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Abstract
Cellulosic ethanol has the potential to be a significant biofuel due to its
sustainability and high energy yield. However it is the recalcitrance of cellulose that
presents a costly road block in the economic feasibility of cellulosic ethanol production.
The enzymatic degradation of lignocellulosic biomass has the greatest potential for
reducing the production costs of this process. While many commercially viable
cellulases have been identified in bacteria and fungi, insects remain a relatively untapped
source of these enzymes. In fact recent studies have shown that insects produce highly
active endogenous cellulases capable of completely hydrolyzing cellulose to glucose,
without the presence of multiple enzymatic subunits. Discovering these novel cellulases
from insects may help to develop an extremely efficient method of converting cellulose
to fermentable sugars, while drastically reducing the energetic input needed with the
current batch of commercially available enzymes.
In this work, we present data on the first report of expression of an insect-derived
cellulase in a yeast heterologous system. Our goal was to adapt Saccharomyces
cerevisiae yeast within a novel functional assay to advance high throughput identification
of functional cellulases from genomic insect resources. As a model cellulase, we
expressed the full-length cDNA encoding the TcEG1 endoglucanase from the red flour
beetle (Tribolium castaneum) under the control of the glyceraldehyde-3 phosphate
dehydrogenase (GPD) promoter. TcEG1 was heterologously expressed in this yeast
system and its activity against cellulose substrates as well as its pH and thermal stability
measured.
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Additionally, we examined and characterized the cellulolytic activity in the
household paper pest Thermobia domestica (Zygentoma: Lepismatidae). Initial screening
of T. domestica showed relatively high cellulolytic activity compared to other
documented insect species. Cellulolytic activity from gut and head-derived digestive
fluids was measured, and an active cellulolytic protein profile was established. Partial
protein sequences that matched those identified from insect, microbial, and other
invertebrate cellulases were obtained from partially purified cellulase samples following
protein separation. Our research on T. domestica represents the first report on the
purification and characterization of endoglucanase activity in a species of Lepismatidae.
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Chapter 1
The evolution of endogenous cellulases in insects

2
Introduction
Cellulose is the most abundant organic polymer on earth, accounting for the majority of
biomass produced annually (Lynd, Cushman et al. 1991; Wyman 1999). It is a structural
matrix composed of β-1,4-D-glucopyranosyl subunits that is synthesized by nearly all
plants (Lynd, Cushman et al. 1991). Due to its abundance, renewability, and the
possibility of using glucose subunits to produce ethanol, cellulose has been generating
increasing interest as bioenergy source. In this regard, limited supply and geographic
confinement of fossil fuels together with efforts to reduce the effects of carbon emissions
on our environment, have encouraged growing interest in optimizing conversion of
lignocellulosic biomass to ethanol as renewable alternative to fossil fuels (Wyman 1999;
Fujita, Ito et al. 2004; Zheng, Zhongli et al. 2009; Yanase, Yamada et al. 2010).
Conversion of cellulose to bioethanol requires the hydrolysis of the β-1,4-linkages that
hold the cellulose polymer together and the release of sugars for fermentation to ethanol
(Clarke 1997). While it may seem a relatively simple task, certain aspects of the process
transforming lignocellulosic biomass into ethanol are not optimized (Zheng, Zhongli et
al. 2009; Yanase, Yamada et al. 2010). The most critical aspect of lignocellulose
degradation is its recalcitrance, which hinders degradation of cellulose to its basic
glucose subunits during saccharification (Zheng, Zhongli et al. 2009; Yanase, Yamada et
al. 2010).

This degradative process is considered one of the steps that can be greatly

improved by the use of biotechnology in lignocellulosic ethanol production (Wyman
1999; Watanabe and Tokuda 2010). It is for this reason that the discovery and
characterization of novel cellulolytic enzymes with higher specificity, activity, and
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stability is expected to dramatically increase cost-effectiveness during saccharification
(Yanase, Yamada et al. 2010). The identification and characterization of more effective
cellulases would also contribute to identify structural domains or residues to target with
genetic engineering to improve the efficiency of these enzymes (Yanase, Yamada et al.
2010).
Many different microorganisms rely on cellulases to degrade cellulose to easily absorbed
sugars, allowing them to survive solely on cellulose as the only carbon source (Shoham,
Lamed et al. 1999; Doi and Tamaru 2001; Fujita, Ito et al. 2004). Based on this
information, researchers hypothesized that animals and invertebrates known to consume
feedstocks high in cellulose would harbor microorganisms that helped them degrade the
cellulosic biomass (Watanabe and Tokuda 2001). The relevance of gut symbiotic
bacteria in cellulose digestion is typified by ruminants, which consume soft grasses and
utilize cellulase-producing symbionts to aide in a complex digestion (Foley 2001). This
symbiotic model for cellulose degradation was also applied to phytophagous insects, in
which it was accepted that gut symbionts were responsible for providing cellulolytic
enzymes for cellulose digestion (Cleveland 1924; Kukor and Martin 1983; Morrison,
Pope et al. 2009). However, this paradigm shifted with the observation that termites
displayed endogenous cellulase activity (Yokoe 1964). This observation was later
confirmed with the first cloning of an endogenous insect cellulase from the termite
Reticulitermes speratus (Watanabe, Noda et al. 1998). This discovery led many
researchers to investigate the existence of endogenous cellulolytic systems in the
digestive system of alternative xylophagous and herbivorous insects. In the gut of these
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insects reducing and usually alkaline conditions create an environment conducive to
solubilization of plant biomass and cellulose degradation. Since cellulases from insects
are optimized to function in these environments, these enzymes should present stability,
specificity, and activity properties desirable for improvement of cellulose degradation in
biorefineries. The objective of this chapter is to briefly review current knowledge on
cellulose degradation by cellulases and expand on the phylogenetic relationship among
endogenous insect cellulases to extract information related to the evolution of this family
of hydrolytic enzymes.

Cellulose and cellulases
Cellulose is found throughout a small numbers of bacteria, fungi, invertebrate animals,
and in all higher plants (Watanabe and Tokuda 2010). It is the single most abundant
component of plant cell walls, contributing between 20–40% of the dry weight in the
primary walls (Jarvis 2003; Nishiyama, Sugiyama et al. 2003) and more than 50% in
secondary cell walls (Nishiyama, Sugiyama et al. 2003). Plant cell walls contain
cellulose in the form of crystalline microfibrils with alternating crystalline and noncrystalline regions, making the structure very rigid and strong (Jarvis 2003; Nishiyama,
Sugiyama et al. 2003). These crystalline structures and the amount of cellulose in plants
varies widely depending on cell types and developmental stage (Jarvis 2003). Other
important structural components of the secondary cell walls are hemicellulose and lignin,
which are both found primarily associated with cellulose in the xylem of woody plants.
Hemicellulose is an amorphous polysaccharide with little structural strength found in
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plant cell walls (Faulon, Carlson et al. 1994), making up between 15% and 35% of the
dry weight of the secondary walls. Hemicellulose also differs from cellulose in its sugar
subunit composition. While cellulose contains only anhydrous glucose, hemicellulose
contains sugar monomers like xylose, mannose, galactose and arabinose (Wedig, Jaster et
al. 1987). Lignin is an amorphous aromatic polymers that account for 18–35% of the dry
weight in the secondary walls (Faulon, Carlson et al. 1994). The structure of the
secondary cell walls includes crystalline microfibrils covered with hemicellulose to
produce crystalline microfibrils and microlamella (Faulon, Carlson et al. 1994). Spaces
between the crystalline microfibrils lamellae are filled with lignin, which provides a rigid
cell wall structure. The complex formed by cellulose, hemicellulose, and lignin is
referred to as lignocellulose (Faulon, Carlson et al. 1994; Demura and Fukuda 2007).
The hydrolysis of lignocellulosic biomass to glucose subunits during saccharification is
catalyzed by the synergistic action of 3 glycoside hydrolases (GH): endo-β-1,4-glucanase
(EG; EC. 3.2.1.4), exo-β-1,4-cellobiohydralase (CBH; EC. 3.2.1.91), and β-glucosidase
(EC. 3.2.1.21) (Clarke 1997). Endoglucanases work by the random cleavage of β-1,4
glycosidic bonds along the inner portions of cellulose microfibrils to depolymerize the
cellulose chain into smaller subunits, generally cellobiose, glucose and cellotriose
(Klesov 1991), although cellotetraose or longer strands can also be produced from nativeform cellulose (Klesov 1991; Teeri 1997). In contrast, CBH remove subunits at both
reducing and non-reducing ends of the cellulose chain, releasing either glucose or
cellobiose (a glucose disaccharide). Accumulation of cellobiose inhibits EG activity
through a negative product feedback, a limitation that is overcome during saccharification
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in biorefineries by using β-glucosidase to hydrolyze cellobiose to glucose (Holtzapple,
Cognata et al. 1990; Gruno, Valjamae et al. 2004).

Insect cellulases
When protozoans where first discovered in the intestinal tract of termites they were
thought to be parasitic (Kofoid and Swezy 1919). Shortly thereafter it was demonstrated
that the removal of the hindgut fauna from the termite Reticulitermes flavipes by
antibiotics resulted in loss of viability when the termite fed on wood, suggesting that the
intestinal fauna served a mutualistic role within the termite (Cleveland 1924). This work
served as the backbone for symbiotic relationships in cellulose digestion in termites, and
is still widely accepted as the primary explanation of insect ingestion and digestion of
lignocellulose (Kukor and Martin 1983; Morrison, Pope et al. 2009; Watanabe and
Tokuda 2010). However, later work by Yokoe (1964) on subterranean termites
demonstrated that removal of intestinal microbes by feeding antibiotics to termites did
not prevent cellulose digestion, suggesting the existence of endogenous cellulases. The
presence of endogenous cellulases in the digestive system of alternative insect species
was confirmed by additional experimentation with ingested antibiotics. From these
studies, insects belonging to five different taxonomic orders were described as possessing
endogenous cellulases: Isoptera (Martin and Martin 1978; Slaytor 1992; Bignell, Slaytor
et al. 1994), Zygentoma (Treves and Martin 1994), Blattodea (Scrivener, Slaytor et al.
1989) and Hemiptera (Adams and Drew 1965; Bignell, Slaytor et al. 1994). Low
amounts of observable bacteria in gut regions containing cellulolytic activity was also
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cited as evidence for endogenous cellulase production, specifically in some species of
Orthoptera and Phasmatodea (Cazemier, Op den Camp et al. 1997).
Early researchers hypothesized that endogenous insect cellulases had been acquired
through coexistence from exogenous sources. In 1978, two reports described
exoglucanases produced by the ectosymbiotic fungus Termitomyces within the gut of
Macrotermes spp. termites (Abo-Khatwa 1978; Martin and Martin 1978). From this
observation, it was hypothesized that these fungi were the source of some of the
cellulolytic activity seen in the termite midgut (Abo-Khatwa 1978; Martin and Martin
1978). The greatest difference between this hypothesis and the symbiotic protist theory
(Cleveland 1924) was that in the case of the fungal enzymes activity was due to retention
of the enzyme following ingestion of the fungus, and not the presence of the fungus as
the actual enzyme producing agent in the gut (Martin and Martin 1978). This hypothesis
was supported by the discovery of xylanase and amylase activities in these termites,
which were also acquired from the same fungi (Rouland, Lenoir et al. 1991). Similarly, it
was reported that siricid wood wasp larvae (Sirex cyaneus) acquire several enzymes,
including cellulases, from wood-rot fungi (Kukor and Martin 1983). This acquired
enzyme hypothesis was then expanded to include xylophagous and detritus-feeding
species, including beetles from the family Cerambycidae as well as fungus-growing ants
(Martin 1987). Based on these findings, Martin (Martin 1992) proposed that enzyme
acquisition was a result of insect-fungus coevolution. This rather broad generalization
was met with criticism, especially in regard to certain wood feeding insects like termites
and cockroaches, because the presence of endogenous enzymes was disregarded by
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Martin (1987, 1992), and the enzymes from the host species and the ectosymbiotic fungi
were not independently identified (O’Brien and Slaytor 1982; Slaytor 1992; Breznak and
Brune 1994). While these criticisms decreased interest in the hypothesis of acquired
cellulases, some additional work proposed a mechanism that still took into account the
potential presence of endogenously produced cellulases (Kukor and Martin 1986).
However, most recent work on insect cellulases has shifted focus to endogenous or
symbiotic production of cellulases.

The evolution of insect cellulases
Since the first cellulase gene of insect origin was cloned (Watanabe, Noda et al. 1998), a
number of cellulases have been identified and cloned from a number of insect species
belonging to diverse insect orders, including Blattodea (Lo, Tokuda et al. 2000), Isoptera
(Nakashima, Watanabe et al. 2002; Scharf, Wu-Scharf et al. 2003; Tokuda, Lo et al.
2004), Coleoptera (Sugimura, Watanabe et al. 2003; Lee, Kim et al. 2004; Wei, Lee et al.
2006), and Orthoptera (Kim, Choo et al. 2008; Willis, Klingeman et al. 2010). In
addition to these reports, genome sequencing projects have produced evidence of putative
endogenous cellulase genes in Phthiraptera, Hemiptera, and Hymenoptera (Kunieda,
Fujiyuki et al. 2006). To date, cellulase genes or their homologs have been identified and
cloned in 27 species spanning seven insect orders (Watanabe and Tokuda 2010).
Classification of glycosyl hydrolase enzymes into GH families is based on sequence
similarity and not on enzyme specificity (Henrissat, Callebaut et al. 1995; Henrissat and
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Davies 1995), suggesting that even if multiple cellulases share affinity to the same
substrate they may not share homology and thus belong to different GH families
(Henrissat, Callebaut et al. 1995; Henrissat and Davies 1995). In each of the reported
insect species with cloned endogenous cellulases at least one gene encoding for a
cellulase from glycosyl hydrolase family 9 (GHF9) has been identified (Watanabe and
Tokuda 2010). Because of the pervasiveness of GHF9 cellulases in invertebrates, the
monophyletic character of GHF9 genes in insects (Davison and Blaxter 2005), and the
shared intron positional identity of GHF9 cellulase genes (Lo, Watanabe et al. 2003;
Suzuki, Ojima et al. 2003), it has been proposed that GHF9 cellulases have been
vertically transferred from a common ancestor to modern insects (Lo, Watanabe et al.
2003). While endogenous GHF9 cellulases are commonly found in diverse insect species,
enzymes belonging to alternative GH families are also found. For instance, insect
cellulases belonging to GHF5 and GHF45 have been also been cloned, particularly in
members of the order Coleoptera (Sugimura, Watanabe et al. 2003; Lee, Kim et al. 2004;
Wei, Lee et al. 2005; Wei, Lee et al. 2006; Wei, Lee et al. 2006). While these cellulases
share little sequence similarity and three-dimensional structures, they do share very
similar substrate specificities (Sugimura, Watanabe et al. 2003; Lee, Kim et al. 2004;
Wei, Lee et al. 2006). These observations have led Watanabe and Tokuda (2010) to
postulate that this may represent convergent evolution of cellulases.
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Phylogenetic analyses of GHF9 insect cellulases
To try and better understand the evolution of cellulases in insects, we examined the
phylogeny of all of the insect GHF9 enzymes cloned to date (Table 1). We focused our
analyses on GHF9 cellulases because of the pervasiveness of this cellulase family in
insects, and the low level of sequence homology they share with any other GH cellulase
family. A previously compiled list of cloned cellulases (Watanabe and Tokuda 2010)
was utilized to minimize the addition of incomplete and partial sequences (Table 1).
Protein sequences were compiled in Mega 5 (Tamura, Peterson et al. 2011) from BLAST
searches of the NCBInr database using the GenBank accession numbers provided in a
previous review (Watanabe and Tokuda 2010). Protein sequences were then aligned
using the ClustalW utility within Mega 5, and a maximum parsimony tree for their amino
acid sequences was created (Fig. 1) (Tamura, Peterson et al. 2011). Maximum parsimony
enables the examination of the sequences using the least amount of evolutionary change
to explain the data.
Our phylogenetic tree showed that while the considered enzymes belong to the same
GHF9 family, there is low observable homology between enzymes from diverse insect
orders. This lack of homology is evident when considering the bootstrapping values,
which examine the confidence interval of each branch in the tree (Felsenstein 1985).
While sequence was more conserved within orders that are closer evolutionarily (i.e.
Isoptera and Blattodea), little sequence similarity was observed when comparing
enzymes from the most primitive and modern insect orders (i.e., Isoptera and
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Table 1: Cellulase sequences retrieved from the NCBInr database and used in our
phylogenetic analysis.
Insect Species

Family

GH Family

Function

Accession no.

Orthoptera
Teleogryllus emma

Gryllidae

GHF9

Endo-β-1,4glucanase

EU126927

Blattodea
Polyphaga aegyptiaca

Polyphagidae

GHF9

Endo-β-1,4glucanase

AF220583, AF220584,
AF220585

Blattella germanica

Blattellidae

GHF9

AF220595

Panesthia
angustipennis spadica

Blaberidae

GHF9

Endo-β-1,4glucanase
Endo-β-1,4glucanase

Panesthia cribrata

Blaberidae

GHF9

Salganea esakii

Blaberidae

GHF9

Periplaneta
americana

Blattidae

GHF9

Endo-β-1,4glucanase

Cryptocercus
clevelandi

Cryptocercidae

GHF9

Endo-β-1,4glucanase

AF220590, AF220589,
AF220588

Mastotermes
darwiniensis

Mastotermitidae

GHF9

Endo-β-1,4glucanase

Hodotermopsis sjoestedti

Termopsidae

GHF9

Endo-β-1,4glucanase

Neotermes
koshunensis

Kalotermitidae

GHF9

Endo-β-1,4glucanase

Reticulitermes
speratus

Rhinotermitidae

GHF9

Endo-β-1,4glucanase

AJ511339, AJ511340,
AJ511341, AJ511342,
AJ511343, AF220593,
AF220594
AF220592,
AB118662,
AB118794,
AB118795,
AB118796
AB118797,
AB118798,
AB118799,
AF220591
AB008778, AB019095

Reticulitermes flavipes

Rhinotermitidae

GHF9

Endo-β-1,4glucanase

Endo-β-1,4glucanase
Endo-β-1,4glucanase

AB438950,
AB438951,
AB438952
AF220596, AF220597
AB438946,
AB438947,
AB438948
AF220586, AF220587

Isoptera

AY572862
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Insect Species
Coptotermes
formosanus

Family
Rhinotermitidae

GH Family
GHF9

Function
Endo-β-1,4glucanase

Accession no.
AB058667,
AB058669,
AB058670, AB058671
AF336120

Coptotermes
acinaciformis

Rhinotermitidae

GHF9

Endo-β-1,4glucanase

Odontotermes
formosanus

Termitidae

GHF9

Endo-β-1,4glucanase

Nasutitermes
takasagoensis

Termitidae

GHF9

Endo-β-1,4glucanase

Nasutitermes walkeri

Termitidae

GHF9

Sinocapritermes
mushae

Termitidae

GHF9

Endo-β-1,4glucanase
Endo-β-1,4glucanase

Pediculus humanus
humanus
Coleoptera

Pediculidae

GHF9

GHF9
Homolog

XM 002426420

Tribolium castaneum

Tenebrionidae

GHF9

XM 001810641

Psacothea hilaris

Cerambycidae

GHF9

GHF9
Homolog
Endo-β-1,4glucanase

Phaedon cochleariae

Chrysomelidae

GHF9

Endo-β-1,4glucanase

Y17907

Hymenoptera
Apis mellifera

Apidae

GHF9

XM 396791

Nasonia vitripennis

Pteromalidae

GHF9

GHF9
Homolog
GHF9
Homolog

AB118800,
AB118801,
AB118802
AB013272,
AB019585,
AB118803, AB013273
AB013273
AB118804,
AB118805,
AB118806

Phthiraptera

AB080266

XM 001606404
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Figure 1: Maximum parsimony tree for amino acid sequences comparing all known
cloned GHF9 cellulases from insects. Accession number, species and available
annotation are presented for each sequence. Bootstrap values represent 1000 replications.
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Hymenoptera). This explains why the more closely related species, which are found on
the inner branches, have higher bootstrapping values; while the outer branches that
dictate greater evolutionary differences have much lower values. These bootstrapping
differences reduce confidence that these enzymes can be grouped together into
evolutionarily-derived similarity (Felsenstein 1985). In fact, many of the highest
bootstrap values (95 or greater) would suggest a strong likelihood of coevolution in
origin of these enzymes. In contrast, the lower bootstrap values (less than 50) suggest
divergent evolution of the specific insect cellulases. This observation, however, does not
necessarily imply that these cellulases arose from different ancestors. In fact, it may
simply suggest that these enzymes were modified to fit a new role as the insect group
evolved, while maintaining a simpler enzymatic function in more primitive arthropods
(Lo, Tokuda et al. 2000; Lo, Watanabe et al. 2003).
In addition to these intraspecies differences, we observed sequence divergence within
species. For instance, while three GHF9 endoglucanases have been cloned from the
cockroach Cryptocercus clevelandi, our phylogenetic analyses suggest that there is high
probability that these cellulases did not share a common ancestor. This assessment is
indicated by the low bootstrapping values seen between the nodes. For instance, when
comparing the node values of 28 in one clade of C. clevelandi to the node value of 99 for
Tribolium castaneum it can be assumed that there is a much high probability that the two
cellulases from T. castaneum share common sequential history as opposed to the
sequences of C. clevelandi. This is expected because these low node values decrease the
confidence that the examined sequences share evolutionary history (Felsenstein 1985). A
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similar conclusion can be extracted for the endoglucanases from the cockroach Salganea
esakii, which in our phylogenetic tree locate in two different clades. These differences
suggest the existence of multiple endoglucanases in these insects displaying some
homology but with enough sequential variability to suggest alternative gene origin and
potential function.
Glycosyl hydrolases, in this case endoglucanases, are known for having highly conserved
structural regions, particularly around the catalytic and binding domains (Davison and
Blaxter 2005). Thus, while homology in these regions results in classification into the
same GHF, it is likely that the remainder of the sequence is divergent. This divergence
can be observed in our phylogenetic analysis of GHF9 cellulases. In addition to the
phylogeny, a sequence alignment was performed to observe potentially conserved regions
throughout the entire sequence. We found a highly conserved catalytic domain uniquely
associated with GHF9 cellulases, as well as additional conserved regions of sequence that
were not associated with GHF9 catalytic domains or active sites. In alignments of the
GHF9 catalytic site in the considered enzymes (Fig. 2), a highly conserved amino acid
sequence (LTGGYYDAGDFVKFGFP) was observed. There was very little observed
variability in this sequence fragment among the considered enzymes. In contrast, in the
second aligned sequence with no known catalytic function or relation to GHF9
classification, three conserved amino acids were observed among the considered
enzymes, while low homology was observed for the other positions in the fragment,
varying widely between species. For instance, Panesthia angustipennis expresses three
different endocellulases that do not present sequence variability in the catalytic fragment,
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Figure 2: Sequence alignment of GHF9 enzymes from insect systems. The left sequence
column represents the highly conserved catalytic domain with active sites of insects
presenting cellulases of the GHF9 family. The right sequence column is a conserved
region, with no representative function, but common to all characterized insect GHF9
cellulases. (*) denotes sequence conservation, (+) denotes a conserved catalytic region,
and (?) denotes missing information. Each sequence is preceded by the location of the
first amino acid in that particular fragment.
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while in the additional sequence displaying conservation all three show differences at one
or more positions. This partial divergence may be related to functional stability of the
insect cellulases, conveying unique properties to each enzyme even within the same
GHF9 family. For instance, some GHF9 cellulases require slightly acidic conditions to
maintain optimum activity (Lee, Kim et al. 2004; Lee, Lee et al. 2005; Kim, Choo et al.
2008), while other cellulases of the same family are more active in more alkaline
conditions (Sami and Shakoori 2008; Willis, Oppert et al. 2011). This difference in pH
optima probably correlates with greater molecular stability at the specific pH and is likely
the result of sequence differences as small as a single amino acid within the catalytic
domain (Boer and Koivula 2003; Willis, Oppert et al. 2011).
Several alternative genome sequencing projects in Anopheles gambiae (Kunieda,
Fujiyuki et al. 2006), Drosophila melanogaster (Kunieda, Fujiyuki et al. 2006), and
Bombyx mori (Consortium. 2008) have failed to identify or even predict the presence of
cellulase genes. The lack of putative cellulase genes in genomic data from Diptera and
Lepidoptera suggests that insect cellulase genes may be lost through evolution (Davison
and Blaxter 2005). Watanabe, et al. (2010) has proposed that the loss of functional
cellulase insect genes is related to cellulase gene instability. These data may support the
preferential use of primitive insect orders (Isoptera, Zygentoma, and Blattodea) when
prospecting for endogenous insect cellulases, as these species are expected to contain
more stable cellulase genes. However this should not preclude the prospects of
identifying symbiotic bacteria fulfilling cellulolytic roles in higher insects as a potential
source of cellulases. The endogenous or symbiotic nature of much of the reported
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cellulolytic activity in digestive fluids from insects (Oppert, Klingeman et al. 2010) has
not been determined, and is probably a result of synergistic effects among endogenous
cellulases and enzymes from symbionts working together .

Conclusion
Phytophagous insects rely on physical degradation through mastication and enzymatic
degradation driven by endogenous and in some cases symbiotic cellulases to successfully
hydrolyze cellulose-containing substrates (Kukor and Martin 1983; Nishiyama, Sugiyama
et al. 2003). Because of this ability to efficiently process cellulose, and the inherent lack
of exogenous energy inputs to carry out this process, insects have proven to be efficient
biomass convertors (Kukor and Martin 1983; Nakashima, Watanabe et al. 2002). In fact,
sufficient energy is produced during cellulose degradation to allow for insect survival
(Watanabe, Noda et al. 1998; Morrison, Pope et al. 2009). Studies have shown that
Ctenolepisma lineata (Lasker and Giese 1956), Panesthia cribrata (Scrivener, Slaytor et
al. 1989), and Neotermes walkeri (Slaytor 1992) could not only survive on cellulose
alone for prolonged periods of time, but could thrive on it for shorter time periods.
Considering this putative high efficiency of lignocellulose degradation and the extreme
pH and reducing conditions present in the insect digestive fluids, the digestive system of
phytophagous insects can provide vital information to design more efficient and stable
cellulases for use in ethanol biorefineries, thus helping to reduce energy input and overall
costs of biomass degradation (Kumar, Barrett et al. 2009; Zhang, Berson et al. 2009).
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Our phylogenetic analysis of insect cellulases revealed enzymes that have very highly
conserved regions, found across the entire GHF9 cellulase family, but still having a great
deal of variability in non-conserved regions. These differences suggest a family of
enzymes that may share a common ancestor and that have since drastically diverged
during insect speciation. In addition, these differences may also support the hypothesis
that GHF9 cellulases originated from a common ancestor and have since diverged from
other insect cellulases through horizontal gene transfer. Based on these findings, it will
be beneficial to further investigate the differences observed in insect cellulase sequences.
As we observed in our sequence alignment analysis, many of these cellulases share some
homology, as well as substrate specificity. These similarities, however, cannot
overshadow the fact that there are still evident differences in the sequences along with
variable amounts of enzymatic activity (Oppert, Klingeman et al. 2010; Willis, Oppert et
al. 2010). By better understanding sequence variability of insect cellulases, as well as the
overall evolution of these enzymes, we will be able to decipher the relevance of specific
sequences to explain differing levels of overall cellulolytic activity.
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Chapter 2
Functional characterization of an endoglucanase from Tribolium castaneum
(TcEG1) in Saccharomyces cerevisiae
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Abstract
Insects are considered a potential prospecting resource for novel cellulolytic enzymes that
may facilitate production of lignocellulosic ethanol. Development of high-throughput
functional assays to screen expression libraries for novel insect cellulases would greatly
impact the identification of novel enzymes with applications in biofuel production by
allowing for a rapid and efficient method of examining expression as well as
effectiveness. Yeast are a good heterologous expression system for these high
throughput screening assays, as they are already used for fermentation of reducing sugars
to ethanol during lignocellulosic ethanol production. However, there is no published data
supporting functional expression of insect cellulases in yeast. Our goal was to adapt
Saccharomyces cerevisiae yeast within a novel functional assay to advance high
throughput identification of functional cellulases from genomic insect resources. As a
model cellulase, we cloned the full-length cDNA encoding the TcEG1 endoglucanase
from the red flour beetle (Tribolium castaneum) in a yeast expression vector containing
the glyceraldehyde-3 phosphate dehydrogenase (GPD) promoter. Transformed yeast
secreted the TcEG1 protein as a functional β 1,4-endoglucanase, which allowed
transformants to survive on media with cellulose as the only carbon source available.
Secreted TcEG1 was used to characterize pH stability and specificity for this enzyme.
Our results demonstrate the potential for functional production of an insect cellulase in
yeast and support the potential use of this system to screen expression libraries for active
cellulases.
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Introduction
Increasing interest in renewable energy sources has been expedited by finite supply of
fossil fuels and corollary cost increases. One of the most considered renewable energy
sources is lignocellulosic biomass, which is readily sustainable through the bioconversion
of carbon dioxide (Fujita, Ito et al. 2004). The cellulosic component of lignocellulose is
the most abundant source of biomass on the planet, and consists of a matrix-like polymer
comprised of interlinked glucose molecules (Lynd, Cushman et al. 1991; Wyman 1999).
During ethanol production, lignocellulosic biomass must be degraded to glucose subunits
that are then fermented to generate ethanol (Lynd, Cushman et al. 1991). This
conversion is completed by the synergistic activity of three different glycoside hydrolases
(GH): exo-β-1,4-cellobiohydralase (CBH; EC. 3.2.1.91), endo-β-1,4-glucanase (EG; EC.
3.2.1.4), and β-glucosidase (EC. 3.2.1.21) (Clarke 1997).
Despite the abundance of cellulose and increasing knowledge about cellulolytic enzymes,
degradation of lignocellulosic biomass is costly, which directly affects competiveness of
lignocellulosic ethanol against other fuels (Zheng, Zhongli et al. 2009; Yanase, Yamada
et al. 2010). Due to this economic constraint, much effort has been put forward to
prospect for novel enzymes that would increase the net yield efficiency of the cellulose
degradation process, as well as methods to shorten ethanol production into a single step
(Sakamoto, Tamura et al. 1995; Fujita, Ito et al. 2004; Zheng, Zhongli et al. 2009). In
this instance, consolidated bioprocessing (CBP) is considered a cost effective alternative
by eliminating costly pretreatments and condensing enzymatic hydrolysis and
fermentation to a single step (Xu, Singh et al. 2009). In addition, this process would also
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reduce production of environmentally detrimental byproducts that are often associated
with conventional biofuel production.
Traditionally, bacteria, fungi, and plants have been the primary focus of cellulase
research because of their known cellulolytic activities and ease of culture and
manipulation (Watanabe and Tokuda 2001). In recent years, endogenous cellulolytic
activity reported for insects and other animals has increased interest in arthropods as
possible sources of functional enzymes for biofuel production (Watanabe and Tokuda
2001; Oppert, Klingeman et al. 2010; Watanabe and Tokuda 2010). Arthropods, and
particularly insects commonly classified as household pests, are recognized as efficient
degraders of cellulosic biomass, often in the form of paper products, wood, insulation,
starchy food products, flour, and cardboard that these pests use as food sources. Initial
work with insect cellulases focused on the presence of symbiotic bacteria as the sole
producers of cellulases in the insect gut. However, the discovery of an endogenous
cellulase in the gut of the lower termite R. speratus (Isoptera: Rhinotermitidae) gave rise
to research aimed at identifying alternative endogenous insect cellulases (Yokoe 1964).
Currently, insect species belonging to several taxonomic orders have been reported to
express endogenous cellulase genes, including Hymenoptera, Orthoptera, Hemiptera,
Coleoptera, and Blattodea (Watanabe and Tokuda 2010).
Recent screening assays using head and digestive fluids have allowed identification of
insect species displaying high cellulolytic activity relative to termite and cockroach
species (Oppert, Klingeman et al. 2010). Efforts directed to clone cellulases from these
non-model insect species with high cellulolytic activity are hampered by the lack of high-
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throughput functional methods to screen complementary DNA (cDNA) libraries.
Development of these functional assays in bacterial heterologous systems has been
further hindered by dependency of insect cellulase activity on adequate glycosylation
(Lee, Kim et al. 2004). While yeast represents a good alternative expression system,
there are no reported data on functional expression of insect cellulases in this system.
Our goal is to utilize yeast as a model for developing a system to express insect cDNA
libraries that would enable high throughput screening for highly active cellulolytic
enzymes. To demonstrate functional expression of an insect cellulase in yeast we used a
full-length cDNA encoding the T. castaneum endoglucanase 1 (TcEG1). This cellulase
has been previously reported to possess specificity for carboxymethylcellulose (CMC)
and to display activity in alkaline pH (Willis, Oppert et al. 2011). Transformation of
yeast with an expression construct containing the TcEG1 cDNA resulted in production
and secretion of a protein displaying activity against CMC and of the expected size for
TcEG1. This cellulase displayed highest activity in alkaline pH, consistent with a
previous characterization of an expressed form of TcEG1. Our data demonstrate
functional expression of TcEG1 in S. cerevisiae as proof-of-concept for the use of yeast
expression systems in developing functional genomic assays to identify highly active
insect cellulases. Development of these genomic screening approaches will greatly
advance the characterization of cellulose degradation in insects and the identification of
viable alternatives to currently available commercial cellulases.
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Materials and Methods

Cloning of insect cellulase into expression plasmid p426-GPD
The full length cDNA encoding TcEG1 was cloned from an existing insect cell
expression construct (Willis, Oppert et al. 2011), using the polymerase chain reaction
(PCR) protocol described below. To include BamH1 and EcoR1 restriction sites at the
5’ and 3’ ends, respectively, we used forward primer 5’CGGGATCCATGTTCTACTCATTGTGGGTGCTAC-3’ and reverse primer 5’CGGAATTCTCACAATTTATTCTCATTTTCAATA-3’, wherein the restriction sites
are underlined. The optimized PCR protocol included an initial denaturation step of 2
minutes at 92⁰C followed by 30 cycles of 1 minute denaturation at 92⁰C, annealing for 30
seconds at 63⁰C, and elongation for 1 minute at 72⁰C. Resulting PCR products were
separated on a 1% agarose gel, purified, and subjected to restriction digestion using
BamH1 and EcoR1 restriction enzymes (Fermentas, Vilnius, Lithuania). These
restriction sites allowed easy, unidirectional insertion of amplified cDNA sequences into
the multiple cloning site of the yeast expression vector p426-GPD (Mumberg, Müller et
al. 1995). After digestion for 1 hour, cDNA and p426-GPD were run on a 1%
Agarose/EtBr gel and purified using a QIAquick gel extraction kit (Qiagen, Hilden,
Germany). Purified cDNA was then ligated into the digested p426-GPD plasmid using
T4 DNA ligase (Fisher Scientific, Atlanta, GA) to yield the p426-GPD-TcEG1 construct.
Ligated DNA samples were transformed into chemically competent DH5α Escherichia
coli cells using a 30 sec heat shock at 62⁰C. Following heat shock, transformed bacteria
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were incubated in LB-broth at 37⁰C with shaking (225 rpm) for 1hr. Transformants were
seeded on LB-agar plates (100 µg ml⁻1 ampicillin) and incubated overnight at 37⁰C.
Isolated colonies were selected and the plasmid DNA purified using a QIAprep spin
miniprep kit (Qiagen, Hilden, Germany). Purified plasmid DNA was submitted for DNA
sequencing (University of Tennessee Sequencing Laboratory), and returned sequences
were subjected to BlastN analysis to identify successful transformants. Clones displaying
100% similarity to the original TcEG1 sequence were then subjected to QIAprep spin
maxiprep plasmid purification (Qiagen, Hilden, Germany). Purified p426-GPD-TcEG1
plasmid was the quantified using a Qubit Fluorometer (Invitrogen, Carlsbad, CA) and
stored at -20⁰C until needed for yeast transformation.

Transformation of yeast with expression plasmid p426-GPD-TcEG1
Purified plasmid p426-GDP-TcEG1 was used to transform the TRY127 yeast strain using
an established lithium acetate transformation protocol (Ito, Fukuda et al. 1983). A single
yeast colony was selected and grown in 5-mL of yeast peptone dextrose (YPD) broth
overnight at 30⁰C with shaking (125 rpm). After 24 hours, cultures were diluted into 25mL YPD to an OD600 of 0.1, and then grown at 30⁰C for 4 hours while shaken at 150
rpm. Cells were harvested by centrifugation (5,000 x g for 2 minutes at 4⁰C), and the
pellet washed with 25-mL of sterile distilled water. Washed pellets were then
resuspended in 500-µL of LiOAc/TE buffer (10X TE [1M Tris, pH 8.0; 0.5M EDTA, pH
8.0], 1M LiOAc), transferred to a microfuge tube, and then re-pelleted at 13,000xg for 1
minute. The supernatant was then removed and the pellet resuspended by vortexing in
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225-µL of fresh LiOAc/TE buffer. An aliquot (50-µL) of the resuspended cell sample
was transferred to a microcentrifuge tube, and 5-µL of single stranded DNA (Herring
Sperm DNA, Promega) was added as a carrier DNA strand. Next, 15-µL of the
expression plasmid p426-GPD-TcEG1 was added to the tube along with 300-µL of
LiOAc/TE/PEG buffer (10X TE, 1M LiOAc, 20g PEG). Following vortexing, the tube
was incubated for 30 minutes at 30°C before being transferred to a 42°C water bath for
20 minutes. The reaction mixture was then pelleted at 8,000xg for 1 minute, and the
supernatant aspirated. The cell pellet was then resuspended in 200-µL of sterile distilled
water and plated on minimal media agar lacking uracil (MLU agar).
To select successful transformants, MLU agar plates were used because only
transformant yeast cells would be capable of growing in the absence of uracil. To
additionally test for the expression of an active TcEG1 cellulase, glucose was substituted
in the MLU agar composition with 0.2% carboxymethyl cellulose (MLU-CMC). Thus,
only successful yeast transformants would be able to grow by hydrolyzing CMC as the
only available carbon source. As negative control, we used yeast transformed with the
empty expression vector p426-GPD. After streaking, plates where inverted and
incubated at 30°C for 7 days. Plates were removed at the end of the 7 day growth period
and photographed against an illuminated white background using a Canon Rebel Ti
DSLR camera (Canon, Tokyo, Japan), to document growth.
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Expression and partial purification of TcEG1 from yeast cultures
A single isolated colony picked from an MLU-CMC plate was inoculated into an
Erlenmeyer flask containing 50-mL of sterile YPD broth. As negative control, we used a
single colony of TRY127 transformed with the empty p426-GPD expression vector.
Inoculated flasks were incubated at 30°C for 7 days in a shaking incubator (175 rpm).
Following incubation, cellular material and debris were cleared by centrifugation (5,000
x g for 5 minutes at 4⁰C). The supernatant (~50-mL) was placed in a 30K MWCO
protein concentrator (Omnicron, Billerica, MA) and used to concentrate protein following
manufacturer’s protocols. The resulting concentrated sample (~2-mL) was quantified
using a Qubit Fluorometer (Invitrogen, Carlsbad, CA) before storage at 4°C until used
(no longer than one week).

Protein electrophoresis and zymography
We used a modified zymography method to detect specific cellulolytic proteins after
electrophoretic separation (Schwarz, Bronnenmeier et al. 1987). Briefly, 0.2% CMC was
added as substrate to detect cellulase activity to sodium dodecyl sulfate 10%
polyacrylamide (SDS-10% PAGE) gels prior to polymerization. The SDS-10% PAGE
gels were then allowed to polymerize overnight, and stored at 4⁰C until used.
Concentrated yeast culture supernatants (30 µg total protein) were added to 5X sample
buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 0.01% bromophenol blue, 1%
β-mercaptoethanol) (Laemmli 1970) and loaded in the SDS-10% PAGE gels without heat
denaturing. Samples were tested alongside a commercial grade Aspergillus niger
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cellulase (MP Biomedicals, Santa Ana, CA) as a positive control. Electrophoresis was
carried out at a constant 100 V for 4 hours at 4°C. After electrophoresis, gels were
washed 5 times for 5 min per wash, with 50-mL cold wash buffer (0.1 M sodium
succinate, pH 5.8), then they were incubated in 50 mL of fresh wash buffer at 60°C for 30
minutes to allow for degradation of CMC within the gel. Following incubation,
undigested CMC in the gel was stained with 0.1% (w/v) Congo red stain (Acros
Organics, Geel, Belgium) for 12 min, at room temperature. The gel was then destained
for 12 minutes using a solution of 1 M NaCl, which allowed for visualization of any clear
zones of cellulolytic activity. Finally, 100 µL of glacial acetic acid was added to the
NaCl solution, turning the gels to a dark purple color and increasing band resolution
(Waeonukul 2007). Total protein band patterns in gels were visualized using ProtoBlue
Safe stain (National Diagnostics, Atlanta, GA), following the manufacturer’s
recommended protocol. Gels were imaged using a Versadoc 1000 gel imager (Bio-Rad,
Hercules, CA) and enhanced for contrast by using Photoshop CS2 (Adobe, San Jose,
CA).
To determine β-glycosidase activity through zymography, polyacrylamide electrophoresis
was used (Parry, Beever et al. 2001). Concentrated yeast culture supernatants (30 µg
total protein) were solubilized in 5X sample buffer as above, and then fractionated on a
SDS-10%PAGE gel at room temperature for one and a half hours. Activity was detected
by incubating the gel in 10 mM 4-methylumbelliferyl-β-D-glucoside (Sigma Aldrich, St.
Louis, MO) as β-glycosidase substrate in 50 mM sodium citrate buffer (pH 6.0).
Incubation was carried out in the dark at 50°C for 30 minutes. Visualization of a dark
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band of activity was achieved using UV trans-illumination in a Versadoc 1000 gel imager
(Bio-Rad, Hercules, CA). A commercial β-glycosidase, Novozyme 88 (Novozyme,
Bagsvaerd, Denmark), was used as positive control for activity.

In-solution cellulolytic activity assay
Cellulolytic activity in concentrated yeast culture supernatants was tested using diverse
cellulosic substrates to determine specificity of the expressed TcEG1 endoglucanase.
Substrates used included carboxymethylcellulose (CMC, Sigma-Aldrich, St. Louis, MO),
microcrystalline cellulose (MCC, Sigma-Aldrich, St. Louis, MO), 4-nitrophenyl β-Dglucuronide (pNPG, Sigma-Aldrich, St. Louis, MO), and pulverized switchgrass (King,
Donnelly et al. 2009). To quantify cellulolytic activity in the concentrated culture
supernatants against cellulose polymers (MCC and CMC), a modified 3,5-dinitrosalicylic
acid (DNSA) assay was performed (Miller 1959). Protein samples (50 µg for CMC and
150 µg for MCC assays) were mixed with a 2% CMC, 2% MCC, or 2% switchgrass
solution in 50 mM sodium citrate buffer (pH 6.0). Mixtures were incubated at 50°C for
either 1 hour (CMC) or 2 hours (MCC and switchgrass). Reactions were terminated by
addition of DNSA reagent (Miller 1959). Further incubation of the reaction mixture at
100°C for 15 minutes allowed for color development. Any potential precipitate was
removed by centrifugation (2,000 x g for 2 min). A 50 µL aliquot was transferred to a
polystyrene microplate and spectral absorbance at 595 nm read on a Synergy HT
microplate reader (BioTek, Winooski, VT) using the KC4 software. Background
reducing sugars were corrected for by subtracting final from initial values of the
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calculated reducing sugars in the sample (Oppert, Klingeman et al. 2010). Activity values
were expressed as units per gram of protein (U/g), with a unit (U) of cellulolytic activity
defined as the amount of enzyme required to produce 1 µmol of reducing sugar per
minute at 50°C and pH 6.0. All specific activities represented averages from at least
three independently pooled samples (i.e., biological replicates). The activity of each
pooled sample was determined from three measurements (i.e., technical replicates).
Activity against CMC was tested using four biological replicates (n=12), while activity
against all other substrates were tested with a single biological replicate (n=3).
β-glucosidase activity was measured utilizing pNPG as a cellobiose analog (Parry,
Beever et al. 2001). Reaction mixtures (100 µL final volume) contained 25 µL of
concentrated yeast culture supernatants, 25 µL of 10 mM pNPG, and 100 µL of 50 mM
sodium citrate buffer (pH 6.0). Total reaction mixtures were incubated for 30 mins at
50°C in a dark incubator. Following incubation, the reaction was terminated by addition
of 100 µL of 400 mM NaOH-glycine buffer (pH 10.8), which also allowed for color
development. For quantification of activity, a standard curve of ρ-nitrophenol (10-100
nmol mL-1) was used as reference (Rosi, Vinella et al. 1994), and sample absorbance at
405 nm was measured on a Synergy HT microplate reader (BioTek, Winooski, VT) using
the KC4 software. Activity values were expressed as units per gram of protein (U/g),
with a unit (U) of cellulolytic activity defined as the amount of enzyme required to
produce 1 µmol of reducing sugar per minute at 50°C. β-glucosidase activity was tested
with a single biological replicate (n=3) and calculated from three biological replicates.
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pH and thermal stability
Stability of the concentrated yeast culture supernatants was tested at increasing pH by
adding 50 µg of concentrated protein to a 2% CMC (w/v) solution in selected buffers,
yielding pH levels of 4, 6, 9, and 12. The buffers used were: 50 mM sodium citrate (pH 4
and 6), 50 mM Tris-HCl (pH 9), and 50 mM sodium phosphate (pH 12). Thermostability
of the cellulolytic activity in concentrated yeast culture supernatants was tested by
heating samples for 10 minutes at 27°C, 40°C, 50°C, or 70°C before assessing cellulase
activity. Following heating, 50 µg of protein from each sample was added to 50 mM
sodium citrate buffer (pH 6) containing 2% CMC (w/v) to determine cellulolytic activity,
as described above. All specific activities represented averages from at least three
independently pooled samples (i.e., biological replicates). The activity of each pooled
sample was determined from three measurements (i.e., technical replicates). For each pH
and thermal stability experiment one biological replicate was used (n=3) except for
verification of activity at pH 12 which was tested with two biological replicates (n=6).
Background reducing sugars were accounted for in calculations by subtracting final from
initial values of the calculated reducing sugars in the sample. Activity values were
expressed as units per gram of protein (U/g), with a unit (U) of cellulolytic activity
defined as the amount of enzyme required to produce 1 µmol of reducing sugar per
minute per min at 50°C and variable pH.
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Statistics
Comparisons between enzymatic activities of p426-GPD-TcEG1 were made using oneway analysis of variance (ANOVA) and the Holm–Sidak (t-test) method for post-hoc
pairwise multiple comparisons with overall α=0.05 (Gardiner and Gettinby 1998).
Statistical analyses were performed using SigmaPlot for Windows (Systat Software, vers.
12.0, Chicago, IL). Data are presented as means ± the standard error of the mean (SEM).

Results

Expression of TcEG1 in yeast
We previously showed that TcEG1 produced by transformed Drosophila S2 cells was
expressed as a secreted functional endoglucanase (Willis, Oppert et al. 2011). After
transformation and growth in selective media we detected yeast transformed with the
p426-GPD-TcEG1 construct that were able to grow using CMC as the only carbon
source. Conversely, yeast transformed with the p426-GPD expression vector was unable
to grow on selective media (Fig. 3).
To confirm expression of TcEG1 in yeast transformed with the p426-GPD-TcEG1
construct, we used zymography. When concentrated supernatant samples from yeast
cultures transformed with the p426-GPD-TcEG1 was used in zymograms, we detected an
activity band at approximately 48-kDa (Fig. 4, lane D), the expected size for TcEG1
(Willis, Oppert et al. 2011). This activity band was not observed in concentrated
supernatants from control samples (Fig. 4, lane B), supporting that it represented secreted
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Figure 3: CMC-agar plate displaying growth after 7 days of yeast clones transformed
with p426-GDP-TcEG1 (A and B), compared to yeast transformed with p426-GDP (C).
The only carbon source in this plate was CMC, which limited growth to yeast expressing
TcEG1 to degrade this substrate as source of glucose. Control (mock transformed) clones
(C) did not grow.

35

Figure 4: Coomassie stained SDS-10% PAGE gels (containing 0.2% CMC) comparing
30 µg of protein in samples from control (lane A) and yeast transformed with the p426GDP-TcEG1 construct (lane C). Expression of TcEG1 was detected by staining for
cellulase activity with CMC as substrate. A band of activity of the expected size
expected for TcEG1 was detected in clones transformed with p426-GDP-TcEG1 (lane
D), but not in mock-transfected controls (lane B). The arrow indicates the protein band
and area of activity expected for the 48-kDa TcEG1 endoglucanase.
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TcEG1. When staining gels for total protein, a protein band of the same size as the
putative TcEG1 activity band was also observed in concentrated supernatants from
experimental (Fig. 4, lane C) but not from control samples (Fig. 4, lane A).

Quantitative characterization of TcEG1 activity
Based on zymography results and previous reports (Willis, Oppert et al. 2011), we
expected to observe activity of heterologously-produced TcEG1 against CMC in activity
assays. As anticipated, the highest levels of cellulolytic activity of the secreted protein
were observed when using CMC as substrate (44 U/g) (F[3,11]=43.29, p<0.001), with
much lower activity detected for MCC (16 U/g t13=7.952, P=0.001) and switchgrass (32
U/g t13=5.082, P=0.009). We did not detect activity against pNPG in TcEG1-containing
samples, suggesting lack of β-glucosidase activity in the expressed TcEG1 protein (Fig.
4, lanes A-D). While enzyme activity was low, we also detected cellulolytic activity
against CMC in our negative control samples (Fig. 5). The presence of simple reducing
sugars is not likely the result of cellulolytic activity, as yeast do not possess any form of
endogenous cellulase (Lynd, Weimer et al. 2002). The lack of detectable activity for
these controls in both MCC and switchgrass assays, and lack of growth of mock
transformed yeast on CMC plates supports absence of cellulolytic enzymes and suggests
that the detected activity against CMC may be artifactual.
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Figure 5: Quantitative activity assays using proteins secreted by yeast clones transformed
with p426-GDP-TcEG1 or p426-GPD. In each instance, concentrated proteins were
allowed to digest CMC, MCC, switchgrass, or cellobiose and the amount of reducing
sugars released was measured using a modified DNSA assay. Activity against CMC
represents four biological replicates (n=12), while activity against all other substrates
represents one biological replicate (n=3). Background reducing sugars were corrected for
by subtracting final from initial values of the calculated reducing sugars in the sample.
Error bars represent the standard error of the mean calculated from each experiment.
Different letters above each bar represent statistical significance (One-way ANOVA,
p<0.05). Values are presented as units per gram of protein (U/g), with a unit (U) of
cellulolytic activity defined as the amount of enzyme required to produce 1 µmol of
reducing sugar per minute.
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Stability of TcEG1 cellulolytic activity with varying temperature and pH
Thermostability of an enzyme helps to determine its potential efficacy in a commercial
application, since enzymes can be subjected to variable temperature conditions
throughout bioethanol production (Wyman 1999). In these assays, cellulase activity was
found to be significantly different depending on temperature (F3,2=7.10, P=0.021).
Against CMC cellulase activity increased from 25⁰C (225 U/g) to 40ºC (280 U/g).
However, further increases in temperature resulted in significant reductions in activity at
70⁰C (100 U/g; t4=4.394, P=0.027) (Fig. 6 A).
Based on previous reports (Willis, Oppert et al. 2011), we expected the secreted TcEG1
to display high activity in alkaline conditions. We observed that activity against CMC in
the secreted TcEG1 increased significantly as the conditions became more alkaline
(F3,5=69.69, P<0.001). While no detectable activity was measured, at pH 4, cellulase
activity was shown to increase steadily when using buffers of increasing pH, from 50 U/g
(pH 6) to 75 U/g (pH 9). We detected the highest levels of activity at the most alkaline
pH tested (pH 12, Fig 4B). At this pH activity increased nearly 2.5-fold over activity at
pH 9 to ~200 U/g. Activity levels at pH 12 were significantly higher than activity at any
other pH (pH 4 t7=13.727, P<0.001; pH 6 t7=1.563, P<0.001; pH 9 t7=9.358, P<0.001)
(Fig. 6B).
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Figure 6: Quantitative measure of cellulolytic activity of yeast strains, at varying
temperature (A) or pH (B), using CMC as substrate. In each instance, 50 µg of
concentrated protein was allowed to digest CMC for 1 hour and amount of reducing
sugars released measured using DNSA. Values are measured as units per gram of protein
(U/g), with a unit (U) of cellulolytic activity being defined as the amount of enzyme
required to produce 1 µmol of reducing sugar per minute.

A
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Discussion

While previous studies have focused on the expression of insect cellulases in bacterial
and insect cell lines (Sugimura, Watanabe et al. 2003; Wei, Lee et al. 2006; Willis,
Oppert et al. 2011), and fungal cellulases in S. cerevisiae (Saloheimo, Nakari-SetäLä et
al. 1997; Yanase, Yamada et al. 2010; Zhu, Yao et al. 2010), this work describes the first
functional expression of an endogenous insect cellulase in S. cerevisiae. This presents a
promising step forward in the use of insect cellulases as potential enzymes for biofuel
production, as well as in consolidated bioprocessing (CBP). Because CBP utilizes
cellulases expressed in yeast as the backbone for cellulosic fermentation, it is essential to
verify that a cellulase is capable of expression in a yeast vector before it can be
considered for commercial use (Xu, Singh et al. 2009; Yanase, Yamada et al. 2010). By
showing that insect cellulases can be quickly and efficiently cloned into yeast expression
vectors we are not only able to ascertain the efficacy of expressed insect cellulases but we
are able to do so in an accepted commercial system (Xu, Singh et al. 2009). We have
also shown that in the case of TcEG1, the cellulase is expressed as a secreted enzyme as
opposed to a membrane bound enzyme as is commonly seen in many fungal cellulase
expression vectors (van Rooyen, Hahn-Hagerdal et al. 2005; Yanase, Yamada et al. 2010;
Zhu, Yao et al. 2010). This enzyme secretion may increase yields during
saccharification, as it will allow cellulolytic enzymes to diffuse into a batch of
fermentable substrate, allowing for greater degradation prior coming into contact with
yeast cells that are presenting additional cellulases (Xu, Singh et al. 2009; Yanase,
Yamada et al. 2010).
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Previous reports on TcEG1 described an enzyme with thermostability features similar to
alternative cellulases, but with a unique activity at alkaline pH (Willis, Oppert et al.
2011) that had not been previously observed for cellulases (Lee, Kim et al. 2004; Lee,
Lee et al. 2005). While most insect cellulases are active at acidic pH and lose activity as
pH increases (Lee, Kim et al. 2004; Lee, Lee et al. 2005; Kim, Choo et al. 2008), TcEG1
maintained its activity with increasing alkalinity conditions. There are limited examples
of this phenomenon among insect species. An endoglucanase from the red pumpkin
beetle, Aulacophora foveicollis (Coleoptera: Chrysomelidae), was previously reported to
function in slightly alkaline pH of 7.8 (Sami and Shakoori 2008). Activity in alkaline pH
was also noted in a cellulase derived from the Formosan subterranean termite,
Coptotermes formosanus (Isoptera: Rhinotermitidae), which was expressed in E. coli and
able to retain 70% of the original enzymatic activity at pH 9 using the same DNS assay
methods described in this work (Zhang, Lax et al. 2009). In contrast, when TcEG1 was
expressed in Drosophila S2 cells it displayed highest levels of activity at pH 9 (Willis,
Oppert et al. 2011). Data from our assays with TcEG1 expressed in yeast suggest that
this enzyme can function efficiently and stably in extreme pH conditions (pH 12). This
level of activity was carefully verified using physiological buffers, in an attempt to
maintain as much enzymatic activity as possible, and controlling for potential degradation
of the CMC substrate due to the alkaline pH used. This unique high level of activity in
alkaline pH suggests potential biotechnological applications of this enzyme. Optimal
activity levels at acidic pH described for some insect cellulases, and many commercial
cellulases, (Nieves, Ehrman et al. 1998; Lee, Kim et al. 2004; Lee, Lee et al. 2005; Kim,
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Choo et al. 2008) limits their use during ethanol production. In contrast, the alkaline
activity of TcEG1 may have potential utility for development of cellulases that would
efficiently hydrolyze lignocellulosic biomass under basic conditions (Wang, Liu et al.
2005; Qin, Wei et al. 2008). For example, solubilization of lignocellulosic biomass using
ionic liquids has drastically reduced energy requirements during pretreatment, because
high temperature is no longer needed to help pretreat the biomass (Zhao, Jones et al.
2009). Ionic liquids are organic salts with low melting temperature (<100oC) that have
been shown to effectively solvate lignocellulose to useful concentrations of degradable
cellulose (Zhao, Baker et al. 2008; Zhao, Jones et al. 2009). However, use of these ionic
liquids is limited due to the enzyme denaturing environment they produce, most notably
their alkaline pH (Zhao, Baker et al. 2008; Zhao, Jones et al. 2009). While our data
suggests the possibility of TcEG1 activity in alkaline ionic liquids, further research would
be necessary to test this hypothesis.
Our data with TcEG1 support the use of yeast expression systems for the screening of
cDNA libraries from insect digestive tissue for the high throughput identification of
novel, highly active cellulases. Future work should be focused on the application of this
approach to other non-model insect systems. With regard to the alkaline activity of
TcEG1, further research is needed to examine which TcEG1 characteristics facilitates this
high enzymatic activity in alkaline pH, and whether these characteristics may be
transferred to alternative cellulases through genetic engineering. Functional expression
of insect cellulases in yeast suggests the possibility of using transformed yeast in singlestep cellulose degradation and fermentation processes (Fujita, Ito et al. 2004; Zheng,

44
Zhongli et al. 2009) during ethanol production. In particular, the use of yeast expressing
TcEG1 in an ionic liquid environment, particularly if the expressed enzyme retain its
functional characteristics (Fujita, Ito et al. 2004), may help direct future use of insect
cellulases within new technological applications being explored for lignocellulosic
ethanol production.
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Chapter 3
Characterization of cellulolytic activity in the digestive fluids of Thermobia
domestica (Zygentoma: Lepismatidae)
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Abstract
Cellulase activity screening in insects revealed high levels of cellulolytic activity in
digestive fluids taken from head and digestive tract fluids of the firebrat (Thermobia
domestica, (Packard)) when compared with other screened insect species. In this work,
we characterize and identify the cellulolytic enzymes responsible for this activity.
Cellulolytic activity in gut and head digestive fluids of T. domestica were quantitatively
assessed using different cellulose substrates. The highest level of activity was detected
when carboxymethylcellulose (CMC) was used as substrate, while lower activity levels
were detected for microcrystalline cellulose (MCC), switchgrass, and cellobiose
substrates. Highest levels of cellulase activity were detected in midgut fluids from T.
domestica and at pH 6, which closely matches the pH measured within gut-derived
digestive fluid samples. Proteins responsible for activity against CMC in gut fluids of T.
domestica were detected in zymograms and partially purified using size exclusion
chromatography. Three distinct cellulolytic bands were detected in zymograms, which
were submitted to mass spectrometry analysis that yielded the identity of constituent
proteins. Database searches yielded proteins with high identity to β-1,4-endoglucanases
often found in plants and the digestive regions of invertebrates. Our data is suggestive of
the presence of endogenous cellulolytic activity in the digestive system of T. domestica.
Cellulases with similarity to bacterial enzymes were also detected, suggesting the
presence of highly active endogenous and symbiotically produced cellulases belonging to
the GHF9 family in the gut digestive fluids of T. domestica.

47
Introduction
Cellulose constitutes about one third of all plant matter, representing the most abundant
biopolymer on the planet. Due to being easily renewable and energy rich, cellulose has
been considered as an attractive alternative substrate source leading to bioethanol
production (Lynd, Cushman et al. 1991; Wyman 1999). During bioethanol production,
lignocellulosic biomass is degraded to glucose subunits that are then fermented to
generate ethanol (Lynd, Cushman et al. 1991). Cellulose degradation is catalyzed by the
synergistic activity of three distinct glycoside hydrolases (GH): exo-β-1,4cellobiohydralase (CBH; EC. 3.2.1.91), endo-β-1,4-glucanase (EG; EC. 3.2.1.4), and βglucosidase (EC. 3.2.1.21) (Clarke 1997). Despite the abundance of cellulose,
degradation of lignocellulosic biomass into fermentable sugars has proven costly
(Yanase, Yamada et al. 2010), due primarily to recalcitrance of lignocellulosic substrates,
which makes pretreatment steps and large quantities of commercial cellulases necessary
to achieve cellulose hydrolysis (Himmel, Ding et al. 2007; Foust, Ibsen et al. 2008). To
overcome challenges inherently presented by costs associated with these limitations to
efficient cellulose degradation, recent efforts have focused on generation and discovery
of novel cellulolytic enzymes to increase the net yield efficiency of the lignocellulose
degradation process (Sakamoto, Tamura et al. 1995; Fujita, Ito et al. 2004; Zheng,
Zhongli et al. 2009). Cellulase research has been traditionally restricted to organisms
with well-known endogenous cellulases, primarily bacteria, fungi, and plants (Watanabe
and Tokuda 2001). In recent years, however, endogenous cellulolytic activity has also
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been described for animals leading to increased interest in arthropods as potential
prospecting resources for these enzymes (Watanabe and Tokuda 2001).
Cellulolytic activity in insects was traditionally accepted to result from symbiotic flora in
the digestive tract (Cleveland 1924), until endogenous insect cellulases were postulated to
be present in Leucotermes speratus (Isoptera: Heterotermitidae) (Yokoe 1964), and
eventually cloned from R. speratus (Isoptera: Rhinotermitidae) (Watanabe, Noda et al.
1998). Since the discovery of endogenous insect cellulases cellulolytic activity has been
reported for several taxonomic insect orders, and a number of endogenous insect
cellulases have been cloned, sequenced, and characterized (Watanabe and Tokuda 2010).
Based on the reducing and sometimes extreme pH conditions found within the digestive
fluids of phytophagous insects, cellulases recovered from insects are expected to display
unique activities and stability features desirable for applications in the production of
lignocellulosic ethanol. Toward identification of novel highly active cellulases, we
conducted an extensive cellulase activity screening effort using fluids from both head and
gut tissues from diverse insect species across 8 different insect Orders (Oppert,
Klingeman et al. 2010). As part of this screening, we identified species in the Order
Zygentoma that displayed the highest levels of cellulase activity in comparison to all
other tested insect groups. Members of that order have been previously reported to
produce endogenous cellulases (Sahrhage 1953; Lasker and Giese 1956; Zinkler and
Götze 1987; Treves and Martin 1994), although activity has not been characterized or the
specific enzymes involved identified.
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In the current work, we focused on the initial biochemical characterization of cellulolytic
activity in the head and digestive tract of the firebrat, Thermobia domestica (Packard)
(Zygentoma: Lepismatidae). In addition to the high levels of cellulase activity detected
in our screening, interest in T. domestica was stimulated by its generalist ability to
consume and digest household products with large amounts of cellulose or starch,
including paper, wood pulp, insulation, cardboard, and flour (Berger 1945; Sahrhage
1953). Using quantitative activity assays with head and gut digestive fluids from T.
domestica, we detected high levels of activity against carboxymethyl cellulose (CMC),
while activity levels against alternative cellulase substrates were lower. We also aimed to
determine if cellulase activity, against CMC under different pH conditions, was optimal
at the gut physiological pH or at some other optimum. Using liquid chromatography, we
hoped to partially purify and detect, through zymography, any distinct proteins that may
be related to endogenous cellulolytic activity in the digestive fluids of T. domestica.
Through mass spectrometry analysis of these regions, we will identify cellulases
displaying high homology to other endogenous invertebrate cellulases, as well as any
potential symbiotic bacterial cellulases. With added knowledge of the enzymes involved
in this highly effective cellulolytic system we hope to advance the identification of
enzymes for future biotechnological applications.
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Materials and Methods

Firebrat rearing and dissection
Adult T. domestica were supplied by Patrick Stanley and Eric Snell (Snell Scientific
LLC, Meansville, GA) and subsequently supplemented with specimens provided by
George Keeney taken from an existing culture maintained in the Department of
Entomology at the Ohio State University (Columbus, OH). To establish colonies, adults
were placed in ten inch diameter circular plastic containers with a slightly ventilated
tight-fitting lid. Each container included Start and Grow Sunfresh Chicken Feed (Purina
Mills, LLC, Saint Louis, MO) as protein source, a water wick to maintain humidity
levels, cotton balls as substrates for egg laying, and folded paper to provide the confined
spaces preferred by the insects, as well as an additional food source. Colonies were kept
in the dark at 37°C. When eggs were observed on the cotton balls, balls were removed to
a separate container to expand the colony.
Digestive fluid extracts were prepared from firebrats matured to at least a half inch (~1.5
cm) in length. Insects were placed on ice for anesthesia; the head was then removed and
placed in a microcentrifuge tube containing 100 µL of ultrapure water. Then, the
abdomen was cut at the level of the cerci and pressure was gently applied in an anal to
caudal direction to extract the digestive tract, which was placed in a microcentrifuge tube
containing 250 µL of ultrapure water. Within each tube 30 individual head and gut
sections were pooled and gently homogenized with scissors to extract the digestive fluids.
Samples were clarified by centrifugation at 20,000 x g for 3 min. at room temperature,
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and supernatants collected as digestive fluid extracts, which were stored at -80°C until
used.

In-solution cellulolytic activity assays
Cellulolytic activity in digestive fluid extracts was tested against microcrystalline
cellulose (MCC, Acros Organics, Geel, Belgium), carboxymethyl cellulose (CMC,
Sigma-Aldrich, St. Louis, MO), 4-nitrophenyl β-D-glucuronide (pNPG, Sigma-Aldrich,
St. Louis, MO), and pulverized switchgrass (King, Donnelly et al. 2009) substrates.
Protein concentration in digestive fluid extracts was determined using a Qubit
Fluorometer (Invitrogen, Carlsbad, CA). Activity assays using cellulose polymers (MCC
and CMC) or pulverized switchgrass as substrates were performed using a modified 3’5’dinitrosalicylic acid (DNSA) assay (Miller 1959; Oppert, Klingeman et al. 2010).
Protein samples (50 µg or 150 µg for the CMC and MCC/switchgrass assays,
respectively) were mixed with either a 2% (w/v) substrate solution in 50 mM sodium
citrate buffer (pH 6.0). Activity assays were conducted at 50°C for 1 hour (CMC) or 2
hours (MCC, and switchgrass). Reactions were terminated by the addition of the DNSA
reagent (Miller 1959), and then the reaction mixture was incubated at 100°C for 15 min.
to facilitate color development. Any potential precipitate was removed by centrifugation
at 2,000 x g for 2 min. at room temperature, and a 50-µL aliquot was transferred to a
polystyrene microplate used to read absorbance at 595 nm on a Synergy HT microplate
reader (BioTek, Winooski, VT) using the Gen5 software (v. 2.0, BioTek, Winooski, VT).
Concentration of reducing sugars in each sample was determined using a glucose
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standard curve (Oppert, Klingeman et al. 2010), and corrected for background amounts of
reducing sugars by subtracting final from initial values of the calculated reducing sugars
in the sample. All specific cellulolytic activities shown represent averages from at least
three independent biological replicates, each of them tested in triplicate. Values are
expressed as units per gram of protein (U/g), with a unit (U) of cellulolytic activity
defined as the amount of enzyme required to produce 1 µmol of reducing sugar per
minute at 50°C and pH 6.0.
Determination of β-glucosidase activity was accomplished utilizing pNPG as a cellobiose
analog (Parry, Beever et al. 2001). The 100µL reaction mixture contained 25 µL of
digestive fluids, 25 µL of 10 mM pNPG, and 100 µL of 50 mM sodium citrate buffer at
pH 6.0. Samples were incubated for 30 min. at 50°C in a dark incubator, and then the
reaction was terminated by the addition of 100 µL of 400 mM NaOH-glycine buffer (pH
10.8) to allow for color development. For quantification of β-glucosidase activity, a
standard curve of ρ-nitrophenol (10-100 nmol mL-1) was used (Rosi, Vinella et al. 1994),
and absorbance of the standard curve and reaction mixture measured at 405 nm on a
Synergy HT microplate reader (BioTek, Winooski, VT) using the Gen5 software (v. 2.0,
BioTek, Winooski, VT). Background amounts of reducing sugars were corrected for by
subtracting final from initial values of the calculated reducing sugars in the sample.

Enzymatic activity with varying pH
Cellulolytic activity of T. domestica gut fluid extracts was tested in diverse pH conditions
using the DNSA assay, as described, above but over a range of pH from 4 to 12. The
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initial pH of T. domestica gut fluids was determined by inserting a calibrated pH meter
into a microfuge tube of freshly dissected gut fluids. To test for cellulase activity at
varying pH conditions, chosen buffers were 50 mM citrate (pH 4 and 6) and 50 mM TrisHCl buffer (pH 7 and 9). Gut fluid extracts from T. domestica (50 µg) were incubated for
1 hour at 50°C in the specific buffer solutions, and then the samples were processed for
the DNSA assay. Mean cellulolytic activities for each pH were calculated from at least
two independent biological replicates, each of them tested in triplicate (n=6). Activity
values are expressed as units per gram of protein (U/g), with a unit (U) of cellulolytic
activity defined as above.

Protein electrophoresis and zymography
In order to detect specific cellulolytic proteins in gut fluid extracts of T. domestica, we
used zymography (Schwarz, Bronnenmeier et al. 1987) with sodium dodecyl sulfate 10%
polyacrylamide gel electrophoresis (SDS-10%PAGE) in gels containing 0.2% CMC as
substrate. Gut fluid extract proteins (20 µg) were diluted 1:1 with sample buffer (50 mM
Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 0.01% bromophenol blue, 1% βmercaptoethanol) (Laemmli, 1970), then partially denatured by heating to 65°C for 15
min., which enhanced visualization of individual cellulase bands (Oppert, Klingeman et
al. 2010). A commercial grade Aspergillus niger cellulase (MP Biomedicals, Santa Ana,
CA) was used as a positive control for cellulase activity in the gels. Electrophoresis was
carried out at a constant 100 V for 4 hours at 4°C. Following electrophoresis, gels were
washed five times (5 min. each) with 50 mL of cold 0.1 M sodium succinate pH 5.8 wash
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buffer, and then incubated in 50 mL of fresh wash buffer at 60°C for 30 min. to promote
CMC degradation by cellulases in the gel. Cellulase activity was then detected using
staining of CMC in 0.1% (w/v) Congo red stain (Acros Organics, Geel, Belgium) for 12
min. The stain was then removed and the gel destained using 1 M NaCl, allowing
visualization of clearing zones within the gel, which indicates cellulase activity. Finally,
100 µL of glacial acetic acid was added to the NaCl solution, allowing the gels to turn a
dark purple color and amplifying band clarity (Waeonukul 2007). Total protein patterns
in the gels were visualized using ProtoBlue Safe coomassie stain (National Diagnostics,
Atlanta, GA), following the manufacturer’s recommended protocol. Gels were visualized
using a Versadoc 1000 gel imager (Bio-Rad, Hercules, CA).
To detect proteins displaying β-glycosidase activity in gut fluid extracts, we used 10 mM
4-methylumbelliferyl-β-D-glucoside (Sigma Aldrich, St. Louis, MO), which acts as a
cellobiose analog in zymograms (Parry, Beever et al. 2001). In these assays, 30 µg of gut
digestive fluid extracts were solubilized in sample buffer and fractionated as described
above. After electrophoresis, presence of β-glucosidase was detected by incubating the
gel in 10 mM 4-methylumbelliferyl-β-D-glucoside in 50 mM sodium citrate buffer (pH
6.0) in the dark for 30 min. at 50°C. Bands of activity were detected using UV
transillumination in a Versadoc 1000 gel imager (Bio-Rad, Hercules, CA). As positive
control for activity we used a commercially available β-glucosidase (Novozyme-88,
Novozymes, Bagsvaerd, Denmark).
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Cellulolytic enzyme purification
Size-exclusion chromatography was used to partially purify cellulolytic enzymes from
the T. domestica gut digestive fluid extracts. Fresh extracts (300 µL) were prepared from
T. domestica guts as described above, and diluted (final volume 1.5 mL) with 0.05 M
sodium phosphate buffer at pH 5.97 (Buffer A). To clear the sample of any particulate
matter, the sample was first centrifuged at 10,000 x g at room temperature for 5 mins,
then filtered (0.22 µm) while being loaded onto a HiLoad 16/60 Superdex 200 column
(GE Healthcare, Piscataway, NJ) pre-equilibrated with buffer A. A total volume of 240
mL of Buffer A was used to elute proteins from the column through an AKTA FPLC
system (GE Healthcare, Piscataway, NJ), at a constant 1 mL min-1 flow rate. Eluted
proteins were collected in 2 mL fractions and then tested for cellulase activity using a
CMC-agar plate method (Oppert, Klingeman et al. 2010). Briefly, 20 µL aliquots of each
fraction were spotted on agar plates containing 0.2% CMC. After incubation for 2 hours
in the dark at 30°C, undigested CMC in the plates was stained with 0.1% (w/v) Congo
red for 12 min., and destained with 1M NaCl for 10 min., allowing visualization of
fractions containing active cellulases by observation of clearing zones indicative of
cellulolytic activity (Waeonukul 2007). All of the fractions that showed activity were
then pooled and used for zymography and SDS-PAGE.

Identification of cellulases using LC/MS/MS
Partially purified cellulase protein samples, from fractions displaying activity, were
subjected to zymography (SDS-10%PAGE, 0.2% CMC) to detect active cellulase protein
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bands. Following zymography, gels stained for total protein using ProtoBlue Safe
coomassie stain (National Diagnostics, Atlanta, GA) were aligned to zymograms by
comparing prestained molecular size marker ladders, allowing for the excision of gel
regions containing protein bands corresponding to cellulolytic activity. Three gel regions
were removed and submitted to MS Bioworks for nano liquid chromatography tandem
mass spectrometry analysis (LC/MS/MS). Briefly, proteins in the gel slices were
extracted and digested with trypsin (Promega) at 37°C for 4h, then the generated peptides
analyzed in a LTQ Orbitrap Velos mass spectrometer (ThermoFisher). Mass
spectrometry data was searched using the Mascot software (Matrix Science, London,
UK) to query against the NCBInr database (accessed February 19th, 2011). Parameters
used in the Mascot searches included allowance for a maximum of 2 missed cleavages;
iodoacetamide derivative of cysteine as a fixed modification; S-carbamoylmethylcysteine
cyclization (N-terminus) of the n-terminus, deamidation of asparagine and glutamine,
oxidation of methionine, and acetylation of the n-terminus were specified as variable
modifications. Parent ion tolerance was set to 10.0 ppm and fragment ion mass tolerance
to 0.50 Da. Scaffold (version Scaffold_3_00_07, Proteome Software Inc., Portland, OR)
was used to validate MS/MS based peptide and protein identifications. Peptide
identifications were accepted if they could be established at greater than 50.0%
probability as specified by the Peptide Prophet algorithm (Keller, Nesvizhskii et al.
2002). Protein identifications were accepted if they could be established at greater than
80.0% probability and contained at least 1 identified peptide. Protein probabilities were
assigned by the Protein Prophet algorithm (Nesvizhskii, Keller et al. 2003). Proteins that
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contained similar peptides and could not be differentiated based on MS/MS analysis
alone were grouped to satisfy the principles of parsimony.
Statistics
Comparisons between enzymatic activities for T. domestica were made using one-way
analysis of variance (ANOVA) and the Holm–Sidak (t-test) method for post-hoc pairwise
multiple comparisons with overall α=0.05 (Gardiner and Gettinby 1998). Statistical
analyses were performed using SigmaPlot (v. 12.0; Systat Software, Chicago, IL).

Results

Quantitative characterization of cellulolytic activity in gut and head-derived fluids
from T. domestica
Based on previous reports of cellulase activity in the digestive fluids of T. domestica
(Treves and Martin 1994), we expected to observe the highest level of cellulolytic
activity when using CMC as substrate. In gut derived digestive fluid extracts activity was
significantly different between the different substrates (F3,8=193.88, P<0.001).
Cellulolytic activity against CMC (~500 U/g) was higher than against MCC (t13=21.402,
P<0.001) and switchgrass (t10=15.947, P<0.001), both of which had activities of ≤50 U/g.
Low levels of activity against cellobiose (~20U/g), which suggests the presence of βglucosidase activity, were detected only for gut-derived samples, and the activity was
significantly lower than that observed in CMC (t10=16.976, P<0.001). Additionally
enzymatic activity of head derived fluids (F3,2=611.77, P<0.001) against CMC (~350
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U/g) was high than that of either MCC (t4=34.471, P<0.001) and switchgrass (t4=34.169,
P<0.001), both of which had activity levels of ≤20U/g (Fig. 7). Since cellulolytic activity
for all tested substrates was observed to be higher in gut than in head-derived samples,
we focused further analyses on gut digestive fluid extracts.

59

Figure 7: Quantitative cellulase activity assays of raw gut and head digestive fluids from
T. domestica. In each instance, crude head or gut-derived fluids were allowed to digest
CMC, MCC, switchgrass, or cellobiose and the amount of reducing sugars released was
measured. Background reducing sugars were corrected for by subtracting final from
initial values of the calculated reducing sugars in the sample. Letters above the bars
represent statistical significance as compared to the other substrates used. Data shown
are the mean and standard error of the mean (SEM) calculated from at least three
biological replicates from independent experiments performed in triplicate. Values are
expressed in units per gram of protein (U/g), with a unit (U) of cellulolytic activity
defined as the amount of enzyme required to produce 1 µmol of reducing sugar per
minute.
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Enzymatic stability with varying pH
A statistical difference was observed when testing cellulase activity against CMC in T.
domestica gut digestive fluid extracts (F3,5=42.68, P<0.001). We detected the highest
levels of activity (~500U/g) under slightly acidic (pH 6) conditions (Fig. 8). These
conditions were closely similar to the pH 5.8 observed for T. domestica gut digestive
fluids. Cellulase activity at pH 6 was nearly 2-fold higher than activities detected at
either pH 4 (~275U/g) (t10=6.607, P<0.001) or pH 7 (~280U/g) (t10=5.614, P<0.001),
while approximately a 5-fold reduction in activity was observed at pH 9 (~100 U/g)
(t10=11.251, P<0.001) (Fig. 8).
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Figure 8: Quantitative measurement of cellulolytic activity in T. domestica digestive
fluids at varying pH. In each instance, 50 µg of raw protein was allowed to digest CMC
for 1 hour and the amount of reducing sugars released were measured using DNSA.
Background reducing sugars were corrected for by subtracting final from initial values of
the calculated reducing sugars in the sample. Letters above the bars represent statistical
significance as compared to the other substrates used. Data shown are the mean and error
bars represent +/- the standard error of the mean (SEM) calculated from at least three
biological replicates from independent experiments performed in triplicate. Values are
expressed as units per gram of protein (U/g), with a unit (U) of cellulolytic activity
defined as the amount of enzyme required to produce 1 µmol of reducing sugar per
minute.
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Electrophoretic determination of enzymatic activity
Zymography allowed us to investigate the apparent number and molecular size of
perspective cellulases in the gut digestive fluids of T. domestica. The zymograms yielded
activity banding that could be easily compared to total protein stained gels (Fig. 9).
Using CMC as substrate two distinct zones of activity were observed in the zymograms,
indicating the presence of endoglucanases. One activity zone comprised proteins
between 20 kDa and 24 kDa while the other zone was observed between 38 kDa and 60
kDa (Fig. 9). In zymograms using 4-methylumbelliferyl-β-D-glucoside as substrate, we
detected a single band of low β-glucosidase activity compared to the Novozyme-88
positive control, which localized to the 20-24 kDa activity zone in the CMC zymograms
(Fig. 9)
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3).
Figure 9: Zymogram detection of cellulase activity in gut digestive fluids extracted from
T. domestica. Proteins in gut fluid samples (20 µg) were separated by electrophoresis,
and then the gels stained for total protein (A), and activity against CMC (B) and
cellobiose (C) substrates, which were incorporated into the gels during casting.
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Identification of partially purified cellulases

We used size exclusion chromatography to partially purify cellulases from gut fluids of T.
domestica. Eluted fractions (Fig. 10A) were monitored for cellulase activity against
CMC using an agar plate assay, which allowed detection of at least three
chromatographic peaks containing active cellulases, encompassing twelve consecutive
fractions (Fig. 10B).
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Figure 10: Partial purification of gut derived cellulases from Thermobia domestica. A
representative chromatogram following size-exclusion chromatography of the gut
digestive fluids of T. domestica is shown in A. The x-axis represents elution volume in
mL and the individual fractions eluted from the column. The y-axis represents the
absorbance values (mAU) of eluted proteins at 280 nm. B) The presence of active
cellulases in individual fractions was detected as a clear activity zones in CMC-agar
plates, as within these areas CMC was degraded by cellulases and not stained by Congo
red dye. The plates show activity in aliquots (20 µl) from contiguously eluted fractions
from size exclusion purification of T. domestica gut digestive proteins. The highlighted
area in A) indicates eluted fractions from the chromatography run containing active
cellulases and pooled for subsequent assays.
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The selected fractions were pooled and subjected to enzymatic electrophoretic separation
followed by zymography to detect zones containing cellulolytic enzymes. In these gels,
three zones containing cellulase activity were detected, which corresponded to three
prominent protein bands in the total protein stained-gels (Fig. 11, identified by arrows).
These zones were excised as band 1 (approx. 58 kDa), band 2 (approx. 53 kDa), and band
3 (approx. 43 kDa), and subjected to LC/MS/MS for protein identification. In database
searches, peptides matching to about 50 proteins were detected in each of these gel slices.
Out of these peptide searches, six protein matches in band 1, ten in band 2, and eleven in
band 3 corresponded to glycosyl hydrolase families (GHF) of enzymes: two amylases
(GHF13), one β-galactosidase (GHF2) , and nine endo-β-1,4-glucanases belonging to
GHF9 (Table 2).
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Figure 11: Detection of discrete electrophoretic regions of cellulase activity in partially
purified gut digestive fluid fractions of T. domestica. Fractions from size exclusion
chromatography (30 µg per lane) were separated by electrophoresis in SDS-10% PAGE
gels containing 0. 2% CMC, the gels stained for total protein (lanes A, C, and E) or
cellulase activity using Congo red staining of un-digested CMC (lanes B, D, and F).
Three main zones of cellulolytic activity in the containing protein bands (indicated by the
arrows) were excised and submitted to LC/MS/MS analysis.
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Table 2: Glycosyl hydrolases detected in excised gel bands of T. domestica gut digestive
fluids identified querying the NCBInr database with data from LC/MS/MS analyses.
Proteins are identified by the corresponding gel band in which they were detected at the
highest concentration. The two matches with the highest probability for each detected
protein are presented. Proteins marked with (ǂ) where present in both bands 2 and 3.
Proteins marked with (*) where present in all 3 bands.
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Relative abundance of proteins in each band was obtained using spectral counting (Liu,
Sadygov et al. 2004). The most abundant peptide in terms of spectral counts (SC) in the
three gel slices was a match to a non-processive endoglucanase from the cellulolytic
bacterium Clostridium acetobutylicum ATCC 824 (NP_347549.1). This protein was
found to be increasingly abundant from band 1 (23 SC) to 3 (26 SC), but the expected
size (83 kDa) was almost double the size for proteins expected to occur in band 3 (43
kDa). Another identified cellulase common across all three gel slices was a cellulase
from the mollusk Ciona intestinalis (Enterogona: Cionidae) (XP_002122707.1). While
this protein was abundant in bands 2 and 3 (24 SC and 25 SC, respectively) it was much
less prevalent in band 1 (9 SC). However, this protein had a much greater predicted mass
(71 kDa) than the size of the analyzed gel bands. In contrast, the predicted molecular
weight (42 kDa) of a putative endoglucanase from Neotermes koshunensis (Isoptera:
Kalotermitidae) (BAD12005.1) which was detected in band 3, matched the expected size
for proteins in this band (43 kDa). Other glycosyl hydrolase enzymes detected in all
three gel slices corresponded to a synthetic beta-galactosidase (AAP31130.1), and
amylases recovered from Litopenaeus vannamei (Decapoda: Penaedidae) (CAA54524.1)
and Drosophila bipectinata (Diptera: Drosophilidae) (AAC47373.1).
Bands 2 and 3 also contained additional proteins not observed in the first gel band. Both
bands contained peptides closely homologous with an endoglucanase from the mollusk
Ampullaria crossean (Caenogastropoda: Ampullariidae) (ABD24277.1), which were
more frequent in band 2 (9 SC) than band 3 (11 SC). However, the predicted size for this
cellulase (78-kDa) is much higher than the expected size for proteins in bands 2 or 3 (43-
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kDa and 53-kDa, respectively). Additionally peptides matching to a 49 kDa
endoglucanase from Coptotermes formosanus (Isoptera: Rhinotermitidae) (BAB40693.1)
were detected in both bands 2 and 3 (6 SC in band 2 and 4 SC in band 3). Peptides
matching a 30 kDa β-1,4-glucanase 2 from Periplaneta americana (Blattodea: Blattidae)
(AAF63718.1) were also detected in similar quantities in bands 2 and 3.
We detected unique peptides in band 2 that matched to a 20-kDa putative endoglucanase
reported for a plant species, Mangifera indica (Sapindales: Anacardiaceae)
(CAD44262.1). In band 3, we detected unique peptides matching to an endoglucanase
from the cockroach Salganea esakii (Blattodea: Blaberidae) (BAG70025.1) and a
cellulase from the bacterium Clostridium cellulolyticum ATCC 35319 (AAG45157.1).
While the S. esakii cellulase had a molecular weight expected for a protein in band 3 (36
kDa), the C. cellulolyticum cellulase had a much higher molecular weight (83 kDa).
Thus, while many proteins corresponded with the extracted peptides from the analyzed
gel bands, cellulases from primitive insect groups, such as termites and cockroaches,
were the ones most closely matching the expected molecular size for proteins in each gel
band.

Discussion

We report on the preliminary characterization and identification of cellulolytic enzymes
present in T. domestica gut digestive fluids. While previous research reported cellulolytic
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activity in fluids from the T. domestica digestive system (Lindsay 1940; Berger 1945;
Sahrhage 1953; Lasker and Giese 1956; Zinkler and Götze 1987; Treves and Martin
1994), our study represents the first attempt to identify the specific enzymes responsible
for this activity in the gut of the insect.
Species of the insect order Zygentoma have been studied for their ability to consume a
wide range of food types, particularly wood products and by-products (Lindsay 1940;
Berger 1945). The polyphagous habits of these insects led many to hypothesize that most
basal hexapods utilized symbiotic bacteria in order to optimize their digestion of
particularly starchy foods (Lindsay 1940; Lasker and Giese 1956). However antibiotic
feeding and examinations of uptake of radiolabeled cellulose supported that Zygentoma
possess endogenous cellulases (Lasker and Giese 1956; Treves and Martin 1994). To
date, no endogenous cellulases have been identified from species in this taxonomic order.
When testing for cellulolytic activity in head and gut-derived fluids from T. domestica we
found that, as reported for alternative insect species (Oppert, Klingeman et al. 2010),
cellulolytic activity against CMC was significantly higher than against MCC.
Considering CMC as an endoglucanase-preferred substrate (Tokuda, Lo et al. 2005),
these observations suggest the presence of highly active endoglucanases in these fluids.
Compared to previous reports (Oppert, Klingeman et al. 2010), our data suggest that
cellulolytic activity in the gut of T. domestica was nearly 2-fold higher than activity
levels in prominent wood-degrading insects, including termites and wood-boring beetle
larvae. Our data also indicates that T. domestica may possess enzymes capable of
degrading a range of cellulosic substrates, which in turn suggests the potential presence
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of a cellulolytic system capable of the complete degradation of cellulose to glucose.
Discovery of a complete cellulolytic system is of interest because many insects lack
endogenous cellulolytic enzymes capable of degrading some subunits of cellulose, like
cellobiose (Watanabe and Tokuda 2010). For instance, we detected activity against CMC
and a cellobiose within the same zymogram gel zone. This paired activity may be
explained by presence of co-migrating enzymes in the gel or existence of endoglucanases
capable of fully degrading cellulose to glucose. This property of insect endoglucanases
has been previously in the Australian wood-eating cockroach Panesthia cribrata
(Blaberidae: Panesthiinae) (Scrivener, Slaytor et al. 1989), and may be a common
adaptation to more effective cellulose degradation.
Optimum cellulolytic activity for T. domestica gut fluids was detected around pH 6,
which approximates the pH conditions observed for the gut digestive fluids in this insect
and similar to reports from other insect species (Lee, Kim et al. 2004; Lee, Lee et al.
2005; Kim, Choo et al. 2008). Stability of T. domestica gut cellulases in alkaline buffer
was higher than reported for some insects (Lee, Kim et al. 2004; Lee, Lee et al. 2005;
Kim, Choo et al. 2008), although much lower than highly stable insect cellulases (Sami
and Shakoori 2008; Zhang, Lax et al. 2009; Willis, Oppert et al. 2011).
While partially purified gut digestive fluids from T. domestica yielded discrete activity
bands in zymograms using CMC as substrate, multiple cellulolytic enzymes were
detected in each band in our mass spectrometry analysis. Most of the detected cellulases
in each of these bands corresponded to endogenous insect cellulases from the glycosyl
hydrolase 9 family of enzymes; which was expected considering the prominence of this
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family of enzymes among insect samples (Lo, Watanabe et al. 2003; Suzuki, Ojima et al.
2003; Davison and Blaxter 2005) and the use of CMC as substrate. Detection of GHF9
cellulases homologous to other endogenous insect cellulases suggests that these enzymes
in T. domestica may originate endogenously. The observed concordance in molecular
weight and high protein identity between detected T. domestica peptides and
endoglucanases from basal arthropod species supports conservation among endogenous
insect cellulases, as previously suggested (Watanabe and Tokuda 2010). However, we
also detected peptides that corresponded to bacteria and mollusk GHF9 cellulases. The
vast difference in observed and expected molecular weight in these cases can be
explained by the fact that these peptides are conversed sequence fragments representative
of GHF9 cellulases. Alternatively, detection of peptides matching to bacterial cellulases
likely demonstrates the presence of cellulases from symbiotic bacteria in the T. domestica
gut fluids, which would directly contribute to the high levels of cellulase activity
detected. While the use of CMC as substrate limited detection to endocellulases,
exocellulases are likely to be present in T. domestica digestive gut fluids, although for
many insect species these enzymes are provided by symbiotic microorganisms
(Cleveland 1924).
While our data supports the existence of highly active cellulases in gut fluids from T.
domestica, further work is needed to fully characterize these enzymes and their potential
for use within lignocellulosic ethanol production systems. The relative abundance, ease
of culture, and high cellulase activity levels compared to other insects, makes T.
domestica an ideal insect model to characterize cellulose degradation.
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Chapter 4
Conclusions
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While this work represents over two years of continued research, there is still much that
can be done to improve upon the data we obtained. In the sections that follow I will
briefly outline some of the issues we encountered along the way, how these issues can be
addressed, and the potential progress for this work going forward.
Functional characterization of an endoglucanase from Tribolium castaneum
(TcEG1) in Saccharomyces cerevisiae
In general the experiments involved in this project proved effective. We were
successfully able to express an endogenous insect cellulase in a yeast expression vector,
and show that the enzymatic properties were retained. Ideally we could have further
optimized growing yeast conditions, or modified the expression plasmid to enhance
activity. We also planned to include a detailed analysis of the byproducts produced by
TcEG1 following the degradation of carboxymethyl cellulose (CMC), however the data
was not received in time for inclusion in this work. In the future, it would be ideal to
collect these data in to better understand the mode of action of TcEG1. This information
would increase our knowledge on how effective this enzyme may be in a practical
commercial application, as well as what additional cellulases may be needed to optimize
fermentable sugar production.
It would also be worth to further investigate the stability of this enzyme in extreme
environments, such as in the presence of ionic liquids. By understanding how TcEG1
responds to these conditions and determining if any such cellulase can retain its activity,
it may be possible to develop a single step fermentation process to increase the energy
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yield of lignocellulosic ethanol. It may also be possible to understand what
characteristics of TcEG1 are responsible for the retention of so much activity at alkaline
pH.
Characterization of cellulolytic activity in the digestive fluids of Thermobia
domestica (Zygentoma: Lepismatidae)
The complete characterization of the cellulases present in Thermobia domestica proved to
be more challenging than we had anticipated. While obtaining digestive fluids for assays
was not particularly challenging, the repeated attempts to clone these cellulases from a
cDNA library prepared from T. domestica gut tissue proved very difficult. Through our
LC/MS/MS data we were able to design several degenerate primers partially matching to
cellulases found in protein databases. Using these primers we were able to amplify two
100 base pair fragments that showed sequence similarity to previously identified insect
cellulases. However, repeated attempts to obtain the full sequence failed to yield more
positive results.
Because we had adequate amounts of cDNA in bacteriophage we also made an attempt to
isolate the sequence using Southern blot hybridization. We used the amplified fragments
from degenerate PCR to create biotin-labeled probes to prospect for bacterial clones
containing the gene of interest. While we had several positive hits to the probe, we were
never able to obtain sequence from the clones. It is possible that the small fragments we
obtained may be helpful to identify the complete sequence of the cellulase genes in the
future. Currently work is underway to sequence the T. domestica transcriptome and from
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there we may be able to identify which cellulolytic functional gene or genes are present,
and how they compare to other endogenously-produced insect cellulases. It would also
be ideal to fully compare the endogenously produced cellulases to those produced by
symbiotic gut bacteria. With this information, we may be able to better understand how
cellulases evolved across different orders of insects and other invertebrates. From these
data we hope to further advance insects as novel sources of cellulases, as well as potential
sources for commercially viable cellulases.
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