbiol and Biotech 61: 1-9 

 
Ohkuma M, Kudo T (1996) Phylogenetic diversity of the intestinal bacterial community in the 
termite Reticulitermes speratus. Appl Environ Microbiol 62: 461-468 

 
Phelps TJ, Zeikus JG (1984) Influence of pH on Terminal Carbon Metabolism in Anoxic Sediments 
from a Mildly Acidic Lake. Appl Environ Microbiol 48: 1088-1095 

 
Ragsdale SW (2008) Enzymology of the wood-Ljungdahl pathway of acetogenesis. Ann N Y Acad 
Sci 1125: 129-136 

 
Ragsdale SW, Ljungdahl LG (1984) Purification and properties of NAD-dependent 5,10-
methylenetetrahydrofolate dehydrogenase from Acetobacterium woodii. J Biol Chem 259: 3499-
3503 

 
Rouland-Lefevre C (2000) Symbiosis with fungi. In Termites: evolution, sociality, symbioses, and 
ecology, Abe T, Bignell DE, Higashi M (eds), pp 289-306. Dordrecht, The Netherlands: Kluwer 
Academic Publishers 

 



57 
 

 

Scharf ME, Kovaleva ES, Jadhao S, Campbell JH, Buchman GW, Boucias DG (2010) Functional and 
translational analyses of a beta-glucosidase gene (glycosyl hydrolase family 1) isolated from the 
gut of the lower termite Reticulitermes flavipes. Insect Biochem and Mol Biol 40: 611-620 

 
Schink B (1997) Energetics of syntrophic cooperation in methanogenic degradation. Microbiol 
Mol Biol Rev 61: 262-280 

 
Schmitt-Wagner D, Friedrich MW, Wagner B, Brune A (2003) Phylogenetic diversity, abundance, 
and axial distribution of bacteria in the intestinal tract of two soil-feeding termites (Cubitermes 
spp.). Appl Environ Microbiol 69: 6007-6017 

 
Vanoni MA, Lee S, Floss HG, Matthews RG (1990) Stereochemistry of reduction of 
methylenetetrahydrofolate to methyltetrahydrofolate catalyzed by pig liver 
methylenetetrahydrofolate reductase. J Amer Chem Soc 112: 3987-3992 

 
Wieringa KT (1940) The formation of acetic acid from carbon dioxide and hydrogen by anaerobic 
spore-forming bacteria. Antonie van Leeuwenhoek 6: 251-262 

 
Yang H, Schmitt-Wagner D, Stingl U, Brune A (2005) Niche heterogeneity determines bacterial 
community structure in the termite gut (Reticulitermes santonensis). Environ Microbiol  7: 916-
932 

 
Yue ZB, Li WW, Yu HQ (2013) Application of rumen microorganisms for anaerobic bioconversion 
of lignocellulosic biomass. Bioresource Tech 128: 738-744 

 
Zebeli Q, Metzler-Zebeli BU (2012) Interplay between rumen digestive disorders and diet-
induced inflammation in dairy cattle. Res Vet Sci  93: 1099-1108 

 

 

 


