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The invasive drywood termite, Incisitermes minor (Hagen) (Isoptera: Kalotermitidae) is considered to 

be the most destructive drywood termite in the western United States (USA). The colonies live entirely 
within a single piece of wood. Because of this hidden ecology, I. minor can be easily transported around 
the world within an infested piece of wood as a result of human activities. Originally from the southwestern 
USA and northern Mexico, infestations of this invasive species have been reported in Canada, China, and 
Hawaii, and more than half of the prefectures in Japan. The cryptic lifestyle of drywood termites makes it 
difficult to study their foraging behavior and to detect infestations in wood. In recent years, X-ray 
Computed Tomography (CT) has been developed as a reliable indirect method to analyze termite nests 
without damaging. 

The present study aims to elaborate the nesting biology of I. minor, focusing on the observation of 
initial nest-founding in natural environment and X-ray computed tomographic (CT) analysis of the 
nest-gallery systems of I. minor.  

Evaluation of initial nest-founding by I. minor reproductives 

The evaluation of initial nest-founding of I. minor reproductives following the nuptial flight was 
conducted on six commercial timber species. The timbers included three Japanese timbers, hinoki 
(Chamaecyparis obtusa Endl.), karamatsu (Larix leptolepis Gord.), and sugi (Cryptomeria japonica D. 
Don), and three USA timbers, Douglas-fir (Pseudotsuga menziessi Mirbel), western red cedar (Thuja 
plicata Donn ex D. Don) and spruce (Picea sitchensis Bong. Carriere). The infested timbers were recorded 
in detail by identifying position of excavated holes on timbers (sapwood, heartwood, and border line of 
sapwood and heartwood), and the location of excavated holes on timber set-up (closed gap (CG) area, open 
gap (OG) area, cross-sectional surface (CS) area, bottom surface (BS) area, and upper surface (US) area of 
the timbers). 

The results suggested that I. minor reproductives showed timber preferences in establishing the royal 
chamber to initiate the colony. The order of preferred timber species was as follows: hinoki, spruce, 
western red cedar, sugi, Douglas-fir, karamatsu. The current results showed nesting preferences among 
these six commercial timbers corresponded to previous report on feeding preferences. The reproductives of 
I. minor expressed nest-site selectivity on a preferred part of the timbers, i.e, on the springwood part of the 
annual growth rings on the sapwood part of the timbers. The reproductives of I. minor also showed 
selectivity in determining their nest-site location in response to the timber arrangement, namely by 
preferring the CG area. The results corresponded to previous reports which suggested that I. minor royal 
pairs like wood cracks, crevices or holes as sites at which to excavate the first royal chamber. 

X-ray CT analysis of the nest-gallery systems of I. minor 

We conducted CT scan to capture the structure of initial chambers excavated by I. minor as part of 
nest-founding activities and foraging; to observe first year development of the chambers; to monitor 
colonization process of foraging groups of I. minor in extending the nest-gallery to previously unoccupied 
timber; and to visualize how drywood termites establish and maintain their nest-gallery systems in response 
to the internal structure of fibers, growth rings and other anatomical properties of timbers. The selected 
timbers were imaged using an X-ray CT apparatus (Y.CT Modular320 FPD, YXLON International GmbH, 
Germany) maintained at Kyushu National Museum. The X-ray data obtained during the scanning process 
will be stored in files containing two-dimensional (2D) image stacks (*.raw image file), with each file 
representing a single 2D image-slice of the timbers. The 2D CT image stacks for each timber will be 
rendered into 3D images (each 2D image slice was 0.3 mm in thickness) by using volume graphics 
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Functional analysis of cellulose synthase was conducted with recombinant protein. Given its easiness, 
bacterial cellulose synthase is used in this study. First of all, cellulose-synthesizing activity was 
successfully reconstituted in living cell of Escherichia coli by expressing the minimal required subunits 
CesA and CesB of Gluconacetobacter. Then this system, named as “CESEC (cellulose-synthesizing E. 
coli)” was used for checking enzymatic activity of point-mutants, for which site-directed mutagenesis was 
designed based on the structural model of bacterial cellulose synthase published in 2013 [1]. The obtained 
data were consistent with this model and previous data, and furthermore spotlighted the pivotal role of 
sulfur–arene interaction by cysteine in FFCGS motif and surrounding aromatic residues. However, the 
product of CESEC was a non-native structure of cellulose II, indicating that the reconstituted activity was 
incomplete or partially denatured. It is then absolutely required to find missing factor(s) for the native 
cellulose synthase activity. CESEC will be one of the tools useful for identifying such factors by 
reconstitution approach in following researches.  

Introduction 

In general, recombinant protein allows variable experiments to be conducted like site-directed 
mutagenesis and large scale production of protein. It is therefore a useful tool to analyze protein. Cellulose 
synthase is enzyme of hetero-subunit complex in cell membrane. Given high difficulty to handle membrane 
proteins with complex associated however, fewer studies have been conducted for cellulose synthase with 
recombinant protein, and then our understanding of cellulose biosynthesis is limited yet. In this thesis, 
recombinant cellulose synthase was intensively used for exploring its enzymatic mechanism.  

Bacterial model was selected in this thesis given its convenience to use. First, cellulose-synthesizing 
activity was successfully reconstituted in living cell of Escherichia coli by conventional method of 
heterologous expression of protein. This system, which we named as “CESEC (cellulose-synthesizing E. 
coli), was then demonstrated to be useful tool for the study of cellulose synthase: effect of point-mutation 
to the activity was surveyed in order to explore catalytic reaction at the level of amino acid residue.  

Reconstitution of cellulose-synthesizing activity in E. coli [2] 

Expression vector of bacterial cellulose synthase 
was constructed by cloning cesA and cesB genes of 
Gluconacetobacter xylinus JCM9730, which are the 
minimally required subunits of bacterial cellulose 
synthase. These two genes are in a same gene cluster, 
and then introduced into the vector as it is, together 
with the upstream sequence of cesA gene 
(Shine-Dalgarno sequence or ribosomal binding site). 
In addition, c-di-GMP, a small cyclic nucleotide, is 
another essential factor for cellulose synthesis in 
bacteria. For producing c-di-GMP in the cell, 
expression vector of DGC (diguanylate cyclase or 
c-di-GMP synthase) was constructed by inserting the 
gene into pBAD33 vector, which can be maintained 
together with pQE. These two plasmid DNA were 
then introduced into an E .coli strain XL1-Blue 
(Figure 1) and then transformant by carrying both 
plasmids were selected by antibiotics.  

 
Figure 1. A schematic diagram of CESEC, 

cellulose-synthesizing E. coli 
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software (VGStudio MAX 2.1, Volume Graphics GmbH, Germany).  

The structure of initial chamber excavated by the royal pair of I. minor resembled European 
pear-shape and cashewnut-shape, in response toward timber anatomical properties. Those chambers were 
established in the springwood of the sapwood, and were carefully excavated beneath the surface to follow 
the direction of annual growth rings, and avoided the summerwood. In situ observation of the first year 
development of initial chambers suggested that royal pairs of I. minor can start breeding new colony 
members in the first six months, and by the end of the first year, an incipient colony can have 0 – 5 new 
members. The development of royal chambers in the first year showed a preference for the springwood part 
of the particular growth rings where the entrance holes were excavated. 

We also evaluated the structure of initial chamber which was established by group of foragers, 
mediated by the foraging activities of individuals that attacked adjacent surface of a new timber. The result 
indicated that drywood termite has greater foraging flexibility in response of environmental conditions. In 
extending the nest-gallery, I. minor also expressed selectivity in foraging by selecting favorable excavation 
areas, and showed adaptability with respect to the timber environment. In the absence of primary 
reproductives, the colony showed dynamic change in its caste composition through the emergence of 
replacement reproductives. The results also suggested that replacement reproductives can emerge from the 
pseudergate stage. However, the sexes of the replacement reproductives, the time interval before they 
emerge and the suitable conditions required to facilitate the emergence of replacement reproductives are 
not yet fully understood. 

During colonization and foraging within wood, the internal structures of fibers and growth rings and 
other anatomical properties influenced the way drywood termites established their nest-gallery. The 
nest-gallery excavations demonstrated continual adaptation by foragers to anatomical constraints in 
selecting favorable areas of less dense wood fiber inside the timbers. The colony also exhibited defense 
mechanisms with which to protect the colony, such as by sealing a tunnel leading to the outer environment 
using cement pellets. The sticky hydrated pellets were observed in the chambers inside the nest-gallery, 
even in the first six months of new nest establishment. 
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The Termitomyces eurrhizus mushroom has 
high potential market value. The fungi in this genus 
are called “termite mushrooms”, and have a 
symbiotic relationship with Mactotermitinae 
termites. Since to date, most researchers have been 
focused on this symbiotic relationship, the 
biological and physiological properties of the fungi 
themselves are less understood. The purpose of this 
study was to evaluate the possibility of artificial 
cultivation of T. eurrhizus by examining the 
nutritional characteristics of the fungus. 

Screening of strains and media of T. eurrhizus 
collected in Japan 

Strains of T. eurrhizus collected in Okinawa 
Prefecture were screened for the following 
experiments. Four strains were selected from 27 
strains. Strain T3, collected from Okinawa Main 
Island, had low media specificity and grew 
tractably. Strain T11 from Ishigaki Island was easy 
to handle, with a medium growth rate on any media. 
Strain T25, collected from Iriomote Island, had low 
media specificity and grew fast, while T26 from 
Iriomote Island grew very fast on any media. 

Effects of carbohydrate substrates on vegetative 
mycelial growth of T. eurrhizus 

Effects of carbohydrate substrates on the 
mycelial growth of T. eurrhizus were surveyed 
using 4 strains. Thirteen carbohydrates were tested 
in this experiment, and all the 4 strains showed the 
most rapid growth on the fructose- and 
maltose-containing media. In addition, all the 4 
strains grew positively on mannose-, sucrose- and 
trehalose-containing media. T. eurrhizus might utilize starch and cellulose similarly, and demonstrated a 
poor ability to catabolize lactose. 

Wood decaying properties of T. eurrhizus 

The decay properties of T. eurrhizus were examined. Three softwood species, akamatsu (Pinus 
densiflora), sugi (Cryptomeria japonica) and hinoki (Chamaecyparis obtuse), and two hardwood species, 
buna (Fagus crenata) and konara (Quercus miyagii), were used as wood specimens. Scanning Electron 
Microscope (SEM) observations suggested that T. eurrhizus could only attack the surfaces of small wood 
samples (1.0 (R) × 1.0 (T) × 0.5 (L) cm). There was no significant difference in mass-loss rate between 
heartwood and sapwood specimens exposed to T. eurrhizus for 12 weeks. Moreover, the mass loss rates of 

Fig. 1. The fruit bodies of T. eurrhizus  
from the comb in the termite nest 
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Functional analysis of cellulose synthase was conducted with recombinant protein. Given its easiness, 
bacterial cellulose synthase is used in this study. First of all, cellulose-synthesizing activity was 
successfully reconstituted in living cell of Escherichia coli by expressing the minimal required subunits 
CesA and CesB of Gluconacetobacter. Then this system, named as “CESEC (cellulose-synthesizing E. 
coli)” was used for checking enzymatic activity of point-mutants, for which site-directed mutagenesis was 
designed based on the structural model of bacterial cellulose synthase published in 2013 [1]. The obtained 
data were consistent with this model and previous data, and furthermore spotlighted the pivotal role of 
sulfur–arene interaction by cysteine in FFCGS motif and surrounding aromatic residues. However, the 
product of CESEC was a non-native structure of cellulose II, indicating that the reconstituted activity was 
incomplete or partially denatured. It is then absolutely required to find missing factor(s) for the native 
cellulose synthase activity. CESEC will be one of the tools useful for identifying such factors by 
reconstitution approach in following researches.  

Introduction 

In general, recombinant protein allows variable experiments to be conducted like site-directed 
mutagenesis and large scale production of protein. It is therefore a useful tool to analyze protein. Cellulose 
synthase is enzyme of hetero-subunit complex in cell membrane. Given high difficulty to handle membrane 
proteins with complex associated however, fewer studies have been conducted for cellulose synthase with 
recombinant protein, and then our understanding of cellulose biosynthesis is limited yet. In this thesis, 
recombinant cellulose synthase was intensively used for exploring its enzymatic mechanism.  

Bacterial model was selected in this thesis given its convenience to use. First, cellulose-synthesizing 
activity was successfully reconstituted in living cell of Escherichia coli by conventional method of 
heterologous expression of protein. This system, which we named as “CESEC (cellulose-synthesizing E. 
coli), was then demonstrated to be useful tool for the study of cellulose synthase: effect of point-mutation 
to the activity was surveyed in order to explore catalytic reaction at the level of amino acid residue.  

Reconstitution of cellulose-synthesizing activity in E. coli [2] 

Expression vector of bacterial cellulose synthase 
was constructed by cloning cesA and cesB genes of 
Gluconacetobacter xylinus JCM9730, which are the 
minimally required subunits of bacterial cellulose 
synthase. These two genes are in a same gene cluster, 
and then introduced into the vector as it is, together 
with the upstream sequence of cesA gene 
(Shine-Dalgarno sequence or ribosomal binding site). 
In addition, c-di-GMP, a small cyclic nucleotide, is 
another essential factor for cellulose synthesis in 
bacteria. For producing c-di-GMP in the cell, 
expression vector of DGC (diguanylate cyclase or 
c-di-GMP synthase) was constructed by inserting the 
gene into pBAD33 vector, which can be maintained 
together with pQE. These two plasmid DNA were 
then introduced into an E .coli strain XL1-Blue 
(Figure 1) and then transformant by carrying both 
plasmids were selected by antibiotics.  
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