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Abstract

Metagenome analysis of the gut symbionts of three different insects was conducted as a means of comparing taxonomic
and metabolic diversity of gut microbiomes to diet and life history of the insect hosts. A second goal was the discovery of
novel biocatalysts for biorefinery applications. Grasshopper and cutworm gut symbionts were sequenced and compared
with the previously identified metagenome of termite gut microbiota. These insect hosts represent three different insect
orders and specialize on different food types. The comparative analysis revealed dramatic differences among the three
insect species in the abundance and taxonomic composition of the symbiont populations present in the gut. The
composition and abundance of symbionts was correlated with their previously identified capacity to degrade and utilize the
different types of food consumed by their hosts. The metabolic reconstruction revealed that the gut metabolome of
cutworms and grasshoppers was more enriched for genes involved in carbohydrate metabolism and transport than wood-
feeding termite, whereas the termite gut metabolome was enriched for glycosyl hydrolase (GH) enzymes relevant to
lignocellulosic biomass degradation. Moreover, termite gut metabolome was more enriched with nitrogen fixation genes
than those of grasshopper and cutworm gut, presumably due to the termite’s adaptation to the high fiber and less
nutritious food types. In order to evaluate and exploit the insect symbionts for biotechnology applications, we cloned and
further characterized four biomass-degrading enzymes including one endoglucanase and one xylanase from both the
grasshopper and cutworm gut symbionts. The results indicated that the grasshopper symbiont enzymes were generally
more efficient in biomass degradation than the homologous enzymes from cutworm symbionts. Together, these results
demonstrated a correlation between the composition and putative metabolic functionality of the gut microbiome and host
diet, and suggested that this relationship could be exploited for the discovery of symbionts and biocatalysts useful for
biorefinery applications.
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component of the competitive evolution between plants and
herbivorous insects as well as a driving force for insect speciation
[9,10]. For these reasons, insect gut symbionts have been the
subject of extensive studies in recent years [10]. Previous studies

Introduction

Insects represent one of the most diverse groups of organisms on
the planet that can adapt to the extremely diverse eco-

environments. In particular, herbivorous insects can exploit a
wide range of the plant species as food sources [1]. Insect gut
symbionts play an essential role in the insect adaptation to various
food types and they have been shown to be important for
lignocellulosic biomass degradation, nutrient production, com-
pound detoxification, and environmental adaptation [2-7].
Disrupting insect gut symbionts can significantly reduce the fitness
of insects and can even cause serious diseases such as CCD
(Colony Collapse Disease) [8]. Moreover, insect gut symbionts also
were shown to be maternally inheritable from generation to
generation, which suggests the symbiotic microbiota is a dynamic
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highlighted several important features of some insect gut
symbionts including their reduced genome size, convergent
evolution, co-speciation, and complementary function with the
host genome [11-15]. Recent studies also expanded our under-
standing of the roles of insect gut symbionts in non-conventional
functions like nitrogen recycling, reproductive manipulation,
pigment production and many other aspects related to insect
fitness [16,17].

Despite the progress toward understanding insect-symbiont
relationships, there is still much to be learned especially with
regard to facultative symbionts. Moreover, limited research has
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Author Summary

The symbiotic gut microbiome of herbivorous insects is
vital for their ability to utilize and specialize on plants with
very different nutrient qualities. Moreover, the gut micro-
biome is a significant resource for the discovery of
biocatalysts and microbes with applications to various
biotechnologies. We compared the gut symbionts from
three different insect species to examine whether there
was a relationship between the diversity and metabolic
capability of the symbionts and the diet of their hosts, with
the goal of using such a relationship for the discovery of
biocatalysts for biofuel applications. The study revealed
that the metabolic capabilities of the insect gut symbionts
correlated with insect adaptation to different food types
and life histories at the levels of species, metabolic
pathway, and individual gene. Moreover, we showed that
the grasshopper cellulase and xylanase enzymes generally
exhibited higher activities than those of cutworm, dem-
onstrating differences in capabilities even at the protein
level. Together, our findings confirmed our previous
research and suggested that the grasshopper might be a
good target for biocatalyst discovery due to their high gut
cellulytic enzyme activities.

focused on comparing the gut symboints from insect species that
specialize on different food sources. For this reason, we
systemically compared the gut enzyme activities and microbial
diversity in several insect species relevant to biotechnology
applications [2,3,18]. Previous studies comparing gut symbionts
from woodbore (Cerambycidae sp., (Coleoptera)), silkworm (Bombyx
mort (Lepidoptera: Bombycidae)), and grasshopper (derida cinerea
(Orthoptera: Acrididae)) suggested that the insect gut cellulytic
enzyme activities were generally correlated with the lignocellulosic
biomass composition in the food consumed [2]. Furthermore, the
comparison of the microbial community structure of gut symbionts
from woodbore, silkworm, grasshopper, and cutworm (Agrotis sp.
(Lepidoptera:Noctuidae)) using DGGE (Denaturing Gradient Gel
Electrophoresis) revealed significant differences in symbiotic
community correlating with food adaptation [3]. Despite the
progress, an in-depth understanding of the eco-evolutionary
adaptation to food types requires metabolic and phylogenic
analysis that cannot be offered by traditional approaches like
DGGE [18]. Most of the previous comparative studies of
symbionts from different insect species were either carried out
with DGGE or focused on one or few symbiotic species [19,20].
Compared to those conventional techniques, new platforms like
metagenomics could help define the function of symbionts in the
food adaptation of insects and promote discovery of biocatalysts
for biotechnology applications [18].

From the deep sea to the human intestine system, metagenome
analysis has emerged as a major approach to study the
composition, function, and evolution of various microbiota [21].
Metagenome analysis and metabolic reconstruction of the termite
gut symbiotic microbiota revealed potential functionality in these
microbiomes that might be required for biomass degradation,
nutrient synthesis and other functions essential to the insect [22—
24]. Moreover, those studies also highlighted the potential for
biotechnology application of insect gut symbionts, since many
potential glycosyl hydrolases (GH) family enzymes have been
identified from the termite gut [24]. Further studies revealed the
potential complementary function between the host and symo-
bionts enzymes for highly efficient biomass degradation [23].
Despite the progress, previous research mainly focused on the
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metagenome sequencing of symbionts in single insect species or
the same symbioint in different insect species [17,25-27]. Few
studies have systematically compared the metagenomes of
symbiotic microbiota from insect species with distinctly different
diets, environmental adaptations, or life histories. This type of
comparative metagenomics approach has the potential to
substantially improve our understanding of the adaptive signifi-
cance of insect gut symbionts for insect diet specialization as well
as facilitates the discovery of novel biocatalysts for biorefinery
applications.

In this study, we selected three insect species that are from
different insect orders and have different diets and life histories
characteristics: grasshopper (Acrida cinerea (Orthoptera), cutworm
(Agrotis ipsilon) (Lepidoptera) and termite, Nasutitermes sp. (Isoptera:
Termitidae). The grasshopper is a polyphagous insect specializing
on different plant leaves, mainly from the monocot grass species.
Previous studies revealed that the grasshopper diet contains about
37.2% of forbs, 58% of grasses and sedges and 4.8% of others
[28]. The cutworm is also a polyphagous, generalist that can adapt
to a broad range of food sources including cabbage, asparagus,
bean, and other crucifers [29]. In contrast, the termite is
monophagous insect that specializes on lignocellulosic biomass as
a food source. The three insects also differ in life cycle. The
cutworm is a holometabolous insect that undergoes complete
metamorphosis with a pupal stage [30], whereas the grasshopper
and termite are hemimetabolous, having incomplete metamor-
phosis and juveniles with morphologies similar to adults [31].

Metagenome data from the gut symbiotic microbiota of
grasshopper and cutworm were generated using Illumina Genome
Analyzer, and these metagenome data were compared with the
updated sequencing data from gut symbionts of the wood-feeding
higher termite [24]. As one of the first comprehensive comparisons
of insect gut symbiotic metagenome, the goal was to examine the
relationships between the taxonomic and potential metabolic
diversity of the insect gut microbiomes and the diets and life
histories of their insect hosts at the community, metabolic
pathway, and molecular levels. The analysis indicated that the
composition of gut symbionts was correlated with their function in
biomass degradation and nutrient biosynthesis. The metabolic
reconstruction revealed the presence of specific pathways relevant
to the utilization and transport of diverse carbohydrate sources in
cutworm and grasshopper. The diversity, phylogenetic, metabolic,
and functional analyses all supported the hypothesis that insects
and their gut symbionts co-evolved with the food preferences of
the insect toward optimal capacities in biomass degradation,
macromolecule intake and utilization, complementary nutrient
synthesis, and other aspects related to insect life style. In addition,
we cloned 24 biomass degrading enzymes based on the predicted
gene models and characterized four of them. Enzyme assays
revealed that grasshopper cellulytic enzymes were generally more
active than the cutworm cellulytic enzymes, which confirmed the
presence of functional diversity at the protein. The enzyme
characterization indicated that insect guts were useful resources for
discovering novel biocatalysts for biorefinery applications.

Results/Discussion

The metagenome sequencing results were summarized in
Table 1. The sequence assembly rendered more than 20,000 of
predicted gene models for the gut symbionts from grasshopper and
cutworm, respectively. In order to analyze the composition-
function relationship, we compared the grasshopper and cutworm
gut microbiota with the updated termite gut microbiota sequences
(JGI IMG Database GOLD ID: GMO00013 and Sample ID:
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Table 1. Summary of sequence data obtained from gut

microbiomes of grasshopper and cutworm, respectively.

Parameters Grasshopper Cutworm

Total length of bases 14,036,933 11,308,910

Total length of coding bases 8,208,120 7,663,722

G+C content% 42.08 38.14

Total Scaffolds 39,301 35,554

Total CDSs 22,335 25,208

Average CDS length, bp 371 302
Archaea CDSs (% of total CDSs) 16 (0.17) 36 (0.31)
Bacteria CDSs (% of total CDSs) 2,420 (26.10) 7,720 (67.15)
Eukarya CDSs (% of total CDSs) 1,977 (21.32) 361 (3.14)
Plasmid CDSs (% of total CDSs) 22 (0.24) 54 (0.47)
Virus CDSs (% of total CDSs) 166 (1.79) 214 (1.86)
Unassigned CDSs (% of total CDSs) 4,672 (50.38) 3,112 (27.07)

CDS density,% 98.94 99.01

CDS with designed function 12209 14211

CDS connected to KEGG pathways 1105 900

CDS connected to KEGG Orthology (KO) 2077 1468

CDS with COGs 8954 11317

COG clusters 2301 1728

CDS with Pfam 10604 11420

Pseudogenes 0 0

rRNA 188 102

tRNA 77 104

doi:10.1371/journal.pgen.1003131.t001

GS0000048), with respect to the phylogenetic diversity, microbial
abundance, putative gene function, and metabolic capacity. As
described above, the three host species are from distinct insect
orders and have different diet specializations and life histories.

The Microbial Species Distribution as Revealed by Gene-
Coding Sequences Reflected the Function of Insect Gut

Symbionts

Relative abundance of symbiotic microbial species in each
insect gut was estimated based on the species distribution of the
gene-coding sequences as annotated by the BLAST search. The
cluster analysis of bacterial species distribution for the gut
symbionts was shown in Figure 1. It should be pointed out that
Figure 1 only represented a rough estimation of the microbial
species distribution because of the genome size variations in
different symbionts, which complicated the data interpretation.
Nevertheless, the comparison of the relative abundance of the
bacteria phyla in the microbiota from the three different insect
species revealed that the microbiota composition was rather
different from each other and these differences might be relevant
to the functions they provided for their insect hosts. The dominant
groups differed among the three insect species. For the cutworm,
the phylum Bacilli was the dominant group (24.14%), followed by
Clostridia (4%), Erysipelotrichi (3.64%) and y-proteobacteria (1.43%)
(Figure 1). For the grasshopper, the most common bacterial genes
were from y-proteobacternia (25.16%), followed by Erysipelotrichi
(8.51%), Clostridia (1.27%), and Bacilli, (0.84%), respectively
(Figure 1). For both species, the most abundant groups comprised
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about 25% of the diversity, whereas the second most abundant
groups comprised less than 5%.

Even though the insects differed in microbial composition, there
were some similarities that likely were related to function. Both
Clostridia and Bacilli species have been shown to be the major
groups of microbes responsible for biogas production and biomass
conversion in microbial communities [32]. Many Clostridia species
such as C. thermocellum and C. Lungdahlii are anaerobic Firmicules
known to have a robust capacity to use cellulose, hemicellulose,
and other carbohydrate [33-35]. The presence of a large
proportion of Clostridia was likely to be important for lignocellulosic
biomass degradation [34,36]. However, the predominance of the
y-proteobacteria in grasshopper was unexpected, because Y-
proteobacteria has not been shown previously to be involved in
biomass utilization. However, recent work revealed that -
proteobacteria might be important nutrient providers for host
msects. For example, y-proteobacteria as facultative or obligate
endosymbionts were shown to play essential roles for insects like
tsetse fly in the utilization of low nutrient food sources [37].
Similarly, the predominance of y-proteobacteria in grasshoppers
might be important for the utilization of the grasses, which
characteristically have high fiber content.

Compared to the grasshopper and cutworm microbiomes, the
microbial composition of the termite microbiome reflected its
unique adaptation to utilization of woody species, where both the
Clostndia and the Spirochaetes species were predominant (Figure 1)
[24]. Additionally, the termite microbiome was composed of
several major groups with more than 5% abundance. Morpho-
logically diverse spirochaetes were consistently present in the hindgut
of all termites [38], and was found as ectosymbionts attached to
the surface of cellulose-digesting protists [39]. Overall, the
microbial populations of the cutworm, grasshopper and wood-
feeding termite gut systems appeared to consist of taxa with known
capacities for degrading and utilizing the different types of foods
on which their insect hosts specialize.

Diversity of Insect Gut Microbiota as Evaluated by the
16S rRNA

In addition to gene-coding sequence-based analyses, we also
implemented two types of phylogenetic analyses. First, two partial
16S rRNA clone libraries were established from the PCR
amplified 16S rRNA sequences using 515F/1492R  primers.
Sanger sequencing was used to sequence individual 16S rRNA
clones as summarized in Table S1. The phylogenetic analysis was
presented in Figure 2. The second phylogenetic analysis was based
on the annotation of the contigs derived from the metagenome
sequence assembly. The assembled contigs were first aligned to the
16S rRNA genes from the recent release of RDP database using
blastn. The analysis resulted in 188 and 102 contigs assigned to be
16S rRNA for cutworm and grasshopper, respectively (Table S1).
The most similar partial or complete 16S rRNA sequences from
the database were used for the multiple sequence alignment and
phylogenetic  analysis using Maximum likelihood method
(RAxXML). The analysis results were presented in Figure S1. The
results from the two types of analysis generally were consistent;
although the phlygenetic analysis based on the annotated contigs
(Figure S1) provided a deeper coverage of microbial species and a
better representation of uncultured species.

The phylogenetic analyses (Table S1, Figure 2, Figure SI)
revealed three features. First, proteobacteria represented the most
diverse group of the microbes in the microbiomes of both
grasshopper and cutworm. Among the proteobacteria, y-proteo-
bacteria was the predominant taxa and the 16S rRNA sequences
from cutworm and grasshopper formed two distinct clades,
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Figure 1. Abundance of bacterial phyla based on the predicted gene models in the gut microbiota of grasshopper (GH), cutworm
(CW), and termite (TM), respectively. The relative abundance ranged from 0-26%. Except for the three most abundant bacteria phyla, all other
phyla are less than 5%. To better visualize, the heat map scale set from 0-5%.

doi:10.1371/journal.pgen.1003131.g001

indicating the relatively independent evolution of the gut
microbiome in the two species. The 16S rRNA-based phylogenetic
analysis correlated well with the microbial abundance analysis
using gene models (Figure 1). The studies confirmed the
differences in abundance, phylogeny, and evolution of gut
symbionts between cutworm and grasshopper. A second feature
of the analyses was that the cutworm had more species of gut
symbionts than grasshopper (188 vs. 102, Figure SI1). We
speculated that the greater diversity of symbionts in the cutworm
gut as compared to that of the grasshopper might be relevant to its
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being both more of a dietary generalist. A third feature was the
discovery of large number of uncultured species or unknown
species. Uncultured species referred to the species that cannot be
cultured in standard medium, whereas unknown species referred
to those lacking taxonic information. Due to the deeper coverage
of metagenomic sequencing compared to the PCR cloning library,
Figure S1 showed almost 60% sequences were from uncultured or
unknown species. The results highlighted our limited knowledge of
the diversity of insect gut symbionts. It was proposed that the
existence of many unculturable species might be related to the
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Figure 2. Composition of grasshopper (G) and cutworm (C) gut microbiomes as revealed by 16S analysis. From a PCR-based library, 54
and 56 nearly complete sequences of the 16S rRNA V3-V9 region belonging to different bacterial species were obtained from the gut microbiomes of
grasshopper and cutworm, respectively. These were used in a Maximum Likelihood analysis (RA xML). Species identification was determined based
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Xanthomanadales), brown (a-proteobacteria), cyans (B-proteobacteria), blue (Cyanobacteria), yellow (Bacteroidetes), and green (Firmicutes).

doi:10.1371/journal.pgen.1003131.g002

significant reduced genome and limited metabolic capacity of
some symbiotic microbes [40—43]. The phenomena indicated that
the metabolic capacity of insect gut microbiota should be
considered as a whole instead of based on individual species.
Another observation was that 14 and 10 16S rRNA sequences
were assigned to Acetobacter pasteurianus (APO11163) for cutworm
and grasshopper, respectively (Figure S1). Acetobacter strains belong

to acetic acid bacteria (AAB), which are often found in various
categories of fruits, flowers, and fermented foods [44] and some
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insect guts [45]. Acetobacter might have originally been acquired
from the food sources of cutworm and grasshopper and
subsequently become a more permanent symbiont for the two
species or might occur as a transient resident. Acebacter can produce

alcohol dehydrogenase (ADH), which could potentially contribute
to lignin oxidation for lignin degradation/modification in termite

guts [46,47]. Overall, the phylogenetic analysis indicated correla-
tions between microbial composition and function and insect diet

preference.
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Comparative Functional Analysis of Microbiome from

Three Different Insect Orders

Metagenome sequencing provided more detailed functional
comparisons of different gut symbionts using pathway analysis
based on COGs (Clusters of Orthologous Groups) and KEGG
(Kyoto Encyclopedia of Genes and Genomes) [48,49]. KEGG
maps the genes within the biological pathways to derive potential
functions [50], whereas COG analysis uses evolutionary relation-
ships to group functionally relevant genes [51]. The annotation of
the cutworm and grasshopper gut microbiomes yielded 11,317
and 8954 hits for the COG database as well as 900 and 1105 hits
for the KEGG pathways, respectively.

D-ranks analysis was used to evaluate the relative enrichment of
COG and KEGG gene categories in the cutworm and grasshop-
per gut symbiotic metagenomes compared to the termite
metagenome. The enrichment or under-representation of COG
categories were as shown in Figure 3. Both cutworm and
grasshopper gut symbionts were enriched in several metabolic
pathways compared to termite gut symbionts. Cutworm gut
symbionts were enriched with genes for carbohydrate transport
and metabolism, and defense mechanisms (P<<0.05) relative to
grasshopper symbionts. The diversity in carbohydrate metabolism
genes correlated well with the taxonomic diversity of the gut
microbiomes (Figure S1) and were consistent with the hypothesis
that the greater diversity in species composition and carbohydrate
metabolism observed in the cutworm may be related to the
broader diet preference and more complicated life histories of the
cutworm compared to those of the grasshopper.

[V]Defense mechanisms HI
1 [

[R]General function prediction only _

Comparative Analysis of Insect Gut Metagenome

The ontology analysis based on KEGG revealed similar
patterns as shown in Table S2, where flagella assembly in cell
motility and type III secretion system (P<<0.05) are more enriched
in termite gut symbionts than those of cutworm and grasshopper,
although it is unclear why this would be so. Overall, the
metagenomic composition of genes in all categories reflected their
potential function in adaptation to insect diet and life history. A
more detailed functional relevance can be derived from examina-
tion of specific pathways.

Metabolic Reconstruction of Symbionts from Three
Insect Species at Pathway Level

Metabolic reconstruction provided comparison of potential
biocatalyst functionality in four general COG categories and thus
a means of relating the metabolic diversity and capability of the
microbiome to the insect diet and life style.

Plant polysaccharide degradation (Carbohydrate
transport and metabolism). Insect guts are believed to be
dual systems where enzymes from both the host and symbiotic
microorganisms work synergistically to degrade and utilize the cell
wall components [23,24,52]. Highly efficient natural biocatalyst
systems like insect guts are important resources to discover novel
enzymes for biorefinery applications [24,53]. We carried out the
domain identification for all gene models using global alignment of
the Glycosyl Hydrolase (GH) catalytic domains, Carbohydrate
Binding Modules (CBM), and glycosyl transferase (GT) domains as
shown in Table S3. A total of 31, 40, and 52 different GH CAZy
families (carbohydrate-active enzymes; http://www.cazy.org) were

EEES cutworm
1 grasshopper

[Plinorganic ion transport and metabolism |

[M]Cell wall/membrane/envelope biogenesis :

[K]Transcription:

[J]Translation, ribosomal structure and biogenesis :

[lLipid transport and metabolism _

[G]Carbohydrate transport and metabolism |

[E]JAmino acid transport and metabolism :

[C]Energy production and conversion

D-rank (sample/termite gut microbiome)

Figure 3. COG analysis reveals metabolic functions that are enriched or under-represented in grasshopper and cutworm gut. Gene
categories with D-Rank values greater than indicated by the dashed line are significantly enriched in the cutworm and grasshopper gut symbiotic
metagenome as compared to that of termite (P<0.05); Asterisks indicate categories that are significantly different between grasshopper and

cutworm gut microbiomes (P<<0.05).
doi:10.1371/journal.pgen.1003131.g003
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detected from the guts of the grasshopper, cutworm, and termite,
respectively.

There was a clear correlation between the primary food source
and the categories of enzymes predicted from the metagenomic
analysis. The termite gut featured the most abundant putative
cellulases and hemicellulases among the three insect species,
correlating with the fact that termite is an extremely successful
wood-degrading organism. There were 125 GH)5 cellulases and
101 GHI10 xylanase along with a number of GHS8, 9, and 45
endoglucananases from termite gut symbionts. However, only
GH5 and GHS family cellulases existed in the grasshopper gut.
The cutworm gut only had GH5 family cellulase (Table S3).

A striking feature of the cutworm and grasshopper biomes was
the significant enrichment in GH1 family enzymes, where 181 and
34 gene models were assigned to GHI from cutworm and
grasshopper gut microbiomes, respectively. The GHI family
enzymes include a diverse group of enzymes such as f-
glucosidases, f-galactosidases, 6-phospho-f-galactosidases, myro-
sinases, and others [54]. Most of the GHI family members attack
f-glycosidic bonds between a pyranosyl glycon and an aglycon.
Among these GH1 enzymes, f-glucosidases cleave non-reducing
carbohydrates in oligosaccharides and hydrolyze cellobiose to
glucose [54]. Other enzymes catalyze a broad spectrum of
activities for carbohydrate usage.

Other than GH 1, many f-glucosidases in GH 3, 4, and 31 also
were identified in the microbiomes of the three insect species.
Other enzymes discovered from cutworm and grasshopper guts
include GH 13 (a-amylase), GH 18 (Chitinase), GH 23, GH 28
(endopolygalacturonase), GH 38 (o-mannosidase), and GH 43 (B-
xylosidase). There were seven different types of CBM domains
identified from the termite gut microbiome and three types of
CBM domains in the grasshopper gut microbiome (Table S3).
CBM 1is a protein domain usually found in carbohydrate-
degrading enzymes for binding specific plant structural polysac-
charides [55,56]. In the metabolic reconstruction, we identified a
number of plant polysaccharide degradation enzymes and relevant
domains in grasshopper, cutworm, and termite gut microbiome
(Figure 4A and Table S3). Overall, the distribution of the GH
family enzymes and CBM domains predicted from the metage-
nomic analysis were consistent with differences among insect hosts
in food specialization, indicating that the plant polysaccharide
degradation capacity of the symbionts reflected diet specialization
of the insect.

As expected, the termite microbiome was enriched in lignocel-
lulosic biomass degrading enzymes including cellulase and
hemicellulase. However, the cutworm microbiome was enriched
with various GH family enzymes, in particular, GHI1 enzymes
involved in utilization of a variety of carbon sources. The
grasshopper microbiome was intermediate having fewer lignocel-
lulosic enzymes than the termite microbiome, but more CBM
domains, cellulases and xylanases than the cutworm microbiome
(Figure 4A and Table S3). The pattern might be important for the
degradation of high fiber grass leaves. We cloned and character-
ized several cellulytic enzymes to both verify the function of the
symbionts and exploit them for biofuel applications (see 5 below).
Overall, the distribution of GH family enzymes in the micro-
biomes of the three insects generally reflected their adaptation to
different food types.

Phosphotransferase system (PTS) for sugar membrane
transport. Another group of proteins relevant to carbohydrate
utilization was Phosphotransferase (PTS) for sugar transport across
membrane. Comparative analysis of KEGG pathways revealed
that both cutworm and grasshopper gut microbiomes were more
enriched in PT'S genes than the wood-feeding termite microbiome

PLOS Genetics | www.plosgenetics.org

Comparative Analysis of Insect Gut Metagenome

(P<0.01)(Table S2). Cluster analysis clearly indicated that the
grasshopper gut microbiome had a profile similar to cutworm, but
distinct from termite (Figure 4B). The PTS complex consisted of
three catalytic components including Enzyme I, Enzyme II
(membrane-bound sugar-specific permeases), and HPr (heat-
stable, histidine-phosphorylatable protein) [57]. Enzyme II is the
component important for carbohydrate transport across the
bacterial membrane and was identified in all three species [58]
(Figure 4A and Table S4). The COG analysis also revealed the
prevalence of different Enzyme II components in the cutworm and
grasshopper gut microbiomes. However, the termite gut symbionts
seemed to lack most types of the Enzyme II systems as shown in
Figure 4A and Table S4. The results highlighted the differences in
carbohydrate transport and processing among the microbiomes of
the three insect species. The polyphagous cutworm and grasshop-
per gut microbiomes were much more enriched and had a higher
diversity of PTS components than the microbiome of the
monophagous termite. The diversity of food types and carbohy-
drate substrates in the diets of polyphagous insects might
contribute to the maintenance of PT'S diversity in the microbiomes
of these insects. Owverall, the diversity in microbes, their
carbohydrate transport, and carbohydrate utilization genes were
correlated with the diversity of food types in the insect diet,
consistent with the hypothesis that more complicated diets require
more complicated carbohydrate transport and utilization systems
at the species, metabolic capacity, and molecular pathway levels.

Energy  production, conversion, and  nitrogen
metabolism. COG analysis also revealed that energy produc-
tion, conversion and other relevant metabolic functions were
enriched in the grasshopper and cutworm gut symbionts as
compared to termite symbionts (Figure 3). The cluster analysis of
COG category enrichment or under-representation was as shown
in Table S5. Notably, cutworm microbiome was enriched with
COG malmate/lactate dehydrogenases (COGO0039), Isocitrate
dehydrogenases (COGO0538) and other TCA (Tricarboxylic acid)
pathway components as compared to that of termite (Table S5).
However, both the termite and grasshopper gut microbiomes were
more enriched in nitrogen metabolism enzymes than the cutworm
microbiome (Table S6). For instance, 22 nitrogenase homologues
were identified in the termite gut microbiome and some nitrate
reductases were identified only in the grasshopper gut microbiome
(Table S6). Since termite and grasshopper rely on food (wood and
grasses) with less protein content as compared to cutworm, and
functional enzymes like nitrogenase for nitrogen fixation and
nutrient synthesis might be important for supplementing low
nitrogen in the diet.

Detoxification and defense-relevant mechanisms. As
compared to the wood-feeding termite, another COG category
enriched in both grasshopper and cutworm gut microbiome was
the detoxification and defense-related proteins (Figure 3, Table
S7). As shown in Figure 4C, grasshopper and cutworm gut
microbiomes were enriched in several ABC transporter-related
COGs, such as ABC-type multidrug transport system (COG1131),
ATPase and permease components (COG1132), ABC-type
antimicrobial peptide transport system (COG1136), and ABC-
type bacteriocin/lantibiotic exporters (COG2274) (Table S7 and
Figure 4C). The ATP binding cassette (ABC) transporters are
important components for the uptake and efflux systems in
different organism including bacteria, lower eukaryotes [59,60].
ABC transporters are known for their detoxification functions. For
example, the ABC transporter-based detoxification pumps in
bacteria include several major classes: the ABC super family [59],
the major facilitator super family (MFS) [61], the small multidrug
resistance (SMR) family [62], and the resistance-nodulation-cell

January 2013 | Volume 9 | Issue 1 | €1003131



Color Key Color Key
- 0051 - 0051
Row Z-Score Row Z-Score

CBM X
CBM 4 9
GH 5

Alpha amylase
Alpha amylase.

GH_20b
El

GH 32N
GH 92
GH 35
GH_G5m

™ CW GH ™ GH

Comparative Analysis of Insect Gut Metagenome

Color Key

-t 0051

Row Z-Score

€062190 cocoaat
COG1566
€062213 cOG0842
COG1619
o3 COGAT15
062893 062367
co63725
061445 coGa167
COG4168
cOG1455 c0B4170
€COG3715 cosaT
c0G3440
€0G1447 COG3183
coGOST7
coG14do 063023
€061680

061299
cocos34
€0G3444 coG4268
coG2348
coG3T1s c062746
B €0G1401

COG1263
COG1136
coG1264 coG113z
€0G1131
©0G4668 coc62274
cossr . coc1968
s COG0286
063732 Cocos10
COoGO0732
COG3731 CO0G4823
c0G1787
©063730 061403
coc3ezs €0G4403
COGATET
€OoG1925 COG3587
_|__E c0G4452
COG1T62 064096

cw ™ CW GH

Figure 4. Cluster analysis of genes in three metabolic pathways in the gut microbiomes of grasshopper (GH), cutworm (CW), and
termite (TM). A. biomass degradation enzymes in carbohydrate transport and metabolism; B. Phosphotransferase system; and C. Defense

mechanism.
doi:10.1371/journal.pgen.1003131.g004

division (RND) family [63]. Genome sequencing has revealed that
these ABC transporters are present in a broad range of
microorganisms such as Escherichia coli, Haemophilus influenzae,
Mpycoplasma genitalium, Bacillus subtilis, Mathanococcus janneschit, and
Synechoeystis PCC8603. [64-68]. The enrichment of detoxification
and defense genes in cutworm and grasshopper may be related to
their diverse food intake or more variable host environment.

Verification of Sequence Assembly and Characterization
of Enzymes for Biorefinery Applications

The ultimate goal of this research was to discover novel
biocatalysts for biorefinery applications. We therefore cloned and
characterized several enzymes for functional validation. A total of
24 ORFs of predicated plant polysaccharides degradation enzymes
were PCR amplified using primers based on the assembled
sequences (Figure S2). A total of 22 out of 24 ORFs amplified and
the sequences of all of the amplicons were consistent with the
assembled sequences (Figure S2). The results highlighted the
reliability of the Illumina metagenomic sequencing and assembly
to identify degredation enzymes. Our research represents one of
the few metagenome sequencing efforts to rely mainly on the
Illumina Genome Analyzer [69].

We further characterized an endoglucanase (CW-EG1 and GH-
EGI1) and a xylanase (CW-Xynl and GH-Xynl) from both the
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grasshopper and cutworm guts, respectively. The selected enzymes
were expressed and purified by a His-trap nickel column, as
indicated by SDS-PAGE (Figure S3). The enzyme performance
under different temperature and pH conditions was as shown in
Figure S4. All four of the enzymes exhibited activity, and the
activities were significantly influenced by temperature and pH.
Most enzymes had temperature optima at 60~70°C and pH
optima at 7.0-9.0 (Figure S4). This pH range correlates with the
fact that many insect gut systems have a slightly basic environment
[70] Considering that many traditional filamentous fungi enzymes
had optimal activity in the weakly acidic pH range, the insect gut
enzymes provided complementary capacity for biomass degrada-
tion.

We further compared the specific activity of the same category
of enzymes from cutworm and grasshopper gut microbiome.
Interestingly, for both cellulase and xylanase, the grasshopper gut
enzymes were significantly higher than those of cutworm (P<<0.05,
Figure 5). The result correlated with our previous analyses of gut
content activities, even though the differences could also result
from the choice of enzymes and other factors [2]. The adaptation
to relatively higher temperature made the enzymes good
candidates for some biomass conversion applications.

Together with many recent studies, our research indicated that
insect gut symbionts are substantial resources for enzyme discovery
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Figure 5. Comparison of the specific activities of enzymes
important for biomass deconstruction from grasshopper and
cutworm gut microbiomes. **means P<<0.01 and *means P<<0.05 in
student t-test.

doi:10.1371/journal.pgen.1003131.g005

for biorefinery applications. The relationship between the diversity
and potential functional capabilities of the gut microbiomes and
insect food preference is particularly relevant improvements in
biomass degradation, and thus should be explored for biotech-
nology applications [71-75]. Due to the technical limitations, we
particularly focused on the bacterial symbionts in this study.
Nevertheless, the fungal and protozoal symbionts in insect guts
were also widely studied for their biomass degradation capacity.
These eukaryote symbionts should be investigated for their roles in
biomass deconstruction, food and life history adaptation in the
follow-up studies.

Materials and Methods

Metagenomic DNA Extraction

Metagenome analysis requires comprehensive coverage of most
multiple species in the sample [76]. To obtain sufficient high-
quality DNA for sequencing with Illumina Genome Analyzer,
approximately 2000 third to fifth instar grasshoppers and 50
fourth to fifth instar cutworms were dissected to extract genomic
DNA from gut symbionts. A recently developed indirect DNA
extraction method was modified for the insect gut metgenomic
DNA extraction [77]. The extracted metagenomic DNA were
quantified by a Nano Drop ND-1000 spectrophotometer and
characterized by electrophoresis. Moreover, the quality of the
DNA was verified by PCR amplification of conserved 16S rRNA
for bacteria and conserved 18S rRNA for insect host contamina-
tion [29]. The results confirmed that the metagenomic DNA is
free from host DNA contaminations, because the 18S rRNA did
not amplified.

Library Construction and Metagenome Sequencing
Metagenome sequencing of cutworm and grasshopper gut
symbiotic microbioata was carried out using Illumina Genome
Analyzer II (Illumina, Inc. CA, USA) with paired-end 76 base
sequencing. Library construction was carried out following the
manufacture’s recommendation using Illumina Paired-End Se-
quencing Kit (Cat. No. PE-102-1001). Briefly, 2 to 5 ug
metagenomic DNA was sheared by nebulization to generate
DNA fragments and the ends were repaired with Klenow,
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followed by several steps to add the adapters. Adapter-ligated
DNA fragments of length 300-350 bp were isolated from a 2%
agarose gel using QIAquick Gel Extraction Kit. The fragments
were then amplified by 11 cycles of PCR reaction to generate the
DNA library at a concentration of 20-35 ng/pl. The median size
of the library was evaluated using 2% agarose gel. The PHIX
Control V2 Library was prepared by Illumina (Cat. No CGT-901-
2001) and used for sequencing. Approximately 5 pmol DNA
libraries were subjected to cluster generation and sequenced by
DNA core of Institute of Plant Genomics and Biotechnology. The
images were processed using version 0.3 of the GAPipeline
software supplied by Illumina.

Sequence Assembly

After base-calling with GAPipeline software, the remaining
44,155,246 (cutworm) and 58,033,340 (grasshopper) reads (each is
about 76 bases) were trimmed and assembled using Velvet version
0.7.55 (http://www.ebl.ac.uk/~zerbino/velvet/, European Bioin-
formatics Institute, EMBL-EBI). The resulted assembly consisted
of 64,065 and 78,991 contigs for cutworm and grasshopper,
respectively.

Loading of Data into IMG/M and Function Annotation

The draft assembled contigs (=100 bp) were loaded into IMG/
M (http://www.jgl.doe.gov/m) [78]. Before further analysis, the
IMG/M system first carried out a gene model validation process,
including editing overlapping CDSs, correcting start codons, and
identifying missed genes and pseudogenes [78]. The predicted
coding sequences (CDSs) and some functional RNAs were
recorded with start/end coordinates in the contigs. The predicted
genes were assigned to COGs (clusters of orthologous groups)
based on RPS-BLAST (reverse position specific BLAST) and
NCBI’s Conserved Domain Database (CDD), using an e-value
threshold of 10™2 without low-complexity masking [79]. Genes
were also probed against Pfam database using HMMER search
(http://hmmer janelia.org/) [80,81]. Protein-coding sequences
were further annotated for molecular function and pathways
using KEGG pathways. In addition, the metagenome sequences
and gene models were binned to rank domain, phylum, and class
using PhyloPythia [82].

16S rRNA Analysis

The phylogenetic analysis of 16S rRNA was carried out with
two types of analyses. First, two clone libraries were prepared using
PCR products amplified from cutworm and grasshopper gut
metagenome DNA with one pair of primers broadly targeting the
V3-V9 region of 16S rRNA. The primer sequences were 515F (5'-
GTGCCAGCAGCCGCGGTAATACCTTGTTACGACTT-3")
and 1492R (5'-GGTTACCTTGTTACGACTT-3") [83]. 87 and
97 near complete 16S rRNA V3-V9 region sequences were
obtained for cutworm and grasshopper gut microbiome, respec-
tively. The 16S rRNAs was then used for phylogenetic analysis.

In addition to sequencing of the V3-V9 region, we also sought
to reach a deep coverage of symbiotic species by analyzing the
assembled metagenome sequences. 16S rRNA sequences were
identified using BLASTN (E<1x107° and a sequence length hit
>50 nt) search against the SSU rRNA genes from release 16.3.3
of the RDP database (http://rdp.cme.msu.edu/) [84], and the
European Ribosomal RNA database (http://www.psb.ugent.be/
rRNA/index.html). Due to the high similarity, it is usually difficult
to isolate the 16S rRNA genes from de novo assembly of
metagenome data. A total of 96 and 53 partial and near complete
16S sequences were extracted from 188 and 102 assembled contigs
for cutworm and grasshopper gut microbiomes, respectively. The
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sequences were then aligned with the NAST aligner [85], and
imported into an ARB database (http://greengenes.lbl.gov) [86].
The nearest aligned full length sequences were used for classification
and phylogenetic tree construction using RAxML [87].
Phylogenetic analysis was carried out using the Minimum
Evolution method with the sum of branch length =5.0 [88]. The
evolutionary distances were computed using the Maximum Com-
posite Likelihood method with 1000 replicates of bootstrap tests [89].

Comparative Metabolic Pathway Analysis

In order to compare the metabolic pathways for different
microbiota, the coding sequences were analyzed with KEGG and
COG (Clusters of orthologous groups). Both grasshopper and
cutworm symbiotic metagenome and updated termite metageome
data (JGI IMG Database GOLD ID: GM00013 and Sample ID:
GS0000048) [24] were compared. For KEGG analysis, all coding
sequences were converted into KEGG orthologous (KO) groups, and
the KEGG pathway annotation was extracted based on the latest
release of KEGG version (Release 55.1, September 1, 2010). The
COG assignment was based on RPS-BLAST and NCBI’s Conserved
Domain Database (CDD). Only 4.95%, 3.48%, and 6.41% of
predicted genes were assigned to KEGG pathway for grasshopper,
cutworm, and termite gut microbiome, respectively. 39.4%, 44.41%,
and 53.56% of coding sequences were assigned to COG terms for
grasshopper, cutworm and termite gut microbiome, respectively.

In order to further define the enrichment or under-representation
of a KEGG pathway or a COG term in a certain microbiome, two
metrics were used in this study. For the comparison of a protein
family between a query metagenome and a reference metagenome,
the D-scores were calculated using a binomial distribution. We
calculated the D-score using (f1-/2)/sqrt(p*q * (1/nl+1/n2)), where
Jf1=x1/nl=frequency of functional occurrence in query group,
J2=x2/n2 = frequency of functional occurrence in reference group,
p = (xI+x2)/ (n1+n2) = probability of occurrence, ¢=1—p=prob-
ability of non-occurrence. Specifically, x/ was the number of a given
function in query group, x2 was the number of a given function in
reference group, n/ was total counts of all function occurrences in
query group, and n2 was total counts of all function occurrences in
reference group. Further analysis involved D-rank, a normalization
ranking for each pair wise comparison. D-rank was calculated by
adding the D-scores of all protein families assigned to a certain
functional category and then normalized by the square root of the
number of total categories [90,91].

Sequence Assembly Verification, Subcloning, Expression,
and Activity Assay for Biocatalysts

In order to verify the quality of sequence assembly and discover
novel biocatalysts, 24 predicted coding genes for carbohydrate
degrading enzymes were amplified, among which 22 showed
positive results. Among the 22, four were expressed and analyzed.
The same batch of sequenced metagenomic DNAs were used as
template for PCR amplification. The PCR mixture (50 ul)
contained 5 pl of 10x PCR buffer, 4 ul of MgCly (25 mM), 1 ul
of dNTP, 1 ul of each primer (10 mM), 37 pl of sterile Milli-Q
water, 0.5 ul of Tagpolymerase (AmpliTaq Gold DNA Polymerase,
Applied Biosystems, CA, USA), and 0.5 ul of DNA templates. PCR
were carried out under the following conditions: an initial
denaturation at 94°C for 5 min; 35 cycles of denaturation at
94°C 30 s, annealing at 55°C 1 min, and extension at 72°C for
1.5 min. The final step of the PCR was an extension step at72°C for
7 min, followed by cooling at 4°C. The PCR products were
analyzed by gel electrophoresis. Two predicted endoglucanase
genes and two xylanase genes were cloned and expressed as
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described by Shi et al (2011) [29]. Briefly, the endoglucanase and
xylanase genes were cloned into pET161 vector (Cat No. K160-01,
Invitrogen, USA) with a 6 xHis-tags. The enzyme expressions were
induced in BL21 (DE3) cells with 0.5 mM IPTG at 25°C for
5 hours. The expressed enzymes were purified through a 5-ml
nickel affinity column in AKTA FPLC system (GE healthcare,
USA). Cellulase and xylanase activities were measured by the
amount of reducing sugars released using dinitrosalicylic acid [92].
One unit was calculated as 1 umol reducing sugar released per
minute using glucose as standard.

Sequence Accession Numbers

This Whole Genome Shotgun project was deposited at DDBJ/
EMBL/GenBank under the accession AKYZ00000000 and
AKZA00000000 for grasshopper and cutworm, respectively.
The version described in this paper is the first version,
AKYZ01000000 and AKZA01000000. The Genbank ID for the
four enzymes was as follows; cutworm EGI is JX434086;
grasshopper EG1 is JX434088; cutworm XYNI is JX434089;
and grasshopper XYNI1 is KC155983.

Supporting Information

Figure S1 Phylogenetic tree of 165 rRNA annotated sequences.
A. Grasshopper; B, cutworm. A total of 96 and 53 partial 16S
rRNA sequences were extracted from cutworm and grasshopper
gut microbiomes, respectively. The sequences were then aligned
with the NAST aligner, and imported into an ARB database. The
nearest aligned full length sequences were used for classification
and phylogenetic tree construction using RAxML. Genbank
accession numbers were presented in the figure.

(TIF)

Figure 82 PCR amplification of cellulytic enzyme Open
Reading Frames (ORFs) from the same metagenome DNA sample
for sequencing library construction.

(TIF)

Figure 83 Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) analysis of purified enzymes from cutworm
and grasshopper microbiomes. M: Pertained marker (Invitrogen);
1: purified endoglucanase from grasshopper (GH-EG1); 2: purified
endoglucanase from cutworm (CW-EGI1); 3: purified xylanase
from cutworm (CW-Xynl); 4: purified xylanase from grasshopper
(GH-Xynl).

(TIF)

Figure 84 The effect of temperature and pH conditions on
enzyme activities (mean * SD) for the four enzymes cloned from
cutworm and grasshopper microbiomes. A and B. One endoglu-
canases from grasshopper (GH-EG1) and one from cutworm (CW-
EGI) gut microbiomes. C and D. one xylanase from grasshopper
(GH-Xyn1) and one from cutworm (CW-Xynl) gut microbiomes.
(TIF)

Table S1 Summary of the 16S rRNA gene sequences identified
from the PCR clone library of V3-V9 region for both the

cutworm and grasshopper gut microbiome.
(PDF)

Table S2 Enriched or under-represented KEGG pathway
categories in grasshopper and cutworm gut microbiome as
compared to those of termite gut.

(PDE)
Table 83 Comparison of Glycosyl Hydrolase (GH), Carbohy-
drate Binding Modules (CBM), and Glycosyl Transferase (GT)
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domain counts in grasshopper (GH), cutworm (CW), and termite
(TM). GH stands for grasshopper, CW stands for cutworm, and
TM stands for termite.

(PDF)

Table S4 Distribution of genes belonging to the phosphotrans-
ferase system (P'TS) in the grasshopper (GH), cutworm (CW), and
termite (TM).

(PDF)

Table 85 Comparison of grasshopper (G) and cutworm (C) gut
microbiome with termite (T) gut microbiome showed the
enrichment of energy production and conversion COGs.

(PDF)

Table S6 Comparison of grasshopper (GH) and cutworm (CW)
gut microbiome with termite (TM) gut microbiome showed the
enrichment for nitrogen metabolism KEGGs.

(PDF)
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