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Abstract
Termites are capable of existing solely on the breakdown of lignocellulose plant biomass.
Their success is enabled to a large extent by the dense and diverse community of microbes that
reside in their guts. Phylogenically higher termites lack protozoan symbionts that degrade
lignocellulose, thus their ability to break down wood material is thought to come from their own
enzymes and from the numerous bacteria in their guts. The vast majority of these microbial
inhabitants have not been studied due to the inability to cultivate them in the laboratory. A new
bacterium (isolate JT5), which belongs to the phylum Bacteroidetes, has been isolated from a 105

dilution of whole gut material from the higher termite Gnathamitermes perplexus.

JT5

represents an undescribed species and possibly new genus of bacteria. The genome of this isolate
has been sequenced, and it contains numerous genes predicted to be involved in lignocellulose
degradation. The genome of isolate JT5 shows gene markers for a variety of different families of
carbohydrate active enzymes known as glycoside hydrolases (GH). Thus, we hypothesize that
the bacterium JT5 is involved in the breakdown of lignocellulose. Among the genes identified
were a predicted xylanase belonging to family GH10 and two predicted cellulases belonging to
family GH5. The genes for these enzymes were cloned and expressed in E. coli. We found that
one of the GH5 cellulases was active in the degradation of cellulose, methylcellulose, and
carboxymethylcellulose and that GH10 xylanase enzyme was active in the breakdown of xylan.
Reverse Transcriptase PCR expression studies conducted on JT5 further showed GH10 was
expressed only in the presence of xylan or xylan + cellulose. We have shown JT5 expresses these
genes when exposed to different substrates and that the enzymes encoded by the genes are
functional in the breakdown of components of lignocellulosic plant material.
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Introduction
Investigating natural systems that break down plant biomass can provide us with new
biotechnological applications (Okhuma, 2003). Due to the availability of large quantities of
cellulosic plant materials, it is an attractive material for production of industrially important
products. Numerous microorganisms produce cellulases and other enzymes that play step-bystep roles in the breakdown of lignocellulosic plant material. These organisms play a major role
in cycling carbon from fixed carbon sinks to CO2 in the atmosphere (Zhang et al., 2006).
Unfortunately, humans dispose of most recalcitrant plant biomass by burning it (Gupta et al.,
2011). The discovery of new approaches and systems for lignocellulose degradation would result
in cheaper and more favorable processing of plant materials into useful products. Producing
biofuels out of woody crops, agricultural waste, and grasses poses the challenge of finding ways
to breakdown the lignocellulose/xylan material. To utilize lignocellulosic plant material, we must
first enzymatically hydrolyze the lignocellulose/xylan into fermentable sugars. Efficient and
economical processing of recalcitrant plant material into fermentable sugars can accelerate the
production of biofuels, such as bioethanol, on a larger scale (Zhang et al., 2006).
Cellulase enzymes are already being applied in industries to aid with agricultural and
plant waste, and in chiral separation and ligand binding studies (Gupta et al., 2011). Beyond the
biofuel industry, cellulases are used for cotton softening and denim finishing, in the food
industry for mashing, and in the paper industry for fiber modification, drainage improvement,
and de-inking (Zhang et al., 2006). Recombinant organisms containing cellulose-degrading and
ethanol-producing genes have been created, but as of yet they do not produce enough ethanol for
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commercial scale production (Vasan et al., 2010). Cellulase enzymes are quite costly at this time.
In order to make bioprocessing using cellulases more economical we need to increase enzyme
volume productivity, find cheaper substrates to produce the enzymes, and create enzyme
mixtures with greater stability and higher ability to breakdown insoluble or solid substrates
(Zhang et al., 2006). When searching for ways to breakdown and extract plant polysaccharides,
it is reasonable to look at the microbial systems found in the guts of organisms such as termites
that flourish on a diet of lignocelluloses plant biomass (Gupta et al., 2011).
Termites are able to utilize 74-99% of cellulose, and 65-87% of hemicelluloses from
plant material, which they use as their primary energy source (Xie et al., 2012). Termites are
subdivided into seven families. Six of these families are called lower termites and the seventh
family, called higher termites, accounts for about 85% of known species (Matsui et al., 2009).
Lower termites feed mainly on wood, utilizing the enzymes they make themselves, as well as
those from bacteria, archaea, and protists in their guts to digest the wood (Matsui et al., 2009).
Higher termites show a more diverse diet, including soil, grass, and self-cultivated fungi. Those
subsisting on wood alone are the minority of this family. For this reason, higher termites are a
good source of microbial diversity and are a good place to search for previously undiscovered
enzyme activity. It is especially desirable to examine the worker class of termites, as they play
the major role of foraging and breakdown of plant material (Matsui et al., 2009).
The diversity of food sources utilized by higher termites is assumed to be related to the
diversity of the prokaryotes they harbor in gut. The variety of geographic habitats in which
higher termites live was not found to change bacterial diversity among members of the same
termite species (Husseneder et al., 2010). This suggests that termites need to retain a symbiotic
gut community composed of a similar number and composition of species to fulfill their
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nutritional requirements. These species need not be identical in each termite; closely related
species or species with overlapping functions suffice. However, in laboratory termite colonies, a
rapid shift in community structure was seen when varying the food source between high and low
molecular weight carbon sources. In one such study, it was found that the gut population of a
wood-feeding higher termite was dominated by spirochetes when fed wood or wood powder,
Bacteroidetes when fed xylan, cellobiose, or glucose, and Firmicutes when fed xylose
(Husseneder et al., 2010).
While the activity of microbial species inhabiting the termite gut is largely responsible
for the degradation of lignocellulose, and crucial to the termites’ ability to derive carbon and
energy from plant biomass, the microbial community is responsible for many other important
functions. For example, the gut microbiome is responsible for the production of acetate (the
principal source of nutrition taken up by the termite) from hydrogen and carbon dioxide, as well
as nitrogen fixation and recycling of uric acid (Ohkuma & Kudo, 1996). Wood is a poor source
of nitrogen, thus, most termite species that live solely on woody material derive their nitrogen
from nitrogen-fixing bacteria in their hindgut. Nitrogen fixing bacterial species have been
isolated from both higher and lower termites. The waste product, uric acid, is converted by
bacteria into ammonia in order to recycle nitrogen containing compounds (Matsui et al., 2009).
The termite gut community is very species diverse and functionally complex (Okhuma,
2003). Our understanding of the physiology of gut microbes is very poor, and many of the
dominant species of the termite gut community have, thus far, been difficult or impossible to
culture in a laboratory. Among the prokaryotes, bacteria are the dominant lifeform, while
Archaea compose between 0 and 10% of gut prokaryotes (Hongoh, 2010). Frequently isolated
Archaea are able to generate methane from hydrogen and carbon dioxide. It is probable they
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play a role in lignocellulose fermentation due to the ability to consume hydrogen in certain
bacterial species (Hongoh, 2010).
The termite gut is generally composed of three major compartments: the foregut, the
midgut, and the hindgut. The hindgut is the largest section, comprising a large amount of the
termite’s weight, and contains the most dense and diverse quantity of digestive symbionts
(Matsui et al., 2009). Further segmentation or separation of individual gut compartments vary
based on species of termite. One example being that the digestive tracts of the genus Cubitermes,
members of the higher termite family, are further separated into distinct paunch or hindgut
compartments containing variations in microbial community makeup (Schmitt-Wagner et al.,
2003). The large number of potential niches allows for the possibility of species overlap
between the sections. However, solid evidence on the role of possible functional redundancy of
microbial communities in the termite gut is as of yet lacking (Yang et al., 2005).
The hindgut paunch is an example of one gut compartment displaying varied
microenvironments. Due to oxygen consumption by different prokaryotes within, there is a
decrease in oxygen concentration inward from the gut wall towards a completely anoxic center
(Brune et al., 1995). Hydrogen concentrations, consumption, and production are similarly
stratified throughout the termite gut. The presence of oxygen impacts the hydrogen
concentrations, which is explained by the presence of different species existing in different areas
of the gut. Some species present are oxidizing hydrogen, while others are producing hydrogen as
a byproduct of fermentative metabolism (Ebert & Brune, 1997). Studies using microsensors and
radiotracers show that the gut compartments are separate functional zones for microbial activity.
Such processes include hydrogen production, methanogenesis, and acetogenesis. It was noted
that hydrogen accumulates in the anterior hindgut of all Cubitermes species investigated. The
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population of bacteria related to Clostridia, which are known fermentative bacteria, may explain
the source of increased hydrogen (Schmitt-Wagner et al., 2003). The spatial organization of
different bacteria in the termite guts have also been shown to control intestinal carbon flux (Yang
et al., 2005). Such features of the gut underscore the variety of roles microbial species perform in
the termite gut and their interdependence on each other (Ebert & Brune, 1997).
While it has been proven that termites produce their own celluloltytic enzymes in their
salivary glands or midgut epithelium to initiate the digestive process, microbial flora in the
digestive tract is necessary for termite survival (Matsui et al., 2009; Scharf et al., 2010; Scharf et
al., 2011; Xie et al., 2012; Yang et al., 2005). It is well known that phylogenetically lower
termites contain symbiotic protozoan flagelletes that are contributing a significant amount of
cellulases, as several cellulase genes have been found in termite gut protozoa (Matsui et al.,
2009; Scharf et al., 2011; Wenzel et al., 2002; Xie et al., 2012). Termites that cultivate fungus
are known to consume fungal cellulases to aid in the breakdown of lignocellulose.

It is

presumed that in higher termites, which lack flagellate protozoa, the contribution of
lignocelluloses-degrading enzymes from bacteria must be higher (Matsui et al., 2009; Warneke
et al., 2009). Anaerobic bacteria have complex cellulose degradation organelles called
cellulosomes and are thought important players in the evolution of cellulase genes. Anareobic
cellulase breakdown is currently being utilized in anaerobic waste processing, an area in which
further research will help streamline its future applications (Zhang et al., 2006).
Cellulose is a very stable polymer that is broken down by a series of reactions involving
three separate cellulases: endo-beta-1,4-glucanses (EG), cellobiohydrolases (CBH), and betaglucosidases (BGL). Hemi-cellulose is broken down by hemicellulases: endo-beta-1-4-xylanase,
beta-xylosidase, and alpha-glucuronidase (Khonzue et al., 2011; Matteotti et al., 2010; Xie et al.,
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2012; Zhang et al., 2006). Endo-beta-1,4-glucanase is an essential enzyme in the breakdown of
cellulose because it begins the breakdown of cellulose into smaller cellulose molecules (Cho et
al., 2010; Zhang et al., 2006). This is the enzyme at the beginning of the chain of cellulose
breakdown, and is the enzyme most often found produced by the termite itself. Endo-beta-1-4glucanase is found in highest concentrations in the salivary glands of lower termites, and in the
mid-gut of higher termites (Matsui et al., 2009). Endo-beta-1-4-glucanases randomly hydrolyze
the beta-1-4-glucosidic bonds that connect the monomers of D-anhydroglucopyranose that make
up the cellulose polymer. This provides reaction sites for CBH/exoglucanases to cut cellulose
chains at the ends to release soluble glucose or cellobiose. BGL hydrolyze cellobiose further to
yield glucose and prevent cellobiose end-product inhibition (Cho et al., 2010; Zhang et al.,
2006).
Investigations on termite gut communities have identified over 700 genes predicted to
encode enzymes likely contributing to the breakdown of lignocellulose, spanning at least 45
different carbohydrate active enzyme families (Warnecke et al., 2007). For example, two genera
of lower termites have yielded diverse species of Gram-positive and Gram-negative bacteria that
were able to be cultivated, and possessed beta-glucosidase, cellobiohydrolase, beta-xylosidase,
and carboxymethylcellulase enzyme activity (Matteotti et al., 2012).

Cellulose-degrading

bacteria from the gut of Zootemopsis angusticollis have been identified and quantified. Serial
dilutions were preformed from the gut contents of termites that were fed either wood or fiber
paper. After enrichment on carboxylmethylcellulose or filter paper, 119 cellulolytic bacterial
strains belonging to 23 different groups were isolated. Many of the isolates hydrolyzed both
carboxylmethylcellulose and the filter paper (Wenzel et al., 2002). Many other species are
unable to be cultivated as of yet, and while attempts to sequence the entire genome of
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uncultivable bacteria from termite guts have been successful, enzyme activity is often presumed
by genomic analysis (Hongoh, 2010).
One study of the lower termite, Reticulitermes speratus, measured the bacterial
expression of cellulases. The study selected 16 strains of oxygen-tolerant bacteria grown with the
addition of carboxylmethylcellulose, which is thought to induce the expression of cellulases, or
as described in another source, is the means of accessing endoglucanase activity in particular
(Mathew 2011). Activity of each of the three cellulases was analyzed separately. They found
that bacteria isolated from the mid and hindgut, the final areas of cellulose digestion, contained a
bacterium that expressed only BGL and CBH. It was suggested that these bacteria may have lost
their ability to express EG. Only one-fourth of the EG activity existed in the hindgut, with threefourths of the activity residing in the termites salivary glands. This suggested that the EG
activity of the hindgut in this species came mainly from their protozoan symbionts, and the
bacteria in the distal parts of the tract may not be required to use EG due to a long term
symbiosis (Cho et al., 2010).
Focusing on the population of aerobic bacteria from Reticulitermes santonensis, one team
was able to identify, and clone into E. coli, genes encoding a new beta-glucosidase. Eleven of
these clones were selected for testing, as they appeared to contain beta-glucosidases and
represented phyla commonly found in lower termite guts: Firmicutes, Actinobacteria, and
Proteobacteria. The clones were screened for cellulolytic enzyme activity. Due to the low
number of tested clones, only one clone was found to have beta-glucosidase activity. The DNA
sequence from the clone that displayed beta-glucosidase activity when inserted into the E. coli
was analyzed, and the genes were found to encode proteins known to contain beta-glucoside
specific subunits. The amino acid sequences of these gene products were found to share
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homology with a known sequence from an Entereobacter species that has not been functionally
studied. This coincides with the fact that 5 of the 11 clones tested belonged to this genus.
(Matteotti et al., 2010).
These studies highlight the enzymes capable of being produced by symbiotic bacteria of
termite guts. For applied purposes it needs to be determined if these enzyme-encoding genes are
being expressed by the various bacteria and how useful the enzymes will be in an applied setting.
Measuring cellulase activity is undertaken using either soluble or insoluble substrates.
Carboxymethylcellulase is a soluble substrate used for assessing endoglucanase activity and
shows a reduction in viscosity when depolymerized by endoglucanases. However, its degree of
polymerization (DP) or viscosity is affected by pH, ionic strength, and cation concentration. It is
recommended to use a non-ionic substituted cellulosic substrate, such as hydroxyethyl cellulose,
when assaying endoglucanase activity. Insoluble cellulosic substrates include nearly pure
cellulose (eg. Whatman No. 1 filter paper, microcrystalline cellulose, amorphous cellulose) and
impure

cellulose

(eg.

dyed

cellulose,

alpha-cellulose,

pretreated

lignocellulose).

Microcrystalline cellulose, filter paper, alpha-cellulose, and pretreated lignocellulose can be
considered combinations of crystalline and amorphous fractions. Microcrystalline cellulose is
suggested for exoglucanase activity assays due to its low DP and accessibility to enzyme
activity. Alpha-cellulose is composed of mainly cellulose with a small quantity of
hemicelluloses, and is thus used to evaluate total cellulase activity (Zhang et al., 2006).
Observing changes in physical properties of substrate, reduction in quantity of substrate,
or the accumulation of hydrolysis products are the three ways to test the activity of cellulase
enzymes on cellulosic substrates. Measuring changes in physical properties of a substrate in
response to cellulase activity include changes in viscosity, turbidity, or fiber strength. However,
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these are not sensitive assays. Reduction in substrate can be measured by gravimetry or chemical
methods, but are not commonly used due to the procedures being tedious. Most common are
measuring hydrolysis products, either reducing sugars or total sugars. Reducing sugar assays are
based on the reduction of inorganic oxidants that accept electrons from donating aldehyde groups
of reduced cellulose chain ends. The most common reducing sugar assays are the
Dinitrosalicyclic acid (DNS) assay and the Nelson-somogyi method because they have high
sugar detection levels and low interference from cellulase. However, if using glucose as the
standard, cellulase activity may be underestimated. Other reducing sugar assays have higher
sensitivity, but encounter interference from nonspecific proteins (Zhang et al., 2006).
When analyzing cellulase activity, it can be desired to measure specific types of
cellulases individually. Endoglucanase activity can be measured by observing decrease in
viscosity of the substrate. Endoglucanase activity is usually measured on a high DP cellulose
derivative, commonly CMC, which has significant decreases in viscosity in response to
endoglucanase activity. Agar plates are useful when testing large samples for endoglucanase
activity because the non-depolymerized polysaccharides stain easily with dyes. This method is
not highly quantitative due to the fact that changes greater than 2-fold are difficult to detect.
There are no exoglucanase specific substrates, but often enzymes which show low activity on
CMC, but high activity on microcrystalline cellulose are identified as exoglucanases. Beta-Dglucosidase assays are often simple colormetric or fluorescent product assays, but they also can
be measured using cellobiose (Zhang et al., 2006).
Cellulase activity can also be measured as total cellulase activity. When using this
method, it is most meaningful if one has a reliable estimation of quantity of enzyme being used
in order to calculate the specific enzyme activity (bonds broken/mg enzyme/unit of time). Total
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cellulase activity measures the action of endoglucanases, exoglucanases, and beta-Dglucosidases synergistically hydrolyzing crystalline cellulose. These assays always use insoluble
substrates, such as the common Whatman No.1 filter paper assay. Powdered microcrystalline
cellulose may be preferred over filter paper because it may more accurately represent hydrolysis
on structurally similar pretreated lignocellulose. However, pretreated lignocellulose also contains
hemicelluloses and lignin and microcrystalline cellulose does not (Zhang et al., 2006).
Xylan is the second most common polysaccharide in nature. Because plant cellulose is
embedded in a hemicellulose matrix, there is also interest in naturally produced xylanase
enzymes, which remove the hemicellulose and make cellulose available to attack by cellulases
(Han et al., 2013). Most reports of naturally derived xylanse activity involve the hydrolysis of
soluble xylan. In nature xylan is in an insoluble form. One study identified a xylanse, (Endo 1,4
Beta-D-xylan xylanohydrolase) from a thermophilic fungus, that is able to hydrolyze insoluble
xylan. Xylanase activity was analyzed using DNS assay, similar to assessing cellulase activity
(Khonzue et al., 2011). Xylanases are typically members of glycohydrolase families 10 and 11
and contain one or more catalytic domains and other non-catalytic domains. Most frequent noncatalytic domains are carbohydrate-binding modules which attach and position catalytic domains
to the surface of insoluble substrates (Han et al., 2013).
Considering the wealth of uncharacterized genes harbored by bacterial residents of
termite guts, it is a worthwhile place to search for novel enzymes that contribute to the
breakdown of lignocellulose plant material. The genome of bacterium isolate JT5 contains gene
markers for a variety of different families of carbohydrate active enzymes known as glycoside
hydrolases. We have identified a predicted xylanase belonging to family GH10, and two
predicted cellulases belonging to family GH5. We have chosen to analyze these enzymes to
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determine if they are capable of breaking down plant material by testing their activity on xylan
and varied cellulose substrates using the DNS assay method. Further, we analyzed the expression
of these genes by the bacterium JT5 grown in the presence of different lignocellulosic
components. These experimental results give strength to the hypothesis that JT5 is involved in
the breakdown of lignocellulose in the gut of Gnathamitermes perplexus.

Methods
Bacterial Cultivation
To examine the growth rate of isolate JT5 on different carbon sources, anaerobic tubes
containing 4YACo media amended with vitamin and cofactor mix (Leadbetter et al., 1999) was
used as the basal medium. Tubes were amended with alternative carbon sources (20 mM final
concentrations), which included cellobiose, glucose, xylose, or carboxymethylcellulose (CMC).
Absorption readings were taken using a Spectronic 21D (Milton Roy) Spectrophotometer. Tubes
were incubated at 27C. Daily readings were taken for 14 days. Growth curves were plotted and
generation times during logarithmic-phase growth were calculated. For each substrate, 4 separate
generation times were calculated, and averaged together.

Glycohydrolase primer design
Gene sequences were targeted for a GH5 Cellulase (JT5 genome peg 36) and a GH10
Xylanase (JT5 genome peg 945) using RAST seed viewer (BMC Genomics, 2008) and Primer3
oligonucleotide design software, and were analyzed for efficacy using Oligoanalyzer 3.1 (New
England

Biolabs).

Primer

sequences

used

were

as

follows:

GH5

(5’-

ATTTGCCGTTAAATGCCTTG-3’ and 5’-ATCATCGAGCAGGTTTCGTC-3’) and GH10 (5’AAGTCCTTACCCAACGGATG-3’ and 5’-TTCACCTTGTCGCTGTTGTC-3’). Primers were
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diluted to 100 pmol/μl stock, and further diluted to a 10 pmol/μl working stock for the following
experiments. Primers were tested against 0.5 μl JT5-1 DNA (10ng/μl) using 0.5 μl each forward
and reverse primer, 10 μl fail-safe Buffer D (Epicentre, Madison,WI), 0.2 μl Taq polymerase
(New England Biolabs, Ipswich, MA), and molecular grade water to create 20 μl reaction
mixtures. The samples were amplified by Polymerase Chain Reaction (PCR) using a T100
Thermocycler (Bio-rad, Hercules, CA). PCR conditions were 95C denaturation, 55C
annealing, and 68C elongation temperatures for 26 cycles. PCR products were visualized using
gel electrophoresis through 1% agarose gels. Gel was post stained for visualization with
Ethidium Bromide for 10 minutes. The image was viewed using Biorad Gel Doc set to UV filter.

JT5 RNA extraction
A 5ml culture of JT5 grown on 4YACO media, was harvested an optical density 600nm
absorbance of 0.368. Ten milliliters of RNA protect plus the 5ml JT5 culture was added to a
sterile conical tube, and centrifuged for 10 minutes at 3800 rpm. RNA was harvested from
culture using RNeasy mini kit (QIAGEN), following the included on-column DNase digestion
protocol. DNA digestion was also preformed off-column using a 30-minute incubation with RQ1
RNase-free DNase (Invitrogen) according to manufacturer’s instructions. RNA was converted
into cDNA using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). In parallel control
reactions, reverse transcriptase enzyme was omitted from cDNA synthesis reactions to control
for the presence of residual DNA. This negative control, as well as the cDNA created from JT5
RNA, was amplified using the primers for GH5 (peg 36), GH10 (peg 945), and ClpX by
Polymerase Chain Reaction (PCR). PCR conditions were 95C denaturation, 55C annealing,
and 68C elongation temperatures for 26 cycles. Reaction mixtures included 1μl cDNA, 0.5 μl
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each forward and reverse primer, 10 μl fail-safe Buffer D (Epicentre, Madison,WI), 0.2 μl Taq
polymerase (New England Biolabs, Ipswich, MA), and molecular grade water to create 20 μl
reaction mixtures. PCR products were visualized using gel electrophoresis through 1% agarose
gels. Gel was post stained for visualization with ethidium bromide for 10 minutes. The image
was viewed using Biorad molecular imaging FX scanner.

RNA was extracted using the

described procedure, exempting the on-column DNase digestion, from cultures of JT5 modified
with the following substrates: xylose, cellobiose, glucose, CMC, cellulose, and xylose +
cellulose. An RNase-free agarose gel was run to confirm successful extraction of RNA prior to
running the PCR.
DNS Assay Xylose and Glucose Standards
50 mgs of D-(+)-Xylose (Alfa Aesar, Heysham, England) was added to 25 ml of
Phosphate Buffered Saline (PBS) and 50 mg of Anhydrous Dextrose (VWR, West Chester, PA)
was added to 25 ml of PBS to create 2000 μg/ml xylose and glucose solutions. These were
diluted to concentrations of 1500, 1000, 500, 300, 100, and 0 μg/ml. In 1.5 ml ependorf tubes,
100 μl of each xylose and glucose solution was combined with 100 μl of dinitrosalicyclic acid
(DNS) solution and placed in boiling water for 5 minutes. After cooling at room temperature for
1 min, Rochelle Salt Solution (10g Potassium Sodium Tartrate Tetrahydrate into 25 ml milliQ
water) was added to equal 1/6th of the total volume. Samples were diluted with an equal volume
of PBS prior to reading absorbance at 575nm using a Spectronic 21D (Milton Roy)
Spectrophotometer. Absorbance readings were graphed against concentration of xylose using
Microsoft Excell 2007 to create a standard curve.
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Preparation of Crude Enzyme
Genes from JT5 encoding glycohydrolase enzymes (GH5 peg 1894 & GH8 peg 215)
were previously cloned into competent E. coli cells. These cultures were inoculated into tubes
containing LB broth and 100 ug/ml ampicillian (Amp). Cultures were then grown at 3

C in a

shaker for 17 hours before being transferred to a 400 ml flask of LB/Amp. 0.5M Isopropyl BetaD-1-thiogalactopyranoside (ITPG) was added to flask after incubation for 2.5 hours. Cultures
were allowed to incubate an additional 2.25 hours. Culture was then divided into 50 ml conical
tubes and centrifuged for 10 min. at 3800 rpm. Supernatent was removed and pellets combined
and resuspended in 10 ml PBS prior to a second centrifugation for 10 min at 3800 rpm.
Supernatant was removed and pellet resuspended in 10ml PBS. Cultures were ran through a
French cell press to lyse cells and release crude enzyme.
Purification of Xylan
A solution of 5% beechwood xylan (Tokyo Chemical Institute, Tokyo, Japan) in PBS
was further purified by removal of xylose from the stock xylan. Xylan added to PBS was
centrifuged 5 min. at 3800 rpm. Supernatant was removed and pellet was resuspended in PBS.
Centrifugation was repeated for 5 min. at 3,800 rpm. Supernatant collected was further
centrifuged for 10 min. at 25,000 x g (18,000 rpm). Pellet material was combined, resuspended,
and centrifuged again at 25,000 x g for 10 minutes. Supernatant was removed and final pellet
material was resuspended in 12.5 ml of PBS to make a 10% weight to volume xylan solution.
Xylose concentration liberated from the xylan solution as a result of xylanase activity was tested
using the DNS assay as described above.
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DNS assays of enzyme preparations
Enzyme preparations were incubated with various substrates as follows: GH5 (peg 1894)
and GH8 (peg 215) alone and in combination against 1% solutions of cellulose, methylcellulose,
and a 1.25% solution of carboxymethylcellulose in Phosphate buffered saline (PBS) and GH10
(peg 945) soluble & insoluble fractions against a 5 % solution of xylan. A preparation of the
empty pET32 vector was used on all substrates as a control. In 1.5 ml centrifuge tubes, 100 μl of
enzyme was combined with 100 μl of substrate. 200μl DNS solution was added to sample and
placed in boiling water for 5 minutes. After cooling at room temperature for 1 min, Rochelle Salt
Solution was added to equal 1/6 of the total volume. Samples were diluted with an equal volume
of PBS prior to reading absorbance at 575 nm using a Spectronic 21D (Milton Roy)
Spectrophotometer. This procedure was performed on samples that incubated for 0, 0.5, 1, 1.5, 2,
& 3 hour times. Data was analyzed and graphed in Excel 2007 and compared to xylose or
glucose standards to determine concentration of sugar released/unit of time.

Results and Discussion
We have begun analyzing the ability of the bacterium JT5 to aid in the breakdown of
lignocellulosic material in the gut of Gnathamitermes perplexus. We have analyzed the ability of
JT5 to grow on and degrade various plant substrates and observed changes in gene expression of
a GH5 cellulase and a GH10 xylanase in relation to these various growth media. Selected JT5
genes coding for probable GH enzymes were cloned into E. coli and the activity of these
expressed enzymes was analyzed in terms of quantity of sugar monomers released per unit time.
This study of a selected few JT5 gene products, combined with the fact that JT5 contains
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numerous genes for many other GH enzymes not yet tested for activity and expression, support
the role of JT5 in the degradation of lignocellulose plant material.
Analysis of generation times was performed by measuring optical density in three
separate experiments for 13 days, 10 days, and 12 days respectively. For the first experiment,
cellobiose readings were recorded for 13 days, whereas the glucose samples showed growth up
to 21 days. Generation time was calculated by plugging the formula (LOG10 (reading 2) –
LOG10( reading 1))/(0.301 * (time 2-time 1)) into Microsoft Excell. Average generation times
were as follows: Glucose 16.66 hours, Cellobiose 15.74 hours, Xylose 23.78 hours, and CMC
31.22 hours. (Table 2) JT5 is capable of growth on all carbon sources we provided. Readings
for CMC did not appear to follow the standard bacterial growth curve as did the others. It
appeared to have a short rapid log phase, followed by a steady decline in optical density. It is
unclear if this is due to bacterial cell death or decrease in substrate due to bacterial consumption.
As CMC is used in experiments to induce expression of cellulolytic enzymes, possible
upregulation of these enzymes could be leading to a decline in carbon source used, in this case a
loss of viscosity that may be obscuring the optical density readings. After an initial log phase
growth, demonstrated by increased optical density readings, the readings showed more
fluctuation up and down before decreasing steadily. The CMC media appeared to lose viscosity
over the course of bacterial growth. Regardless, we have shown that JT5 can be cultured on
various carbon sources, which suggests a variety of enzymes required for the breakdown of
plant-based sugars.
Primers targeting glycohydrolase genes that encode enzymes for a GH5 (peg 36), a
predicted cellulase, and a GH10 (peg 945), a predicted xylanase, were designed and shown to be
functional when used to amplify JT5 DNA. Extraction of RNA from cultures of JT5 modified
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with xylose, cellobiose, glucose, CMC, cellulose, or xylose + cellulose was performed using
RNeasy mini kit. Initial culture optical densities on the various substrates were as follows: xylan
0.259, cellobiose 0.468, CMC 0.227, and glucose 0.237. Optical densities were unable to be
quantified for cultures modified with cellulose as the substrate obscured the readings. During
initial sample processing, it was noted that the sample containing CMC was viscous and took
numerous centrifugations to completely pass through the spin tube filter. An RNase free agarose
gel was run to check for successful RNA extraction. All samples showed a positive result for
RNA presence except for the CMC sample. Samples (omitting the CMC) were immediately
converted into cDNA using the iScript cDNA kit and PCR amplified using GH5 (peg 36), GH10
(peg 945), and ClpX primers. Imaging of product showed that in the absence of xylan, the GH10
(peg 945) product was not detected. However, in the presence of xylan or xylan + cellulose, a
product was detected for GH10 (peg 945), suggesting GH10 (peg 945) is likely expressed by JT5
when xylan is present. (Figure 1) A signal for GH5 (peg 36) was detected in the presence of
glucose and cellobiose, but no signal was observed in the presence of xylan or cellulose. (Figure
2) This suggests that GH5 (peg 36) may not be directly involved in the breakdown of
lignocellulose by JT5. No signals were noted for any of the negative controls run omitting the
reverse transcriptase enzyme.
DNS assays of GH10 (peg 945) soluble and insoluble enzyme preparations were
incubated with 5% xylan. Initial testing using the insoluble fraction against 5% xylan showed a
positive increase in optical density consistent with enzyme activity. However, the soluble
fraction of GH10 (peg 945) did not show any activity on xylan. This is unexpected since usually
the expressed enzyme is present in the soluble fraction and not the insoluble. Using the xylose
standard curve created previously, optical densities were converted to μg/ml of xylose using the
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conversion factor provided by the xylose standard curve. (Figure 3) The average amount of
xylose released from the substrate per minute was 1.34 μg/ml. DNS assays of GH5 (peg1894)
showed activity on cellulose, methylcellulose, and CMC. Optical densities were converted to
μg/μl of glucose using the conversion factor provided by the glucose standard curve. (Figure 4)
The average amount of glucose released from the substrate per minute was: 1.87μg/ml on
cellulose, 2.01μg/ml on methylcellulose, and 1.92μg/ml on CMC. (Table 3) Concentrations for
duplicate runs were averaged and standard deviations were calculated. No activity was seen for
GH8 (peg 215) in any experiments preformed, including when combined with the functional
GH5 (peg 1894). Further, no significant increase in optical density was noted in any of the
control trials using pET32 vector against each substrate.

Conclusions
We have shown that growth on different substrates impacts the up or down regulation of
various glycohydrolase enzymes possess by JT5, a likely participant in the breakdown of
lignocellulose in the gut of Gnathamitermes perplexus. The predicted xylanase, GH10 (peg 945)
provided a signal of expression when JT5 is cultured in the presence of xylan, but no signal was
observed in JT5 grown in the absence of xylan. The expressed enzyme was shown using DNS
assays to degrade xylan. This supports the notion that our GH10 enzyme is likely a xylanase
which aids in the degradation of xylan. The predicted cellulase, GH5 (peg 36) did not produce a
signal indicating gene expression in JT5 when cellulose or xylan was present in the culture.
However, a signal indicating expression was present for JT5 cultured with glucose or cellobiose,
suggesting that this gene product is not likely involved directly in the breakdown of
lignocellulose. While GH5 (peg 36) may not be a cellulase as predicted, GH5 (peg 1894) showed
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cellulase enzyme activity on cellulose, methylcellulose, and CMC. This supports the notion of
GH5 (peg 1894) being a cellulase as predicted, and playing a role in lignocellulose breakdown
by JT5. Further testing is needed for confirmation, but it is expected that GH5 (peg 1894) be
expressed by JT5 in culture conditions modified with cellulosic substrates. The fact that JT5
contains numerous genes for many other GH enzymes not yet tested for activity and expression,
combined with these findings, it is likely that JT5 plays a role in the breakdown of lignocellulose
in the gut of the higher termite Gnathamitermes perplexus.
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Table 1. Genes for glycohydrolase enzymes identified in the genome of JT5 identified using the
CAZy database, RAST seed viewer, JGI, and NCBI databases.
Glycoside Hydrolase
(GH) Family

Function

2

Beta-galactosidase

3

Beta-xylosidase

3

Beta-lactamase/Beta-hexominidase

5

Endo-1,4-beta-mannosidase

5

Cellulase

5

Cellulase

8

Endoglucanase Y

9

Cellulase

10

Xylanase

13

Alpha-amylase

16

Laminarinase/glucan endo-1,3-beta-D-glucosidase

20

Chitobiase/1,4-acetylhexosaminidase

27

Isomalto-dextranase

26

Cellulase

36

Glucosidase

43

Beta-xylosidase

43

1,5-alpha-L-arabinosidase

43

Arabinosidase

43

1,4-beta-xylosidase

43

Beta-xylosidase

57

Alpha-amylase

69

Alpha-glucuronidase

74

Cellulase

76

Alpha-amylase

83

Beta-hexosaminidase

94

Alpha-1,2-mannosidase

95

Alpha-L-fucosidase

97

Alpha-glucosidase

107

Oxidoreductase

117

Xylosidase

130

Glycosidase
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Table 2. Generation time in hours of JT5 bacterium grown in cultures amended with various carbon
sources.

Substrate
Glucose
Cellobiose
Xylose
Carboxymethylcellulose

Generation time (hours)
16.2
15.7
23.8
31.2
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Table 3. Average amounts of glucose released from each substrate by GH5 enzyme per minute.

Substrate
Cellulose
Methylcellulose
CMC

Glucose released per minute (μg/ml)
1.87
2.01
23.8
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Figure 1. PCR products indicating the presence or absence of expressed GH10 potential
xylanase from JT5 cultures grown on glucose (lane 2), cellobiose (lane 3), cellulose (lane 4),
cellulose + xylan (lane 5), xylan (lane 6), compared to JT5 positive DNA control (lane 7).
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Figure 2. PCR products indicating the presence orabsence of expressed GH5 (peg 36) potential
cellulase from JT5 cultures grown on glucose (lane 2), cellobiose (lane 3), cellulose (lane 4),
cellulose + xylan (lane 5), xylan (lane 6), compared to JT5 positive DNA control (lane 7).
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Figure 3. Average concentration (μg/ml) of xylose released from 5% xylan solution by GH10,
xylanase, at each timepoint plotted against average xylose concentration (μg/ml) increase using
pET32, empty vector, as baseline values.
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Figure 4. Average concentration (μg/ml) of glucose released from 1% cellulose solution, 1.25%
methylcellulose solution, and 1% CMC solution by GH5 (peg 1894) cellulase, at each timepoint
plotted against average glucose concentration (μg/ml) increase using pET32, empty vector, as
baseline values.
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