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ABSTRACT
The Asian longhorned beetle (ALB; Anoplophora glabripennis) thrives in an inhospitable
environment on an intractable energy source, the inner wood of hardwood trees. This inner wood
is high in lignin and heavily cross-linked, making it low in accessible nutrients, including
carbohydrates and nitrogen. How this or any other insect is able to grow and develop in living
woody tissue is largely unknown but likely requires specific enzymes and biochemical pathways.
While insects are not thought to have the ability to fully degrade lignocellulose through
endogenous enzymes, microbes present in the gut of insects assist in this process. To better
understand this relationship, the gut microbial community of this insect was investigated in detail
through multiple populations of the insect on different hosts, as well as over different insect
developmental stages. A. glabripennis harbors a broad diversity of bacteria in its gut, some of
which likely produce cellulases, xylanases and enzymes able to degrade aromatic compounds, as
well as microbes capable of nitrogen fixation. Some of these bacteria are passed during
oviposition from the adult, while others are environmentally derived. Also, a fungal species in
the Fusarium solani species complex is associated with the gut of this insect. This strain was
consistently found in the gut upon examination of several host tree species and different
populations of A. glabripennis from different locations. While not a typical wood-rot fungus, this
species does produce hydrolases and may have some ability to degrade lignin, but the details of
these processes are not known. Lignin degradation in A. glabripennis, as well as the Pacific
dampwood termite Zootermopsis angusticollis was demonstrated using tetramethylammonium
hydroxide (TMAH) thermochemolysis/GC/MS. Side-chain oxidation, demethylation, and ring
hydroxylation were recorded as wood passed through the guts of these insects. This is the first
definitive report of lignin degradation by insects. Overall, this research lays the foundation for
understanding lignocellulose degradation and gut microbial ecology in A. glabripennis with
future studies planned to explore the meta-genome, transcriptome, and proteome of this insect.
iii

Potential applications include novel targets for controlling this pest and prospecting for novel
biochemical processes and microbes that can be utilized in industrial processes, including
cellulosic ethanol production.
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Chapter 1

Introduction
Many insects harbor large, diverse communities of microbes, which can exceed the
number of cells in the insect itself (Dillon and Dillon 2004) and the gut community can generate a
level of metabolic activity equal to that of the human liver (Berg 1996). Surprisingly, few studies
exist on the functional role of gut microbiota except in termites (Breznak 2000, Watanabe and
Tokuda 2001, Brune 2003) and cockroaches (Kane and Breznak 1991, Gijzen et al. 1994, Zurek
and Keddie 1996). Yet microbes that inhabit insect guts play important roles in host nutrition and
multitrophic interactions (Dillon and Dillon 2004), particularly in insects that live on suboptimal
diets (Prins and Kreulen 1991, Brune 2003, Ohkuma 2003). These roles include digestion of
lignocellulose, synthesis of vitamins and amino acids, lipids, sterols and pheromones,
detoxification of plant secondary metabolites, and prevention of establishment of potential
pathogens, (reviewed in Ohkuma 2003, Dillon and Dillon 2004). Insects that harbor microbial
gut communities can occupy habitats that would otherwise be unavailable because suboptimal
diets containing intractable nutritional resources are more accessible through the symbiotic
relationship. Yet, because of the complexity of insect microbial symbioses, the impact of gut
microbiota on host biology remains understudied, particularly in insects that are long-lived and
difficult to rear on artificial substrates, e.g., cerambycids, even though there are more described
species of beetles than any other animal or plant group on Earth (Farrell 1998).
Most cerambycids develop in woody tissues and play significant ecological roles in
nutrient cycling, forest fire ecology, biodiversity, and successional processes. Many species of
cerambycids are also serious economic pests of forest and landscape trees (Hanks 1999). The
Asian longhorned beetle (ALB; Anoplophora glabripennis) is an exotic insect native to China and
is now established in the U.S. It completes its development deep inside a wide range of
1

deciduous trees (Nowak et al. 2001). It attacks both weakened (Hanks 1999) and healthy trees
(Lingafelter and Hoebeke 2002); the latter is rare for a cerambycid with a broad host range.
These beetles develop in the high lignin, very low nitrogen content sapwood (and heartwood in
some tree species) (Mattson 1980, Scriber and Slansky 1981). Despite its status as a pest with
significant economic importance, there is a lack of information about how this species, or any
other species of cerambycid, is able to feed on a high lignin food source that is not contaminated
with wood decay fungi.

BACKGROUND
Composition of wood (lignocellulose)
Wood is composed of three polymeric materials: cellulose, hemicellulose and lignin.
Cellulose is a linear polymer of glucose linked by β-1,4 glycosidic bonds, accounting for
approximately 45% of wood by weight. Its linear structure and extensive hydrogen bonding
increases crystallinity of the macromolecule and decreases the accessibility of hydrolytic
enzymes. Hemicellulose accounts for approximately 25% of wood by weight and is also linked
by β-1,4 linkages. Unlike cellulose, hemicellulose has much greater structural heterogeneity,
containing sugars, sugar acids and acetyl esters as side groups from the linear polymer. These
side groups prevent efficient packing of the hemicellulose fibrils and render hemicelluloses noncrystalline.
Lignin content varies from less than 1% to over 35% of plant tissue and imparts woody
biomass and the structural rigidity necessary for the more arduous terrestrial lifestyle.
Phenylpropanoid units are the precursors of lignin (van Rensburg et al. 2000). Oxidation of these
phenols yields free radicals, which undergo radical coupling to form a polymer linked by over 12
types of chemical linkages. It is the random nature of lignin cross-linking and its condensed and
insoluble properties that make lignin resistant to most forms of microbial attack.
2

Lignocellulose biodegradation.
Cellulose is combined with hemicellulose in wood, creating the plant cell wall.
Degradation of cellulose occurs through concerted activity of three classes of glycosyl hydrolases
(GH); endoglucanases, exoglucanases, and β-1,4-glucosidases, from GH families 5, 6, 7, 8, 9, 12,
26, 44, and 45 (Warren 1996). To degrade hemicellulose requires xylanases from GH families
10, 11, and 43. Through concerted action of these enzymes the cross-linkages of the plant cell
wall are broken (exoglucanases), long chain polymers are broken into smaller chains
(endoglucanases, xylanases), and these short chains are cleaved into monomeric sugars (betaglucosidases).
Access to the carbohydrate components of wood requires circumventing the lignin
barrier. To date, it is widely accepted that the only organisms able to circumvent the lignin
barrier are filamentous fungi. The two main types of fungal lignin degradation are referred to as
brown rot and white rot. Both types of degradation are performed by basidiomycete fungi and are
categorized based on the appearance of the wood after their respective decay. White rot fungi
simultaneously degrade all components of the plant cell wall, and in some cases, more extensive
degradation of lignin and hemicellulose than cellulose occurs. Consequently, the wood has a
white appearance due to the remaining cellulose (Kirk and Farrell 1987). Degradation of the
lignin is extensive. However, white rot fungi cannot utilize lignin as a sole carbon source. In the
presence of a co-substrate, lignin is oxidized all the way to CO2. Chen et al. (1982) demonstrated
that white rot fungal degradation of lignin: i) is oxidative; ii) involves demethylation (or
demethoxylation); iii) results in side chain oxidation at Cα, iv) involves side chain cleavage
between Cα and Cβ; and v) involves oxidative cleavage of aromatic nuclei (Fig. 1). To break the
lignin inter-unit linkage, the oxidizing power of oxygen is required by a free radical mechanism.
To date, only peroxidases and laccases have been shown to modify the lignin polymer. White rot
fungi produce enzymes that make H2O2 (Kersten and Kirk 1987, Westermark and Eriksson 1988,
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Guillen et al. 1992), which is used by peroxidases to degrade lignin. White rot fungi produce
three types of heme-containing peroxidases: lignin peroxidase (LP) , Mn peroxidase (MnP)
(Glenn and Gold 1985, Paszczynski et al. 1985) and a hybrid peroxidase with both LP and MnP
properties (Mester and Field 1998). The involvement of laccase in lignin degradation is not as
well defined as the peroxidases. Laccases have been found in both white rot (Call and Mucke
1997) and brown rot fungi (Dsouza et al. 1996).
In contrast to white rot fungi, brown rot fungi are able to circumvent the lignin barrier
by removing the hemicellulose and cellulose with only minor modification of the lignin. Due to
this rapid loss of cellulose and/or hemicellulose, even in the early phase of brown rot decay, the
wood undergoes a significant loss of strength (Cowling 1961, Winandy and Morrell 1993, Green
and Highley 1997). Consequently, lignin remains a major component of the degraded plant cell
wall, and the brown rotted wood shrinks and darkens and is easily broken into brick-like pieces
(Green and Highley 1997). Closer examination of the lignin, however, reveals that it undergoes
slight modifications. The lignin is demethylated on aryl methoxy groups. Hydroxylation and
oxidation of aromatic carbons and of the propyl side chain carbons also occur (Kirk et al. 1970,
Kirk and Highley 1973). Kirk and Highley (1973) found that wood decayed by brown rot fungi
had increased ring hydroxylation. This increase in hydroxyl groups was attributed to
demethylation of methoxyl groups.
Beetles and their symbionts
In beetles that have been studied, a number of indigenous bacterial and fungal species
have been discovered, including yeast endosymbionts. The most thoroughly characterized are
yeasts in the basidiocarp-dwelling beetles (mushroom-eating beetles), in which about 300 species
of yeasts have been discovered in 25 families (Zhang et al. 2003, Suh et al. 2005). Some of these
yeasts produce cellulases and/or xylanases (Jones et al. 1999, Suh et al. 2003, Suh and Blackwell
2004, Suh et al. 2005). Some cerambycids harbor intracellular yeasts in mycetocytes, specialized
cells in the gastric caecae located at the junction between the foregut and midgut. These yeasts
4

are maternally transmitted by contamination/inoculation of the egg surface; newly hatched larvae
ingest the egg membrane, acquiring yeasts in the process (Jones et al. 1999). Thus far, all yeasts
isolated from cerambycids are in the genus Candida (Nardon and Grenier 1989, Berkov et al.
2006). Interestingly, the Lamiinae, of which ALB is a member, lack mycetocytes, and were
thought to lack gut symbionts (Martin 1987) until molecular techniques revealed that this was not
the case.
Few studies have examined microbial symbionts in cerambycids. Kukor and Martin
examined the role of wood rot fungi in assisting with wood degradation in cerambycid species
that feed on dead and decaying wood (Kukor and Martin 1986a, Kukor and Martin 1986b, Kukor
et al. 1988). Here, ingested fungal enzymes played an important role in providing complete
cellulase activity. Presence of these fungal enzymes in the diet determined whether individual
beetles had cellulase activity. In the beetle species examined to date that harbored bacteria, a
broader diversity of gut microbes was associated with broader tree host range. Raffa and
colleagues (Schloss et al. 2006) found a broad diversity of bacteria in the gut of ALB larvae from
willow trees in China, while the linden borer (Saperda vestita), a cerambycid with a more
restricted host range, contained only a small subset of these same bacteria. They did not examine
the gut for fungi. This leads to questions about the role of the microbial community in defining
host range and host suitability.
Lignocellulose degradation in insects
Although cellulose is a rich source of nutritional carbohydrate, lignin interferes with the
accessibility and degradation of cellulose (Kirk and Highley 1973) and protein (Yu 2005), which
is reflected in the inverse relationship between plant lignin content and its digestibility by
animals. The inner bark, cambium, and immature xylem, have relatively higher concentrations of
nutrients (carbohydrates and nitrogen) compared with sapwood. Sapwood and heartwood
(mature xylem) have the lowest nutritional quality for wood-boring insects and are more resistant
to microbial attack, in part due to secondary metabolites that inhibit microbial activity and/or
5

digestive enzymes (Ljungdahl and Eriksson 1985). Since enzymatic access to carbohydrates and
nitrogen in wood increases upon degradation of lignin, more than one organism has evolved
mechanisms to circumvent this formidable barrier. Enzymatic hydrolysis of cellulose to glucose
occurs by synergistic interaction of endo- and exoglucanases, and β-glucosidases (Ljungdahl and
Eriksson 1985). Many insects can synthesize endoglucanses and β-glucosidases, but not
exoglucanases (Martin 1983, Watanabe and Tokuda 2001).
Cellulose degradation in insects occurs widely in different taxa (Martin 1983)
and the proportion of cellulose digested can be extremely high (up to 99%) (Prins and Kreulen
1991). Cellulolytic enzymes may originate from gut symbionts, ingestion of enzymes produced
by wood decay fungi, the insect itself, or some combination of these (Martin 1983, Breznak and
Brune 1994, Watanabe and Tokuda 2001, Brune 2003, Suh et al. 2005). However, little is known
about how cellulose is digested outside of termites or other insects living in decaying wood.
Cerambycids that feed in stressed, dying, or dead trees are reported to digest cellulose by
ingesting enzymes produced by fungus-infected wood (Kukor and Martin 1986a, Kukor et al.
1988). In contrast, ALB is from a highly evolved subfamily of cerambycids, the Lamiinae, and
larvae feed and grow in the inner wood of a variety of healthy hardwood tree species, not
infiltrated by wood decay fungi. Several studies have investigated more closely related
cerambycids (Sugimura et al. 2003, Lee et al. 2004, Lee et al. 2005) where endogenous
endoglucanase genes were identified.
Life history of Anoplophora glabripennis (ALB)
ALB was first discovered in the U.S. infesting urban shade trees in 1996 (Haack 1997).
Unlike most cerambycids, ALB attacks apparently healthy, vigorous trees and has a broad host
range (Hanks 1999, Lingafelter and Hoebeke 2002). Although greenhouse studies show that the
beetle’s host range is likely to expand in the U.S. (Morewood et al. 2004a, Morewood et al.
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2005), maple (Acer spp.) is the primary domestic host, probably because of its relative abundance
in the urban environments were the insect was introduced (Haack 1997).
ALB usually has one generation per year in warmer climates, but can take 2 years to
mature in cooler climates in Northern China and Toronto or if oviposition occurs late in the
season (Hua et al. 1992). The types of wood ingested throughout the life cycle vary, each with its
own unique chemistry and defenses. Newly emerged adults feed (maturation feeding) on tender
bark of small twigs, branches and leaves, then mate on the tree (Lingafelter and Hoebeke 2002).
Mated females chew through the bark to the cambium creating an oviposition pit in which they
lay one egg per pit. First instars feed exclusively in phloem, second instars in healthy phloem and
immature xylem, and by the third or fourth instar, larvae usually transition to feeding on mature
xylem (heartwood), although some transition one instar earlier or later. Interestingly, the largest
larvae are often found at the center of the wood. Pupation occurs close to the bark surface and
takes 2-3 weeks. There are 5-8 instars, depending on temperatures and host plant quality. In
rearing facilites on artificial diet, the lifecycle from egg to adult in trees can take as little as 6
months (Morewood et al. 2005).

EXPERIMENTS
1. Impact of host tree species on microbial community and lignocellulose degradation
in the Asian longhorned beetle;
2. Development and transmission of microbial fauna through the life history/cycle of
the Asian longhorned beetle;
3. Phylogenetic characterization and lignocellulose degradation by Fusarium solani
associated with the gut of the Asian longhorned beetle;
4. Lignin degradation in wood feeding insects.
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Chapter 2. Impact of host tree species on microbial community and lignocellulose
degradation in the Asian longhorned beetle
The gut microbial community of ALB may be important in allowing this insect to
develop on woody tissue, despite the poor nutritive quality of this food source. Based on data
showing that ALB exploits a broad range of suitable host tree species, and information on several
tree species that ALB cannot develop within, the goal of this chapter is to determine the extent of
the relationship between host tree species and microbial community composition. My hypothesis
is that host tree species influences the diversity and abundance of microbes found within the gut
of the beetle as well as lignocellulolytic activity in the gut. This may have important implications
for host tree suitability and host tree resistance; modulating which tree species ALB is able to
complete its lifecycle in.

Chapter 3. Development and transmission of microbial fauna through the life history of the
Asian longhorned beetle
In previous experiments (experiment 1) a number of microbial species in middle instar
ALB were found. My hypothesis is that some microbes are vertically transmitted from the adult
female to the egg, while others are acquired from the host plant, permitting later instars to
degrade increasingly intractable woody tissues. In other words, as larvae move through and feed
in different regions of the tree, gut microbial composition will change (adapt) as needed to permit
larvae to develop in woody tissues of increasing lignin content and perhaps to overcome host
defenses.

Chapter 4. Phylogenetic characterization and lignocellulose degradation by Fusarium
solani associated with the gut of the Asian longhorned beetle
While the above experiments investigated relationships between gut bacteria and larval A.
glabripennis, there is also a potential role of gut fungal species to be important in the physiology
8

of this insect. As described above, yeast endosymbionts have been identified in many species of
beetles, (Zhang et al. 2003, Suh et al. 2005) and are suggested to produce important enzymes to
aid digestion (Jones et al. 1999, Suh et al. 2003, Suh and Blackwell 2004, Suh et al. 2005). It
may be the case that gut yeasts are also important for A. glabripennis. Also, because lower
cerambycids require an association with fungus- infected wood, there may be a case for evolution
of the cerambycids toward harboring filamentous fungi. In this experiment, I explored fungal
relationships with A. glabripennis, and investigated the phylogenetic relationships of these fungi
associated with this insect collected from a variety of locations. Finally, the biochemistry of a
strain of fungus consistently found in the beetle gut was explored, with specific focus on
lignocellulose degradation.

Chapter 5. Lignin degradation in wood feeding insects
While cellulose degradation in insects is well documented, understanding of lignin and
aromatics degradation of wood has remained incomplete (Breznak and Brune 1994, Ohkuma
2003) . Because of its non-repetitive subunit structure and cross linkage with plant cell walls,
lignin is difficult to degrade and can significantly impede cellulose degradation (Jeffries 1990).
In this chapter lignin degradation in the gut of the ALB and the Pacific dampwood termite
(Zootermopsis angusticollis) was explored. My hypothesis is that these insects modify the lignin
macromolecule in order to better access cellulose and hemicellulose to facilitate acquisition of
simple sugars in the wood. The approach was to examine the frass (feces) excreted by these
insects using C-tetramethylammonium hydroxide (TMAH) thermochemolysis followed by GCMS (Hatcher et al. 1995, Hatcher and Minard 1996). Relative levels of lignocellulose
components of the wood and frass were also measured using solid state 13C-NMR (Bates and
Hatcher 1992, Hopkins et al. 1998, Vane et al. 2006). While wood-feeding termites are known to
harbor microbes in their gut that likely play a role in lignin degradation, until now there was little
evidence that directly showed degradation of polymeric lignin in the gut of any insect species
9

(Breznak and Brune 1994). Through examination of lignin modification in two distantly-related
insect species, I hope to provide insight on lignin degradation during passage through these
xylophagous insects, which may play a valuable role in carbon and nitrogen cycling in nature.
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Chapter 2

Effect of host tree species on cellulase activity and bacterial community
composition in the gut of Anoplophora glabripennis

ABSTRACT
Anoplophora glabripennis, the Asian longhorned beetle, is a wood boring insect that can
develop in a wide diversity of healthy deciduous hosts, and which likely requires gut microbes to
aide in wood degradation and digestion. Here we demonstrate that larval A. glabripennis have a
diverse microbial community, and this microbial community can be extremely variable when
reared in different host trees. A. glabripennis reared in a preferred host (Acer saccharum) had the
highest gut bacterial diversity compared to larvae reared either in a secondary host (Quercus
palustris), a resistant host (Pyrus calleryana), or artificial diet. A. glabripennis collected from
wild populations on Long Island, New York, showed variability in gut community complexity.
Overall when larvae fed on a preferred host, they harbored a broad diversity of gut bacteria
spanning the α-, β-, γ-Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes. Cellulase
activities (β-1,4-endoglucanase, β-1,4-exoglucanase and β-1,4-glucosidase) in the guts of larvae
fed in a preferred host (A. saccharum) or a secondary host (Q. palustris) were significantly higher
than that of artificial diet fed larvae. Larvae that fed on wood from a resistant host (P.
calleryana) displayed suppressed total gut cellulase activity. Results demonstrate that host tree
species has an impact on both gut microbial community complexity and cellulase activity in A.
glabripennis.

20

INTRODUCTION
Gut microbiota often play important roles in the acquisition of nutrients for growth and
development in insects that feed on nutrient poor sources (e.g. wood, blood, plant xylem) (Dillon
and Dillon 2004). Beneficial roles of gut microbiota include nitrogen fixation, lignocellulose
degradation, uric acid degradation, and fermentation (Dillon and Dillon 2004). These symbiotic
interactions have evolved to permit insects to overcome nutritional, structural and chemical
barriers in their hosts.
The Asian longhorned beetle (ALB), Anoplophora glabripennis (Motschulsky) is a
xylophagous member of the Lamiinae, a highly evolved subfamily of the Cerambycidae. An
exotic insect to the United States, ALB was first discovered infesting urban shade trees in 1996 in
New York (Haack 1997). Native to China and Korea, the preferred hosts in Asia are trees in the
poplar (Populus), maple (Acer), elm (Ulmus), and willow (Salix) families. Unlike most
cerambycids that feed on stressed, dying or dead trees, ALB attacks apparently healthy, vigorous
trees, in addition to weakened trees, and has a broad host range (Hanks 1999, Lingafelter and
Hoebeke 2002), making it a potential threat to domestic forestland (Nowak et al. 2001). Although
greenhouse studies show that the beetles’ host range is likely to expand in the U.S. (Morewood et
al. 2004a, Morewood et al. 2005), maple (Acer spp.) is the primary domestic host, perhaps due to
its relative abundance in infested areas (Haack 1997). Greenhouse studies have also revealed tree
species that are apparently resistant to ALB; the beetle cannot complete development in these
species due to either constitutive defenses or induced responses to oviposition (Morewood et al.
2004b).
Few studies have examined microbial symbionts in cerambycids. In the beetle species
examined to date that harbored gut bacteria, a broader diversity of microbes was associated with
broader tree host range (Schloss et al. 2006). In the ALB, an insect with a broad host range, a
wide diversity of bacteria was found in the gut of insects collected in willow trees in China, while
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the linden borer (Saperda vestita), a cerambycid with a more restricted host range, contained only
a small subset of these same bacteria (Schloss et al. 2006). Findings such as these raise questions
about the role of the microbial community in insect host range and host suitability.
Cellulose digestion in insects occurs widely in different insect taxa (Martin 1983) and the
proportion of cellulose digested can be extremely high (up to 99%) (Prins and Kreulen 1991), yet
little is known about how cellulose digestion occurs in insects, outside of termites or other insects
feeding on decaying wood. Enzymatic hydrolysis of cellulose to glucose proceeds by synergistic
interaction of endo- and exoglucanases, and β-glucosidases (Ljungdahl and Eriksson 1985).
Many phytophagous insects can synthesize their own endo-glucanses and β-glucosidases, but not
exo-glucanases (Martin 1983, Watanabe and Tokuda 2001). Because insects are not known to
encode genes for endogenous exo-glucanases, it is thought that gut symbionts are required to
produce a complete cellulolytic enzyme complex (Kukor et al. 1988, Breznak and Brune 1994,
Ohkuma 2003, Suh et al. 2003, Delalibera et al. 2005).
Cellulolytic enzymes originate from gut symbionts, ingestion of enzymes produced by
wood decay fungi, the insect itself, or some combination of these (Martin 1983, Breznak and
Brune 1994, Watanabe and Tokuda 2001, Brune 2003, Suh et al. 2005). Kukor and Martin
examined the role of wood-rot fungi in aiding wood digestion in cerambycid species that feed on
dead and decaying wood (Kukor and Martin 1986b, a, Kukor et al. 1988). In these insects,
ingested fungal enzymes contributed to production of a complete cellulase complex (Kukor and
Martin 1986a, Kukor et al. 1988). Endogenous endoglucanase genes have been discovered in
cerambycids closely related to ALB (Sugimura et al. 2003, Lee et al. 2004, Lee et al. 2005) , but
interactions between cellulose digestion, host tree, and microbial community were not
investigated.
The purpose of this study was to examine relationships between host tree species, gut
microbial community composition, and cellulose digestion in A. glabripennis. Gut microbial
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communities and cellulase activity of ALB were compared among insects reared in a preferred
host (sugar maple, Acer saccharum), an alternative host (pin oak, Quercus palustris) (Morewood
et al. 2005), a third tree species that is highly resistant to ALB (callery pear, Pyrus calleryana cv.
Aristocrat) (Morewood et al. 2004b), and on artificial diet to elucidate relationships between host
tree suitability and gut community complexity. In order to explore variability in gut community
composition and complexity between colony derived and wild populations, these data were
compared with gut microbial communities of insects collected from a variety of host trees in an
established population of ALB in New York City.

METHODS
Rearing colony-derived ALB on different host trees
Gut microbial communities were studied using larvae reared in nursery lines of one of
three tree species (sugar maple, pin oak, or callery pear). Trees were planted in 20 gallon nursery
containers filled with Fafard 52 pine bark medium (Fafard Inc., Agawam, MA, USA), and grown
at an outdoor pot-in-pot nursery at the Pennsylvania State University, University Park campus
until they were 4–5 years old. Several weeks prior to use in experiments, trees were moved into a
quarantine greenhouse to allow for acclimation to greenhouse conditions. Three trees of each
species were placed in large (ca. 3 m high, 3 m long, 2 m wide) walk-in insect cages, each cage
containing only one tree species, and maintained as described previously (Morewood et al.
2004a). Adult A. glabripennis were obtained from a quarantine research colony of mixed
ancestry, consiting of Chinese, New York, and Chicago derived insects (Sellmer et al. 2004).
The research colony is maintained on a cellulose based artificial diet (Dubois et al. 2002) using
Norway maple (Acer platanoides) for adult feeding and oviposition. For this experiment, three
mated pairs of adults per tree species (n=9 pairs) were maturation fed on twigs from either sugar
maple or pin oak for 3-5 days. Callery pear was not used for maturation feeding because A.
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glabripennis do not survive or produce eggs when fed on twigs of this tree species (Morewood et
al. 2004b). Mating pairs of beetles were then released into a cage containing potted trees of the
same tree species from which they maturation fed and allowed to oviposit into these trees for 2
weeks. At this point adults were removed from the cages. The trees were then held in the
greenhouse for 90 days to allow for egg hatch and larval establishment. After 90 days, each tree
was dissected and living larvae collected for gut community analysis. A portion of the larvae
extracted from sugar maple were then inserted into callery pear and allowed to feed for 2 weeks
(Ludwig et al. 2002). This had to be done because ALB do not grow well in callery pear, due to
lack of development of larvae on this tree species (Morewood et al. 2004b). Callery pear trees
were dissected 2 weeks after larval insertion and apparently healthy, feeding larvae were
collected for gut community analysis. Larvae that fed on a cellulose based artificial diet (Dubois
et al. 2002) were also collected for gut community analysis from the quarantine lab colony, of
approximately the same age as the tree reared larvae. While the artificial diet does not contain
specific antibiotics, it does include components such as sodium propionate, sorbic acid, and phydroxybenzoic acid methyl ester, which have fungal and microbial inhibitory properties.
Collection of larval ALB from field populations
To compare the composition of the gut community harbored by colony derived larvae
with those of wild insects, ALB were field collected from populations located on Long Island,
New York, in conjunction with eradication efforts by the USDA-APHIS-PPQ New York ALB
Lab (Amityville, New York, U.S.). Infested trees were identified based on exit holes and dieback
of the trees. Four trees were cut for this study, two silver maples (Acer saccharinum), one
sycamore maple (Acer pseudoplatanus), and one horse chestnut (Aesculus hippocastanum).
Trees were cut into segments and dissected to remove larvae. Larvae were immediately frozen
after removal from trees, and stored at -80° C until use.
Culture-independent gut community analysis
a. Dissection and DNA extraction
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Larvae removed from trees were immediately chilled and dissected within 1 h of removal
from trees. New York larvae were kept frozen until immediately before they were dissected, and
then maintained on ice. Larvae were surface sterilized in 70% EtOH for 1 min and rinsed in
sterile water before dissection. Larval dissections were performed in a laminar flow hood to
maintain sterility using sterile dissection tools. Whole guts were dissected by cutting the cuticle
open laterally, ligating the gut at the anterior midgut and posterior hindgut, and carefully
transferring the entire gut into a sterile microcentrifuge tube. Ten guts were pooled into a single
tube for DNA extraction for each tree species to reduce individual variation within trees. Total
DNA was extracted using the FastDNA® SPIN for Soil Kit (MP Biomedicals, Solon, OH) using
the FastPrep® Instrument (BIO101 Inc, La Jolla, CA) for tissue homogenization following the
manufacture’s protocol. This kit was used due to the complexity of the ALB gut contents
(containing wood, bacteria, and fungi) to ensure complete DNA extraction from all organisms. A
control DNA extraction was also performed by using the sterile water rinsate to confirm that no
contaminating DNA was extracted. DNA concentration was determined by absorbance at 260 nm
and samples were stored at -20°C until use.
b. PCR amplification and cloning
Bacterial 16S rRNA was amplified using PCR from total gut DNA extractions from each
treatment. Universal primers 530F (5’-GTG CCA GCM GCC GCG G-3’) and 1392R (5’-ACG
GGC GGT GTG TRC-3’) were used to amplify approximately 860 bases of the 16S region. PCR
reactions were performed in 25 μl volumes with the following components: 5 μl of 5X GoTaq
green reaction buffer, 1.25 U GoTaq DNA polymerase (Promega, Madison, WI), 1 μl 10 μM
dNTP mix, 2 μl of 10 μM forward (530F) and reverse primers (1392R), and 20 ng of template
DNA. PCR conditions were 95°C denaturation for 3 min, 25 cycles of 95°C for 30 sec, 55°C for
1 min, 72°C for 1.5 min, with a final extension at 72°C for 5 min. Control DNA, extracted from
sterile water rinsate also underwent PCR to ensure that there was no contaminating DNA during
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extraction as well as positive and negative PCR controls. Agarose gel electrophoresis revealed
two bands amplified from the 16S rRNA PCR reaction. The larger band represented the 18S
rRNA region, derived from eukaryotic organisms (insect and/or fungus) and the smaller band
represented the 16S rRNA region from bacteria. In order to exclude the 18s fragments from the
cloning reaction, the bands were resolved by gel electrophoresis in 0.75% low-melt agarose. The
smaller band was excised under ultraviolet light using a clean razor blade, placed in a
microcentrifuge tube, and stored at -20°C until used for cloning. Low-melt gel fragments were
ligated into the pCR® 2.1 TOPO vector (Invitrogen Corp., Carlsbad, CA) following the
manufacturer's protocol, with the exception that the low-melt fragments were first melted in a
65°C water bath and the ligation reaction was performed at 42°C. The vector was then
transformed into chemically competent E. coli cells (TOP10, Invitrogen Corp., Carlsbad, CA) by
heat-shock, and 16S rRNA clone libraries were created.
Insert DNA from 16S rRNA clones was amplified using M13 primers using direct PCR.
Twenty-five μl PCR reactions were set up in 96-well format with the following components: 5 μl
of 5X GoTaq green reaction buffer, 1.25 U GoTaq DNA polymerase (1.25 U, Promega, Madison,
WI), 1 μl 10 μM dNTP mix, 2 μl of 10 μM forward primer (M13Universal), and 2 μl of 10 μM
reverse primer (M13Rev). Individual colonies were picked from the clone library using a sterile
pipette tip and immersed into the PCR mix to allow the bacterial cells to enter the PCR reaction.
The PCR program had an initial 95°C denaturation step for 10 min to rupture bacteria cells,
followed by 30 cycles of 95°C for 30 sec, 55°C for 1:00 min, 72°C for 1:30 min, with a final
extension at 72°C for 5 min. Four μl of the PCR product was cleaned up for sequencing by
addition of 0.8 μl of ExoSAP-IT (USB Corporation, Cleveland, OH) following manufacturer’s
instructions. Two μl of this reaction were used to sequence both DNA strands with M13 primers.
Culture-dependent gut community analysis
a. Dissection and culturing of aerobic and anaerobic gut microbiota on general media
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Subsets of the colony-derived larvae from sugar maple trees and from the quarantine
colony fed on an artificial diet were used for culture-dependent gut microbial community analysis
under aerobic and anaerobic conditions. Larval dissections were performed under sterile
conditions as described above. Five guts were pooled into a single microcentrifuge tube
containing 500 μl of sterile PBS solution (0.01M, 0.138M NaCl, 0.0027 M KCl, pH 7.4) in
triplicate for both food sources. Gut material for each sample was weighed to standardize
bacterial colony forming units (CFU’s) between samples. A control tube containing only PBS
was also set up to ensure there was no contamination during dissection and plating. Tissue was
then homogenized using a disposable micro-pestle and vortexed at a medium speed for 30 sec.
Serial dilutions of each replicate were performed in PBS (1:10, 1:100, 1:1000, and 1:10000). For
aerobic culturing, 100 μl of each dilution were plated in triplicate onto LG agar plates (10 g
tryptone, 5 g yeast extract, 5 g NaCl, 10 g glucose, 15 g agar for 1 liter, pH 7.0) and incubated at
28°C. For anaerobic culturing, 100 μl of each dilution were plated only onto LG agar plates to
which 2 mg methylene blue was added as an oxygen indicator. The anaerobic samples were
plated in an anaerobic glove box, transferred to an anaerobic jar system (BD GasPak system with
GasPak Plus hydrogen + carbon dioxide generator) and incubated at room temperature. Colonies
were allowed to grow for 2-4 days before being counted and used for 16S rRNA sequencing.
b. Gut microbial culturing on restrictive media
Gut samples were obtained as described in the previous section with 3 replicates from
insects reared in sugar maple trees and artificial diet, with each replicate consisting of 3 insect
guts. Serial gut dilutions were made (1:10, 1:100, 1:1000) and 80 μl of each dilution were plated
in triplicate onto CMC agar (Delalibera et al. 2005) (5 g carboxymethyl cellulose, 10 g tryptic soy
broth, 0.03 g malt extract, and 12 g agar for 1 liter, pH 7.0). Plates were aerobically incubated at
28º C for 2-4 days and then colonies were counted and picked for sequencing. After picking
colonies from plates, clearing zones, representing degradation of carboxymethyl cellulose, were
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visualized by staining plates with 0.1% Congo red for 10 min followed by destaining with
repeated washes with 1 M NaCl (Delalibera et al. 2005). All colonies grown on these plates
created clearing zones, demonstrating the selectivity of this media for isolating cellulose
degrading bacteria.
c. Direct 16S rRNA PCR
After colony growth occurred from broad aerobic and anaerobic culturing as well as
culturing on selective media, individual bacteria were identified through amplification of the 16S
rRNA and sequencing. We used only dilutions that had well spaced colonies (between 50-150
CFUs/plate) for sequencing and for enumerating population numbers for each colony type to
determine CFU/g of gut. Ninety-six bacterial colonies were amplified for each feeding treatment
for both anaerobic and aerobic plates, with 32 colonies from each of the 3 replicates. Unique
colony types from the selective media were also selected for amplification. Twenty-five μl PCR
reactions were performed with 5 μl of 5X GoTaq green reaction buffer, 1.25 U GoTaq DNA
polymerase (1.25 U, Promega, Madison, WI), 1 μl 10 μM dNTP mix, 2 μl of 10 μM forward
primer (530F), and 2 μl of 10 μM reverse primer (1392R). Direct PCR from individual bacterial
colonies were performed by addition of the colony to the PCR reaction as described above.
Reaction conditions were 95°C denaturation for 10 min, followed by 30 cycles of 95°C for 30
sec, 55°C for 1:00 min, 72°C for 1:30 min, with a final extension at 72°C for 5 min. Four μl of
the PCR product were treated for sequencing by addition of ExoSAP-IT as described above and 2
μl were used for sequencing of both strands.
16S rRNA sequencing and data analysis
Sequencing using the BigDye Terminator method was performed at the Penn State
Nucleic Acid Facility. Consensus 16S rRNA sequences were constructed for each clone
analyzed. Alignment of forward and reverse sequences was performed using MEGA 4 (Tamura
et al. 2007); the vector sequence was removed and consensus sequence created. Sequences for
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each library were aligned by performing a multiple alignment in ClustalX 2.0.3 (Higgins and
Sharp 1988, Thompson et al. 1997). A Jukes-Cantor corrected distance matrix was then created
using dnadist application of Phylip3.67 (Felsenstein 1989). From this, unique bacterial taxa were
identified in each library, defined as operational taxonomic units (OTU), using the DOTUR
software package and based on 5% sequence variability (Schloss and Handelsman 2005).
Initially each tree/diet library was analyzed separately to create rarefaction curves, perform
Chao1 richness estimates (Chao 1984) and calculate a Simpson’s diversity index (1-D) (Magurran
1988) for each library separately. Then all culture-independent sequences were built into a single
alignment to assign shared OTUs between treatments. To assign a taxonomic name to the OTUs,
16S rRNA libraries were uploaded to the Ribosomal Database Project II (www.rdp.cme.msu.edu)
and compared to the database using the Seqmatch tool (Cole et al. 2005, Cole et al. 2007).
Seqmatch identifies the nearest neighbors to a query sequence, providing taxonomic identification
along with a similarity score to sequences in the database. For the purposes of this experiment,
OTUs were assigned to a genus only when the confidence of identity to that genus was greater
than 90%, otherwise family level assignment was given.
In vitro gut cellulase assays
a. Enzyme extraction
Crude gut enzyme extracts were prepared in triplicate from pools of three larval guts
from each tree species (sugar maple and pin oak) and from artificial diet fed insects (Tokuda
2004, Tokuda et al. 2005). Gut dissections were performed as described above. Pooled guts were
suspended in 500 μl of sodium citrate buffer (50 mM, pH 5.5) and homogenized with a micropestle on ice. Samples were then centrifuged at 10,000 g for 15 minutes at 4° C and the
supernatant was collected into a fresh centrifuge tube. Protein concentration of each sample was
measured using the Bradford method (Bradford 1976, Bollag et al. 1996) with BSA as the
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standard (0 – 20 μg); for enzyme assays described below, samples were diluted to a working
concentration of 60 μg/ml in sodium citrate buffer (50 mM, pH 5.5).
b. Reducing sugar assays
To determine the effect of host tree on gut cellulolytic activity, in vitro activities of β-1,4glucosidase, β-1,4-endoglucanase, and β-1,4-exoglucanase were measured from crude gut
extracts incubated with cellulose substrates based on release of reducing sugar measured by the
dinitrosalicylic acid (DNS) assay (Bernfeld 1955, Miller 1959). Each enzyme extract was
performed in duplicate, with three enzyme extracts prepared from each feeding treatment. Due to
low amounts of protein from larvae sampled from callery pear, because of difficulty in obtaining
larvae from this tree species, no enzyme assays could be performed from this treatment. Wild
collected insects were not suitable for enzyme assays, due to destructive sample collection
techniques of field populations under quarantine restriction. For β-glucosidase activity, 500 μl of
a 2% salicin solution (in 50 mM sodium citrate buffer, ph 5.5) was combined with 30 μg (500 μl
of 60 μg/ml dilution) of crude gut extract. For β-endoglucanase activity 500 μl of a 2%
carboxymethycellulose solution (Kukor et al. 1988) (in 50 mM sodium citrate buffer, ph 5.5) was
combined with 500 μl of crude gut extract. For β-exoglucanase activity 500 μl of a 1% Avicel
solution (Kukor et al. 1988) (in 50 mM sodium citrate buffer, ph 5.5) was combined with 500 μl
of crude gut extract.
To investigate cellulase enzyme inhibition by compounds present in callery pear wood,
ground sugar maple and callery pear wood were incubated with maple gut enzyme extracts.
Xylem tissue from these two trees was collected and ground finely through a 1 mm screen with a
Wiley mill. Wood was then lyophilized and a 2% solution (in 50 mM sodium citrate buffer, ph
5.5) was combined with 500 μl of gut extract. For all assays, 100 μl of the reaction were pulled
at time 0 to allow for subtraction of background sugar. Reactions were then incubated at 37° C
for 180 min, with 100 μl aliquots removed after 30, 90, and 180 min. For each aliquot, 100 μl
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DNS reagent were added to halt enzyme activity (Miller 1959). Samples were then incubated in a
boiling water bath for 8 min and absorbance of a 150 μl aliquot was read in duplicate at 540 nm
on a SpectraMax™ microplate reader (Molecular Devices Corp.) along with glucose standards
(standard curve, 20 – 1000 μg). Statistical differences among treatments were determined at each
time point by performing repeated measures ANOVA followed by post hoc means comparisons
with Tukey’s least significant difference (SAS Institute Inc.).

RESULTS
Microbial community of larval Asian longhorned beetles
Investigation of the gut microbial community harbored by Asian longhorned beetle larvae
using culture-independent 16S rRNA analysis and aerobic and anaerobic culturing allowed us to
identify 63 unique bacterial types (OTUs) between both the Penn State colony derived (PSU) and
New York City wild derived (NYC) populations. 16S rRNA sequences from culture-independent
analysis (n=758 clones, across 8 libraries) had a broad bacterial diversity, with most taxa being
placed within γ-Proteobacteria (n=391, 272 PSU/119 NYC), followed by Firmicutes (n=169. 159
PSU/10 NYC), Actinobacteria (n=87, 52 PSU/35 NYC), α-Proteobacteria (n=80, 16 PSU/64
NYC), β-Proteobacteria (n=19, 8 PSU/11 NYC), Bacteroidetes (n=7, 3 PSU/4 NYC),
Verrucomicrobia (n=5, 0 PSU/5 NYC), Planctomycetes (n=1, 0 PSU/1 NYC), and Cyanobacteria
(n=1, 1 PSU/0 NYC). Comparing results from research colony derived insects (PSU) and field
derived insects (NYC) revealed that the two groups harbor similar gut communities, both in terms
of taxa and percentage species composition (Fig. 1). We also found some unique bacterial phyla
in the NYC population (Verrucomicrobia and Planctomycetes) as well as the PSU colony
(Cyanobacteria), but these represented the least abundant bacterial taxa.
Only a small portion of these bacteria could be identified by culture-dependent methods
(aerobic and anaerobic) (Table 2). Culturing on a non-restrictive diet yielded five aerobic
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bacterial taxa and three anaerobic. Two types were identified using both aerobic and anaerobic
culturing, and thus are likely facultative anaerobes. Culturing on cellulose-based restrictive
media yielded 11 bacterial types, 10 of which were different from the non-restrictive cultures.
All bacteria isolated through culturing were closely related to bacteria found using cultureindependent techniques.
Rarefaction analysis and richness estimates
Rarefaction analysis of distance matrices constructed for each clone library yielded
rarefaction curves for relative species richness present in each sample. Because the number of
clones analyzed for each library was different, terminal values of the curves cannot be directly
compared. Instead, the shape of the curves was compared, with higher initial slopes of the curves
representing greater richness. Also, curves that reached an asymptote indicated saturation of
sampling, where additional sampling would be unlikely to yield a higher number of new OTUs.
For the PSU derived clone libraries, relative richness, based on curve shape, was higher in sugar
maple and pin oak, followed by artificial diet and callery pear (Fig. 2). In NYC-derived clone
libraries, relative richness was highest in the silver maple tree-2 clone library, followed by
sycamore maple, horse chestnut, and finally silver maple tree-1 (Fig. 2). Out of all libraries, only
the curve for silver maple tree-1 reached a clear asymptote, suggesting that more sampling of the
other libraries would yield further diversity.
To measure estimated richness of the samples, a Chao1 richness estimate was determined
(Fig. 3). In this case, the Chao1 richness analysis estimated the probable number of OTUs in the
sample. Here, an asymptotic curve suggested that the estimate was unlikely to dramatically
change with more sampling of clones. For the PSU colony derived samples, richness estimates
were highest for sugar maple and pin oak samples and lowest for callery pear and artificial diet.
For the NYC derived samples, Chao1 richness estimates were highest for silver maple tree-2,
followed by sycamore maple, silver maple tree-1, and finally horse chestnut. The majority of the
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estimated curves reached a plateau, suggesting that these estimates are accurate given the number
of clones sampled for each library (Fig. 3).
Effect of host tree species on gut microbial community composition
Host tree species had a marked effect on diversity of the larval gut bacterial community.
By calculating the Simpson diversity index (1-D) of the PSU colony-derived insects, reduced
heterogeneity was observed in insects fed callery pear in comparison to the preferred and
secondary host tree species, sugar maple and pin oak, respectively. The Simpson diversity index
ranges from 0 to 1, with 0 representing no heterogeneity and 1 representing infinite complexity.
Simpson Diversity Index values for gut bacterial communities in larvae fed sugar maple, pin oak,
callery pear, and the cellulose based artificial diet were 0.70, 0.45, 0.17, and 0.49, respectively,
demonstrating a reduction in species diversity when feeding on the secondary host (pin oak), or
on artificial diet, and an even greater reduction in larvae fed on the resistant tree species (callery
pear). Based on culture-independent data, the highest number of OTUs was found in larvae fed in
sugar maple or pin oak (14 OTUs each). Feeding in the resistant tree species, callery pear, or on
the artificial diet produced a reduction in species diversity with only eight OTUs found in larval
guts from callery pear and 10 from artificial diet. Also, while larvae from the two suitable hosts
contained OTUs from six different bacterial classes, larvae reared on callery pear only produced
OTUs placed in three classes, with no taxa represented from the Cyanobacteria, Sphingobacteria,
β-Proteobacteria, or Firmicutes (Fig. 1). The majority of the bacteria from larvae fed callery pear
were from a single unclassified Enterobacteraceae (92% of clones). Similarly, larvae reared on
artificial diet only had OTUs placed in three different bacterial classes, with the majority of the
sequences matching closely to Lactobacillus spp. (71% of clones), a taxonomic group we never
found in larvae fed in trees (Table 1).
Culture-dependent analysis of gut microbiota found in artificial diet-fed vs. sugar maplefed larvae yielded strikingly different bacterial compositions. Aerobic and anaerobic, nonrestrictive culturing yielded almost entirely Enterobacteriaceae in sugar maple-fed larvae, while
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artificial diet-fed larvae yielded entirely Lactobacillaceae (Table 2.). The number of CFU’s was
approximately 10-fold higher in sugar maple fed larvae. Restrictive culturing on CMC media
also showed differences, with sugar maple-fed larvae producing only α- and γ-Proteobacteria, and
artificial diet-fed larvae having a greater diversity across the Actinobacteria, Acidobacteria,
Firmicutes, and β-Proteobacteria. While the diversity using restrictive media was greater in
artificial diet-fed larvae, there was approximately a 100-fold reduction in the total number of
CFU’s in these larval guts (Table 2).
Within NYC wild-collected samples, host tree also had a marked impact on bacterial
composition. The highest microbial diversity was seen in larvae collected from one of the silver
maple trees (silver maple tree-2) and the sycamore maple, with Simpson’s diversity indices (1-D)
of 0.94 and 0.93, respectively. In contrast, diversity indices of 0.62 and 0.55 were calculated
from larvae collected from horse chestnut and the second silver maple (silver maple tree-1) tree
respectively (Table 3). The sugar maple 1 larval clone library was composed almost entirely of
two OTUs, a Bradirhizobium in the α-Proteobacteria (53% of clones) and an Enterobacter in the
γ-Proteobacteria (42% of clones) (Fig. 1). While the horse chestnut derived clone library did not
have any Bradirhizobium present, it had the highest proportion of clones matching to
Enterobacter (62% of clones). These less diverse samples lacked taxa from the Actinobacteria,
Bacteriodetes, Plantomycetes, β-Proteobacteria, and Verrucomicrobia (Table 3). Clones from the
diverse samples derived from sugar maple-2 and sycamore maple clone libraries were much more
evenly distributed, with OTUs from eight and five bacterial phyla respectively, and no single
OTU representing more than 26% of the clone library (Fig. 1)
Gut cellulolytic activity
The enzymatic activities of three different types of cellulases were compared among
larvae reared on the different tree species or on artificial diet. Values for β-glucosidase activity,
measured by the release of β-1,4-bonded glucose from salicin, endoglucanase activity as
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degradation of carboxymethyl cellulose, and exoglucanase activity, measured as degradation of
crystalline cellulose (Avicel), were significantly higher in enzyme extracts from the guts of ALB
fed on sugar maple and pin oak compared with those fed on artificial diet (Fig. 4, time 180 s., p <
0.0001 for salicin and CMC, p < 0.05 for Avicel). β-glucosidase activity was also significantly
higher in pin oak gut extracts than sugar maple (Fig. 4, time 180 s., p < 0.0001), but there were no
significant differences between pin oak and sugar maple in endo- or exoglucanase activity.
While enzyme assays could not be performed with callery pear fed larvae due to
difficulty in obtaining sufficient gut extracts, enzymatic activities of gut extracts from sugar
maple fed larvae were tested on sugar maple and callery pear wood. Sugar release (degradation
of carbohydrates) by gut enzymes was significantly higher from sugar maple wood than from
callery pear wood (Fig. 5, time 180 sec, p = 0.0189).

DISCUSSION
Our results show that the ALB gut harbors a rich diversity of bacteria, exemplified by
marked variation in community complexity and composition as a function of host tree and
geographic location. Chao1 richness estimates varied greatly, not only between larvae collected
from different host tree species and different geographic locations, but also among insects grown
in the same host tree species from the same geographic location. These estimates varied from 12
OTU’s on artificial diet to 144 OTUs on a preferred host, silver maple. Despite this variability, it
appears to us that certain classes of bacteria are required for survival and development because
they were consistently present in insects fed in suitable host tree species, including OTUs related
to Microbacterium¸ Enterococcus, Ochrobactrum, and Enterobacter. The PSU colony-derived
larvae have passed through multiple (at least 10) generations on artificial diet without adding wild
collected insects to the mix. Also these insects only encounter trees as adults in the colony, in the
form of twigs for feeding. However, larvae reared only on artificial diet displayed low diversity
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and species richness when analyzed by culture-independent methods, with the clones consisting
largely of a single taxa of Lactobacillus that was not found in any of the other libraries. Thus, we
suspect these bacteria represent an artifact of rearing on an artificial diet that contains a number of
antimicrobial compounds (Table 1). Similar results were obtained by culture-dependent analysis
on a non-restrictive media, using both aerobic and anaerobic culture conditions (Table 2).
Despite this, when bacteria were cultured on restrictive media containing cellulose as the only
carbon source, low numbers of Actinobacteria were recovered that were not detectable through
culture-independent analysis (Table 2). This is likely because these bacteria were present a levels
well below that of the most prevalent bacteria. Despite this, Actinobacteria are being maintained
in the gut.
When adults derived from this artificial diet-fed colony were allowed to lay eggs on
preferred tree species (sugar maple and pin oak), the resulting larvae displayed a broad diversity
of bacteria through culture-independent analysis, including a diversity of Actinobacteria, a single
type of Enterococcus as well as α-, β-, and γ-Proteobacteria. It is not clear what the source of
these bacteria are; a subset may be environmentally derived, while others may be vertically
transmitted. Low numbers of Actinobacteria isolated from culturing guts of artificial diet-fed
larvae suggest that these bacteria may be maintained in the colony at low levels through
transmission from generation to generation, but vertical transmission of bacteria in this insect has
not yet been investigated. Interestingly, when larvae from sugar maple, with diverse gut
communities, were inserted and allowed to feed in the resistant tree species (callery pear), the
larval gut lacked diversity when analyzed by culture-independent techniques, and the 16S rRNA
clones consisted mostly of a single Enterobacter sequence.
The NYC-derived larvae came from four trees located on Long Island, New York. Ten
larvae from each of these trees were pooled to create the 16S clone library. The two silver maplederived clone libraries, although they consisted of larvae from the same tree species, showed
large differences in complexity and diversity of gut bacterial species. Larvae from silver maple
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tree-2 showed by far the greatest diversity of any 16S library, having the highest number of
OTUs (Table 1), classes of bacteria represented (Fig. 1), and Chao1 richness estimate (Fig. 3). In
contrast, ALB larvae derived from silver maple tree-1 had the lowest diversity. The reason for
this discrepancy is not clear; it could be due to differences in larval health or host tree quality.
The trees that these larvae were collected from were urban street trees, and while it was thought
that they were not treated with any insecticide that would disrupt the physiology of the insect, the
complete history of these trees is not known and prior pesticide applications cannot be ruled out.
However, the role of insecticides on gut microbial communities has not been studied to our
knowledge. Similarly, the 16S library created from larvae from a horse chestnut tree also had low
diversity, with many similarities to silver maple tree-1, and the same reasons can be speculated
for this library as well. The clone library from sycamore maple-derived larvae had high diversity,
the second highest of any clone library sampled, with a high richness estimate as well of over 50
OTUs. Previous characterization of ALB larval gut communities of insects collected from their
native range in Hebei, China showed similar community complexity, with bacteria across α-, β-,
γ-Proteobacteria, Bacteriodtes, Actinobacteria, and Firmicutes (Schloss et al. 2006). Similar to
what was seen between the NYC clone libraries, of the five clone libraries created from the
Chinese collected larvae, some had relatively high diversity. Samples from one field site were
estimated to contain more that 65 OTUs based on Chao1 richness estimates, while libraries from
another field site were estimated to only contain 10 OTUs. Plasticity of gut composition is
present in both the native and invasive ranges, as well as in colony reared ALB, which may help
explain the broad host range of this insect.
Comparisons between PSU and NYC clone libraries showed that even after many
generations on artificial diet, where the apparent “natural” bacterial community seems to be lost,
shifting the insects to suitable host trees allows for reacquisition or rebalancing towards a “wildtype” bacterial community. The clone libraries from maple and pin oak reared PSU insects both
had a broad diversity of OTUs, and while the diversity was not as high as the most diverse clone
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libraries from the NYC insects, composition across bacterial classes was similar. Also, the PSU
larvae were reared in trees within a greenhouse, a more controlled environment where there may
be less opportunity for bacteria from the environment to be present in the system.
Bacterial community composition and host tree both correlated well with cellulase
activity using gut extracts from these larvae. Feeding on preferred host trees, both sugar maple
and pin oak produced high bacterial community diversity and high cellulase enzyme activity.
When fed on artificial diet, both microbial community composition and enzyme activity were
reduced. While this does not provide direct evidence of bacterial species as the source of
cellulase enzymes, it does show that larvae that harbor high gut bacterial diversity have a greater
ability to feed and develop on the woody tissue of their host tree. Even more insightful, when
enzyme extracts from ALB larvae raised on sugar maple, which had high cellulase activity, were
incubated with callery pear wood, the sugar released (cellulase activity) from this wood was
approximately one-third of the sugar released from sugar maple. The extract from sugar maple
reared larvae likely contained a high diversity of bacterial enzymes, but the ability of this extract
to degrade callery pear wood was greatly reduced relative to activity on maple wood itself. This
suggests that compounds could be present in callery pear that inhibit wood degrading enzymes. It
is known that callery pear contains high levels of calleryanin (Challice 1973), a phenolic
glycoside, which may inhibit enzyme activity or microbial growth (Erasto et al. 2004, Das, 2006
#671). This may explain why ALB cannot develop in this tree, or it may simply be that the
structure of the lignocellulose in callery pear is more difficult to degrade. This finding will be
further investigated to better understand host tree resistance to cerambycids.
While we did not investigate the role of specific bacterial taxa in the gut community, we
can postulate their role in ALB gut physiology based on their relationships to well studied
bacteria. For example, Actinobacteria, present in the most diverse samples including in low
numbers in artificial diet fed larvae, are likely candidates for wood degradation in ALB. There are
many species of this group known to produce cellulases and xylanases (Lykidis et al. 2007, Park
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et al. 2007). Other species in this group are involved in aromatic ring degradation, which are
monomeric subunits of lignin (Pasti and Belli 1985, Pasti et al. 1990). Nitrogen is limiting in
wood and, interestingly, nitrogen fixing bacteria were found in many of the 16S clone sequences.
Some α-Proteobacteria including Rhizobium, Ochrobactrum, Rhodobacter, as well as some γProteobacteria including Enterobacter are capable of fixing nitrogen (Potrikus and Breznak 1977,
Young, 1992 #1, Ngom et al. 2004, Rasolomampianina et al. 2005), and may be playing this role
in the ALB gut. Nitrogen fixation has been observed in termites and nitrogen fixing bacteria have
been found in bark beetles as well as other cerambycids (Breznak et al. 1973, Bridges 1981).
Overall, the ALB gut community is similar to that of other wood feeding organisms, and seems to
be suitable for feeding and growing on lignocellulose (Breznak and Brune 1994, Cazemier et al.
1997, Dillon and Dillon 2004, Delalibera et al. 2005).
ALB is an invasive species, with a broad host range in both its native range and in North
America. Here, the plasticity of the larval gut community was demonstrated in both wildcollected and colony-derived insects, with a direct correlation between bacterial community
diversity and gut cellulase activity. Further studies elucidating the function(s) of the bacterial
community in the ALB gut may lead to identification of novel microbial species and the
discovery of new enzymes involved in the degradation of lignocellulose by this wood feeding
beetle. Understanding the role of the gut community will also provide new information on the gut
physiology of ALB, which could lead to development of novel tactics for controlling wood
boring insects by elucidating potential ways to disrupt this community. These discoveries can
also lead to the utilization of novel enzymes to increase the efficiency of conversion of cellulosic
biomass, particularly wood, into ethanol, and may have other industrial applications as well.
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Table 1. Bacterial taxa (OTUs) identified from culture-independent analysis of larval
Anoplophora glabripennis gut contents from a quarantined research colony reared in three
different host trees or artificial diet.
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Table 2. Taxa of bacteria (OTUs) identified by culture-dependent analysis on broad and
restrictive media of larval Anoplophora glabripennis gut contents from a quarantined research
colony reared on sugar maple or artificial diet.
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Table 3. Taxonomic groups represented among bacteria (OTUs) identified by cultureindependent analysis of larval Anoplophora glabripennis gut contents from different host trees
in wild populations located in Long Island, New York.
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Figure 1. Distribution of gut bacterial taxa from clone libraries obtained from gut contents
of A. glabripennis larvae reared in different host trees from the Penn State quarantine
research colony (PSU) and field populations from Long Island, New York (NYC).
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Figure 2. Rarefaction analysis of clone libraries from the Penn State quarantine research
colony (PSU) and field populations from Long Island, New York (NYC), based on OTUs at 5%
sequence difference.
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Figure 3. Chao1 richness estimates. Curves of clone libraries from larval A. glabripennis gut
contents collected from Penn State quarantine research colony (PSU) and field populations from
Long Island, New York (NYC), based on OTUs at 5% sequence difference.
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Figure 4. Gut enzyme activity from larval A. glabripennis reared in sugar maple, pin oak,
or artificial diet towards A. salicin (β-1,4-glucosidase activity), B. Avicel (exoglucanase
activity), or C. carboxymethyl cellulose (endoglucanase activity). Error bars represent ± 1
standard error, and significant differences at 180 s are denoted with different letters (ANOVA, α
= 0.05).
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Figure 5. Digestion of sugar maple and callery pear wood by gut extracts of sugar maple
reared A. glabripennis.

Error bars represent ± 1 standard error, and significant differences at

180 s are denoted with different letters (ANOVA, α = 0.05).
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Chapter 3

Transmission of bacteria between life stages of the wood-boring beetle,
Anoplophora glabripennis

ABSTRACT
Many insects harbor specific bacteria in their digestive tract, and these gut microbiota
often play important roles in digestion and acquisition of nutrients from the environment. While
it is common for an insect species to harbor a representative gut microbial community throughout
its population, how this community is acquired and maintained from generation to generation is
not known for most xylophagous insects, except termites. In this study, we examined acquisition
of gut microbiota by the wood-feeding beetle, Anoplophora glabripennis, by identifying and
comparing microbial community members among different life stages of the insect and with
microbes it will encounter in its environment. Automated ribosomal intergenic spacer analysis
(ARISA) was employed to compare bacterial communities present in the egg and larval stages of
A. glabripennis as well as the microbial communities associated with the oviposition site, and
woody tissue the insect encounters. Multivariate analyses were used to identify relationships
between sample type and specific bacterial types (operational taxonomic units, OTUs). From this
analysis, bacteria that were derived from the environment, the oviposition site, and/or the egg
were identified and compared with taxa found in the larval gut. Results showed that while some
gut microbiota were derived from environmental sources, other members of the larval gut
microbial community appear to be vertically transmitted. These findings could lead to better
understanding which microbial species are critical for the survival of this insect and the
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development of techniques to alter this gut community to disrupt the digestive physiology of the
host insect as a control measure.

INTRODUCTION
Insects often exploit beneficial symbiotic relationships to augment their physiological
capabilities and assist their expansion into challenging niches. Obligate mutualists are usually
intracellular, transmitted vertically, and enable survival of many insects on nutritionally deficient
diets such as blood, plant sap, or wood (Buchner, Aksoy, Moran et al.). In addition to intracellular
obligates, many insects harbor secondary facultative symbionts that display a wider range of
tissue tropism and can be intracellular(Thao et al. 2000, Fukatsu, 2000 #704, Oliver et al. 2006)},
located in the gut of the insect (Cazemier et al. 1997, Tholen 1997, Bauer et al. 2000, Dillon and
Charnley 2002, Broderick et al. 2004, Dillon and Dillon 2004, Park et al. 2007, Lee et al. 2008),
or associated externally (Martin 1992, Abril and Bucher 2002, D'Ettorre et al. 2002, Cardoza et
al. 2006). Secondary symbionts primarily serve a nutrient provisioning role in their hosts, which
may include cellulose digestion, nitrogen fixation, and synthesis of vitamins, amino acids, lipids,
and sterols. The source of symbionts may be through vertical transmission, horizontal
transmission, or acquisition from diet or environmental sources (de Vries et al. 2001, Fukatsu and
Hosokawa 2002, Hosokawa et al. 2007b, Kikuchi et al. 2007).
Although many insect guts harbor large, diverse communities of microbes, surprisingly
few studies exist on the functional role of gut microbiota in wood-feeding insects, with the
exception of termites (Breznak 2000, Watanabe and Tokuda 2001, Brune 2003). Although gut
microbes in xylophagous insects play important roles in host nutrition and multitrophic
interactions (Dillon and Dillon 2004), the influence of host plant resistance on gut microbial
community structure and the consequences of these community shifts on insect physiology has
received very little attention. Although cellulose is a rich source of nutritional carbohydrate,
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lignin interferes with the accessibility and digestibility of cellulose (Kirk and Highley 1973) and
protein (Yu 2005), which is reflected in the inverse relationship between plant lignin content and
its digestibility by animals. In addition, nitrogen is limiting for phytophagous insects (Denno and
Fagan 2003) and this is particularly true for insects that live on wood.
The Asian longhorned beetle, Anoplophora glabripennis (Motschulsky) is a woodfeeding insect in the family Cerambycidae. Native to China and Korea (Yan 1985, Lingafelter
and Hoebeke 2002), A. glabripennis grows and develops in a broad range of host trees (Yang et
al. 1995, Haack 2003, Morewood et al. 2003, Morewood et al. 2004, Morewood et al. 2005),
attacking apparently healthy, vigorous trees (Hanks 1999, Lingafelter and Hoebeke 2002) with
the larval stages of this insect burrowing into the inner wood of the host tree. Preferred host tree
species include maple (Acer spp.), poplar (Populus spp.) and willow (Salix spp.). Reproduction
and oviposition occur when free living adults emerge from host trees, maturation feed on twigs
and leaves, mate, and then oviposit (egg lay) under the bark of a chosen host. During oviposition,
the adult female chews a small hole into the bark of the tree to reach the phloem, and then
carefully places an egg into that niche with her ovipositor, with additional fluid being secreted
with the egg, perhaps to secure the egg in place under the bark or to protect it from desiccation.
While it is likely that gut bacteria play an important role in the digestive physiology of ALB,
transmission of gut microbiota between generations is unknown.
Few studies have examined microbial symbionts in cerambycids, but the gut microbial
community of A. glabripennis has received some attention. A wide diversity of bacteria was
found in the gut of larval A. glabripennis collected from willow trees in China, (Schloss et al.
2006), from insects reared in a research colony, and field collected insects in an established
population in the United States (Chapter 2). Interestingly, regardless of the source of the beetles,
the gut microbial community profiles exhibited considerable similarity, suggesting that some
members of the gut community are conserved in space and time. Therefore, of particular interest
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is discerning which bacterial species are environmentally derived, and which are vertically
transmitted.
The purpose of this study was to determine the source of the gut microbial community
harbored by larval A. glabripennis. Microbial community profiling was performed using
automated ribosomal intergenic spacer analysis (ARISA) on a variety of insect- and
environmentally-derived samples to identify and distinguish microbial taxa that are transmitted
from the adult to larval stages, versus taxa that are acquired from the environment. By creating
replicate profiles from each treatment group, multivariate analysis techniques were then used to
explore relationships between gut bacterial communities and sources of these bacteria. This
information will be used to focus future research on particular bacterial species that are more
likely to be of critical importance to the insect and may help identify potential obligate versus
facultative symbionts.

METHODS
Insect rearing and experimental design
Insects were derived from a quarantine research colony maintained on artificial diet at
Penn State University (Dubois et al. 2002, Morewood et al. 2004). Mating pairs were collected
from pupae generated from this colony, and maturation fed on Norway maple (Acer platanoides)
twigs until used in this experiment (5-7 days of maturation feeding). Norway maple trees of
approximately 5 to 12 cm in diameter were cut down from a woodlot located in University Park,
Centre County, PA, USA, and sectioned into 30 cm sections. These sections were coated with
paraffin wax at both cut ends to maintain wood moisture and placed into sterile 1 gallon glass
wide mouth jars to be used as oviposition material for adult oviposition. Three to five pencilsized Norway maple twigs were also added to the jars to provide food for the single mating pair
of A. glabripennis in each jar. Overall, 10 mating jars were used in this experiment. During the
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entire setup process, care was taken to reduce microbial contamination by performing all steps on
sterilized surfaces with sterile gloves and tools. Adults were allowed to mate and oviposit into
the wood sections for 2 weeks, and at this point, the wood sections were removed from the jars.
Collection of insect and environmental samples for community analysis
Seven different sample types were collected for community analysis as follows: (1)
oviposition site bark/phloem, (2) oviposition site wood, (3) non-oviposition site bark/phloem, (4)
non-oviposition site wood, (5) non-surface sterilized egg, (6) surface sterilized egg, and (7) 2week old larvae. The first six sample types were collected as follows. To obtain 5 samples each
of non-oviposition site bark/phloem (#3 above) and wood (#4 above), five of the 10 oviposition
wood sections containing eggs were chosen at random (the remaining 5 logs were used to collect
larvae, described below). From each of these logs, a section of the wood distant from the
oviposition sites was selected, and a flame sterilized 10 mm cork borer was used to cut a circular
hole through the bark, phloem, and inner wood approximately 3 mm deep. This wood section
was removed from the log using sterile forceps, and the bark/phloem layer was separated from the
inner wood by pulling these sections apart. Each of these sections was carefully diced with a
sterile scalpel and placed into a sterile micro-centrifuge tube.
Next the cork borer was dipped in 70% ethanol and flame sterilized and this process was
repeated in a location on the log where an oviposition site was located, identified by a small slit
through the outer bark chewed by the female before laying an egg. The cork borer was used to
cut a plug and the bark/phloem and inner wood were pulled from the log, separated and placed
into individual sterile micro-centrifuge tubes. During separation of the bark and wood layers, the
egg was located, removed from the wood, and placed into an additional micro-centrifuge tube.
For each log, a total of 6 eggs were collected by peeling the bark layer from additional
oviposition sites and excising the eggs with sterile forceps. One-half of the eggs were surface
sterilized before placing into micro-centrifuge tubes by dipping them in ethanol for 1 min,
followed by 3 rinses in sterile water. All of these samples were collected from the remaining four
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logs and all samples were stored at -20° C until DNA extraction. In total, 5 non-oviposition bark,
5 non-oviposition wood, 5 oviposition site bark, 5 oviposition site wood, 14 surface-sterilized
eggs, and 14 non-sterilized eggs were collected from these 5 logs.
The remaining 5 logs from the mating jars were placed into new sterile 1 gallon wide
mouth glass jars and incubated at room temperature for 2 weeks to allow eggs to hatch and larvae
to feed and develop under the surface of the bark. After 2 weeks, these logs were removed from
the jars, and in a sterile laminar flow hood, the bark was peeled from the logs to reveal
developing larvae. These larvae were typically first or second instar and had fed within the
phloem layer, but had not yet burrowed into the inner wood. These larvae were collected, surface
sterilized as described above for the eggs, and placed into a sterile micro-centrifuge tube. In total
2-3 larvae were collected from each log for a total of 14 larvae from the 5 logs.
DNA extraction
DNA extraction was performed in a laminar flow hood to maintain sterility using sterile
dissection tools. Total DNA was extracted using the FastDNA® SPIN for Soil Kit (MP
Biomedicals, Solon, OH) using the FastPrep® Instrument (BIO101 Inc, La Jolla, CA) for tissue
homogenization following the manufacture’s protocol for all 65 samples collected. This kit was
used due to the complexity of the samples to ensure complete and consistent DNA extraction
from all organisms. A control DNA extraction was also performed on the sterile water used in
the collection and preparation of all experimental samples, thus serving as a negative control, to
confirm that no contaminating DNA was extracted. DNA concentration was determined for each
sample by measuring absorbance at 260 nm and samples were stored at -20°C until use.
PCR amplification and ARISA community analysis
PCR was performed using a bacterial automated ribosomal intergenic spacer analysis
primer set, ITSF and ITSReub (Cardinale et al. 2004). These primers amplify the intergenic
space between the 16s and 23s ribosomal subunits by amplifying from position 1423 on the 16S
rRNA subunit to position 38 on the 23S rRNA subunit. Because the intergenic space is a non60

coding region, the length of this region is not conserved between different species of bacteria, so
PCR amplification of a mixed bacterial sample produces PCR products of multiple lengths, with
each unique fragment length representing a bacteria type. PCR reactions were performed for
each sample in 25 μl volumes with the following components: 5 μl of 5X GoTaq green reaction
buffer, 0.5 μl GoTaq DNA polymerase (1.25 U, Promega, Madison, WI), 1 μl 10 μM dNTP mix,
2 μl of 10 μM forward primer (ITSF, 5'-GTCGTAACAAGGTAGCCGTA-3'), 2 μl of 10 μM
labeled reverse primer (ITSReub-HEX, 5'-GCCAAGGCATCCACC-3'), and 20 ng of template
DNA. PCR conditions were 95°C denaturation for 3 min, 25 cycles of 95°C for 30 sec, 55°C for
1 min, 72°C for 1.5 min, with a final extension at 72°C for 5 min. Control DNA, extracted from
sterile water using the FastDNA® SPIN for Soil Kit also underwent PCR to ensure that there was
no contaminating DNA during extraction as well as positive and negative PCR controls. A
second PCR reaction was performed using the same procedures, except the fluorescently labeled
reverse primer was replaced with an unlabeled primer, so that the fragments could be cloned and
sequenced. All PCR products were verified by gel electrophoresis, and stored at -20º C. One μl
of each fluorescently labeled PCR product was analyzed with an internal standard on an ABI
PRISM 3100 Genetic Analyzer at the Penn State University Nucleic Acid Facility, University
Park, PA. Resulting chromatograms were analyzed using GeneScan Software, where fragment
length and relative abundance of each peak were recorded. Relative abundance of individual
phylotypes, described as operational taxonomic units (OTUs), and defined as fragments of unique
length, were inferred using the fluorescence of each individual peak normalized to total
fluorescence within a profile, to account for run-to-run variation during fragment analysis.
Cloning, DNA sequencing, and sequence analysis
For each sample type, a representative sample was chosen for cloning and sequencing of
fragments to provide taxonomic information to ARSIA fragments. Unlabeled PCR products were
ligated into the pCR® 2.1 TOPO vector (Invitrogen Corp., Carlsbad, CA) following the
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manufacturer's protocol. The vector was then transformed into chemically competent E. coli cells
(TOP10, Invitrogen Corp., Carlsbad, CA) by heat-shock, and clone libraries were created.
Insert DNA from each of these clones was amplified from the M13 priming sites of the
vector using direct PCR. 25 μl PCR reactions were set up in 96-well format with the following
components: 5 μl of 5X GoTaq green reaction buffer, 0.5 μl GoTaq DNA polymerase (1.25 U,
Promega, Madison, WI), 1 μl 10 μM dNTP mix, 2 μl of 10 μM forward primer (M13Universal),
and 2 μl of 10 μM reverse primer (M13Rev). Individual colonies were picked from the clone
library using a sterile pipette tip and immersed into the PCR mix to allow the bacteria cells to
enter the PCR reaction. The PCR program had an initial 95°C denaturation step for 10 min to
rupture bacterial cells, followed by 30 cycles of 95°C for 30 sec, 55°C for 1:00 min, 72°C for
1:30 min, with a final extension at 72°C for 5 min. PCR products were visualized by gel
electrophoresis and samples of unique fragment length were chosen for sequencing. For the
sequences chosen for sequencing, 4 μl of the PCR product was cleaned up for sequencing by
adding 0.8 μl of ExoSAP-IT (USB Corporation, Cleveland, OH) and incubating the sample at
37°C for 15 min, followed by 80°C for 30 min. Two μl of this reaction were then used to
sequence from the forward direction, from the M13Universal priming site and 2 μl for the reverse
from the M13Rev site.
Sequencing using the BigDye Terminator method was performed at the Penn State
Nucleic Acid Facility. ITS sequences were constructed over the regions amplified based on
consensus of the forward and reverse sequences for each clone analyzed. Alignment of forward
and reverse sequences was performed using MEGA 4 (Tamura et al. 2007); the vector sequence
was removed and consensus sequence created. Identity of these sequences was determined by
non-redundant BLAST search of the NCBI database. The amplified product was then analyzed
using the methods described previously for community ARISA (Kent et al. 2004, Newton, 2006
#677). This procedure matches the AFL (measured as the length of the amplification from ITSF
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to ITSReub) from an individual clone to the fragment lengths obtained from the ARISA
community fingerprints. It was then possible to apply taxonomic definitions to ARISA peaks in
the profile.
Multivariate Analyses
Multivariate analysis was performed to look at associations between sample types and
microbial OTUs present in the samples. We used cluster analysis and unconstrained ordination to
describe and visualize the structure of the data across sample types. We tested whether the
sample type explained OTU composition with constrained ordination and permutational
multivariate analysis of variance (PERMANOVA).
Hierarchical cluster analysis of ARISA profiles
To determine if there are characteristic microbial community profiles for each sample
type, ARISA profiles from all samples (14 profiles each from non-sterilize egg, surface-sterilized
egg, larvae, 5 profiles each from oviposition wood, oviposition bark, non-oviposition wood, and
non-oviposition bark) were compared by performing a cluster analysis based on the normalized
abundance of each fragment within the samples. Hierarchical cluster analysis was performed
using R version 2.6.1 (Team 2007), with the “cluster” package (Maechler 2008). A Euclidian
dissimilarity matrix was created from the proportioned data, and this matrix was used to perform
the cluster analysis using Ward’s method (McCune and Grace 2002).
Ordination Analysis of ARISA profiles
Unconstrained ordination analysis was performed on all of the profiles by
correspondence analysis (CA) in CANOCO 4.5 (ter Braak and Smilauer 2002, Leps and Smilauer
2003). CA was used because the profile data were determined to be unimodal by detrended
correspondence analysis (beta diversity greater than 4) (Leps and Smilauer 2003). For CA, the
relative abundance of each fragment in ARISA profiles was used as the input data and analyzed
using Hill’s scaling. We created a bi-plot to visualize the data using CanoDraw (ter Braak and
Smilauer 2002), plotting the unconstrained axes that explained the most variance. Each sample
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was plotted and coded according to sample type, and we plotted the 30 microbial OTUs that best
fit the model (Fig. 2).
We used constrained ordination analysis to determine whether sample type significantly
explained microbial OTU composition. Due to different sample sizes, we analyzed surfacesterilized eggs, non-sterilized eggs, and larvae separately from oviposition and non-oviposition
wood and bark. Ordination of the microbial data was constrained by axes created from the
treatment variables. Again, detrended correspondence analysis was performed on these subsets of
the data, and in both the beta diversity were greater than 4, so unimodal methods were performed.
Canonical correspondence analysis (CCA) was performed with Hill’s scaling. Treatment
variables were assessed using Monte Carlo simulations with 999 iterations. Bi-plot diagrams of
the ordination results were generated using CanoDraw (ter Braak and Smilauer 2002) with 29
OTUs plotted in the egg and larvae plot and 18 OTUs in the oviposition plot that best fit the
model. PERMANOVA was used to examine the significance of the sample types on the
microbial community composition (Anderson 2005). The data were proportionized, and single
occurrence OTUs were removed from the dataset to remove outliers. Surface-sterilized eggs, nonsterilized eggs, and larvae were analyzed separately from oviposition and non-oviposition wood
and bark. This analysis tests the response of multiple dependent variables (microbial species) to
multiple treatment (sample) types based on distance measures using permutational methods.
Analysis was performed based on Bray-Curtis distance measures with 4999 permutations
(Anderson 2005).

RESULTS
ARISA community profiling
Overall, 62 profiles were collected over all sample types with 60 unique fragment lengths
(bacterial OTUs) present in these profiles, varying in length from 173 bp to 656 bp. Fragment
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lengths greater than 700 bp could not be accurately resolved from the profiles with great certainty
in fragment size, due to the size standard used. The percentage of unique fragments present in
each sample type was determined within fragment length groupings to demonstrate differences in
fragments between sample types (Table 1). Fragment length groupings were based on microbial
classes described by the fragment lengths, and their correlation with identified sequences in the
clone libraries. Relative abundance of each bacterial OTU was calculated for cluster analysis and
multivariate analysis described below.
Designation of taxonomic identification to ARISA fragments
Cloning and sequencing of unlabeled amplifications of ITSF-ITSReub permitted
taxonomic identification of the ARISA fragments (Brown et al. 2005). Overall, 8 clone libraries
were created from separate amplifications of representative samples, with at least one sample
from each sample type. Approximately 40 clones from each library were sequenced and
analyzed, revealing 55 unique sequence lengths, giving OTUs over a broad diversity of bacteria,
including Actinobateria, Firmicutes, and Proteobacteria (Table 2). While there were some
sequence discrepancies among sequences with shared nucleotide lengths, these discrepancies
represented only a few nucleotides over the entire fragment. BLAST matching of these
fragments to the NCBI database gave identical BLAST results, despite these sequence variations.
Only one fragment length, 579 bp, gave highly divergent sequences with different BLAST
results; one sequence matched to γ-Proteobacteria, while the other matched to δ-Proteobacteria.
All fragments lengths from the clone sequences were matched to the ARISA profile fragment
when the fragment length was within 1 bp, giving taxonomic identification to 26 of the 60
fragment lengths (Table 2).
Cluster analysis
Hierarchical clustering of the ARISA profiles based on relative abundance and diversity
of fragments in each profile gave a dendrogram showing high clustering of samples within
sample type (Fig. 1). Groups within this tree that are derived from common branches have
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greater similarity in their bacterial community profiles. Consequently, the top group in Fig. 1
represents larval A. glabripennis communities. This group branches with the surface-sterilized
egg group, indicating that bacterial profiles of larvae and surface-sterilized eggs share more taxa
than with any other sample. These two sample types cluster with groups representing bacterial
communities of the non-sterilized eggs and the outer bark of oviposition sites. This cluster is
distinct from the lower cluster of the dendrogram, which represents non-oviposition site derived
wood and bark samples, as well as oviposition site wood samples, indicating that these profiles
and microbial communities are the most distinct from the larval A. glabripennis gut bacterial
communities. The number of microbial OTUs present in each sample type is listed on the
dendrogram; diversity decreases from samples associated with the environment, to samples
associated with the insect (Fig. 1).
Ordination Analysis
Similar to cluster analysis, the distance-based ordination plots of the unconstrained
correspondence analysis shows clustering of the sample types within the plot. The first axis of
the plot explains 11.3% of the variation. The sample grouping along this axis, having positive
values, divides the environmental samples (non-oviposition bark and wood, oviposition wood),
from insect related samples (surface-sterilized and non-sterilized eggs, larvae), which have
negative values (Fig. 2). Oviposition bark community profiles have an intermediate position on
this axis, indicating input from both insect and environmental microbes. The second axis, which
explains 8.2% of the variation, does not further explain variation in the environmental samples
since they all have values close to zero. However, in the insect samples, there is broad separation
of microbial communities of larval and surface-sterilized egg from the non-sterilized egg
microbial communities. Because larval and surface-sterilized egg communities share similarities,
most values on this axis are positive, while most values are negative for non-sterilized egg
communities (Fig. 2). The 30 microbial OTUs that explained the greatest difference between the
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samples were also plotted; their positions relative to the samples on the bi-plot represent the
sample communities to which they are most related.
The centroid principle can be applied to these data, in which the distance between
samples and bacterial OTUs represents the abundance of the OTUs in each sample. Samples that
are closest to a given OTU have the highest abundance of that OTU, while samples more distant
from a given OTU have less abundance of that OTU. There is a large group of OTUs associated
with the environmental samples, as well as numerous OTUs associated with the insect samples
(Fig. 2). OTUs 220 and 238 are associated with non-sterilized egg microbial communities, while
OTU 198 is associated with larval microbial communities. OTUs 178, 204, 224, and 581 are
associated with both larval and egg microbial communities, falling within the groupings of these
samples (Fig. 2).
Constrained canonical correspondence analysis of eggs and larvae (Fig. 3) was used to
examine variation in OTU composition by sample type, defining microbial OTUs that are most
highly associated with either non-sterilized eggs, surface-sterilized eggs, or larvae. The first axis
explains 13.0% of the species variability, and is defined generally by the surface-sterilized and
non-sterilized egg (Fig. 3). Sample type explained variability in microbial OTU composition
according to the Monte Carlo test (F = 5.816, P = 0.0020). The second axis, describing
differences between the egg treatments and larvae, explained 7.9% of the variability in the species
data (Fig. 3). This axis was also significant, as determined by Monte Carlo simulation (F =
5.146, P = 0.0020). Using the centroid principle, based on distance between OTUs and
treatments, OTUs 224 and 581 showed similar relative abundance in both surface-sterilized egg
and larval samples, while OTUs 458, 295 and 440 showed similar relative abundance in nonsterilized egg and larval samples (Fig. 3). Also many OTUs were most abundant in each of the
treatments, since they were most closely positioned to the treatment.
PERMANOVA analysis examined the effects of sample type on microbial community
composition. There were significant differences in the communities associated with larvae and
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non-sterilized egg sample types (P = 0.0002), larvae and surface-sterilized egg sample types (P =
0.0002) and non-sterilized and surface-sterilized egg sample types (P = 0.0002).
In the oviposition and non-oviposition constrained ordination plot, the first canonical axis
defines differences between non-oviposition samples and oviposition bark samples, with the axis
describing 16.5% of the variability in the microbial community data (Fig. 4). Sample type
explained variability in microbial OTU composition according to the Monte Carlo test (F = 3.157,
P = 0.0040). The second axis, which defines differences between wood and bark samples,
described 7.1% of the variability in the microbial samples. Monte Carlo simulation revealed that
this relationship is significant (F = 2.208, P = 0.0020). In this analysis, all microbial OTUs were
most closely related to a single sample type, with little demonstration of similarities between
sample types (Fig. 4). PERMANOVA analysis examined the effects of sample type on microbial
community composition. In this case, the Monte Carlo P-values were used to determine
significance, due to the low number of replicates for each sample type, resulting in a relatively
low number of possible permutations (Anderson 2005). There were significant differences in the
communities associated with oviposition wood and bark (P = 0.0170), oviposition and nonoviposition wood (P = 0.0156), oviposition bark and non-oviposition wood (P = 0.0002), and
oviposition and non-oviposition bark (P = 0.0032). There was no significant difference between
non-oviposition bark and oviposition wood or between non-oviposition bark and non-oviposition
wood.

DISCUSSION
ARISA community profiling permits individual profiling of replicate samples within an
environment with relatively little effort, allowing for semi-quantitative comparison of microbial
community structure within and between sample types within an environment. Among
community profiling techniques, ARISA has been demonstrated to be very sensitive, repeatable,
68

and unbiased compared to other fragment length polymorphism techniques in certain
environments (Ranjard et al. 2001, Ranjard et al. 2003, Cardinale et al. 2004, Danovaro et al.
2006, Maron et al. 2007). In this study, a wide diversity of bacterial OTUs lengths were
recovered representing a broad diversity of bacterial types over many classes (Table 2), although
sequence match to the NCBI database was not always high. This is likely because the ITS region
is not commonly sequenced in uncultured microbes. Unique OTU lengths also typically
produced a single OTU unit, except for one case where clone sequences of the same length
produced two different fragment sequences from bacteria in different phyla (fragment length 579,
Table 2). Despite this, it is likely that each OTU represents several species of closely related
bacteria, because sequencing of fragments of equal length produced only minor sequence
discrepancies (single nucleotide differences within the entire fragment length). This could be
investigated further by sequencing the adjoining 16S rRNA region, where database information is
much greater. Interestingly, grouping the fragments into general classes revealed that there were
fragments that were always found in environmental samples, but were present in very low
numbers in insect samples (fragments 360-470, Table 1), including many of the α- and βProteobacteria, and Baclli clones. At the same time, other fragment groups were more common to
these insect samples (fragments 200-223 and 643-656, Table 1), which include Actinobacteria
species, while other groups were common in all samples (Table 1) and may be very commonly
found in the environment.
Evaluation of the cluster analysis dendrogram, based on microbial community similarities
between samples, revealed that the microbial communities of the samples accurately described
the sample types, since these types largely clustered together (Fig. 1). Also, the relative position
of the clusters within the tree followed the relative “relatedness” of the sample types to each other
based on their bacteria community composition. The insect samples, particularly the larvae and
surface-sterilized eggs, clustered strongly together, as did the non-sterilized eggs and oviposition
bark samples (Fig. 1). This was expected, since the larvae were derived from the eggs, and the
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non-sterilized eggs were derived from the bark layer of the oviposition site. The microbial
communities from environmental samples, which included non-oviposition wood and bark, as
well as oviposition site wood, were the least similar to the eggs and larvae (Fig. 1). This suggests
that larvae do not randomly acquire their gut microbial community from the environment, and
that there is some contribution of microbes by the female during egg laying to the oviposition site
and the surface of the egg. Manipulation of the oviposition site appeared to be limited to the bark
layer, since there was little similarity in microbial communities among the oviposition wood, the
larva gut, or the oviposition bark samples (Fig. 1).
To examine the relationship between specific bacterial OTUs and each sample type in
more detail, constrained and unconstrained unimodal ordination analysis was performed. Initial
unconstrained ordination of all samples and microbial OTUs demonstrated that there was a strong
separation of insect and oviposition bark samples from environmental and oviposition wood
samples (Fig 2, axis 1), and that these two groups were associated with strikingly different
microbial communities. If there were many shared species between the communities, there
would have been places equidistant from both groups on the plot, yet this space was void of
microbial OTUs. This ordination also demonstrated that the majority of the OTUs plotted were
largely present in the environmental samples, but there were several OTUs highly correlated with
eggs and larvae. For example, OTUs 224 and 581 were placed within the cluster of larvae and
surface-sterilized egg samples (Fig. 2). Thus, these were likely not environmentally-derived
OTUs because they were not present in any other samples. Clone library analysis assigned these
OTUs to microbial families Bacillaceae and Xanthomonadaceae, respectively (Table 2).
While unconstrained ordination can show variability within a sample, as well as relative
placement of bacterial OTUs on the plot, statistical analysis cannot be performed. Thus, we
separated the dataset into two groups: egg and larval samples, and oviposition and nonoviposition wood samples. Within these two groups, constrained unimodal ordination analysis
was performed. Here, replicate samples were combined into single variables, and these variables
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used to describe the microbial OTUs. Sample type significantly explained variation in CCA, and
PERMANOVA analysis showed that all individual relationships between sample types were also
significantly different, except for the relationship between non-oviposition bark and both nonoviposition wood and oviposition wood. This was due to the large variability in the microbial
profile of the non-oviposition bark samples, which was expected, since these samples represent
the passive microbial community that was present on the surface of a tree. These microbes could
be impacted dramatically by environmental conditions.
Looking at specific microbial OTUs on the constrained plots, again OTUs 224 and 581
were found to be abundant in both surface-sterilized egg and larval samples (Fig. 3).
Interestingly, OTU 581 was also abundant in the oviposition bark samples (Fig. 4), suggesting it
may be associated with oviposition, and may not be an internal egg symbiont. While the egg was
surface sterilized, this may not have completely removed all bacteria, particularly if the bacteria
were associated with oviposition fluid used to attach the egg to the surface of the wood. Also,
OTU 581 is not particularly abundant in the non-sterilized egg sample. This is likely because the
data were analyzed according to relative abundance. In a diverse sample with many species, such
as the non-sterilized eggs, a less abundant species will be less represented. Examination of the
ARISA profiles revealed that OTU 581 was present in the non-sterilized egg samples, but
represented on average only 22% of the microbial community in these samples, compared to 2857% of the communities in the surface-sterilized egg, larvae, and oviposition bark samples.
OTU 224 was only present in surface-sterilized egg and larval samples, suggesting that it was
vertically transmitted, i.e. came from inside the egg (Fig. 3). In contrast to what we would
expect, OTU 224 was not present in the non-sterilized egg samples, but again this may be due to
the relative abundance of this OTU within the microbial community population. A relatively low
number of bacteria may be present inside the egg, compared to the plethora of bacteria on the
surface of the egg, and thus would not be represented strongly in the community profiles. In
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other insects, the number of bacteria vertically transmitted can vary from as few as 3 × 107 in
stinkbugs (Hosokawa et al. 2007a) and tens of thousands in aphids (Mira and Moran 2002).
Our results demonstrate that specific microbial OTUs are associated with A.
glabripennis, which are transmitted between generations. Also, microbial community profiles
(ARISA) can be used to accurately predict the sample types investigated in this study, where a
microbial profile is indicative of the sample it arose from. Overall microbial diversity decreased
from samples that were environmental in nature (non-oviposition wood and bark), to insect and
environmental samples (oviposition wood and bark), to microbes associated most strongly with
the insect (surface-sterilized and non-sterilized eggs, and larvae) (Fig. 1). This reduction in
diversity and consistency of microbial profiles within the insect samples suggests that the insect is
able to manipulate environmental microbial communities, probably by deposition of microbial
species onto the oviposition site, by transmission of bacteria in association with the egg, and by
selective larval acquisition of microbes, in order to ensure transmission of a refined community of
bacteria that is likely important for the survival and growth of its offspring.
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Table 1. Proportion of replicates from each sample type containing ARISA fragments of a
given length. The percentage of each sample type that contained fragment lengths within the
specified regions is listed, demonstrating regions that were present in certain sample types and
not in others. ARISA OTU groupings are arbitrary, but based on the taxonomic identification of
the fragment lengths (Table 2).
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Table 2. ARISA OTUs identified by cloning and sequencing. Clones from libraries from a
representative sample from each sample type were sequenced and matched using the NCBI
database. Length of the sequence, representing the ARISA OTU is listed followed by consensus
taxonomic identification of the BLAST hits. Only one fragment length had multiple sequences
revealing different taxonomic identification (OTU 579).
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Figure 1. Cluster analysis of ARISA profile data. Branching represents relative relationships
between individual samples, based on their ARISA profiles. Sample types are larvae (L), nonsterilized eggs (E), surface-sterilized eggs (SE), oviposition bark (OB), oviposition wood (OW),
non-oviposition bark (CB), and non-oviposition wood (CW). The general grouping of the
clusters are defined with brackets on the left, with the sample type and number of ARISA OTUs
present in each sample type listed.
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Figure 2. Correspondence analysis bi-plot showing association between samples and
microbial OTUs. Sample types include larvae, non-sterilized eggs, surface-sterilized eggs,
oviposition wood, oviposition bark, non-oviposition wood, and non-oviposition bark. Microbial
OTUs are denoted with an “×” and the naming (Sp###) represents “species type” and the length
of the ARISA fragment that is denoted by the OTU. See Table 2 for taxonomic identification of
ARISA fragment lengths. Species shown are the 30 OTUs that are best explained by the model.
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Figure 3. Canonical correspondence analysis bi-plot showing association between larvae,
surface-sterilized eggs, non-sterilized eggs, and microbial OTUs. Microbial OTUs are
denoted with an “×” and the naming (Sp###) represents “species type” and the length of the
ARISA fragment that is denoted by the OTU. See Table 2 for taxonomic identification of ARISA
fragment lengths. Species shown are the 28 OTUs most influenced by the sample types. The
relative position of each bacteria OTU in relation to each sample type represents the relative
influence of that OTU in defining the sample type based on microbial community.
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Figure 4. Canonical correspondence analysis bi-plot showing association between
oviposition and non-oviposition wood and bark samples, and microbial OTUs. Microbial
OTUs are denoted with an “×” and the naming (Sp###) represents “species type” and the length
of the ARISA fragment that is denoted by the OTU. See Table 2 for taxanomic identification of
ARISA fragment lengths. Species shown are the 18 OTUs most influenced by the sample types.
The relative position of each bacteria OTU in relation to each sample type represents the relative
influence of that OTU in defining the sample type based on microbial community.
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Chapter 4

Lignin degradation in the gut of wood feeding insects

ABSTRACT
The aromatic polymer lignin protects plants from most forms of microbial attack. To
date, only filamentous fungi are known to circumvent the lignin barrier and gain access to
cellulose and hemicellulose. Despite that a significant fraction of all lignocellulose degraded
passes through arthropod guts, the fate of lignin in these systems is not known. Using
tetramethylammonium hydroxide thermochemolysis (TMAH) we show for the first time lignin
degradation by two insect species, the Asian longhorned beetle (Anoplophora glabripennis) and
the Pacific dampwood termite (Zootermopsis angusticollis). In both the beetle and termite,
significant levels of propyl side-chain oxidation (depolymerization) and demethylation of ring
methoxyl groups is detected; for the termite, ring hydroxylation is also observed. These results
transform our understanding of lignin degradation by wood-feeding insects.

INTRODUCTION
Lignin plays a central role in carbon cycling on Earth. Its heterogeneous structure
imparts plants with structural rigidity and also serves to protect cellulose and hemicellulose from
degradation (Jeffries 1990). Most of what is known about lignin biodegradation is from pure
culture studies with filamentous basidiomycete fungi, known as white rot and brown rot decay.
While both white rot and brown rot fungal degradation have been characterized, much more is
known about the white-rot system (Kirk and Farrell 1987, Goodell 2003). White-rot fungi
simultaneously degrade the three major components of the plant cell wall: lignin, cellulose and
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hemicellulose. Analysis of white-rot degraded wood shows that the reactions in lignin: i) are
oxidative; ii) involve demethylation (or demethoxylation); iii) include side chain oxidation at
Cα, and iv) involve propyl side chain cleavage between Cα and Cβ (Fig. 1) (Chen et al. 1983). In
contrast to white-rot fungi, brown-rot fungi are able to circumvent the lignin barrier removing the
hemicellulose and cellulose with only minor modification to the lignin. Consequently, lignin
remains a major component of the degraded plant cell wall (Green and Highley 1997). The
remaining lignin is demethylated on aryl methoxy groups and contains a greater number of ring
hydroxyl groups (Kirk and Highley 1973).
Little is known about lignin degradation in complex ecosystems, such as insect guts,
where a consortium of microbes may be involved in degradation rather than just a single species.
While cellulose degradation in insect guts is well documented (Martin 1983, Breznak and Brune
1994), the fate of lignin has not clearly been demonstrated (Ohkuma 2003, Brune 2007) and it is
widely accepted that insect gut systems do not have the capacity to degrade lignin (Ohkuma
2003). While the majority of previous reports suggest that many wood feeding insects overcome
the lignin barrier by feeding on pre-degraded wood (Kukor et al. 1988), or through exo-symbiotic
relationships with wood-degrading fungi (Taprab et al. 2005, Johjima et al. 2006), there are
species of insects that feed on the inner wood of living, healthy trees. How these insects are able
to circumvent the lignin barrier and gain access to the polymer carbohydrates has been a mystery.
Herein, we show for the first time chemical changes in lignin upon passage of un-degraded wood
through two wood-feeding insect gut systems, one that naturally feeds on living, healthy trees,
and a second that typically feeds on dead wood.
To determine the fate of lignin in these two systems, we analyzed the frass of both the
Asian longhorned beetle (Anoplophora glabripennis) and the Pacific dampwood termite
(Zootermopsis angusticollis). A. glabripennis is a wood-feeding cerambycid beetle that develops
in the inner-wood of a wide range of hardwood trees (Morewood et al. 2005), feeding on living,
intact wood. Z. angusticollis is a lower termite that feeds on coniferous trees, attacking dead
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timber. Lignin structure of the frass was analyzed by unlabeled and 13C-tetramethylammonium
hydroxide (TMAH) thermochemolysis, depolymerizing lignin into its aromatic subunits by
breaking β-O-4 linkages, and methylating all ring hydroxyls (Filley 2003). The resulting product
is then analyzed by GC/MS to determine how the lignin structure has been chemically modified.
In undegraded wood, the predominant products from TMAH thermochemolysis are typically 3,4dimethoxybenzaldehyde (G4) from guaiacyl (G) lignin (Fig. 1) and 3,4,5trimethoxybenzaldehyde (S4) from syringyl (S) lignin. Hardwood tree species contain both
guaiacyl and syringyl lignin; coniferous trees only contain guaiacyl lignin.

MATERIALS AND METHODS
Sample collection and preparation
Anoplophora glabripennis and Zootermopsis angusticollis were obtained from colonies
maintained at the Department of Entomology, Penn State University. A. glabripennis adults
were allowed to oviposit into 4 potted pin oak (Quercus palustris) trees in a quarantine
greenhouse and larvae were allowed to develop in trees for 6 weeks. At this point, trees were cut
down, larvae removed, and fresh frass samples collected from each insect, which were
immediately frozen in liquid nitrogen to halt wood degradation. Wood samples adjacent to, but
not in contact with, larval galleries were also collected as control samples. In total, 10 frass
samples and accompanying controls were collected. For termite frass collection, five pairs of Z.
angusticollis workers were removed from the colony and placed into cups containing 1 cm x 1 cm
x 0.4 cm ponderosa pine (Pinus ponderosa) blocks and allowed to feed for 4 days. During this
time, frass was collected from each cup every 12 hours and frozen. Samples were then pooled
over the 4 days to provide enough material for analysis. Five control wood blocks were placed in
additional cups and a small sample collected from them during each collection point and pooled.
Frass samples and control wood tissue were lyophilized overnight. For unlabeled TMAH
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performed offline, frass samples were not ground prior to analysis, but for online 13C-TMAH,
samples were ground to a fine powder using a freezer mill before being used for analysis. The %
organic carbon content was determined for each sample using a Carlo Erba 1108 elemental
analyzer to normalize quantitative TMAH thermochemolysis analysis results.
Standard TMAH thermochemolysis analysis
TMAH thermochemolysis was performed as modified from Frazier (Frazier et al. 2003).
Approximately 0.5 mg of each sample and 150 μL of TMAH (25 wt. % TMAH in methanol,
Fisher Scientific) were placed in borosilicate glass tubes and mixed by vortexing for 30 s. The
samples were dried under nitrogen and vacuum-sealed on a manifold prior to being baked at 250
°C for 30 min. The sealed tubes were allowed to cool before cutting the glass and adding an
internal standard, linolenic acid methyl ester (Sigma Aldrich) at 54.2 ng/μL in ethyl acetate.
Samples were extracted from tubes by washing the sides of the tubes with ethyl acetate (Fisher
Scientific). All washings (approx. 1 mL per sample) were filtered through glass wool, combined,
and concentrated to 200 μL under a stream of nitrogen. The samples were analyzed by capillary
GC-MS on a Hewlett Packard 6890 series GC system connected to a Pegasus III time-of-flight
mass spectrometer (LECO Corporation, MI). The column used for the GC separation was a 15 m
x 0.25 mm (i.d.) fused silica capillary column with a film thickness of 0.25 μm (5%
phenylpolysiloxane – 95% methylpolysiloxane, Restek Rtx-5). The samples (1 μL) were injected
onto a split/splitless injector operating in splitless mode at a temperature of 280 °C. The column,
using helium as the carrier gas, was run with a constant flow (1.0 mL/min), and the oven
temperature was held initially at 50 °C for 2 min, then ramped from 50 to 300 °C at 15 °C/min,
and then held at 300 °C for 6.33 min, giving a total run time of 25 min. The ionization mode on
the mass spectrometer was electron ionization at 70 eV, and the ion source temperature was 200
°C while the transfer line temperature was 280 °C. Mass spectra were collected at a rate of 20
spectra per second after the 120 sec solvent delay. Masses were acquired between m/z 45 and
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500, and data acquisition and analysis were performed by use of the LECO Pegasus III software
(version 3.22). Chromatograms obtained from GC/TOF-MS were integrated using masses 166,
196, and 226, which are specific for G4, G6, S4, and S6. This was done to remove small peaks
that co-elute with G6 from the TIC. After integration, the peak area of each of these four
compounds was determined and G6:G4 and S6:S4 was calculated (Hatcher et al. 1995).
13

C-TMAH thermochemolysis analysis
13

C-labeled TMAH was synthesized as previously described (Filley et al. 1999). 13C-

TMAH thermochemolysis was performed in-line using a Shimadzu Pyr-4a pyrolysis unit which
also doubles as a stand-alone injection port (modified from Filley (Filley et al. 2006)). For each
treatment, 3 replicate samples were analyzed from unique insect pools along with 3
corresponding controls. 150 µg of each sample was weighed into a 3 mm × 3 mm platinum
bucket that was with eicosane internal standard. Next, 3 μl of a 25 wt% solution of 13C-TMAH in
water was added to the bucket and placed in the sample holder on the top of the Pyr-4a pyrolysis
unit. The TMAH was allowed to soak into the sample for 5 minutes and then the bucket was
dropped into the pyrolysis unit maintained isothermal at 350 °C. The injector base of the Pyr-4a
was maintained at 320 °C with a split flow of 25/1. Chromatography and mass spectral analysis
was performed on a Shimadzu GC17A interfaced to a Shimadzu QP5050A quadrupole mass
spectrometer collecting in mass range 40–550 amu. Chromatographic separation was performed
on a fused silica column (Restek RTx-5, 30 m, 0.25 mm i.d., film thickness 0.25 μm). The oven
was temperature programmed from 60 °C (1 min stationary) to 300 °C at 7 °C/min and
maintained at that temperature for 15 min. Chromatograms obtained from this analysis were
analyzed (as described previously (Filley et al. 2000, Filley et al. 2006)) for S:G to measure
hydroxylation as well as % 13C-labeled methyl groups on G4, G6, G14, G15, S4, and S6 to
determine the extent of demethylation of each of these compounds in each sample
Solid state 13C NMR
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Samples of frass and control wood were collected as described above. Samples were
packed into an 80 μl rotor (ALB wood, frass and DWT wood samples) or a 12 μl rotor (DWT
frass) depending on sample volume. Solid state 13C NMR spectra were obtained using a Bruker
Avance II 400 MHz instrument equipped with a double bearing probe for cross
polarization/magic angle spinning (CP/MAS). Samples were spun at 14kHz at the magic angle
and 2976 scans were accumulated for each sample with a CP contact time of 2.0 ms and
relaxation delay of 1.5 s. Spectra were integrated over peak regions 0-40, 40-88, 88-100, 100134, 134-160, 160-180, and 180-200 ppm (modified from (Knicker and Ludemann 1995)) to
isolate regions that defined specific functional groups of carbon from the sample.
Fungal community analysis of the A. glabripennis gut
Adult A. glabripennis were allowed to oviposit onto Q. palustris trees and larvae were
allowed to grow and develop for 90 days as described above. After 90 days each tree was
dissected, and living larvae collected for gut community analysis. Ten living larvae were used for
gut dissections, which were performed in a laminar flow hood to maintain sterility using sterile
dissection tools. Larvae removed from trees were immediately chilled and dissected within 1
hour of removal from trees. Larvae were surface sterilized in 70% EtOH for 1 min and rinsed in
sterile water before dissection. Whole guts were dissected by cutting the cuticle open laterally,
ligating the gut at the anterior midgut and posterior hindgut and carefully transferring the entire
gut into a sterile microcentrifuge tube. Ten guts were pooled into a single microcentrifuge tube
for DNA extraction for each tree species to reduce individual variation within trees. Total DNA
was extracted using the FastDNA® SPIN for Soil Kit (MP Biomedicals) using the FastPrep®
Instrument for tissue homogenization following the manufactures protocol. This kit was used due
to the complexity of the A. glabripennis gut contents (containing wood, bacteria, fungi) to ensure
complete DNA extraction from all organisms. A control DNA extraction was also performed by
using the sterile water rinsate to confirm that no contaminating DNA was extracted. DNA
concentration was determined by absorbance at 260 nm and stored at -20°C until use. Fungal
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internal transcribed spacer (ITS) region was amplified using PCR from total gut DNA extractions.
Fungal ITS primers ITS1 (5’-TCC GTA GGT GAA CCT GCG G-3’) and ITS4 (5’-TCC TCC
GCT TAT TGA TAT GC-3’) were used to amplify approximately 540 bases of the ITS region
(White et al. 1990). PCR reactions were performed in 25 μl volumes with the following
components: 5 μl of 5X GoTaq green reaction buffer, 0.5 μl GoTaq DNA polymerase (1.25 U,
Promega, Madison, WI), 1 μl 10 μM dNTP mix, 2 μl of 10 μM forward primer (ITS1), 2 μl of 10
μM reverse primer (ITS4), and 20 ng of template DNA. PCR conditions were 95°C denaturation
for 3 min, 25 cycles of 95°C for 30 sec, 55°C for 1:00 min, 72°C for 1:30 min, with a final
extension at 72°C for 5 min. Control DNA extraction samples also underwent PCR to ensure that
there was no contaminating DNA during extraction. PCR amplification revealed a single band
from ITS amplification, but that single band may contain more than one fungal sequence. To
resolve this, the PCR product was ligated into pCR® 2.1 TOPO vector (Invitrogen) following the
manufacturer protocol. The vector was then transformed into chemically competent E. coli cells
(TOP10, Invitrogen Corp.) by heat-shock, and clone libraries were created. Insert DNA from
clones was amplified from the M13 priming site of the vector using direct PCR. Fourty eight 25
μl PCR reactions were set up with the following components for each reaction: 5 μl of 5X GoTaq
green reaction buffer, 0.5 μl GoTaq DNA polymerase (1.25 U, Promega, Madison, WI), 1 μl 10
μM dNTP mix 2 μl of 10 μM forward primer (M13Universal), and 2 μl of 10 μM reverse primer
(M13Rev). Individual colonies were picked from the clone library using a sterile pipette tip and
immersed into the PCR mix to allow the bacteria cells to be added to the PCR reaction. The PCR
program had an initial 95°C denaturation for 10 min to rupture bacteria cells, followed by 30
cycles of 95°C for 30 sec, 55°C for 1:00 min, 72°C for 1:30 min, with a final extension at 72°C
for 5 min. 4 μl of the PCR product was cleaned up for sequencing by addition of 0.8 μl of
ExoSAP-IT (USB Corporation) and incubating the sample at 37°C for 15 min, followed by 80°C
for 30 min. 2 μl of this reaction was then used to sequence from the forward direction, from the
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M13 universal priming site and 2 μl for the reverse from the M13 reverse site. Sequencing using
the BigDye Terminator method was performed at the Penn State Nucleic Acid Facility. ITS
sequences were constructed over the regions amplified based on consensus of the forward and
reverse sequences for each clone analyzed. Alignment of forward and reverse sequences was
performed using MEGA 4.0.1 (Tamura et al. 2007), and vector sequence was removed and
consensus sequence created. All sequences from the clone library were identical, so a
representative sequence was then aligned with known white, brown, and soft rot fungal (Worrall
et al. 1997) ITS sequences obtained from the NCBI database, as well as with fungal ITS sequence
from a closely related beetle gut (Delalibera et al. 2005), and each sequences closest BLAST
match. Sequences were aligned by ClustalX in MEGA, and from this alignment a neighbourjoining tree was created and clustered with bootstrap test (500 replicates) (Felsenstein 1985,
Saitou and Nei 1987).

RESULTS
Studies with fungal lignin degradation show three predominate reactions: i) propyl side
chain oxidation/cleavage (reaction 1, Fig. 1), ii) ring hydroxylation (reaction 2, Fig. 1) and iii)
demethylation (reaction 3, Fig. 1) (Filley 2003). All of these processes can be detected by
labelled or unlabeled TMAH analysis (Fig. 1). Side chain oxidation is a predominant reaction
with white-rot fungi resulting in Cα-Cβ cleavage/depolymerization of lignin (Filley et al. 2000).
Previous studies demonstrate that oxidative alteration of the lignin propyl side chain results in the
enhanced production of 3,4-dimethoxybenzoic acid (G6) and 3,4,5-trimethoxybenzoic acid (S6)
(for hardwoods) (Fig. 2) and increases in G6:G4 and S6:S4 ratios indicate a higher degree of side
chain oxidation (Filley et al. 2000). Frass (feces) samples from A. glabripennis fed on pin oak
(Quercus palustris) (syringyl and guaiacyl lignin) and from Z. angusticollis fed on ponderosa
pine (Pinus ponderosa) (guaiacyl lignin only) were analyzed by TMAH
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thermochemolysis/GC/MS (Fig. 2A and B). Both digested samples exhibited significant lignin
side chain oxidation (two-tailed Student’s t-test). For A. glabripennis-digested pin oak (n=6),
relative to undigested samples (n=6), the G6:G4 ratio increased from 0.49 to 2.4 (P<0.001) and
the S6:S4 ratio increased from 0.26 to 2.4 (P<0.0001) 1 (Fig. 2a inset). For Z. angusticollisdigested ponderosa pine (n=5), the G6:G4 ratio increased from 0.58 to 2.0 (P<0.001) (Fig. 2b
inset). Interestingly, this oxidation and depolymerization of lignin occurred at similar levels to,
but much more rapidly (hours versus weeks), than that observed with white rot fungal
degradation of loblolly pine (Filley et al. 2000). Thus, this indicates that the extent of lignin
modification by these two insect systems is equivalent to that observed with wood-degrading
fungi.
Ring hydroxylation of guaiacyl units results in formation of syringyl units in lignin; an
increase in syringyl compounds is indicative of ring hydroxylation. Hydroxylation can occur on
intact lignin or side chain-oxidized lignin. The diastereomeric pair of the enantiomers 1-(3,4dimethoxy)-1,2,3-trimethoxypropane (peaks G14 and G15 from G lignin or S14/15 from S
lignins) represents the intact lignin polymer (these compounds contain the fully methylated
glycerol side chains). In Z. angusticollis frass samples fed on pine, which contains only guaiacyl
lignin, detection of syringyl units in the degraded samples that was not present in undegraded
samples demonstrates ring hydroxylation. Ion counts attributed to hydroxylated products S4 and
S6 (0.04% and 0.11%, respectively, n=4) and intact polymer products S14 and S15 (0.03% and
0.01%, n=4) were observed in the degraded sample (Fig. 2b). Because the most abundant
hydroxylated product is S6, this suggests that ring hydroxylation occurred after depolymerization

1

While all degraded samples showed an increase in the G4/G6 ratio, the ratio varied depending on the

preparation of the wood. Because degradation of wood occurs on the outer surfaces, methods resulting in
greater sampling of the inaccessible interior (fine grinding of sample) resulted in greater G4 abundance
(lowered G6/G4 ratios).
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in the Z. angusticollis gut. Ring hydroxylation was observed previously with brown-rot fungal
lignin degradation (Kirk and Adler 1970). In A. glabripennis, there was a significant decrease in
the ratio of total syringyl lignin to guaiacyl lignin in the degraded wood (S:G = 2.53) compared to
control wood (S:G = 2.07; P= 0.011, n=4, two-tailed Student’s t-test). This decrease is not
necessarily due to a lack of ring hydroxylation, but instead could be due to preferential
degradation of syringyl lignin over guaiacyl lignin. Syringyl lignin is known to be more easily
degraded and depolymerized, so preferential removal of syringyl compounds would be expected,
making hydroxylation difficult to detect (Chiang and Funaoka 1990).
In order to determine whether demethylation of ring methoxyl groups had occurred and
also to confirm that syringyl units found in the digested pine were derived from ring
hydroxylation, we used 13C-TMAH thermochemolysis. Unlabelled TMAH cannot be used to
assay for demethylation because it methylates all ring hydroxyls and they become
indistinguishable from the original methoxyl groups (Fig. 1, reaction 3). With 13C-TMAH, the
molecular weight of the demethylated product exhibits an increase in one mass unit for each site
of demethylation (Fig. 1, reaction 3). Freshly collected A. glabripennis frass showed significant
amounts of demethylation (n=4); compounds G4, S4, and G6 were isotopically enriched while
undegraded wood (n=4) showed no enrichment (Table 1). Inspection of G14/15 and S14/15,
which are proxies for the intact lignin polymer, showed little or no demethylation, consistent with
demethylation occurring after side chain oxidation. In Z. angusticollis frass samples (n=4), in
comparison to undegraded wood (n=4), 13C-TMAH analysis provided no evidence of
demethylation of G4. For G6, 13C-TMAH analysis actually showed a decrease in the relative
amount of the methylated versus the demethylated product (Table 1). This is consistent with
consumption of any original demethylated units. In contrast, the guaiacyl units from intact lignin
(G14/15) of degraded wood were more extensively demethylated than fresh wood (Table 1),
indicating that demethylation reactions occurred on the intact lignin polymer. The syringyl units
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generated from hydroxylation of guaiacyl units exhibited a high percentage of demethylation
(Table 1).
To determine the role that lignin plays in the acquisition of carbohydrates from
lignocellulose, solid-state cross-polarization/magic angle spinning (CP/MAS) 13C NMR was
performed to obtain a carbon profile of wood and frass samples from both ALB and DWT (Fig.
4).

13

C NMR can distinguish carbohydrate derived carbons from aromatic derived carbons

(Knicker and Ludemann 1995) to isolate regions that represent cellulose and lignin from the
wood samples. In ALB, there was a small gain in the overall amount of cellulose-derived
structures, and a loss in lignin derived structures (Inset graph, Fig. 4). In contrast, there was a
preferential loss of carbohydrates and an accumulation of lignin compounds in the DWT (Inset
graph, Fig. 4), which is consistent with what has been observed in other termite species (Hopkins
et al. 1998).
While we have shown that lignin is degraded by both insect gut systems, the source of the
enzymes/reagents responsible for these reactions is not known. Because fungi are the
predominant degraders of lignin, we also investigated the potential role of fungi in these
processes. In A. glabripennis, we analyzed total gut DNA of A. glabripennis larvae fed in Q.
palustris for the presence of fungi using PCR amplification of the internal transcribed spacer
(ITS) region with fungus-specific primers. Cloning and sequencing of 48 clones yielded only one
fungal species, with all clones having an identical DNA sequence. BLAST searching identified
this sequence as an ascomycete fungus, falling into the same Fusarium solani/Nectria
haematococca species complex as the Saperda vestita related fungus. We also identified this
fungal isolate from guts of A. glabripennis larvae infesting different tree species in New York and
China (data not shown). F. solani/N. haematococca is a species complex known to have lignindegrading capabilities (Lozovaya et al. 2006), and while not closely related to basidiomycete
wood-degrading fungi (Fig. 3), ascomycetes have been implicated in a soft rot-type of lignin
degradation, but the biochemistry of this process is not well understood (Shary et al. 2007).
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Recent work by Shary et al. (Shary et al. 2007) using model lignin compounds demonstrated the
ability of ascomycetes to catalyze propyl side chain oxidation, similar to reactions shown in the
A. glabripennis and Z. angusticollis systems. To further substantiate participation of fungi in the
A. glabripennis gut digestive system, we performed meta-transcriptomic analysis of the A.
glabripennis gut microbial community. Both eukaryotic and prokaryotic transcripts were
obtained, including fungal transcripts. These data strongly suggest that this fungus is not simply
an environmentally-derived transient, but is likely an important resident of the beetle gut
community, and is further explored in the next chapter.

DISCUSSION
In this study we have shown for the first time definitive evidence for lignin degradation
in the guts of two unrelated xylophagous species, A. glabripennis and Z. angusticollis. This work
is the first to demonstrate lignin degradation in wood feeding beetles and previous evidence of
lignin degradation by termites was summarized by Breznak and Brune (Breznak and Brune 1994)
as “scarce….and somewhat ambiguous.” These authors state the ambiguity comes from the
nature of the lignin preparation used for these studies and the “various conventions when
referring to a substance as lignin.” Much of the “lignin” used in prior studies came from infusion
of 14C-lignin precursors into growing plants with the assumption that the majority of the label is
incorporated into polymeric lignin. The scepticism that termites degrade lignin was reinforced by
the recent metagenome sequencing of the higher termite species Nasutitermes corniger hindgut
community. No genes encoding known lignin-degrading enzymes were found (Warnecke et al.
2007). However, the section of the hindgut investigated, while microbe-rich, is also anaerobic,
excluding possible aerobic microbes that may be able to degrade lignin. Also, previous
investigation of lignin modification by the lower termite Cryptotermes brevis noted only minor
changes in the lignin molecule, with no evidence for modifications to side chains (Katsumata et
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al. 2007). In contrast to our work here where the entire sample was analyzed, these earlier
experiments characterized only the isolated (Björkman) lignin fraction from insect feces, limiting
detection of monomeric units formed from side chain oxidation.
Our results using TMAH thermochemolysis show that two different insect gut systems
cause significant alteration of the lignin polymer. This analysis detects chemical modification of
the entire lignin fraction of the sample, so changes detected can be attributed to the entire
lignocellulose sample. All reactions known to occur in lignin biodegradation ⎯ side chain
oxidation, ring hydroxylation and demethylation ⎯ occur in these insects. Side chain oxidation,
a reaction that leads to lignin depolymerization, is the predominant reaction observed with A.
glabripennis, a process that can be catalyzed by white-rot fungi (Kirk and Farrell 1987) and by
ascomycetes (Shary et al. 2007). Many other species of cerambycids feed on decaying wood that
is infested with wood-rot fungi. These “lower” cerambycids are not able to feed on fungus-free
wood (Kukor and Martin 1986). While A. glabripennis does not feed on wood infested with
fungi, our data and that of others suggest that this insect has evolved a fungal symbiosis in the gut
to allow digestion of living woody tissue. Interestingly, a fungal ascomycete, Nectria
haematococca, was found in the gut of a closely-related cerambycid species (Fig. 3), but the role
of this fungus was not investigated (Delalibera et al. 2005).
For Z. angusticollis, our data show side chain oxidation along with demethylation. Most
notably, we detected ring hydroxylation as evidenced by formation of syringyl products from a
wood that only contains guaiacyl lignin. All three reactions observed in the Z. angusticollis gut
are similar to brown-rot fungal decay, but neither brown, white, nor soft rot fungi have been
shown previously to be associated with termite guts. The participation of fungi in Z. angusticollis
wood degradation is a topic of on-going research in our laboratories. Aside from fungi, the
presence of aromatic degrading bacteria (actinomycetes) in termite guts has been well
documented (Watanabe et al. 2003). While these bacteria could possibly play a role in
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circumventing the lignin barrier (Harazono et al. 2003, Watanabe et al. 2003), the biochemical
abilities of these bacteria are limited in their ability to degrade lignin, instead typically acting on
monomeric aromatics, and are unlikely to perform the processes that we measured in these
insects, particularly side-chain oxidation. The presence of actinomycetes bacteria related to those
harbored by termites was reported previously in the gut of A. glabripennis, and these bacteria
may have similar aromatic degrading abilities (Schloss et al. 2006).
While fungal degradation of woody biomass has been viewed as the paradigm for
lignocellulose degradation, our work here shows that lignin degradation takes place in an
ecosystem where it was previously thought not to occur. These two insect systems displayed
similarities to the pathways described for white, brown, and soft rot fungi, but are instead
occurring in insect-microbial systems, rather than by the action of a single fungal species. While
we cannot directly measure a rate of lignin degradation, or identify specific genes or organisms
responsible for the measured this degradation at this time, the striking modifications to lignin
detected in wood following passage through these insect guts is quite astonishing in regard to the
short period of time that wood is held in the insect digestive system (only several hours),
compared to the weeks similar degradation has been reported for wood-rot fungal systems (Filley
et al. 2000, Filley 2003). Being controlled systems, it is likely that these insect guts have evolved
optimal conditions for lignocellulose degradation that cannot be obtained in free-living systems.
Discovery that these gut microbial communities can degrade lignin provides considerable
enthusiasm for bioprospecting these systems, through metagenomic or proteomic approaches, for
new lignin-degrading enzymes and systems. Further understanding of these systems will
contribute to our understanding of the ecological roles these insects play in carbon cycling in
natural systems.
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Table 1. Demethylation of lignin by A. glabripennis and Z. angusticollis. Percentage of
compounds with phenolic hydroxyl (1- or 2-OH) groups resulting from demethylation of ring
methoxyl groups. In guaiacyl lignin there is only one site for ring demethylation, whereas in
syringyl lignin there is an additional aromatic methoxyl group, so syringyl derived structures have
one or two sites for demethylation. Data shown are the mean ± standard error. Asterisks indicate
significant changes between degraded and undegraded samples (2-tailed Student’s t-test, P <
0.05).
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Figure 1. Lignin biodegradation reactions. Reactions include: propyl side chain
oxidation/cleavage (reaction 1), ring hydroxylation (reaction 2) and demethylation (reaction 3).
Reaction 1 is characteristic of white rot fungus, whereas reactions 2 and 3 are characteristic of
brown rot fungus. Application of TMAH thermochemolysis to each of the degradative reactions
is pictured following each reaction, showing chemical structures of compounds G4, G6, G14/15
and S14/15 that result from this analysis. Asterisks represent 13C labelled carbons resulting from
13

C-TMAH analysis.

106

Figure 2. Side chain oxidation and hydroxylation of wood after passage through insect guts.
Chromatograms show increases in G6 and S6 in wood fed on by A. glabripennis (a) and Z.
angusticollis (b) after passage through gut (red line = degraded (offset 5%), black line =
undegraded). Inset graphs show significant changes in ratio, or side chain oxidation of guaiacyl
(solid) and syringyl (hatched) lignin between undegraded (U) and degraded (D) wood. Bars
represent means ± 1 standard error. In Z. angusticollis chromatogram (b), hydroxylation of
guaiacyl lignin can be seen through the production of S4 and S6 (from G4 and G6) in degraded
samples, which were not present in the undegraded samples.
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Figure 3. Soft rot fungal species associated with the gut of A. glabripennis. Fungal
community analysis of A. glabripennis gut contents yielded only a single strain of fungus based
on ITS sequence, falling into the same species complex as a previously identified cerambycid
related fungus. Phylogenetic analysis using the ITS region and performing a Neighbor-Joining
analysis demonstrates that these fungi fall into the Ascomycota along with other known “soft rot”
degrading fungi (Worrall et al. 1997), with both brown and white rot fungi being phylogenetically
distinct. Genbank accession number for each sequence is listed next to the species name on the
tree.
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Figure 4.

13

C NMR spectra of undegraded wood and frass from A. glabripennis and Z.

angusticollis showing changes in abundance of aromatic and carbohydrate derived carbons
in degraded frass samples when compared to control wood. Carbon site represented by each
peak is labelled allowing lignin and cellulose to be distinguished in the spectra. Inset graphs
measure overall change in abundance of lignin and cellulose in spectra. In A. glabripennis, there
is only a slight increase and lignin and decrease in cellulose in frass samples compared to control
wood, demonstrating nearly equal rates of removal of compounds by A. glabripennis. In Z.
angusticollis, there is a strong preferential removal of cellulose, and an accumulation of lignin in
frass, demonstrating Z. angusticollis’ ability to remove cellulose and keep lignin relatively intact.
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Chapter 5

Fusarium solani associated with the gut of larvae of the xylophagous beetle,
Anoplophora glabripennis

ABSTRACT
Culture-independent analysis of the gut contents of the larval stage of a wood-boring
insect, Anoplophora glabripennis (Coleoptera: Cerambycidae) consistently revealed a fungal
species, Fusarium solani. Samples collected from colony-derived larvae reared in one of three
different tree species or on artificial diet, as well as samples collected from wild populations of
this insect in four different locations in New York City, consistently showed the presence of a
unique strain of F. solani in the gut of all larval samples. This strain of Fusarium forms a distinct
clade from previously sequenced F. solani strains, clustering only with a single sequence, F.
solani strain NRRL 22404. From gut homogenates, this strain was cultured onto solid wood
substrates, demonstrating its ability to grow on lignocellulose. Assays using a total enzyme
extract from these cultures revealed that this fungus produces Mn-independent peroxidases,
laccases, cellulases, and xylanases, but no activity of lignin or Mn peroxidaes was observed.
While little is known about the role of filamentous fungi and their associations with insects, these
results suggest that larval A. glabripennis has developed an intimate association with Fusarium
solani that is not restricted to specific geographic locations or host trees.
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INTRODUCTION
Most cerambycids develop in woody tissues and play significant ecological roles in
nutrient cycling, forest fire ecology, biodiversity, and successional processes. Many species are
serious economic pests of forest and landscape trees (Hanks 1999). The Asian longhorned beetle
(Anoplophora glabripennis) is an exotic insect native to China and was recently established in the
U.S. It completes its development deep inside a wide range of deciduous trees (Nowak et al.
2001). Adults attack both weakened (Hanks 1999) and healthy trees (Lingafelter and Hoebeke
2002); the latter is rare for a cerambycid with a broad host range. These beetles develop in the
high lignin, very low nitrogen content sapwood (and heartwood in some tree species) (Mattson
1980, Scriber and Slansky 1981). Despite its status as a pest with significant economic
importance, there is a lack of information about how this species, or any other species of
cerambycid, is able to feed on a high lignin food source that is not contaminated with wood decay
fungi.
In order to develop on woody tissues, A. glabripennis has likely evolved mechanisms to
degrade wood to obtain sufficient nutrients required for growth. Wood is primarily composed of
three polymeric materials: cellulose, hemicellulose and lignin. Cellulose is a linear polymer of
glucose linked by β-1,4 glycosidic bonds, accounting for approximately 45% of wood by weight.
Its linear structure and extensive hydrogen bonding increases crystallinity of the macromolecule
and decreases the accessibility of hydrolytic enzymes. Hemicellulose accounts for approximately
25% of wood by weight and is also linked by β-1,4 linkages. Unlike cellulose, hemicellulose has
much greater structural heterogeneity, comprised of xylose chains forming a xylan structure.
Lignin imparts the structural rigidity of woody plants. Phenylpropanoid units are the precursors
of lignin (van Rensburg et al. 2000). Oxidation of these phenols yields free radicals, which
undergo radical coupling to form a polymer linked by over 12 types of chemical linkages. The
random nature of lignin cross-linking and its condensed and insoluble properties make lignin
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resistant to most forms of microbial attack, but current methods of degradation have only been
described for basidiomycetes, which include the white and brown rot fungi. These fungal species
utilize lignin and manganese peroxidases and laccases to depolymerize the lignin molecule.
A number of bacterial and fungal species have been discovered in association with beetle
guts, including yeast endosymbionts. The most thoroughly characterized are yeasts in the
basidiocarp-dwelling beetles (mushroom-eating beetles), in which about 300 species of yeasts
have been discovered in 25 families (Zhang et al. 2003, Suh et al. 2005). Some of these yeasts
produce cellulases and/or xylanases (Jones et al. 1999, Suh et al. 2003, Suh et al. 2004, Suh et al.
2005). Some cerambycids harbor intracellular yeasts in mycetocytes, specialized cells in the
gastric caecae located at the junction between the foregut and midgut. These yeasts are
maternally transmitted by contamination of the egg surface; newly hatched larvae ingest the egg
membrane, acquiring yeasts in the process (Jones et al. 1999). Thus far, all yeasts isolated from
cerambycids are in the genus Candida (Nardon and Grenier 1989, Berkov et al. 2007).
Interestingly, the Lamiinae, of which A. glabripennis is a member, are thought to lack
mycetocytes, and were thought to lack gut symbionts (Martin 1987) until molecular techniques
revealed that this was not the case.
Enzymes involved in digesting cellulose may originate from gut symbionts, ingested
microbial enzymes, or the insect itself. For example, several species of higher termites and ant
species cultivate fungal combs within their galleries, utilizing the fungus for processing of plant
tissue (Hyodo et al. 2000, Abril and Bucher 2002, D'Ettorre et al. 2002, Taprab et al. 2005, Aanen
2006, Licht et al. 2007). Fungal species are also known to be associated with a wide variety of
other arthropods including flies, ambrosia beetles, wood wasps, and many other insects (Jurzitza
1979, Norris 1979, Kukor and Martin 1983, Beaver 1989, Dowd 1992, Lichtwardt and Williams
1992, Martin 1992, Lichtwardt 1997, Misra 1998, Hongoh and Ishikawa 2000, White and
Lichtwardt 2004, Cardoza et al. 2006). Within longhorned beetles, cerambycids that feed in
stressed, dying, or dead trees are reported to digest cellulose by ingesting enzymes produced by
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fungus-infected wood (Kukor and Martin 1986, Kukor et al. 1988). Also, several studies on
cerambycids more closely related to A. glabripennis (Sugimura et al. 2003, Lee et al. 2004, Lee et
al. 2005) have discovered endogenous endoglucanase genes, but because insects are not able to
produce exoglucanases, it is likely that they still require contributions from gut microbes to
produce a complete cellulase complex.
We hypothesized that microbial species, including fungi, are critical contributors to wood
degradation processes in the A. glabripennis. In contrast to cerambycids that acquire cellulases
from ingested fungal enzymes, A. glabripennis is from a highly evolved subfamily of
cerambycids, the Lamiinae, whose larvae feed and grow in the inner wood of a variety of healthy
hardwood tree species. In this report, we identified a fungal species that is consistently found in
the gut of larval A. glabripennis, collected from multiple locations and several different host
trees. We also investigated the potential role of this fungus in degradation of woody tissue by the
insect gut.

MATERIALS AND METHODS
Rearing colony derived A. glabripennis on different host trees
Gut fungal communities were studied using larvae reared in nursery lines of one of three
tree species (sugar maple (Acer saccharum), pin oak (Quercus palustris), or callery pear (Pyrus
calleryana)). Detailed methods for obtaining larvae from these trees are described in “Materials
and Methods” of Chapter 2. Briefly, three trees of each species were placed in walk-in insect
cages, within a quarantine greenhouse, and adult mating pairs of A. glabripennis were released
and allowed to oviposit into these trees for 2 weeks. After 90 days, larvae were collected from
the trees for gut dissection and DNA extraction. In addition, larvae from a quarantine research
colony were collected for analysis. These samples will be described as “PSU colony derived”
from this point on.
113

Collection of larval A. glabripennis and fungal cultures from wild populations
To compare fungi from the gut of colony-derived larvae to those from wild insects, A.
glabripennis were field collected from populations located on Long Island, New York, U.S., in
conjunction with eradication efforts by the USDA-APHIS-PPQ New York Asian longhorned
beetle Lab, Amityville, New York. Infested trees were identified based on exit holes and dieback
of the trees. Four trees were felled for this study, 2 silver maple (Acer saccharinum), 1 sycamore
maple (Acer pseudoplatanus), and 1 horse chestnut (Aesculus hippocastanum). Trees were cut
into sections and dissected to remove larvae. Larvae were immediately frozen after removal from
trees, and stored at -80° C until use. These samples will be described as “NYC derived” from this
point on. Also, larval galleries that had obvious presence of fungus were sampled and the
material was placed in sterile microcentrifuge tubes.
Anoplophora glabripennis larval gut dissection and DNA extraction
Larvae removed from trees were immediately chilled and dissected within 1 h of removal
from trees. Field-collected NYC-larvae were kept frozen until immediately before dissection, and
then maintained on ice. Larvae were surface sterilized in 70% EtOH for 1 min, rinsed in sterile
water, and then dissected in a laminar flow hood to maintain sterility using sterile dissection
tools. Whole guts were dissected by cutting the cuticle open laterally, ligating the gut at the
anterior midgut and posterior hindgut, and carefully transferring the entire gut into a sterile
microcentrifuge tube. Ten guts from each tree species were pooled into a single microcentrifuge
tube for DNA extraction to reduce individual variation within trees. Total DNA was extracted
using the FastDNA® SPIN for Soil Kit (MP Biomedicals) using the FastPrep® Instrument for
tissue homogenization following the manufactures protocol. This kit was used due to the
complexity of the A. glabripennis gut contents (containing wood, bacteria, fungi) to ensure
complete DNA extraction from all organisms. Also, the FastDNA® SPIN for Soil Kit was used
to extract DNA from galleries infested with fungus. A control DNA extraction was performed
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using the sterile water rinsate to confirm that no contaminating DNA was extracted. DNA
concentration was determined by absorbance at 260 nm and stored at -20°C until use.
Culture-independent fungal community analysis
Initially, the internal transcribed spacer region (ITS1-ITS4) was amplified using PCR
from total gut DNA extractions from each treatment, a common method for fungal community
analysis (White et al. 1990). After preliminary experiments revealed the presence of Fusarium
strains and no other fungi, the translation elongation factor-1 alpha (TEF1-α) region was used
instead because non-orthologous copies of the ITS region in some Fusarium can lead to incorrect
identification (O'Donnell and Cigelnik 1997, O'Donnell et al. 1998a). Fungal specific primer
translation elongation factor 1 (ef1, 5’-ATG GGT AAG GA(A/G) GAC AAG AC-3’) and
translation elongation factor 2 (ef2, 5’-GGA (G/A)GT ACC AGT (G/C)AT CAT GTT-3’) were
used to amplify the TEF1-α region, which will amplify a broad range of filamentous ascomycetes
(O'Donnell et al. 1998b, Geiser et al. 2004). PCR reactions were performed in 25 μl volumes
with the following components: 5 μl of 5X GoTaq green reaction buffer, 0.5 μl GoTaq DNA
polymerase (1.25 U, Promega, Madison, WI), 1 μl 10 μM dNTP mix, 2 μl of 10 μM forward
primer (ef1), 2 μl of 10 μM reverse primer (ef2), and 20 ng of template DNA. PCR conditions
were 95°C denaturation for 3 min, 25 cycles of 95°C for 30 sec, 53°C for 45 sec, 72°C for 1:30
min, with a final extension at 72°C for 5 min. Control DNA extraction samples also underwent
PCR to ensure that there was no contaminating DNA during extraction. Agarose gel
electrophoresis verified amplification of target DNA. For each gut pool, 2 μl of the PCR product
was ligated into the pCR® 2.1 TOPO vector (Invitrogen) following the manufacturer protocol.
The vector was then transformed into chemically competent E. coli cells (TOP10, Invitrogen
Corp.) by heat-shock, and clone libraries were created.
Insert DNA from clones was amplified from the M13 priming site of the vector using
direct PCR. 25 μl PCR reactions were set up in 96-well format with the following components: 5
μl of 5X GoTaq green reaction buffer, 0.5 μl GoTaq DNA polymerase (1.25 U, Promega,
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Madison, WI), 1 μl 10 μM dNTP mix, 2 μl of 10 μM forward primer (M13Universal), and 2 μl of
10 μM reverse primer (M13Rev). Individual colonies were picked from the clone library using a
sterile pipette tip and immersed into the PCR mix to allow the bacteria cells to be added to the
PCR reaction. The PCR program had an initial 95°C denaturation for 10 min to rupture bacteria
cells, followed by 30 cycles of 95°C for 30 sec, 55°C for 1:00 min, 72°C for 1:30 min, with a
final extension at 72°C for 5 min. 4 μl of the PCR product was cleaned up for sequencing by
addition of 0.8 μl of ExoSAP-IT (USB Corporation) and incubating the sample at 37°C for 15
min, followed by 80°C for 30 min. Two μl of this reaction was then used to sequence from the
forward direction from the M13Universal priming site, and 2 μl for the reverse from the M13Rev
site, using BigDye chemistry at the Penn State Nucleic Acid Facility.
Aerobic culturing of gut fungus on restrictive media
Subsets of the PSU colony-derived larvae removed from sugar maple trees were used for
culture-dependent gut fungal community analysis under aerobic conditions. Larval dissections
were performed as described above for culture-independent analysis. Five guts were pooled into
a single microcentrifuge tube containing 500 μl of sterile PBS solution (0.01M, 0.138M NaCl,
0.0027 M KCl, pH 7.4) in duplicate. A control tube containing only PBS was also set up to
ensure there was no contamination during dissection and plating. Tissue was then homogenized
using a disposable micropestle and vortexed at a medium speed for 30 seconds. Serial dilutions
of each replicate were performed in PBS (1:10, 1:100, 1:1000, and 1:10000). 100 μl of each
dilution were plated in triplicate onto CMC agar plates (Delalibera et al. 2005) (5 g
carboxymethyl cellulose, 10 g tryptic soy broth, 0.03 g malt extract, and 12 g agar for 1 liter, pH
7.0) treated with tetracycline and incubated at 28°C. Cultures were allowed to grow for 2-4 days.
Representative fungal colonies from each pool of guts were single spore sub-cultured on
tetracycline treated potato dextrose agar (PDA) to create a pure culture.
To obtain fungal enzymes, pure fungal cultures from PDA plates were grown on solid
wood for enzyme extraction. To identify the fungal strain, the final round of subculturing was
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done by plating the fungus onto potato dextrose “reverse agarose” (potato dextrose broth with
30% BASF pluronic polyol F-127). Fungal cultures were easily collected from this media by
placing the plates at 4º C to reliquefy media, and then spinning down the mycelium at 4º C and
12,000 g for 10 min in a 50 ml centrifuge tube. At this point, the supernatant was removed and
the mycelium was washed with TE buffer to remove remaining media. DNA extraction was
performed by grinding the mycelium under liquid nitrogen followed by extraction in 5 volumes of
extraction buffer (50 mM Tris-HCl pH 8.0, 50 mM EDTA, 3% SDS, 0.1 mg/ml protease K, and
1% β-mercaptoethanol) at 65º C for 1 h. Phenol:chloroform extraction was then performed with
2 rounds of extraction in phenol:chloroform:isoamyl alcohol (25:24:1), followed by 1 round of
chloroform:isoamyl alcohol (24:1). DNA was precipitated from the upper phase by addition of
0.5 volume 7 M ammonium acetate and 2 volumes of 95% EtOH followed by incubation for 1 h
at -20º C. DNA was pelleted and resuspended in TE buffer and quantified by measuring
absorbance at 260 nm. PCR was performed on each DNA extract to amplify the TEF1-α region
and sequenced as described above.
DNA analysis and phylogenetic tree construction.
Alignment of forward and reverse sequences was performed using Sequencher 4.8 (Gene
Codes Corporation, Ann Arbor, MI); the vector sequence was removed and consensus sequence
created. All of the consensus sequences from all libraries were imported into MEGA 4.0, where
they were aligned by CLUSTALW, and an initial neighbor-joining tree was created to identify
unique sequences (Tamura et al. 2007). BLAST searching revealed three major clusters, one
consisting of sequences matching to Fusarium oxysporum, and two falling within the Fusarium
solani species complex. Because, initially all sequences fell within the genus Fusarium,
sequences were subsequently BLAST searched against FUSARIUM-ID v 1.0, a Fusarium
specific molecular database built using the TEF1-α region (Geiser et al. 2004).
To obtain a more detailed phylogenetic identification, TEF1-α sequences for F. solani
and F. oxysporum were downloaded from the NCBI database (search terms “Fusarium solani
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AND elongation factor” or “Fusarium oxysporum AND elongation factor”). For F. solani, 890
TEF1-α sequences were downloaded from the NCBI database and F. oxysporum, 814 TEF1-α
sequences were downloaded. Alignments were created using these sequences and unique
sequences from the A. glabripennis gut fungal TEF1-α clones using MEGA 4.0, and neighborjoining trees were created for both species complexes. From these trees, representative sequences
from the NCBI database were used to create representative trees showing the phylogenetic
position of the A. glabripennis gut fungal TEF1-α clones within these species complexes (Figs 1
and 2). Neighbor-joining trees for each alignment were created with bootstrap testing (500
replicates) (Felsenstein 1985, Saitou and Nei 1987, Tamura et al. 2007). For the F. solani
phylogenetic tree, an initial tree based on (O'Donnell 2000) was downloaded from TreeBASE
(www.treebase.org), and additional sequences were added from NCBI to highlight the TEF1-α
clones sequences in this experiment.
Solid wood substrate fungal cultures and fungal enzyme extraction.
Agar plugs were cut using a sterile cork borer from single conidial cultures of F. solani
cultured from guts of larvae feeding in sugar maple trees. These agar plugs were then grown on a
solid wood substrate in polypropylene growth bags (Unicorn, Commerce, Tx., USA) containing
850 g Spruce sawdust, 100 g millet, 50 g wheat bran, and 1 l distilled water at 30° C (Varela et al.
2003). Two bags each were set up from separate pools of A. glabripennis gut homogenates.
Approximately 1 month after inoculation in the bags, total fungal enzymes were extracted as
previously described (Varela et al. 2003) by mixing with one volume of 0.5 M NaCl and
incubating for 2 h at 4 °C with stirring. The mixture was then squeezed through cheesecloth and
centrifuged at 15,000×g for 30 min at 4 °C. Ammonium sulfate was added to the supernatant to
100% saturation over 30 min under constant stirring. After overnight incubation at 4 °C with
stirring, the preparation was centrifuged at 15,000×g for 30 min at 4 °C. The protein pellets were
dissolved in 50 ml of water. Trace ammonium sulfate was removed by repeated concentration
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(Amicon, 10-kDa cutoff) and re-suspension in 50 ml of water four times. The final extractions
were transferred into 1 ml aliquots and stored at –80 °C.
In vitro activities of lignin and manganese peroxidases and laccases.
Ligninolytic activity of the two fungal extracts was measured by in vitro assays. Lignin
peroxidase activity was determined by oxidation of veratryl alcohol to veratraldehyde, measuring
an increase in A310 (Tien and Kirk 1984). Approximately 50 µg of protein was added to a solution
of 25 mM sodium tartrate (pH 3.0), 20 mM veratryl alcohol in a total volume of 1 ml. The
reaction was initiated by addition of H2O2 at a concentration of 2 mM and the absorbance read.
Mn dependent and independent peroxidases activities were assayed as oxidation of 2,6dimethoxyphenol, causing an increase in A470 (Dejong et al. 1992). Approximately 50 µg of
protein extract was added to a solution of 20 mM 2,6-dimethoxyphenol, and 0.5 M sodium
tartrate (pH 4.5), either with or without 20 mM manganese sulfate (Mn dependent- and
independent–activity, respectively). The total volume was 1 ml and the assay was initiated by
addition of 2 mM H2O2. Laccase activity was measured with 2,6-dimethoxyphenol as a substrate
(Rehman and Thurston 1992). Approximately 50 µg of protein extract was added to a solution of
20 mM 2,6-dimethoxyphenol, and 0.5 M sodium tartrate (pH 4.5) to a total volume of 1 ml.
Absorbance was then read at 470 nm.
In vitro activities of cellulases and xylanases
In vitro activities of β-1,4-glucosidase, β-1,4-endoglucanase, β-1,4-exoglucanase, and
xylanase were measured from fungal enzyme extracts incubated with cellulose or xylan substrates
based on release of reducing sugar measured by the dinitrosalicylic acid (DNS) assay (Bernfeld

1955, Miller 1959). Each assay was performed in triplicate for each fungal enzyme extract, with
2 enzyme extracts prepared from each of the two separate solid wood substrate inoculations. For
both extracts, protein concentration was measured using Bradford chemistry (Bradford 1976,
Bollag et al. 1996) with BSA as the standard (0 – 20 μg). Samples were diluted to a working
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concentration of approximately 60 μg/ml in sodium citrate buffer (50 mM, pH 5.5). For βglucosidase activity, 500 μl of a 2% salicin solution (in 50 mM sodium citrate buffer, ph 5.5) was
combined with 30 μg (500 μl of 60 μg/ml dilution) of fungal extract. For β-endoglucanase
activity 500 μl of a 2% carboxymethycellulose solution (Kukor et al. 1988) (in 50 mM sodium
citrate buffer, ph 5.5) was combined with 500 μl of fungal extract. For β-exoglucanase activity
500 μl of a 1% Avicel solution (Kukor et al. 1988) (in 50 mM sodium citrate buffer, ph 5.5) was
combined with 500 μl of fungal extract. For xylanase activity, 500 μl of a 1% xylan solution (in
50 mM sodium citrate buffer, ph 5.5, xylan from birch wood, Sigma Aldrich Corporation) was
combined with 30 μg (500 μl of 60 μg/ml dilution) of fungal extract. For all assays, a 100 μl
aliquots of the reaction mixtures were removed at time 0 to allow for subtraction of background
sugar. Reactions were then incubated at 37° C for 120 min, with 100 μl aliquots removed after
60 and 120 minutes. For each aliquot, 100 μl DNS reagent were added to halt enzyme activity
(Miller 1959). Samples were then incubated in a boiling water bath for 8 min and absorbance of
a 150 μl aliquot was read at 540 nm on a SpectraMax™ microplate reader (Molecular Devices
Corp.) along with glucose standards (standard curve, 20 – 1000 μg). Statistical differences
among treatments were determined at 120 minutes by performing repeated measures ANOVA
followed by post hoc means comparisons with Tukey’s least significant difference (SAS Institute
Inc.).
Non-denaturing PAGE and heme staining
Non-denaturing polyacrylamide gel electrophoresis was run following the methods of
Laemmli (Laemmli 1970) with the gel containing 12% acrylamide, without boiling the sample in
loading buffer before loading and no SDS being included in the gel or running buffer. Fungal
enzyme extracts were loaded onto the gel twice (20 µg protein/lane) with a protein standard, so
that the gel could be cut vertically in half after electrophoresis to produce two identical gels. The
first half of the gel was stained with colloidal blue stain to visualize proteins as a reference. The
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second half gel was stained to identify heme proteins by incubating the gel in a Tris-MeOH
solution (20 mM Tris-HCl, pH 7.3, 50% MeOH) for 30 min, followed by a 45-min incubation in
heme stain solution (25 mM acetate buffer, pH 5.3, 0.25% benzidine HCl, 25% MeOH, and
0.75% H2O2). The gel was then rinsed in 25% MeOH and stored in 0.1 M Tris-HCl, pH 7.3.
Heme proteins stain dark brown and are matched with colloidal blue stained proteins on the
reference gel. In addition, gels were run to detect Mn peroxidases activity (Pease et al. 1991,
Pease and Tien 1992).
Zymogram analysis
SDS-PAGE gels (Laemmli 1970) were performed with alterations to detect activity of
cellulases or xylanases using zymogram techniques (Schwarz et al. 1987, Her et al. 1999, Chavez
et al. 2002). Twelve percent acrylamide separation gels were poured containing either 0.1%
carboxymethyl cellulose or xylan from birch wood. Fungal enzyme extracts were loaded onto
each gel twice (20 µg protein/lane) with a pre-stained protein standard (SeeBlue Plus, Invitrogen
Corporation), so that the gel could be cut vertically in half after electrophoresis to produce two
identical gels. The first half of the gel was stained with colloidal blue stain to visualize proteins as
a reference and imaged using a densitometer (BioRad GS-800). The second half was used for
zymogram analysis. Gels were rinsed in sodium citrate buffer (50 mM, pH 5.5) containing 1 %
Triton X-100 for 1 h at room temperature to remove SDS (Her et al. 1999). This was followed
by 1.5 h incubation in sodium citrate buffer (50 mM, pH 5.5) to allow for enzyme activity against
the substrates. At this point, gels were stained with 0.1% Congo red for 30 min and destained in
1 M NaCl to reveal zones of clearing. Gels were imaged under ultraviolet light and aligned with
colloidal blue stained gels using the pre-stained protein standard as a reference.

RESULTS
Culture-independent fungal community analysis
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In total, 294 TEF1-α clones from larval A. glabripennis guts were sequenced and
analyzed. One hundred and sixty of these clones were derived from insects from the Penn State
research colony, with 39 clones from insects reared in sugar maple, 38 from insects reared in pin
oak, 45 from insects reared in callery pear, and 38 from insects reared on a cellulose based
artificial diet. The remaining 134 clones were from wild populations in New York City. From the
wild populations, 30 clones were from insects collected from silver maple tree-1, 32 clones from
insects collected from silver maple tree 2, 28 clones from insects collected from a horse chestnut
tree, and 37 clones from a sycamore maple tree. An additional 7 sequences were obtained from
wood collected from larval galleries of the horse chestnut tree, the only tree with visible fungi
growing in the galleries.
Initial analysis identified the two types of fungi in the clone libraries as F. solani and F.
oxysporum, based on BLAST searching to GenBank database. Within the F. solani clones, the
sequences formed three major clusters (Fig. 1). The first cluster consisted of all PSU colonyderived clones, with 6 of these clones from larvae reared in pin oak and 3 from larvae reared on
artificial diet; these clones grouped with F. solani NRRL (ARS Northern Regional Research
Laboratory) strains 32437 and 22642. The second cluster consisted of two NYC-derived clones,
both from larvae collected from silver maple-1, and grouped with F. solani FRC (Fusarium
Research Centre) strain S768 and NRRL strain 32770. The third cluster contained the majority of
the strains, including 148 PSU-derived clones, with 45 from larvae reared in callery pear, 33 from
artificial diet, 39 from sugar maple, and 31 from pin oak reared larvae. Also, 132 NYC-derived
clones were present in this cluster, with 7 from ALB larval galleries, 28 from larvae reared in
horse chestnut, 37 from sycamore maple, 28 from silver maple 1, and 32 from silver maple 2.
These sequences cluster with F. solani NRRL strain 22404.
F. oxysporum clones were far less abundant, being present only in PSU-colony derived
samples from guts of larvae fed on artificial diet or in pin oak. Two artificial diet derived clones
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and one pin oak clone clustered together within the subspecies of F. oxysporum (Fig. 2). These
sequences clustered with three F. oxysporum f. sp. opuntiarum strains.
In vitro lignocellulase activity
Activities of enzymes capable of breaking down lignin, cellulose, and xylan were
measured from enzyme extracts derived from two independent replicates of solid wood fungal
cultures of F. solani, which were originally derived from guts of larval A. glabripennis reared in
sugar maple. Neither sample exhibited evidence of lignin peroxidase activity as measured by
oxidation of veratryl alcohol. Both samples exhibited a low level of Mn-dependent peroxidase
activity of 0.011 and 0.021 U/ml for extracts 1 and 2, respectively. Enzyme extract 2 displayed
Mn-independent peroxidase activity that was 12-fold higher (0.47 U/ml) than that of extract 1
(0.033 U/ml). Similarly, laccase activity was >20-fold higher when extract 2 was assayed (0.42
U/ml) compared with extract 1 (0.02 U/ml).
Beta-glucosidase activity, measured by the release of β-1,4-linked glucose from salicin,
was significantly higher in extract 2 versus extract 1, releasing 12.77 µmol glucose/µg protein/h,
compared with only 1.58 µmol glucose/µg protein/hr in extract 1 (ANOVA, F = 44.98, p <
0.0002) (Fig. 3A). Beta-glucosidase activity in extract 1 was not significantly higher than that of
the control as determined by Tukey post-hoc test.

Endo-glucanase activity, measured by

reducing sugar release from carboxymethyl cellulose, followed the reverse trend with activity of
1.11 µmol glucose/µg protein/h in extract 1 and 0.79 µmol glucose/µg protein/h in extract 2 (Fig
3B), which was also a significant difference (ANOVA, F = 71.03, p < 0.0001), and both were
significantly higher than the control reactions. Exo-glucanase activity, measured by release of
reducing sugar from Avicel was 0.33 µmol glucose/µg protein/h in extract 1 and 0.88 µmol
glucose/µg protein/h in extract 2. While there were significant differences between samples
(ANOVA, F = 11.49, p = 0.0089), Tukey post-hoc analysis revealed that neither extract 1 nor
extract 2 were significantly different from the control (Fig 3C). Xylanase activity, measured by
release of reducing sugar from birch wood xylan, was 3.57 µmol glucose/µg protein/h in extrct 1
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and 4.23 µmol glucose/µg protein/h in extract 2 (Fig. 3D). There was no significant difference
between activity of Extract 1 and 2, but both were significantly higher than the control reaction
(ANOVA, F = 60.75, p < 0.0001). Controls showed no significant activity in any assay.
SDS-PAGE gel analysis
Heme staining of a non-denatured protein sample from F. solani enzyme extract 2
revealed a single heme protein, present at approximately 70 kDa on the native gel. The reference
colloidal blue stained gel did not show a protein band matching to the region stained on the heme
gel, but the protein stain may not be sensitive enough to detect a protein at this position. Staining
for Mn peroxidases revealed no proteins active towards Mn peroxidases after electrophoresis.
Zymogram analysis for cellulase activity from degradation of carboxymethyl cellulose identified
six major zones of clearing on the zymogram gel, with sizes ranging between approximately 55
and 20 kDa. Examination of the colloidal blue stained SDS-PAGE gel showed similar-sized
proteins; in particular there was a major band present at 55 kDa, and several less intense bands
around and below 28 kDa. Analysis of the birch wood xylan zymogram demonstrated relatively
high xylanase activity, with many bands creating zones of clearing that varied in size from
approximately 50 kDa to 20 kDa or less. Very large, broad zones of clearing between 25 and 45
kDa obstructed our ability to define specific proteins that were active towards xylan, but specific
bands could be seen above and below this region on the gel. Again, these clearing bands were
matched to protein bands on the reference colloidal blue stained gel.

DISCUSSION
Culture-independent fungal community analysis of the gut of larval A. glabripennis
revealed a relatively limited number of fungal species associated with this insect as it feeds in
host trees. Regardless of the source of this insect, whether from our research colony or collected
from wild populations in New York, all samples contained a unique strain of F. solani that
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created a distinct cluster when analyzed against all known F. solani sequences. Within this
cluster group, there was some sequence variability, but this variability did not have obvious
correlations with host tree species or collection location. All insect samples appeared to have
some sequence variability, but still grouped within a distinct cluster.
Only one previously sequenced TEF1-α F. solani sequence clustered with these
sequences, which was F. solani strain NRRL 22404. This particular strain was collected from
Asia, from a Brachychiton tree in Israel. This is a genus of tree originally native to Australia, and
is planted as a landscape tree. In addition to this cluster, several other clusters were found,
containing clones from only a subset of the samples collected. One of these is a cluster that
contains PSU-colony derived clones from guts of larvae fed in both pin oak and artificial diet,
which match closely to F. solani NRRL 32437. This strain was collected from human tissue and
has not been reported elsewhere in the environment. Other closely related strains include a
fungus garden of Atta ants (NRRL 22656) and several sequences from plant-derived samples. An
additional cluster that contained the NYC clones collected from larvae growing in silver maple
tree 1 matched closely to F. solani strain FRC S768, which was collected from the Philippines
from a soil sample. In addition, several PSU-derived clones from guts of larvae fed on artificial
diet and pin oak matched F. oxysporum, creating a cluster with several previously sequenced
fungal strains in the F. oxyporum f. sp. opuntiarum.
Both F. solani and F. oxysporum are known plant pathogens and are common
environmental fungi often detected in many environments. The question addressed here is: are
these Fusarium isolates contaminates of the environment and their presence in the gut is only
transient, or have these fungi developed an interactive association (symbiosis) with the insect? It
is likely that the fungal strains that we found in only a subset of our samples were
environmentally-derived, transient fungi. These fungal strains had several sequences in the
database that matched closely to them, suggesting they are not particularly unique. On the other
hand, the much larger cluster, which contained sequences from all insect gut samples, has
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probably developed a more intimate association with A. glabripennis. Not only did this cluster
make up the vast majority of the sequences obtained from the clone libraries, but also this cluster
contained only a single previously sequenced strain of Fusarium solani. This cluster was quite
distinct from other strains of F. solani; it did not fall into any of the previously described clusters
and did not match any previously described mating populations (MP) (O'Donnell 2000). We do
not believe this strain is simply a by-product of colony rearing or geographic distribution either,
since it was found in both our research colony as well as in larval guts from trees in several
locations in New York City.
Analysis of larvae from the native range of this insect in Asia, would be useful to refine
our understanding of the nature of this relationship. In addition, the method of transmission of
this fungus, and maintenance of the fungus within the insect gut from generation to generation,
would be important to understanding if this association has reached a level of symbiosis. Given
that the definition of symbiosis requires only that there be a close and usually long-term
association between two different biological species, and that this relationship can be mutualistic,
parasitic or commensal, it appears that F. solani is a gut symbiont of ALB.
Because the larval stage of ALB develops in the inner wood of deciduous hardwood
trees, the larvae likely require assistance from microorganism to degrade and digest woody tissue,
which would be greatly facilitated by harboring a fungal symbiont such as F. solani. Of
particular interest is how this insect is able to overcome the lignin barrier. We have shown that
lignin is modified in the gut of this insect (Chapter 5), but the mechanism by which this is done is
not known. Currently, lignin degradation is only known from basidiomycete wood-rot fungi by
both white rot and brown rot degradation, whereas F. solani is in the Ascomycetes. Recently, the
biochemistry of lignin degradation by Ascomycetes, described as a soft rot process, has been
explored but little is known about the enzymes involved in this process. Our analysis of
ligninolytic activity of this fungus grown on solid wood substrate did not detect high levels of
lignin or Mn peroxidases activities. These enzymes are involved in basidiomycete lignin
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degradation. Interestingly, the second fungal extract we examined did contain Mn-independent
peroxidase and laccase activities, which was previously seen in another strain of F. solani
(Lozovaya et al. 2006). In addition, we screened these two fungal cultures for cellulose and xylan
degrading abilities. Complete cellulase activity, as well as xylanase activity, was observed in
culture 2, while culture 1 only had significant activity against carboxymethyl cellulose (endoglucanase) and xylan. Neither beta-glucosidase nor exo-glucanase activities were higher than the
controls. The variability between these two enzyme extracts, despite that they were both
collected from A. glabripennis larval guts feeding on sugar maple, could be due to variability in
fungal growth. This variability could impact the genes being expressed, and thus the enzymes
present in the extracts since culture conditions can alter expression of cell wall degrading
enzymes (Niture and Pant 2007).
Because overall enzyme activity was higher in enzyme extract 2, this extract was used for
heme staining and zymogram analysis for cellulases and xylanases. While heme staining will not
only identify enzymes involved in lignin degradation, lignin and Mn peroxidases will also be
detected by this method, as will a multitude of additional enzymes. We detected a single band by
heme staining of approximately 70 kDa (Fig. 4). This gel was non-denaturing and enzyme size
was not necessarily accurate, so the size cannot be compared to known peroxidases. Zymogram
analysis revealed a multitude of proteins or protein complexes active towards both cellulose and
xylan (Figs. 5 and 6). This is expected, since Fusarium are known to produce cell wall degrading
enzymes (Skovgaard and Rosendahl 1998, Cheilas et al. 2000, Panagiotou et al. 2003, Jahangeer
et al. 2005, Wang et al. 2005, Ahmad et al. 2006, Niture and Pant 2007). While it is interesting
that this fungal culture had these biochemical properties, if this strain is important to A.
glabripennis, then these enzymes should also be expressed in the gut of this insect. While we
have not directly investigated this, meta-transcriptomic sequencing of the beetle gut community
revealed approximately 1200 genes that are derived from fungi, with the majority of these
matching most closely to Acetomycetes. While initial analysis of the meta-transcriptome did not
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reveal any lignin degrading enzymes based on known biochemical properties, fungal cellulases
were identified in the gut. We plan to confirm these initial results through further proteomic and
genetic studies to determine definitively if F. solani is important in this gut microbiome.
Understanding the importance of this fungus to A. glabripennis can help to understand how this
insect is able to grow and develop on woody tissue, and specifically how it overcomes the lignin
barrier.
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Table 1. Ligninolytic activity of A. glabripennis derived F. solani solid wood culture
extracts. Activities of lignin peroxidases, Mn-dependent and independent peroxidases,
as well as laccase were measured for the two F. solani extracts from solid wood cultures.
Values represent unit of enzyme activity per ml with each extract containing
approximately 50 µg of protein.
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Figure 1. Phylogenetic analysis of F. solani clones identified in the gut of A. glabripennis.
Neighbor-joining tree constructed from representative F. solani TEF1-α sequences in addition to
A. glabripennis derived clones from either PSU colony or NYC derived samples. The number of
clones represented from each sample type as well as the percentage of clones from that sample
are listed on tree. The NCBI accession number of each sequence used to create the tree are listed
next to each isolate name.
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Figure 2. Phylogenetic analysis of F. oxysporum strains identified in the gut of A.
glabripennis. Neighbor-joining tree constructed from representative F. oxysporum TEF1-α
sequences in addition to A. glabripennis derived clones from either PSU colony or NYC derived
samples. The number of clones represented from each sample type as well as the percentage of
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clones from that sample are listed on tree. NCBI accession number of each sequence used to
create the tree are listed next to each isolate name.
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Figure 3. In vitro cellulase and xylanase activities of A. glabripennis derived F. solani solid
wood culture extracts. Enzyme activity of (A) beta-glucosidase, (B) endo-glucanase, (C) exoglucanase, and (D) xylanase are measured for both solid wood fungal cultures (Culture 1 and
Culture 2), along with a control assay containing no enzyme and only buffer. Error bars represent
±1 standard deviation. Significance at time 120 min. determined by ANOVA and lower case
letters denote significant differences.
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Figure 4. Heme staining of A. glabripennis derived F. solani solid wood culture extract
using native-PAGE. Electrophoresis of 20 µg of fungal extract 2 was loaded into the lanes.
Protein standard is on the left, with band sizes labeled (kDa). Lane A is a colloidal blue stained
lane, and lane B is the corresponding heme stained lane, both loaded with 20 µg protein extract.
A single heme stain band is present at approximately 70 kDa.
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Figure 5. Carboxymethyl cellulose (CMC) zymogram of A. glabripennis derived F. solani
solid wood culture extract using SDS-PAGE. Electrophoresis of 20 µg of fungal extract 2 was
loaded into both lanes. Protein standard is on the left, with band sizes labeled (kDa). Lane A is a
colloidal blue stained sample, and lane B is the corresponding CMC zymogram stained with
congo red. Dark bands represent zones of clearing (under UV light). Six major zones of clearing
are present at approximately 55, 32, 30, 27, 23 and 20 kDa and can be matched to protein bands
on the colloidal blue stained lane.
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Figure 6. Birch wood xylan zymogram of A. glabripennis derived F. solani solid wood
culture extracts using SDS-PAGE. Electrophoresis of 20 µg of fungal extract 2 was loaded into
both lanes. Protein standard is on the left, with band sizes labeled (kDa). Lane A is a colloidal
blue stained sample, and lane B is the corresponding birch wood xylan zymogram stained with
congo red. Dark bands represent zones of clearing (under UV light). Many zones of clearing are
present on the gel, with major spots between 30 and 50 kDa. These can be matched to proteins
bands on the colloidal blue stained lane.
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Chapter 6

Conclusions and Future Directions
Understanding the role of gut microbiota in an insect is important to fully understand the
physiology and ecology of that insect. In the Asian longhorned beetle (ALB; Anoplophora
glabripennis) these studies show that the microbial community is diverse, plastic, and critical for
growth and development of the insect.
In Chapter 2, in depth gut bacterial community analysis was performed in insects fed on a
variety of trees from both the Penn State colony and New York City populations. By feeding the
insect in preferred host trees, bacteria were present in the gut that have the ability to degrade
cellulose, fix nitrogen, and potentially play a role in lignin degradation. Between populations, a
similar community structure was observed, suggesting that this community is important for the
insects’ health and survival. When the insect fed in a resistant tree or on artificial diet, a large
shift and reduction in microbial diversity was observed. When cellulose degradation was
compared between these insects, reduced enzyme activity was also observed. This suggests that
resistant trees are not only inhospitable for the developing insect, but also create a poor
environment for acquisition and maintenance of gut bacteria.
While host plant resistance effects on insect physiology and development have received
considerable attention, impacts of plant resistance on gut microbes have not. These findings
suggest the possibility of new mechanisms of insect control, by alteration of gut microbiota. We
hope in the future to better understand the mechanisms of resistance to wood feeding insects, with
the goal of development of resistant cultivars or transgenic plants.
While in Chapter 2, it was demonstrated that A. glabripennis harbors a diversity of
bacteria, how it is able to acquire these bacteria was still unknown. Chapter 3 provided insight
into this process by microbial community profiling of different samples associated with eggs and
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oviposition sites created by the adult insect. The technique employed for this study, automated
ribosomal intergenic spacer analysis, was novel for studies on insect gut microbiota. It was
adapted from applications in community profiling of soil, seawater, and other environmental
samples. This technique has great sensitivity, and allowed identification of microbial species that
are unique to oviposition. It is likely that the female deposits these bacteria in the egg site to
allow for transmission of microbial species between generations. In addition, there was an
individual bacterial species found only in surface-sterilized eggs and larvae that may be
transmitted internally in the egg. This calls for interpretation of the data in Chapter 2 with focus
on bacteria that may be vertically transmitted. In the future, these findings could be confirmed by
visualization of microbial species in different beetle life stages (eggs, early instars, etc.) using
fluorescent in situ hybridization to localize the bacteria. This approach would increase our
understanding of how specific bacteria are transmitted from one life stage to the next and between
generations.
In addition to investigation of bacterial species associated with A. glabripennis, a survey
was conducted on fungal species that may be present in the gut. Chapter 4 demonstrates that a
strain of Fusarium solani is consistently associated with this insect. This is intriguing since the
majority of associations between insects and fungi involve intracellular yeasts related to Candida.
Filamentous fungi are not typically thought to be associated with insects. But at the same time,
Fusarium spp. have formed intimate associations with many plant species as pathogens. As
pathogens, they possess the biochemical pathways to degrade the plant cell wall (lignocellulose)
and infiltrate their host. It is possible, that through repeated generations of feeding in woody
tissue, A. glabripennis formed an association with these fungi. While we did perform preliminary
assessment of the biochemical abilities of the strain of Fusarium harbored in the larval gut,
further studies need to be performed to investigate this fungus in more detail, including
demonstration of the presence of fungal gene expression in the insect gut. We hope to further
investigate this, including localization of this fungus within the gut.
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While it is known that insects can break down cellulose and possess endogenous
cellulases, little is known about lignin degradation in insects. The paradigm that exists today is
that insects have no need to degrade lignin, since it would provide little nutritional value, and
because there is sufficient abundance of cellulose and xylan in woody tissue. However, one
could argue that insects that have evolved over millions of years feeding on wood, why not
evolve a process to degrade a compound that makes up 20 – 30% of its diet? Even if the insect
does not degrade lignin to obtain nutrition, modification of the lignin structure would greatly
enhance the efficiency of cellulose digestion. In Chapter 5, we investigated this question, and
demonstrated that both A. glabripennis and a lower termite do in fact modify lignin in their guts
while feeding on wood. This was a novel finding; previous studies were limited by their use of
model or labeled compounds, making it difficult to unambiguously demonstrate lignin
degradation. We modified a thermochemolysis technique to approach the question from a
geochemical aspect, not attempting to identify enzymes involved, or to look for uptake of lignin
derivatives into the insect.
Now that lignin degradation in the beetle gut has been demonstrated, the next step is to
understand the mechanisms. The presence of filamentous fungi in the gut may suggest a fungal
pathway is involved, which is currently the only known biological organism able to degrade
lignin. But novel processes could also be occurring through unique pathways. Hypothetical
mechanisms of lignin degradation in the beetle could begin to be posed by investigating other
insects for lignin modification. The two species chosen in this study are distantly related, so it is
likely they are not the only insects in which this process is occurring. Also, functional genomics
approaches can survey these insect/microbial communities for known enzymes. At the same
time, it is important to employ proteomic and biochemical techniques to attempt to identify novel
enzymes in these systems.
Overall, this research provides a foundation for understanding lignocellulose degradation
in wood feeding beetles, specifically looking at the microbial community and its involvement.
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This project has led to interest in prospecting for novel microbial species and genes involved in
lignocellulose degradation in the ALB gut. The U.S. Department of Energy, in cooperation with
this research group, is embarking on sequencing the metagenome of this insect, focusing on the
bacterial species present in the larval gut, when feeding in Populus species. Since poplars are
likely to become important in the cellulosic biofuel industry, and are preferred hosts of this insect,
the Department of Energy sees this as an excellent system to bioprospect for novel enzymes with
potential applications for biofuels.
This project also included preliminary investigation of the meta-transcriptome of the
larval gut to identify genes that are being expressed by the insect and its gut microbiota. In
addition, we investigated the proteome of the larval gut to identify the most prevalent proteins,
and we hope to combine the genomic, transcriptomic, and proteomic data to understand this
insect micro-ecosystem from a systems level. This objective is relatively novel, especially from
an ecosystem perspective; this approach can provide insight not only into the area of insect
symbiosis and physiology, but also into systems ecology and ecosystem function by viewing the
insect gut as an isolated ecosystem.
As a preferred host of ALB, the poplar-ALB-gut symbiont system is a valuable model
system for studying host-insect interactions between a tree species and a wood-boring insect. As
mentioned earlier, hydrid poplar will likely become a common silvicultural crop as a source for
cellulosic ethanol and as a sink for carbon dioxide. Since poplar can be grown on marginal lands,
it is a better source for cellulosic ethanol than corn. As acreage planted to poplar increases,
interest in understanding multritrophic interactions that can affect poplar health will also increase.
With the recent completion of the poplar genome, and the future metagenomic and transcriptome
sequencing of A. glabripennis, this system has the potential to utilize valuable molecular tools to
investigate ecological questions.
In future, particular focus should be on understanding mechanisms of resistance to wood
feeding insects. Populus tomentosa, which is native to Asia, has evolved resistance to A.
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glabripennis. This raises the question as to whether feeding in this tree species also influences
the gut microbial community of the larvae, as was observed for larvae fed in the resistant tree
Pyrus calleryana? Both P. tomentosa and P. calleryana contain elevated levels of phenolic
glycosides, which can have antibiosis properties. Do secondary metabolites in these resistant trees
act on the insect directly, or on the gut symbionts, or both? We hope to employ molecular tools to
investigate these questions, with future application to development of poplar cultivars that have
increased resistance to wood-boring pests.
Insect-microbial interactions is an area of increasing interest, and is facilitated by the
availability of culture-independent techniques to investigate microbial communities. This
research contributes to the existing knowledge of wood-feeding insect-microbial interactions.
Previous research on this topic focused largely on termites, wood-roaches, bark beetles, or
cerambycid species that feed on decaying wood. The research presented here adds to this area by
employing new techniques, including analysis of microbial profiles and multivariate data,
incorporation of biochemical and protein profiling, and utilization of a geochemical analysis
method to investigate a process occurring in insect guts. In addition, there are many areas left to
be explored in this system, including acquisition of nitrogen (potentially through nitrogen fixing
bacteria), localization of microbial species within the gut of A. glabripennis, identification of
specific enzymes involved in digestion by this insect, as many others. Application of these
research areas towards better management strategies against wood feeding insects will remain the
ultimate goal, to help control these devastating pests of forests and wood products.
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