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Abstract 　 Insect gut symbiotic microbiota play essential roles in the grow th ，

development ，pathogenesis ，and environmental adaptation of host insects畅 The
molecular and systems level analysis of insect gut symbiotic microbial commu唱
nity will allow us to discover novel biocatalysts for biomass deconstruction and
to develop innovative strategies for pest management畅 We hereby review the
various molecular biology techniques as applied to the insect gut symbiont anal唱
ysis畅 The review aims to serve as an informative resource for experimental de唱
sign and research strategy development in the field畅 We first discussed various
strategies for sample preparation and their pros and cons畅 The traditional mo唱
lecular techniques like DGGE ，RFLP ，and FISH were covered with respect to
how they are applied to study the composition ，diversity ，and dynamics of in唱
sect gut symbiotic microbiota畅 We then focused on the various ‘omics’ tech唱
niques畅 The metagenome analysis together with the recent advancements in
next generation sequencing will provide enormous sequencing information allo 唱
wing the in唱depth microbial diversity analysis and the modeling of pathways for
biological processes like biomass degradation畅 The metagenome sequencing will
also enable the study of system dynamics and gene expression with metatran唱
scriptome and metaproteome methods畅 The integration of different ‘omics’
level data will allow us to understand how insect gut works as a system to car唱
ry out the functions畅 The molecular and systems level understanding will also
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guide the reverse design of next generation biorefinery畅
Key words 　 insect gut ， symbiotic microbiota ，DGGE ， metagenomics ，

metaproteomics ，systems biology

I 　 Introduction唱Why to Study Insect Gut Symbionts ？
Insects are one of the most diverse groups of living organisms on earth （Chapman ，

２００６ ；Erwin ，１９８２）畅 Due to their diverse behaviors and feeding habits ，almost no ter唱
restrial food source can escape the consumption by one or more insect species畅 Despite
the diversity ，the highly interdependent and well regulated symbiotic interactions with
microorganisms seem to be an important common property for different insect species
（Breznak ，２００４）畅

I畅1 　 The Definition and Importance of the Symbiosis
Symbiosis of ten refers to the long唱term and mutually beneficial interactions among

different species畅 Symbiotic microbes living inside of the host species are referred as en唱
dosymbionts ，and the symbiotic microbes living upon or outside an insect’s body are of唱
ten defined as ectosymbionts （Breznak ，２００４）畅 Based on the previous studies ，endosym唱
bionts are prevalent in a variety of insect species such as scarab beetles ，cockroaches ，
and termites et al畅 （Brune ，２００３ ；Dasch et al畅 ，１９８４ ；Kane and Pierce ，１９９４b ；Kauf唱
man et al畅 ，２０００）畅 Overall ，it is estimated that a majority of members of the Insecta are
involved in some type of symbiosis （Moran ，２００２ ；Moran ，２００７ ；Moran and Telang ，

１９９８）畅 Considering that Insecta is the largest group of invertebrates ，it is important to
study the symbiosis in various insect species to understand the evolutionary and ecologi唱
cal significance of the predominant phenomena畅 In particular ，we need to better under唱
stand what roles the symbiotic microbiota plays in the plant唱insect interaction in terms of
host selection and co唱evolution of host唱insect relationships畅 From the application per唱
spective ，the study of insect symbionts will help to discover novel biocatalysts for bio唱
mass deconstruction and develop innovative strategies for pest management畅
I畅2 　 Function of Insect Symbiotic Microbiota

The herbivore insect gut microbiota has been well唱established for at least two as唱
pects of the function ，the nutrient biosynthesis and the biomass deconstruction畅 The nu唱
tritional function of the insect endosymbiotic microbes have been well studied by the
feeding experiments with unbalanced or poor diets lacking essential nutrients such as a 唱
mino acids and vitamins （Douglas ，１９９８）畅 Some feeding experiments demonstrated that
the insect endosymbiont can help to produce the nutrients that do not exist in the food
（Khachane et al畅 ，２００７ ； Tamas et al畅 ，２００２ ； Tamas et al畅 ，２００８ ；van Ham et al畅 ，
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２００３）畅 The genome sequence of an obligate symbiont W igglesworthia glossinidia re唱
vealed many genes for nutrient biosynthesis and transport （A kman et al畅 ，２００２）畅 The
phenomena are typical for the symbiotic microbes ，which of ten dedicate part of their ge唱
nomes for the benefit of the hosts （Moran ，２００１ ；Ochman and Moran ，２００１）畅 Recent
metagenome project also revealed that the viruses affecting the symbionts of honeybee
will lead to detrimental effects on the honeybee grow th and development and could be a
major cause for CCD （Colony Collapse Disease） （Cox唱Foster et al畅 ，２００７）畅

The second well唱characterized function for the insect symbiotic microbiota is the bi唱
omass deconstruction and digestion functions畅 Both herbivore insects and symbiotic mi唱
crobes can secrete cellulytic enzymes for biomass deconstruction and hydrolysis （Ohku唱
ma ，２００３ ；Tokuda and Watanabe ，２００７ ；Warnecke et al畅 ，２００７ ；Sun and Zhou ２００９）畅
It has been controversial about w hich plays a more important roles for biomass decon唱
struction ，the symbionts or insect host itself畅 Despite the controversy ，the importance
of the symbiotic microbes for biomass deconstruction has recently been established by
the various genome唱level studies畅 For example ， the symbiotic microbiota can help ter唱
mites to deconstruct the lignocellulosic biomass with a high efficiency （Ohkuma ，２００３）畅
Termite gut has actually been referred as the smallest bioreactor in the world （Brune ，
１９９８）畅 The recent sequencing of the symbiotic microbiota of the higher termite revealed
many glycosyl hydrolase enzymes with activities for degrading cell wall components like
cellulose and hemicellulose （Warnecke et al畅 ，２００７）畅 In addition ，the recent completion
of the genome sequence of a prokaryotic symbiont of cellulolytic protozoa Pseudotricho唱
nympha grassi has also unveiled its ability to fix nitrogen and to recycle putative host ni唱
trogen wastes for the biosynthesis of diverse amino acids and cofactors （Hongoh et al畅 ，

２００８b）畅 The protozoa contains up to ７０％ of the bacterial cells in the gut of the termite
Cop totermes f ormosanus and is an important component of the termite gut symbiont畅
Both nutrient production and biomass deconstruction functions of the insect gut

symbiotic microbiota can be exploited for biotechnology purposes畅 On one side ，it might
be possible to develop various strategies for pest management through the control of in 唱
sect gut symbiotic microbes畅 On the other side ，the insect gut symbiotic microbiota can
be exploited for the novel biocatalysts and microbe strain discovery畅 Combining with the
functional validation ，these new biocatalysts and microbe strains could greatly improve
the design and efficiency of the next generation biorefinery畅 The thorough understanding
of the insect gut as a natural biocatalyst system with various molecular techniques will
also enable the reverse design of next generation biorefinery畅 Regardless of the goal of
analysis ，the first task for analyzing insect gut microbiota is to prepare the samples that
well represent the microbe community in the insect guts畅
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II 　 Sample Preparation for Insect Gut Symbio tic M icrobial
S tudy
At the ‘omics’ age ，DNA ，RNA ，protein and metabolite samples can be prepared

from insect gut symbionts畅 We hereby focus on metagenomic DNA sample preparation
and then briefly discuss the sample preparation for metaproteomics畅
II畅1 　 Insect Gut Metagenomic DNA Extraction
Metagenomics can be defined as the study of metagenome ，the whole genetic mate唱

rial of the microbial community existing in certain eco唱environment （Sleator et al畅 ，

２００８）畅 The ultimate goal of metagenomics is to acquire a global view of the composition
and function of the microbial community （Guazzaroni et al畅 ，２００９）畅 The proper meth唱
ods for DNA extraction remain key to reaching a comprehensive and unbiased evaluation
of metagenomes of the community ，particularly for the unculturable microorganisms
（Cowan et al畅 ，２００５）畅 In order to reach such a goal ，there are three aspects to consider
during the sample preparation （Schmeisser et al畅 ，２００７）畅 The first aspect is the cover唱
age畅 Metagenomic DNA should cover as many microbial species as possible畅 The second
aspect is the integrity of the DNA sample畅 Shearing should be avoided to obtain the high
molecular weight and high quality metagenomic DNA畅 The third aspect is the purity畅
The metagenomic DNA should be free of contaminants interfering with downstream
DNA processing such as enzyme digestion ，PCR ，and vector ligation （Schmeisser et al畅 ，

２００７）畅

Many of the insect gut microbial DNA isolation protocols were derived from those
for soil microbial community analysis and the first paper on the extraction of DNA from
soil were published more than three decades ago （Torsvik ，１９８０）畅 Two strategies have
been popular for metagenomic DNA isolation ，and they are cell recovery method and di唱
rect lysis method （Roose唱Amsaleg ，２００１）畅 The cell recovery method isolates intact or唱
ganisms from the gut content prior to cell lysis ，and the cell isolation is achieved either
by repeated homogenization and differential centrifugation （Holben et al畅 ，１９８８ ；Hop唱
kins et al畅 ，１９９１） or by gradient centrifugation in medium such as sucrose ，Nycodenz（ ，

Percoll（ ，or metrizamide （Pillai et al畅 ，１９９１ ；Robe et al畅 ，２００３）畅 Some commercial kits
have recently become available and these kits greatly simplified many cultivation唱inde唱
pendent analysis methods （Smalla ，２００４）畅 The commercial kits used for DNA extrac唱
tion from insect gut systems are as shown in Table １畅 For instance ，Schloss et al畅 used
FastDNA SPIN kit for soil （MP Biomedical ，USA ） to isolate the metagenomic DNA
from the wood唱boring beetle’s gut after the sonication and centrifugation separation of
bacterial cells from insect gut wall畅 The DNA isolation involves mechanical lysis by bead

·８６１· ２０１１工业生物技术发展报告



beating followed by purification of DNA on a silica matrix （Schloss et al畅 ，２００６）畅 The
same kit has also been used widely for metagenomic DNA extraction from the gut sys唱
tems of grass grub （Zhang and Jackson ，２００８） ，feral locusts ，grasshoppers （Dillon et
al畅 ，２００８） ，and termite （Shinzato et al畅 ，２００５）畅 Other commercial kits used for insect
gut symbiotic microbial metagenomic DNA isolation includes the GenElute bacterial ge唱
nomic DNA kit （Sigma唱Aldrich Corp畅 ，St畅 Louis ，MO） （Guan et al畅 ，２００７） ，Qiagen
DNeasy Tissue kit （Fisher et al畅 ，２００７） ，QIAamp DNA Mini Kit （Hosokawa et al畅 ，

２００６） ，Wizard ？Genomic DNA Purification Kit from Promega （Wei et al畅 ，２００６） ，and
PowerSoil ？DNA isolation kit （Pittman et al畅 ，２００８b）畅 Despite the available commercial
kits ，one has to realize that the metagenomic DNA preparation protocol has to be opti唱
mized because most of these kits are not designed for metagenomic DNA isolation from
insect gut （Broderick et al畅 ，２００４ ；Warnecke et al畅 ，２００７）畅 For example ，we have re唱
cently modified an indirect DNA extraction method for various insect gutsymbiont met 唱
agenomic DNA extraction （Shi et al畅 ，２００９b）畅

Table1 　 Commercial kits for metagenome DNA extraction and their application in insect gut system
Company Target product Website Application in insect gut symbiota

MP Biomedicals FastDNA SPIN kit for soil http ：／／www  畅mpbio  畅 com
（Zhang and Jackson ，２００８）Dillon
et al �畅 ， ２００８ （Shinzato et al  畅 ，

２００５a）
Sigma唱Aldrich GenElute bacterial genomic

DNA kit
http ：／／www  畅 sigmaaldrich 眄畅

com ／
Guan et al =畅 ，２００７

QIAGEN Qiagen DNeasy Tissue kit http ：／／www１ J@畅 qiagen C畅 com ／ Fisher et al `畅 ，２００７

QIAGEN QIAamp DNA Mini Kit http ：／／www１ J@畅 qiagen C畅 com ／ Hosokawa et al 痧畅 ，２００６

Promega Wizard ？Genomic DNA Pur唱
ification Kit

http ：／／www  畅 promega d畅 com ／

Default S畅 asp Wei et al  畅 ，２００６

Mo Bio Labora唱
tories

PowerSoil TM DNA isolation
kit

http ：／／www  畅mobio  畅 com ／in唱
dex 挝畅 php Pit tman et al 棗畅 ，２００８b

Besides the cell separation approaches ，another approach is based on direct or in si唱
tu lysis of microbial cells in the presence of the environmental matrix （e畅 g畅 ，soil ，sedi唱
ments ，or plant material） ，followed by the separation of nucleic acids from matrix com 唱

ponents and cell debris （Ogram et al畅 ，１９８７）畅 The strategy generally yields more DNA
and is believed to provide a better representation of the environmental biodiversity
（More et al畅 ，１９９４）畅 However ，the largest disadvantage of direct lysis methods is the
co唱recovery of contaminants like humic and fulvic acids with the environmental DNA ，

and these contaminants are visible as a dark color in the DNA sample畅 The contaminants
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have been demonstrated to be the inhibitors for DNA hybridization ，digestion and PCR
（polymerase chain reactions ） （Jackson et al畅 ，１９９７ ；Miller et al畅 ，１９９９ ； Tebbe and
Vahjen ，１９９３）畅 The removal of co唱extracted humic acids is critical for the direct lysis
method畅 Lilburn et al畅 （１９９９） used direct lysis method for phylogenetic diversity study
of termite gut spirochaetes （Lilburn et al畅 ，１９９９）畅 Despite the advantages of the direct
lysis method ，much fewer studies used the method to study the insect gut symbiont ，
probably because of the concerns over contamination of the host DNA畅 Overall ，cell re唱
covery method has been much more popular in the insect gut metagenomic analysis and
various commercial kits and modified protocols are available for the analysis畅 The cell
recovery method can also be modified to isolate RNA from the symbiotic microbiota畅
II畅2 　 Protein for ‘Omics’ Analysis
Besides the metagenomics ，metaproteomics are also important perspectives for ana唱

lyzing the insect gut microbe communities畅 Metaproteome describes the proteins ex唱
pressed in the environmental samples and provides the real唱time dynamics of the system
（Handelsman et al畅 ，１９９８）畅 Among the various proteomic techniques ，mass spectrome唱
try （MS）唱based shot唱gun proteomics has emerged as the primary method for the identifi唱
cation and quantification of the protein expression （Cravatt et al畅 ，２００７）畅 As for the
metagenome analysis ，sample preparation is also crucial for the metaproteomics畅 The
challenges come from the requirements from both the environmental samples and the
ESI （electrospray ionization ） mass spectrometry analysis畅 On one side ，ESI is highly
sensitive to detergent and requires the sample to be relatively pure畅 The extra purifica唱
tion step is of ten involved for sample preparation for shot唱gun proteomics and the use of
detergent like SDS should be avoided畅 On the other side ，the sample preparation from
insect guts needs to be comprehensive and the contamination from the host tissue needs
to be avoided畅 Several protocols were developed based on the previous metaproteomics
analysis of environmental samples畅 Ogunseitan developed and evaluated two methods for
ex tracting proteins from water ，sediments ，and soil samples （Ogunseitan ，１９９３ ；Ogun唱
seitan ，１９９７）畅 One is the boiling method ，which recovered high concentrations of pro唱
teins from wastewater but not from soil and sediments畅 The other one is the freeze唱thaw
method ，which worked better for soils and sediments （Ogunseitan ，１９９３ ；Ogunseitan ，

１９９７）畅 After the pioneering work ，different ex tracting methods were developed for vari唱
ous purposes （Schulze et al畅 ，２００５ ；Singleton et al畅 ，２００３）畅 As compared to the envi唱
ronmental samples like soil and sediment ，the insect gut samples are normally very lim唱
ited and need specific modification of the protocols for efficient and comprehensive ex 唱
traction of proteome for LC唱MS／MS analysis畅 In addition ，the extraction of total micro唱
bial protein and the extraction of free proteins in the gut content will be different畅 War唱
necke and colleagues employed metaproteomics approaches to study the free proteins ex 唱
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tracted from wood唱feeding higher termite hindgut （Warnecke et al畅 ，２００７）畅 The sample
preparation involves the high speed centrifugation of luminal contents in saline buffer to
remove the insoluble fraction畅 The soluble proteins were then denatured ，reduced ，alky唱
lated ，and digested with trypsin for the LC唱MS／MS唱based shot唱gun proteomics analysis畅
The analysis allowed the measurement of the soluble proteins in the gut contents畅 How唱
ever ，the analysis of total microbial protein will have to follow a protocol similar to the
cell recovery metagenomic DNA extraction method ，where the microbial cells will be
first separated and then the total protein will be extracted畅 We have recently developed
such a protocol for cattle rumen metaproteomics analysis ，which can also be used for
insect gut analysis畅
III 　 T raditional M olecular T echniques to Investigate the

Insect Gut M icrobio ta
Traditional molecular techniques played an important role in furthering our under 唱

standing of the composition and function of the insect gut symbionts畅 These techniques
continue to provide solutions for insect gut microbial community analysis at the ‘omics’
age畅 Over the past two decades ，the study of insect gut samples with molecular methods
has revealed a large discrepancy between the relatively few culturable microorganisms
and the significant diversity present in insect gut （Head et al畅 ，１９９８ ；Pace ，１９９７）畅 Due
to the limitation of the cultivation唱based methods ，it was expected that most of the di唱
versity in the insect gut microbiomes were still unknown （Stokes et al畅 ，２００１）畅 In order
to study the diversity of insect gut microbial community ，three major molecular approa唱
ches have been employed to discover new genes and investigate the composition of the
gut microbial community畅 These three approaches includes gene targeting PCR ，molecu唱
lar fingerprinting techniques such as DGGE （denaturing gradient gel electrophoresis ） ，

and oligonucleotide probe唱based hybridization techniques such as FISH （Fluorescent in
situ hybridization） （Stokes et al畅 ，２００１）畅

III畅1 　 Gene Targeting ：Gene Specific PCR
Gene targeting techniques employs the gene唱specific primers to specifically amplify

the target genes including conserved １６S rRNA gene or a gene of specific functional in唱
terest from the metagenomic DNA of insect gut symbionts畅 This approach has been
widely applied to insect gut symbiotic microbiota analysis and has revealed substantial
bacterial diversity and groups of unculturable microbes （Brauman et al畅 ，２００１ ；Paster et
al畅 ，１９９６ ；Spiteller et al畅 ，２０００）畅 Kane and Pierce （Kane and Pierce ，１９９４a） were one
of the first to use PCR唱based ribosomal DNA sequencing to study insect gut microbial
community畅 Later on ，Mckillip and his colleagues analyzed the composition of the mi唱
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crobiome in the midgut of Pandemis p y rusana Kear f ott by both PCR and culturing
techniques （McKillip et al畅 ，１９９７）畅 Lilburn and colleagues sequenced ９８ clones of near唱
full唱length １６S rDNA genes of Sp irochaetes in the gut of termite species Reticulitermes
f lav i pes畅 The research revealed substantial phylogenetic diversity in the termite gut
（Lilburn et al畅 ，１９９９）畅 Phylogenetic analysis of １６S rRNA genes recovered from the
hindgut of soil唱feeding termite also revealed an enormous diversity of bacteria in the dif唱
ferent gut compartments （Schmitt唱Wagner et al畅 ，２００３b）畅 Based on the PCR targeting
１６S rRNA ，it has also been shown that most of the gut microbial １６S rRNAs from ter唱
mite Reticulitermes speratus were unknown （Ohkuma and Kudo ，１９９６）畅 Most of the
early １６S rRNA gene targeting analysis revealed a significant number of unknown bacte唱
rial species at the time畅
Besides the １６S rRNA ，gene specific PCR has also been widely used to discover

genes of interest and survey the metabolic pathways畅 The approach has been particularly
useful in cell wall degrading enzyme discovery for bioenergy purposes畅 A number of cel唱
lulases belonging to glycosyl hydrolase family ４５ were cloned by the gene targeting from
the flagellates Koruga bonita and Deltotrichonympha nana ，both of which were cul唱
tured from termite gut （Li et al畅 ，２００３）畅 In addition ，Inoue and his colleagues identified
a cellulase gene from lower termite hindgut using PCR with gene唱specific primers and in
situ hybridization （Inoue et al畅 ，２００５）畅

In addition to the gene targeting PCR of DNA sample ，reverse transcriptase PCR
（RT唱PCR） from RNA has also been employed to clone genes from environmental sam唱
ples （Manefield et al畅 ，２００２）畅 By combining the RT唱PCR with immune唱blotting ，Casu
and colleagues identified a major excretory ／secretory protease from L ucilia cup rina lar唱
vae （Casu et al畅 ，１９９６）畅 Noda and his colleagues also amplified a nitrogen fixation gene
from microbial RNA in the gut of the termite Neotermes koshunensis by RT唱PCR （Noda
et al畅 ，１９９９）畅 RT唱PCR experiments also revealed that five GHF９ EG （Glycosyl Hydro唱
lase Family ９ Endoglucanase） homologs were expressed in the salivary glands and the
midgut of termites （Nakashima et al畅 ，２００２）畅 Other examples employing the RT唱PCR
technique for gene discovery in insect guts includes the studies in A ncy lostoma caninum
hookworms （Jones and Hotez ，２００２） ，Creontiades dilutus （Colebatch et al畅 ，２００２） ，

Protaetia brev itarsis （Yoon et al畅 ，２００３） ， A edes aegy p ti （Pootanakit et al畅 ，２００３） ，

Helicover p a armigera （Chougule et al畅 ，２００５） ，and Manduca sex ta （Brinkmann et al畅 ，

２００８ ；Hogenkamp et al畅 ，２００５）畅

Even though gene唱specific PCR was proven to be effective for gene discovery and
microbial diversity analysis ，two major limitations have restricted the application of the
technique （Cowan et al畅 ，２００５）畅 First ，the gene唱targeting techniques depend on the ex唱
isting sequence information to design primers for PCR amplification ，which greatly lim唱
ited the application of the technique畅 Second ， normally only partial sequence of the

·２７１· ２０１１工业生物技术发展报告



genes can be cloned畅 The cloning of full length genes will have to involve further PCR唱
based chromosome walking （Cowan et al畅 ，２００５）畅 The available next generation se唱
quencing techniques and the metagenomic strategies will certainly revolutionize both the
gene discovery and biodiversity analysis for the insect gut symbiotic microbiota畅 In addi唱
tion to traditional gene唱targeting PCR唱based techniques ，PCR can be also used for vari唱
ous molecular fingerprinting techniques to study the microbial diversity畅
III畅2 　 Molecular fingerprinting techniques
Besides the library唱based gene targeting PCR ，several other PCR唱based techniques

have also been widely used to study the microbial diversity in various environmental
samples畅 These molecular fingerprinting techniques include denaturing or temperature
gradient gel electrophoresis （DGGE or TGGE ） （Muyzer et al畅 ，１９９３ ；Muyzer and
Smalla ，１９９８） ，restriction fragment length polymorphisms （RFLP） （Liu et al畅 ，１９９７ ；

Osborn et al畅 ，２０００） ， single strand conformation polymorphism （SSCP） （Lee et al畅 ，

１９９６ ；Schwieger and Tebbe ，１９９８） ，and random amplified polymorphic DNA （RAPD）
（Kauppinen et al畅 ，１９９９）畅 For the microbial diversity analysis ，these techniques are u唱
sually used to analyze the sequence of １６s rRNA from different microbial species ，where
both molecular fingerprints and phylogenetic affiliation of microbial species can be gen 唱
erated （Smalla ，２００４）畅 These techniques have been proven to be helpful to provide an o唱
verview of microbial diversity in certain insect gut symbiotic microbiota畅 We hereby re唱
view the previous application of these techniques in insect gut microbial diversity analy 唱
sis畅

Among the different aforementioned genetic fingerprinting techniques ，denaturing
gradient gel electrophoresis （DGGE） is perhaps the most commonly used one畅 The re唱
cent application of the technique to study the insect gut microbial diversity has led to a
much more comprehensive understanding of insect symbionts （da Mota et al畅 ，２００５ ；

Schabereiter唱Gurtner et al畅 ，２００３ ；Smalla et al畅 ，２００７ ；Webster et al畅 ，２００３）畅 The
DGGE profiling of wasp larval Vespula germanica revealed a diverse group of microor唱
ganisms in the gut and indicated that the wasp larva are not dependent on one particular
type of mutualists （Reeson et al畅 ，２００３）畅 Behar and his colleagues analyzed the Medi唱
terranean fruit fly gut bacterial communities using both culture唱dependent and culture唱
independent approaches like DGGE and revealed that family Enterobacteriaceae was the
most dominant species in the fruit fly gut （Behar et al畅 ，２００５）畅 Recently ，DGGE was
employed to explore the microbial diversity in herbivore insects to study the potential
mechanisms for biomass degradation畅 ERIC唱PCR （enterobacterial repetitive intergenic
consensus） and DGGE were combined to compare the diversity of the lactic acid bacteria
communities in the wood唱 and soil唱feeding termites （Bauer et al畅 ，２０００）畅 DGGE method
was also used to survey and screen for the gut microorganisms in wood唱feeding termite
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（Hayashi et al畅 ，２００７） ，soil唱feeding termite ，and its mounds （Fall et al畅 ，２００７）畅 In ad唱
dition to termite ，the symbiotic microbiota in the hindguts of scarab beetle larvae were
also explored with metagenomic approaches mainly based on the DGGE （Pittman et al畅 ，

２００８b ；Vasanthakumar et al畅 ，２００６）畅 Moreover ，Dillon and his colleagues surveyed mi唱
crobial diversity from four species of feral locusts and grasshoppers by DGGE analysis of
bacterial １６S gene fragments and revealed that Gammap roteobacteria from the family
Enterobacteriaceae is the most predominant species in the grasshopper and locust guts
（Dillon et al畅 ，２００８）畅 Recently ，we revealed the diversity of gut bacteria from different
insect species by denaturing gradient gel electrophoresis （DGGE） and found significant
microbial diversity differences among the wood唱feeding ，grass唱feeding ，and leaf唱feeding
insects （Shi et al畅 ，２００９b）畅 DGGE has also been used to study the sympbiotic microbio唱
ta in a variety of insect species like Dermolep ida albohirturn （Pittman et al畅 ，２００８a ；
Pittman et al畅 ，２００８b） ，Gadus morhua L畅 （McIntosh et al畅 ，２００８） ，Diamondback moth
（Raymond et al畅 ，２００８） ，A nopheles gambiae （Lindh et al畅 ，２００８） ，H ip poglossus hip唱
poglossus L畅 （Bjornsdottir et al畅 ，２００９） ，and A rtemia f ranciscana （Orozco唱Medina et
al畅 ，２００９）畅

RFLP （restriction fragment length polymorphism ） analysis differentiates homolo唱
gous DNA sequences based on the distinct DNA fragment patterns resulted from the se唱
quence specificity toward restriction enzymes （Esumi et al畅 ，１９８２）畅 In １９９３ ，Harada
and Ishikawa used RFLP to analyze the １６S rRNA from the group of prokaryote mi唱
crobes in the gut of Pea aphid畅 The result suggested that gut microbes have a close rela唱
tionship with aphid intracellular symbionts （Harada and Ishikawa ，１９９３）畅 Despite the
analysis ，the application of traditional RFLP in microbial diversity study is very limited
due to the inherent technical limitations of the technology畅 Domingo used RFLP of １６S
rRNA to study the cricket hindgut microbial communities and suggested that community
RFLP methods did not have the sufficient resolution or specificity required to study the
effect of diets on the cricket hindgut microbial community dynamics （Domingo ，１９９８）畅
Due to the limitations of traditional RFLP ， terminal restriction fragment length poly唱
morphism （T唱RFLP） has been employed to study the microbial diversity in insect gut
（Shinzato et al畅 ，２００５）畅 Different from RFLP ，T唱RFLP will separate homologous DNA
based on the length and sequence of the end sequence generated from restriction enzyme
digestion of １６S rRNA ，which makes it much more efficient in revealing microbial diver唱
sity畅 T唱RFLP was used to analyze the bacterial １６S rRNA genes in the midguts of indi唱
vidual European cockchafer （Melolontha melolontha） larvae and revealed a simple but
variable community structure （Egert et al畅 ，２００５）畅 In addition ，T唱RFLP has been used
for gut symbiotic microbial communities research of various termites such as soil唱feeding
termite （Donovan et al畅 ，２００４ ；Friedrich et al畅 ，２００１ ；Kohler et al畅 ，２００８ ；Schmitt唱
Wagner et al畅 ，２００３a） ，wood唱feeding lower termite （Miyata et al畅 ，２００７ ；Stingl and
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Brune ，２００３） ，and fungus唱growing termite （Hongoh et al畅 ，２００６ ；Mackenzie et al畅 ，

２００７ ；Shinzato et al畅 ，２００７）畅 These studies helped to reveal the composition and dy唱
namics of termite gut microbial community and led to some speculations of how the sym唱
biotic microbes could contribute to the biomass degradation畅

Another traditional molecular fingerprinting technique is random amplified poly 唱
morphic DNA （RAPD）畅 The analysis is based on amplification of genomic DNA using
random primers畅 RAPD唱PCR was carried out to compare the microbiota composition be唱
tween different generations of western flower thrips Frankliniella occidentalis and re唱
vealed a surprising result that some bacteria in the thrips can be passed from generation
to generation for up to ５０ generations （de Vries et al畅 ，２００１a ；de Vries et al畅 ，２００１b）畅
The discovery highlighted that the symbiotic microbiota can be indigenous instead of ex 唱
ogenous from the food material （de Vries et al畅 ，２００１a ；de Vries et al畅 ，２００１b）畅 The
application of RAPD is also very limited due to technical complexity and low reproduc唱
ibility of the technique畅

Single strand conformation polymorphism （SSCP） is a technique that uses electro唱
phoresis to separate single strand DNA to differentiate the homologous sequences （Yan唱
dell ，１９９１）畅 SSCP is introduced to insect gut microbiota analysis very recently and has
not been widely used畅 Mohr and Tebbe used SSCP to study the diversity and phyloge唱
netic consistency of bacteria in the guts of three bee species at the same oilseed rape field
（Mohr and Tebbe ，２００６）畅 In a recent study ，PCR唱SSCP ，RT唱PCR唱SSCP and stable iso唱
tope probing （SIP） were combined to study the partial bacterial １６S rRNA genes to sur唱
vey the diversity of metabolically active bacteria in the larval gut of Manduca sex ta
（Brinkmann et al畅 ，２００８）畅

Even though the different the molecular fingerprinting techniques have revealed sig 唱
nificant microbial diversity in the guts of various insect species ，all of these techniques
are rather limited in providing the comprehensive and detailed analysis 　 of microbial di唱
versity畅 The techniques are particularly limited if we want to survey the dynamics of the
microbial community during the biomass deconstruction畅 The recently developed met唱
agenomics platforms are rapidly replacing these molecular fingerprinting techniques畅
III畅3 　 Fluorescent in situ hybridiz ation （FIS H）

Fluorescent in situ hybridization （FISH ） is commonly used in microbial ecology
studies to visualize the symbiotic bacteria in the gut （Aminov et al畅 ，２００６ ；Cheung et
al畅 ，１９７７）畅 The application of FISH in insect gut microbial study of ten involves fluores唱
cently labeled probes targeting the １６s rRNA with sequence specific for a bacterial spe唱
cies or genus （Turroni et al畅 ，２００８）畅 FISH has been used to detect ，visualize ，and char唱
acterize the intracellular symbiotic bacteria of aphids （Fukatsu et al畅 ，１９９８） ，crickets
（Domingo et al畅 ，１９９８） ，termites （Berchtold et al畅 ，１９９９） ，and some others畅 For the
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biomass degradation related studies ，Berchtold and his colleagues examined the abun唱
dance and spatial distribution of major phylogenetic groups of bacteria in the hindguts of
the Australian lower termite Mastotermes darw iniensis using FISH with group唱specific ，
fluorescently labeled ， rRNA唱targeted oligonucleotide probes畅 The approach has been
shown to be particularly useful to study the uncultivated microbes to observe the dynam 唱

ics of microbiota （Santo Domingo et al畅 ，１９９８）畅 However ，when complex bacterial
communities from environmental samples are analyzed by FISH with rRNA唱targeted
probes ，several technical problems and potential artifacts might occur and the detailed
composition of the microbiota cannot be revealed畅 In addition ，bacteria in less唱nutrient唱
rich environments have low ribosome content ，which will affect the sensitivity of detec唱
tion （Smalla ，２００４）畅 In complimentary to FISH ，DAPI （４＇，６唱diamidino唱２唱phenylindole）
and GFP （Green Fluorescent Protein ） also used to visualize microbial community畅 DAPI
staining of bacterial cells highlighted the significant differences in the number of bacteri唱
al cells among different insect species when reared in the same condition （Cazemier et
al畅 ，１９９７a ；Cazemier et al畅 ，１９９７b）畅 Green fluorescent protein （GFP） can be used to
track the target microbial species in the host畅 It has been used to show that the coloniza唱
tion of bacterium Serratia entomophila in the gut of the host Costely tra z ealandica was
not confined to a specific site in the gut （Hurst and Jackson ，２００２）畅
Overall ，the various molecular techniques have greatly advanced our understanding

of insect gut microbial community ，and many of these techniques will continue to be im唱
portant to further our understanding of insect gut symbionts today畅 However ，due to
the inherent limitations of these techniques ，they cannot provide detailed information re唱
garding the gene and pathway for different biological processes and a comprehensive cov 唱
erage of microbial taxonomy in the gut畅 In order to understand the biological processes
involved in biomass degradation ，we have to reach a detailed understanding of the bio唱
catalysts ，pathways ，and compositions of insect gut symbionts畅 The recent available dif唱
ferent ‘omics’ platforms enabled such study畅
IV 　 Techniques fo r “Meta唱omics” Analysis of Insect Gut

Symbionts
The recent advances of ‘omics’ technologies enabled us to explore the microorgan唱

ism communities in an unprecedented way （Allen and Banfield ，２００５ ； Tyson et al畅 ，

２００４）畅 The high唱throughput metagenome ，metatranscriptome ，and metaproteome anal唱
ysis of microorganism populations will allow the molecular ，organism ，and population
level investigation of how the chemical and biological processes were enabled ， con唱
trolled ，and evolved （Allen and Banfield ，２００５）畅 The complimentary data annotation
and high唱throughput functional screening will allow the identification of novel catalysts
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and strains for bioremediation ， biomass processing ， bioproduct synthesis ， and such
（Hongoh et al畅 ，２００８a ；Lorenz and Eck ，２００５ ；Warnecke et al畅 ，２００７）畅 The so唱called
‘metagenomics’ of ten involves sequencing the genomic DNA extracted from a microbe
population in a certain eco唱environmental setting （Handelsman ，２００４）畅 It of ten involves
sequence唱based ，compositional and／or functional analyses of the combined microbial ge唱
nomes contained within an environmental sample like insect gut （Handelsman et al畅 ，

１９９８）畅 Metatranscriptomics refers to sequenceing analysis of the mRNA from a microbi唱
al population畅 Metaproteomics refers to the quantification and identification of all the
proteins in a microbial community畅

The different ‘meta唱omics’ techniques have been broadly used to explore the func唱
tion and dynamics of the diverse microbe populations in various eco唱environmental sys唱
tems （Green et al畅 ，２００８ ；Keller and Zengler ，２００４ ；Strom ，２００８）畅 From the human
intestine to the depths of the ocean ，metagenomes from microbe communities have been
sequenced and analyzed for evolutionary ， pathological ，physiological ， environmental ，
and ecological studies （Allen and Banfield ，２００５ ；Tyson et al畅 ，２００４）畅 The diversity ，

composition ，and dynamics of a microbial community largely defines its effectiveness ，

specificity ，and reactivity for a certain function related to life ，biogeochemical cycles ，
and environmental mitigation （Allen and Banfield ， ２００５ ； Backhed et al畅 ， ２００５ ；

Falkow ski et al畅 ，２００８ ；Green et al畅 ，２００８ ；Keller and Zengler ，２００４ ；Lorenz and Eck ，

２００５ ；Tyson et al畅 ，２００４）畅 In the past two decades ，much effort has been dedicated to
exploring the components of the microbial community from different niches at the mo 唱
lecular ，organism ，and ecological level to discover novel enzymes ，pathways ，and organ唱
isms for various applications （Green et al畅 ，２００８ ；Roussel et al畅 ，２００８）畅 For example ，
metagenome and metatranscriptome sequencing have also become an important approach
for exploring the biomass degrading mechanisms in wood feeding insects畅 Several studies
have been carried out to study the symbionts in the hindgut and midgut of the wood唱
feeding higher termite （Warnecke et al畅 ，２００７） and lower termites （Todaka et al畅 ，

２００７ ；Hongoh et al畅 ，２００８a ，b）畅 Termite is believed to recycle up to ３０％ of the total
carbon on earth ，and the highly efficient lignocellulosic biomass deconstruction has made
termite a potential source for novel biocatalysts for biomass deconstruction （Hongoh et
al畅 ，２００８a ；Warnecke et al畅 ，２００７）畅 Recent studies have indicated that the symbiotic
bacteria and protozoa in the hindgut of the termite play an important role in the hydroly 唱
sis of cellulose and hemicellulose （Nakashima et al畅 ，２００２ ； Tokuda and Watanabe ，
２００７ ；Warnecke and Hugenholtz ，２００７ ；Warnecke et al畅 ，２００７ ；Wheeler et al畅 ，２００７ ；

Zhou et al畅 ，２００７）畅 The analyses not only revealed a diverse group of bacteria covering
１２ phyla and ２１６ phylotypes ，but also led to more than １００ candidate glycoside hydro唱
lases畅 Moreover ，the study also indicated other important functions of the symbiotic mi唱
crobiota including hydrogen metabolism ，carbon dioxide唱reductive acetogenesis ，and ni唱
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trogen fixation （Warnecke et al畅 ，２００７）畅 Overall ，the development of metagenomics ，
metatranscripomics ，and metaproteomics during the past decades has been focused on
the better understanding of microbial diversity and function in the eco唱environment ，and
has been driven by the increasing demands for biocatalysts and biomolecules for applica 唱
tions like biorefinery （Schmeisser et al畅 ，２００７）畅 We hereby review the application of
these ‘omics’ platforms to study the insect gut symbiotic microbiota from several
perspectives including the overview of metagenome analysis of microbial communities ，
next generation sequencing and metagenome sequencing ， functional metagenomics ，
metatranscriptomics ，and ，metaproteomics畅
IV畅1 　 Metagenome Sequencing and Next Generation Sequencing

There are two principal metagenomic strategies for metagenomics ， the sequence唱
based metagenomics approaches and functional metagenomics （Figure １）畅 Sequence唱
based metagenomics involves the metagenome sequencing and downstream data analysis畅
Functional metagenomics involves screening of DNA or cDNA library for gene discover唱
y畅 Sequence唱based analysis of metagenomic DNA from insect gut symbionts has been
well唱established during the past decade畅 Metagenomics was first carried out with the
conventional Sanger sequencing techniques （Smalla ，２００４）畅 Sanger sequencing is more
used toward １６s rRNA library or metagenomic DNA library （Smalla ，２００４）畅 The afore唱
mentioned metagenomic analysis of termite hindgut symbiotic microbiota involves Sanger
sequencing of the metagenomic DNA library畅 Total metagenomic DNA from pooled P３
luminal contents was purified ，cloned and sequenced （Warnecke et al畅 ，２００７）畅 About
７１ million base pairs of sequence data were generated and assembled畅 The assembled se唱
quences are highly fragmented畅 In order to better understand the shot唱gun data ，fif teen
fosmids were selected for further sequencing and training of the dataset畅 The data has
led to a comprehensive coverage and quantification of the microbial composition in the
termite gut symbionts畅 In addition ，more than ７００ glycoside hydrolase （GH ） catalytic
domains corresponding to ４５ different CAZy families were identified through the analy唱
sis畅 The study highlighted how metagenome sequencing can help to identify natural
biocatalysts including different cellulases and hemicellulases （Warnecke et al畅 ，２００７）畅

Another successful metagenome analysis is from the study of aphid symbionts showing
that heat tolerance of the host aphids species can be conferred by the gene mutation in
their symbiotic microbes ，which confers an evolutionary advantage for the host in the
field （Harmon et al畅 ，２００９）畅

The recent development of next generation sequencing has offered the potential to
revolutionize the metagenome analysis （Marusina ， ２００６ ）畅 When next generation
sequencing is used ，the approach can be the shot唱gun sequencing of metagenomic DNA
directly畅 Up until now ，four major next generation sequencing platforms are available畅
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Figure １ 　 ‘Omics’ analysis of insect gut as a natural biocatalyst system

４５４ sequencing technology is the first available next generation sequencing technique and
the platform is based on ‘pyrosequencing’ and Emulsion PCR amplification （Margulies
et al畅 ，２００５）畅 The sequence read length for ４５４ sequencing can be up to ４００ bases and
the throughput is relatively lower at ４００ million bases per run畅 The advantage of the ４５４
sequencing is the read length ，which makes it easier for the sequence assembly in the de
novo sequencing （Shendure and Ji ，２００８ ；Yuan et al畅 ，２００８）畅 Illumina genome analy唱
zer ，formerly known as Solexa ， is based on the concept of ‘sequencing by syntheis’
（SBS ） （Adams et al畅 ，２００９ ；Mardis ， ２００８ ）畅 With the latest development of the
technology ，Illumina genome analyzer can generate pairwise sequencing of １００ base pairs
and ４０ gigabase sequence per run畅 Another two platforms are ABSOLiD and Helocus ，
both of which have similar sequencing throughput and less sequence read唱length
（Mardis ，２００８）畅 For this reason ，４５４ and Illumina have been the major approaches for
metagenome sequencing畅 The advantage of ４５４ is the longer read length ，whilst the
strength of Illumina is the sequence throughput （Stangier ， ２００９ ）畅 It is expected
companies like Pacific Biosciences will soon have the next唱next generation sequencing
techniques available畅 The accuracy and coverage of the metagenome analysis highly
depends on the sequence coverage depth畅 The capacity of next generation sequencing
technique has enabled a deeper coverage of the metagenomes and allow s better
annotation of more genes畅
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Considering the pros and cons for Solexa and ４５４ sequencing technology ， some
recent studies have combined the analysis with the two platforms to allow both the
better assembly of the sequence ， and the deeper coverage of the genome （Ansorge ，
２００９ ；Shendure and Ji ，２００８）畅 Despite the limitations of the next generation sequencing
techniques ，they have been broadly used for the metagenome sequencing of environmen唱
tal microbial communities from different niche including soil （Blaha et al畅 ，２００７ ；T ringe
et al畅 ，２００５ ； Voget et al畅 ，２００３） ， the human gastrointestinal （Gill et al畅 ，２００６） ，

human feces （Breitbart et al畅 ，２００３） ，the oceans （Culley et al畅 ，２００６ ；Venter et al畅 ，

２００４） ，the rumen （Brulc et al畅 ，２００９） ，acid唱mine drains （Tyson et al畅 ，２００４） ，and
Zodletone Spring （Elshahed et al畅 ， ２００５ ）畅 However ， more limited efforts have
been employed in insect gut symbionts畅 Very recently ， the next唱generation based
metagenomic analysis of the grasshopper （Orthoptera） and cutworm （Lepidoptera） gut
symbiotic microbiota were carried out to compare the differences in community structure
as related to feeding habits and to discover novel genes for biomass degradation （Shi et
al畅 ，unpublished）畅 The analysis has led to the discovery of numerous novel biocata唱
lysts畅
IV畅2 　 Functional Metagenomics
Functional metagenomics involves screening for target genes in a library built with

metagenomic DNA or RNA （Allen et al畅 ，２００９）畅 Traditionally ，metagenomic DNA can
be stored stably as a DNA library for further investigation畅 In a similar way ，RNA can
be extracted to build cDNA library畅 The information held within a DNA or cDNA
library can be used to determine community diversity and search for the enzymes with a
particular activity （Steele and Streit ，２００５）畅 For DNA library ，the basic steps of library
construction include the extraction of metagenomic DNA as aforementioned ，the genera唱
tion of suitably sized DNA fragments ，and the cloning of these fragments into an appro唱
priate vector （Cowan et al畅 ，２００５）畅 For cDNA library ，total RNA will be extracted and
cDNA will be synthesized for building into a proper vector畅 Both types of libraries can
be screened for genes of interest via DNA hybridization using the probes of target genes
or homolog genes （Demaneche et al畅 ，２００９）畅 The approach has been used to search for
various genes from insect guts畅 For example ， Shen and Jacobs Lorena reported the
cloning and characterization of a novel chitinase gene expressed specifically in the midgut
of adults A nopheles gambiae females （Shen and JacobsLorena ，１９９７）畅 They cloned the
chitinase gene from a cDNA library via screening and further confirmed by Northern blot
that the chitinase is expressed exclusively in the guts of adult females畅
One of the major limitations of the traditional screening strategy is the need for

probes specific to a certain gene畅 The sensitivity and reproducibility of ten also depends
on the probe design畅 The combination of library screening with gene expression and ／or
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enzyme activity assay has been developed to overcome such limitations畅 The method has
been successfully applied to discover new genes and enzymes with different activities畅 A
cDNA clone encoding carboxypeptidase was isolated from a larval gut library of
Helicover p a armigera ，and the complete cDNA sequence was expressed in insect cells
using the baculovirus system to verify the carboxypetidase activity （Bown et al畅 ，１９９８）

畅 Girard and Jouanin isolated a cDNA encoding chitinase of Pheadon cochleariae from a
larval gut library （Girard and Jouanin ， １９９９ ）畅 For the bioenergy research ， novel
xylanases with distinct domains have been discovered using metagenomic libraries of
microbiota in several insects belong to Isop tera （termites） and Lep idop tera （moths）
（Brennan et al畅 ，２００４）畅 Considering that this strategy does not require the homolog
sequences for genes of interest ，it has the potential to identify entirely new classes of
genes for new or known function （Handelsman ，２００４）畅 However ， the heterologous
gene expression also has some limitations including low gene expression level and w rong
post唱translational modification （Handelsman et al畅 ，２００２）畅

A recent development of functional metagenomics is the use of biosensor technology
in gene discovery from insect symbioints畅 Guan and his colleagues at the University of
Wisconsin constructed a metagenomic library consisting of DNA extracted directly from
the Gypsy moth midgut microbiota ，and analyzed it using an intracellular screen desig 唱
nated as METREX （Guan et al畅 ，２００７）畅 In this method ， the biosensor detects com唱
pounds that induce the expression of green fluorescent protein （GFP） from a bacterial
quorum promoter by fluorescence microscopy or fluorescence唱activated cell sorting （Wil唱
liamson et al畅 ，２００５）畅 The authors identified an active metagenomic clone encoding a
monooxygenase homologue that mediates a pathway of indole oxidation畅 It was the first
to identify a new structural class of quorum唱sensing inducer from uncultured bacteria畅

The functional metagenomics based on cDNA library allow s us to identify novel
enzymes and genes for a particular application ，however ，the analysis is limited by the
available probe for cDNA library screening and the assay used for protein function
determination （Chaves et al畅 ，２００９ ； Moran et al畅 ，２００８ ）畅 A more comprehensive
approach is to sequence the metatranscriptome of microbial community and annotate the
metatranscriptome to discover the novel genes畅
IV畅3 　 Metatranscriptomics
Metatranscriptome involves the analysis of RNA in a microbial community畅 RNA is

converted to cDNA for the analysis畅 The random sequencing of cDNA thus may lead to
high percentage of rRNA signal畅 Different strategies have been developed to remover
rRNA to improve the coverage of mRNA畅 In addition ， the available next generation
sequencing technique has greatly enhanced the capacity to carry out metatranscriptome
analysis畅
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Cox唱Foster and colleagues （Cox唱Foster et al畅 ，２００７） used an unbiased metatran唱
scriptomic approach to characterize the microflora associated with honey bee A p is mel唱
li f era in a search for the cause of colony collapse disorder （CCD）畅 In this study ，total
RNA was extracted to capture RNA viruses in presumed CCD唱positive and negative bees
for ４５４ sequencing畅 The raw sequencing reads were trimmed and assembled into
contigs ，and then analyzed using BLASTN and BLASTX for function annotation畅 This
analysis revealed the presence of bacteria ，fungi ，parasites ，metazoans ，and viruses in
the bee gut content畅 For example ， sequences homologous to bacterial １６S ribosomal
RNA were assembled into ４８ contigs畅 Eighty唱one distinct fungal １８S rRNA sequences
were recovered from the pooled samples畅 More importantly ，the RNA profiling indica唱
ted that CCD may be caused by the virus disruption of microbial community structure in
the bee gut system （Cox唱Foster et al畅 ，２００７）畅 More recently ，a parallel metatranscrip唱
tome analyses was used to identify host and symbiont contributions in collaborative
lignocellulose digestion by termites （Tartar et al畅 ，２００９）畅 In this study ，over １０ ，０００

expressed sequence tags （ESTs） were sequenced from host and symbiont libraries that
aligned into ６ ，５５５ putative transcripts ，including １７１ putative lignocelluase genes畅 They
found that cellulases were contributed by host plus symbiont genomes ，whereas hemi唱
cellulases were contributed exclusively by symbiont genomes畅 However ， ligninase ，
antioxidant ，and detoxification enzymes were identified exclusively from the host librar 唱
y畅

These researches highlighted the importance of the insect symbionts for the host
health and showed how the metatranscriptome can be applied to study insect gut sys唱
tems畅 The advantage for metatranscriptome sequencing is that it can reflect the dynam 唱

ics and function of the insect gut symbionts better畅
IV畅4 　 Metaprotoeomics Techniques for Insect Gut Symbiont Studies
Another way to explore the systems dynamics is to study the metaproteomics of in唱

sect gut symbionts畅 Like any genome sequencing project ，the metagenome sequencing is
only the first step toward a comprehensive understanding of composition ，dynamics ，and
function of insect gut symbiotic microbiota畅 The sequence itself won’ t allow us to
understand the protein activity and the dynamic changes of the system （Nelson ，２００８）畅

Post唱genomic molecular approaches such as proteomics will allow us to study the
ultimate functional products of genes ／genomes and derive the function and dynamics of
insect gut system畅 The collective study of all proteins in the microbial community like
those in insect gut is referred as ‘metaproteomics’ ，to distinguish from the proteomics
study of single species （Nelson ，２００８）畅 Metaproteomics allow s the measurement of gene
expression from the perspective of presence and abundance of translated proteins （Black唱
stock and Weir ，１９９９ ；Wilmes and Bond ，２００４）畅 The proteomics platform can be gener唱

·２８１· ２０１１工业生物技术发展报告



ally classified as gel唱free or gel唱based system （Kan et al畅 ， ２００５ ）畅 The traditional
approach is to analyze the protein sample with two唱dimensional polyacrylamide gel
electrophoresis （２D唱gel） at first and then further cut the spot for mass spectrometry
（MS）唱based protein identification畅 The mass spectrometry techniques that can be used
for protein identification includes both MALDI （Matrix唱assisted laser desorption ioniza唱
tion） and ESI （Electrospray ionization ）畅 MALDI is of ten coupled with TOF （Time of
flight） mass analyzer ，whilst ESI can be coupled with a variety of mass analyzers畅 The
earliest approach for protein identification of gel spot is through peptide fingerprinting ，

where the peptides from protease唱digested protein will be measured by MALDI唱TOF for
the m／z value畅 The pattern of peptide distribution will be searched against a database of
candidate proteins for identification畅 Even though the method was successfully applied
for protein identification in gel唱based proteomics ，the accuracy and reproducibility of the
method is often inconsistent畅 In particular ， the post唱translational modification of the
protein will severely distort the m ／z value for the protein identification畅 For this reason ，

peptide fingerprinting has been gradually replaced with the tandem MS （MS／MS） analy唱
sis ，where individual peptide will be subject to two rounds of MS analyses畅 The first
round of MS analysis will render the m ／z value of the peptide ，and the peptide will be
further broken into fragment ions by electron or chemical dissociation for the second
round of measurement畅 According to the fragment ion pattern ，a protein sequence can
be identified based on the search of fragment pattern against the database with protein
sequences畅 The tandem MS method has become the most popular approach for protein
identification畅

Even though gel唱based proteomics was the golden standard for proteomics ，the ２D唱
gel唱based methods have numerous inherent limitations including the low sensitivity ，low
coverage of proteome ，and the difficulties in quantification畅 For all these reasons ， the
gel唱based proteomics has been gradually replaced with the gel唱free proteomics ，which
mainly relies on the LC唱MS／MS （liquid chromatography唱mass spectrometry ／mass spec唱
trometry） platform畅 The most popular approach for gel唱free proteomics is the MudPIT
（Multidimensional Protein Identification Technology ）唱based shot唱gun proteomics
（Delahunty and Yates ，２００７ ；Lohrig and Wolters ，２００９）畅 In this approach ，the total
protein from a sample is first digested by protease into a peptide mixture and the peptide
mixture is further separated by multidimensional liquid chromatography畅 The separated
peptides are further analyzed by MS ／MS for protein identification as aforementioned畅
MudPIT can be combined with the different labeling techniques like ICAT （Isotope Co唱
ded Affinity Tags） ，ICPL （Isotope Coded Protein Labels） ，or iTRAQ （Isobaric Tag for
Relative and Absolute Quantification ） for protein quantification （Delahunty and Yates ，
２００７）畅 MudPIT can also be used as a label唱free platform ，where peptide quantification
can be based on the total ion counts and number of peptides （Delahunty and Yates ，
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２００７）畅 Despite the broad application of the proteomics techniques in various studies ，the
use of proteomics in the analysis of insect gut symbiotic microbiota is still very limited畅
In the aforementioned the termite gut metagenomics analysis ，the authors carried out a
proteomics analysis of total gut protein to examine which enzymes are expressed
（Warnecke et al畅 ， ２００７ ）畅 The total proteins were first ex tracted from P３ luminal
contents of／wood唱feeding higher termites as aforementioned畅 The digested peptides
were then subject to the three唱dimensional LC唱MS／MS analysis for protein expression
analysis畅 The fragment ion patterns from metaproteomics were searched against a
sequence database derived from the metagenome sequencing for protein identification畅
The study has revealed that the expression of glycosyl hydrolases are regulated at the
protein level ，and the enzymes in the metagenome were not expressed at the same time
and same level （Warnecke et al畅 ，２００７）畅 The further study of the metaproteome in the
natural biocatalyst systems like termite gut will allow us to understand how enzymes
coordinate to degrade plant cell wall畅 Metaproteomics analysis will be based on the
metagenome sequencing data and will help to further the understanding of insect gut
symbiotic microbes to the proteome level畅

V 　 Looking into the Future
The study of insect symbiotic microbiota is important for insect physiology ，pest

management ，evolutionary study ， and discovery of various biocatalysts for different
applications including pest management and biorefinery development畅 In particular ，the
gut systems of many herbivore insects can be considered as effective bioreactors ，where
biomass material can be deconstructed for the synthesis of various bioproducts important
for insect grow th and development （Breznak ，２００４）畅 The coordinative function of host
and symbiont enzymes plays important roles in the biomass processing and degradation畅
The study of insect gut symbiotic microbiota at the systems level will enable us to re唱
verse design the next generation biorefinery畅

The techniques to study the insect gut symbionts have experienced dramatic chan唱
ges during the past two decades畅 The initial study of insect gut symbionts were based on
microbial culture唱dependent platforms ，which provided very limited information for the
diversity and functions of insect gut symbiotic microbiota （ Amann et al畅 ，１９９５ ；Dillon
and Dillon ，２００４）畅 The culture唱dependent technique only allow s us to access to a small
portion of the microbe community in insect guts （Oliver ，２０００）畅 The culture唱dependent
analysis was quickly replaced and complemented by the molecular biotechniques
independent of microbial culturing畅 Methods like DGGE ， SSCP ， RFLP ， and FISH
allowed us to explore the complexity of natural microbial communities better畅 These
techniques provided some speculations of the microbial community composition ，dynam唱
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ics ，and function畅 However ，the traditional molecular techniques still cannot provide a
comprehensive view of the composition and dynamics of insect symbiotic microbial
community畅 The recently developed metagenome sequencing techniques enabled us to
reach much deeper sequencing and better coverage of the metagenome （Mardis ，２００８）畅
In particular ，the advancements in next generation sequencing techniques allowed us to
explore the metagenomes from insect gut symbiotic microbiota in an unprecedented
depth and comprehensiveness （Adams et al畅 ， ２００９ ； Stangier ， ２００９ ）畅 In addition ，

functional analysis ，metatranscriptomics ，metaproteomics ，and metabolite profiling are
all providing important information regarding the function of insect hosts and symbionts
from different perspectives畅 The integration of the information will lead to a systems
level understanding of insect gut as the system for biomass deconstruction ， nutrient
biosynthesis and such畅 Despite the significant progresses ， several aspects of research
need to be emphasized to better exploit the insect gut systems for various biotechnology
applications畅

First ，more insect gut systems need to be studied with various ‘omics’ techniques畅
Current research mainly focuses on the termite gut as the model system for biomass deg唱
radation畅 Comprehensive metagenomics and metatrascriptomics were carried out to stud唱
y termite gut systems （Tartar et al畅 ，２００９ ；Warnecke et al畅 ，２００７）畅 However ，there
are many other insect species with strong capacity of degrading lignocellulosic biomass
（Sun and Zhou ２００９）畅 The cellullolytic enzyme activity in grasshopper gut is actually
comparable to that of the termite gut （Shi et al畅 ，２００９a）畅 The comparative analyses of
different insect gut systems will allow us to identify the common and unique features for
degrading different lignocellulosic biomass in various insect gut systems畅 The study will
also help to understand the co唱evolution of insect hosts and symbionts toward different
food sources畅

Second ，bioinformatics challenges for the assembly of next generation sequencing
data need to be better addressed畅 Despite the potential of next generation sequencing in
increasing the sequencing coverage of metagenome ，the sequence assembly for metage唱
nome is much more challenging than single species ，in particular for the complex system
畅 The more microbe species in a community ， the more complexity and overall genome
size will be for insect gut symbiotic microbiota畅 Illumina genome analyzer has the most
potential of increasing sequence coverage due to the higher sequencing throughput and
lower per base cost畅 However ， the short sequence read length together with the large
overall genome size from this technology makes it ex tremely challenging to assemble the
metagenome sequences畅 The recent development of several assemblers for short
sequences like SSAKE ，VEVELT ，ABySS ，and Euler have provided the solutions for
the assembly of short sequence reads genome sequencing （Scheibye唱Alsing et al畅 ，２００９）

畅 However ，the conditions used for the single genome assembly were not suitable for
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metagenome sequencing畅 On one side ，we need to find the optimized parameters and
criteria for the assembly of metagenomes ；one the other side ，these sof twares need to be
further improved for metagenome sequencing畅

Third ，lignocellulose digestion models of insects consider both host and symbiont畅
In particular ，enzymes secreted by host insect species play a particular important role in
the lignin degradation （Tartar et al畅 ，２００９）畅 In previous studies ， the metabolism of
monoaromatic model compounds by termites and their gut microflora was studied ， the
results indicated that microbial degradation of plant aromatic compounds can occur in
termite guts and may contribute to the carbon and energy requirement of the host
（Brune et al畅 ，１９９５）畅 The recent metagenome and metatrascriptome sequencing of the
gut symbionts for termite ，grasshopper and cutworm has led to the finding of very few
lignin degrading laccases ，peroxidases ，or esterases （Tartar et al畅 ，２００９ ；Shi et al畅 ，

unpublished data）畅 Metaproteomics will provide a powerful solution toward the observa唱
tion of how biocatalysts from the host and the microbes work together to degrade
biomass畅 However ，more sequencing information needs to be available to enable such a唱
nalysis畅 The study of coordinative function of host and symbiotic microbial biocatalysts
will help to guide the reverse design of biorefinery and the reconstitution of effective
enzyme mixtures for biomass degradation畅

Fourth ，the integration of different ‘omics’ data into systems level understanding
of insect guts will be important for the reverse design of artificial reactors mimicking the
natural biocatalyst systems畅 Systems biology enables the observation of biological
systems and processes at an integrated view （Rachlin et al畅 ，２００６）畅 The interaction ，

dynamics ，and network of multiple components in a system will be modeled based on the
genome ，proteome ， metabolome and transcriptome analysis （Rachlin et al畅 ， ２００６ ；

Vieites et al畅 ，２００９）畅 The accumulation of different ‘omics’ data regarding the insect
gut systems will allow us to investigate how the different components and biocatalysts
work together to fulfill various functions including biomass degradation畅
Overall ，we are at a golden age to address the basic and applied questions involved

in insect gut systems畅 In particular ，the recently available ‘omics’ techniques will revo唱
lutionize the field with enormous data to enable the unprecedented understanding of
insect gut symbiotic microbiota and its interaction with the hosts畅 The systems level
integration of the tremendous information will enable the in唱depth understanding of nat唱
ural biocatalyst systems like insect guts toward providing novel solutions for the next
generation biorefinery畅
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序技术 、系统生物学建模 ，以及质谱分析应用的新数据分析软件 。现兼任田纳西大学诺克

斯维尔分校植物科学部担任基因组学科学家以及 UTIA 基因组学中心的主任 。

Dr ．Joshua S ．Yuan joined the Department of Plant Pathology and Microbiology at
Texas A&M University as an Assistant Professor ，located at College Station effective
July ２００８ ．He is directing the Laboratory of Bioenergy ，Systems Biology and Bioinfor唱
matics in Borlaug Center ，also known as Institute for Plant Genomics and Biotechnolo唱
gy ．Dr Yuan received his Ph ．D ．in Plants ，Insects ，and Soils with Focus on Functional
Genomics （Major） and Statistics （Minor） from the University of Tennessee （２００７） ．He
also holds an M ．S ．in Plant Sciences from the University of Arizona （２００１） and a B ．S ．

in Biology （Major ） and International Economics （Minor ） from Fudan University
（１９９７） ．Most recently ，Dr ．Yuan was a Genomics Scientist in the Department of Plant
Sciences ，and Director of UTIA Genomics Hub ，University of Tennessee ，Knoxville ．
Before that ，Dr ．Yuan was the microarray core manager at Gallo Center in University of
California San Francisco ．The Yuan lab aims to develop active programs from applied ，

basic ，and technical perspectives ．For the applied research ，we are focusing on bioener唱
gy to provide novel solutions for reverse design of natural biomass utilization systems to
improve biorefinery procedures ．His lab also developed novel strategies for structure dy唱
namics guided biocatalyst improvement ．For the fundamental research ，we are emplo唱
ying systems biology approaches to study the plant ， insect ，and microbe interaction ．

From the technology development perspective ， we are developing novel packages
for next generation sequencing data analysis ，systems biology modeling and mass spec唱
tra analysis ．

孙建中 ，１９５８年生于江苏南通 ，２００２年获美国路易斯安那州立

大学博士学位 。在美国学习工作 １５年 ，其中 ，２００４ ～ ２００９ 年曾任美

国密西西比州立大学昆虫系／海岸研究与推广中心助理教授／副教

授 、博士生导师 ；２００９年 ５ 月任美国华盛顿州立大学兼职教授 ；自

２００９年 ７月任江苏大学特聘教授 、博导 、江苏大学生物质能源研究

所所长 。为美国科学学会 、工业微生物学会 、昆虫学会会员 。 曾主

持美国农业部 、能源部 、交通部等有关白蚁生物学 ，以及白蚁生物质

能源利用研究等多个项目 ；受邀担任美国农业部美国 ２００８ ～ ２０１３年第三个五年科技发展

计划起草与评议专家 、美国农业部重大课题评审专家 、美国国家植物生物技术评审委员会

生物质能源和环境研究项目评审专家（CPBR） 、中国国家自然科学基金评审委员会重点
项目评审专家 ；受邀担任 １０ 多种国际昆虫类 、农业类 、生物质能源类 SCI专业杂志审稿
人 、编委 、特邀主编 ；作为发起人和主持人 ，２００８年成功主持美国昆虫学会年会首届“昆虫

与生物质能源应用”国际性专题学术研讨会 。 ２０１１ 年成功申请召开国家香山科学会议

“高效降解生物质的自然生物系统资源利用与仿生” 。 ２００９被列入江苏省“创新创业人才
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千人计划”和“六大人才高峰计划” ，目前的主要研究领域为白蚁木质纤维素的高效生物转

化机制以及催化资源的工程化开发利用 ，最终目标是构建白蚁的高效仿生生物反应器系

统实现生物质的经济与高效生物转化 。

Jianzhong Sun
Ph ．D ．in Entomology from Louisiana State University ，USA ．

Distinguished Professor ，Jiangsu University ，P ．R ．China ．
Adjunct professor ，Dept ．of biological systems engineering ，Washington State Uni唱

versity ，USA ．

Director of Biofuels Institute ，Jiangsu University ，China
Guest editor of Insect Science （published by Wiley唱Blackwell） and also serve as a

referee for ７ international journals associated with the entomology ，agriculture ，plant ，
and bioenergy ，etc ．

Panel members for grant review ，including USA and China ，e ．g ．１） ．＂Bioenergy
and Environment＂ of the Consortium for Plant Biotechnology Research ，Inc ．（＂CPBR＂） ，

USA ．２） ．USDA National program １０４ for veterinary ，medical and urban entomology ，

USA ．３） ．National scientific foundation of China ，etc ．
Research interests
Dr ．Sun’ research interests are mainly focused on the termite cellulolytic systems

and other insect systems as well with the function to efficiently degrade lignocellulosic
biomass ．With the studies on these fantastic systems in utilization of a variety of recalci唱
trant biomasses ，he currently leads an enthusiastic research team with a variety of disci唱
plines to mimic the termite cellulolytic systems to realize an artificial bioreactor that
would breakdown biomass efficiently and economically ．Further contact information ：jz唱
sun１００２＠ hotmail ．com or jzsun１００２＠ ujs ．edu ．cn ，address ：Biofuels Institute ，College
of the environment ，Jiangsu University ，３０１ Xuefu Rd ．，Zhenjiang ２１２０１３ ，Jiangsu ，P ．

R ．China ，Tel ：８６唱０５１１唱８８７９６１２２ ．
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