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Abstract  Ninety-two aerobic culturable bacterial 
strains were isolated from each part of the intestine of the 
deep-sea holothurian collected at 32°30�N, 129°09�E 
(southeast of Fukue Island, Nagasaki, Japan) and water 
depth of 236 m in November 2010. The temperature of 
seawater at the water depth of the sampling point was 
estimated to be ca.13-14 °C from data in Japan 
Meteorological Agency. By partial 16S rRNA gene 
sequences of the isolates, the isolates belonged to 45 
nearest type strain species (below, referred to as species). 
High diversity was observed in the genera Bacillus (21 
species) and Vibrio (6 species). The bacterial diversity 
was similar among three parts, i.e. anterior, mid and 
posterior parts of the intestine and 14 species were 
detected in multiple parts of the intestine. Most isolates 
showed various polysaccharide degradation activities but 
few isolates showed alginate or agar degradation 
activities probably because there were no seaweeds 
containing alginate or agar in this deep-sea. Comparing 
the functions and properties of several species in three 
parts, the posterior part was likely to be different from 
the anterior or mid parts.  
 
Key words: aerobic culturable bacteria; deep-sea 
holothurian; diversity; function; 16S rRNA gene 
 
Introduction 
 Deep-sea is one of unexplored regions even today. 
Holothurians (~1430 species) are found on various sea 
floors from deep sea floors to intertidal areas 4,9). 

Holothurians belong to phylum Echinodermata and their 
diet is detritus such as organic matter, microalgae, and 

bacteria6,7,11).  
 Gut bacteria play an important role in digestion of diets. 
Studies on bacteria associated with Holothurians were 
reported only for Holothuria atra10) and Molpadia 
musculus1,2). Ward-Rainey et al. reported partial aerobic 
bacterial flora of Holothuria atra. 10) In their report, only 
23 isolates were characterized by 16S rRNA gene 
sequences analysis (the first 300 nucleotides) and they 
were affiliated to the genera Vibrio and Bacillus. On the 
other hands, Amaro et al. used non-culturing methods to 
analyze bacterial community of abyssal holothurian, 
Molpadia musculus.2) Their results suggested that the gut 
bacterial composition was similar to that of the organic 
matter-rich sediments. Members of Cytophaga- 
Flavobacteria-Bacteroides (CFB) group dominated in the 
bacterial community2). Recently, they also found that ca. 
82% of total bacterial OTUs (Operational Taxonomic 
Unit) were common between the gut contents and the 
surrounding sediments1). Enomoto et al. also reported 
recently that �-Proteobacteria members were mainly 
isolated as culturable bacteria from the intestine of 
Apostichopus japonicus3). Using the molecular 
techniques, they also found that Proteobacteria members 
were main metabolically active microbial populations in 
the intestine of Apostichopus japonicus.  
 Gut microorganisms play an important role in digestion 
of diets, but the diversity and function of aerobic 
culturable bacteria in the intestine of the deep-sea 
holothurian are still unclear.  
 In this report, we isolated ninety-two aerobic culturable 
bacterial strains from each part of the intestine of the 
deep-sea holothurian collected at the southeast of Fukue 
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Island, Nagasaki, Japan, water depth of 236 m and in 
November 2010. We found that the aerobic culturable 
isolates belonged to 45 nearest type strain species (below, 
referred to as species). The bacterial diversity was 
similar among three parts, i.e. anterior, mid and posterior 
parts of the intestine. Most isolates showed various 
polysaccharide degradation activities but few isolates 
showed alginate or agar degradation activities probably 
because there were no seaweeds in deep-sea. On the 
other hand, when we compared the functions and 
properties of several species in three parts, the posterior 
part was likely to be different from the anterior or mid 
parts. Maybe the posterior part was related to the 
digestion of polysaccharides or high salt environment.  
 
Materials and Methods  
 
Sample collection and dissection  
 Deep-sea holothurian specimen was collected at 

southeast of Fukue Island, Nagasaki, Japan (32°30�N, 
129°09�E), at a water depth of 236 m in November 21, 
2010 (Fig.1). The temperature of seawater at the water 
depth of the sampling point was estimated to be 
ca.13-14 °C from data in Japan Meteorological Agency. 
The specimen was kept in icebox and aseptically 
dissected in our laboratory in November 24, 2010. 
Whole intestine was excised from the animal body 
aseptically using sterilized instruments. Fraction of 
intestine was carried out according to Shimizu et al. 8) 
The intact intestine was divided into three parts, the 
anterior part (0.71g), the mid part (0.88g) and the 
posterior part (1.80g) (Fig. 2). To isolate bacteria from 
both intestinal wall and contents, 1 ml of saline was 
added to each part and each part was crushed and mixed 
enough. Each suspension thus obtained was used for 
isolation of bacteria and 50 �l of the each suspension 
was spread on plates.  

 

 
Fig.1 Map of sampling site (arrow) and environmental conditions. 
Sampling point : 32°30�N, 129°09�E (Southeast of Fukue Island, Nagasaki, Japan) Water depth: 236 m, Sampling data: 
November 21, 2010, Temperature of water depth 200 m : ca.13-14�, Sea surface temperature: ca. 21-22��Data from 
Japan Meteorological Agency� 
 
Growth media 
 Luria-Bertani medium (LB) and Horikoshi medium 
were used basically. But NaCl concentration was 3.5% 
instead of 1%. Polysaccharides such as carboxymethyl 
cellulose sodium salt (CMC) (Wako pure chemicals, 
Osaka, Japan), xylan (Sigma), sodium alginate (Wako 
pure chemicals, Osaka, Japan) and soluble starch (nacalai 

tesque, Kyoto, Japan) were added to Horikoshi medium 
as carbon sources (final concentration 1%).  
 LB solid medium (pH 7) contained 1% tryptone (Difco), 
0.5% yeast extract (Difco), 3.5% NaCl, and 1.5 % agar 
(Wako pure chemicals, Osaka, Japan). Horikoshi solid 
medium (pH 7) contained 1% polysaccharide, 0.5% 
peptone (BD), 0.5% yeast extract, 0.1% KH2PO4, 0.02% 
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MgSO4•7H2O, 3.5% NaCl, and 2% agar. Sodium alginate 
solid medium contained 2.5% agar. For 10% NaCl media, 
NaCl concentration of growth media was 10% instead of 
3.5%. 
 For alkaline agar plates, Na2CO3  (autoclaved 
separately) was added to neutral agar medium (final pH: 
pH10.3-10.5). Na2CO3 concentration of alkaline plate 
was 1%. 
 
Isolation of bacteria 
 Fifty l of the gut suspensions was directly plated on 
agar plates without enrichment culture. High salt 
concentration or high pH were used for isolation 
conditions to isolate various bacteria because marine 
water is semi-alkaline pH and contains 3.5% NaCl. 
Seventeen different media were prepared by combination 
of pH, NaCl concentration and carbon source (Table 1). 
The plates were incubated at 30 °C aerobically for two 
weeks to obtain slowly growing bacteria. Bacteria were 
isolated from each plate, purified and stored in slants for 
further analysis. 
 

 
 
Physiological and biochemical characteristics of 
isolates 
 Polysaccharide degradation activities were detected by 
plate methods using CMC, xylan, alginate, starch or agar 
as substrate. The following plates were prepared for 
detection of enzyme activities.  
1. Neutral agar plates 
1-1. Amylase detection: Horikoshi agar medium 
containing 1% potato starch instead of soluble starch was 
used for amylase detection. Amylase-producing colony 
showed turbid halo around a colony.  

1-2. Cellulase detection: Basic neutral agar medium for 
cellulase detection contained 0.1% CMC, 3.7% marine 
broth, 0.6% MgCl2 � 6H2O, 1.5% agar, 1.6% NaCl, 
0.0015% congo-red, adjust pH to 7.0 with 1N NaOH. 
Clear zone around a colony suggested cellulase activity.  
1-3. Alginate lyase detection: The basic neutral agar 
medium for alginate lyase detection, contained 1% 
sodium alginate, 3% NaCl, 0.07% KCl, 0.26% MgSO4, 
0.5% MgCl2, 0.1% CaSO4, 0.5% peptone, 0.01% ferric 
phosphate, 0.1% yeast extract, 2% agar; adjust the pH to 
7.0 with 1N NaOH. After two weeks’ incubation at 30 °C, 
70% ethanol was filled into plates. A clear zone around 
the colony indicated the presence of alginate lyase.  
1-4. Xylanase detection: Horikoshi agar medium 
containing 1% xylan was used for xylanase detection. 
Xylanase-producing colony showed clear zone around a 
colony.  
1-5. Agarase detection: Horikoshi agar medium without 
polysaccharide was used for agarase detection. 
Agarase-producing colony showed dent around a colony.  
2. Alkaline agar plates   
For alkaline agar plates, Na2CO3  (autoclaved separately) 
was added to neutral agar medium (final pH: 
pH10.3-10.5). Na2CO3 concentration of alkaline plate 
was 1%.  
 
 All isolates were tested for salt tolerance: 0%, 3.5%, 
10%, 15%, 20%, 25% NaCl (w/v), pH tolerance (pH7 
and pH10) and effect of oxygen.  
 Anaerobic growth was examined using gaspak 
(COSMO BIO) at 30 °C for two weeks, and then growth 
condition was changed to the aerobic condition at 30°C 
for two weeks. The isolates were assigned to three 
groups, facultative anaerobic bacteria (FA), anaerobic 
tolerant bacteria (AT) and aerobic bacteria (A). 
Facultative anaerobic bacteria form colony in both 
aerobic and anaerobic cultivation. Anaerobic tolerant 
bacteria do not form colony in anaerobic condition for 
two weeks but form colony in aerobic cultivation after 
the anaerobic cultivation. Aerobic bacteria do not form 
colony in anaerobic condition for two weeks and also do 
not form colony in aerobic cultivation after the anaerobic 
cultivation. Growth ability at various conditions of 
salinity or pH was measured at 30 °C for two weeks. The 
isolates were divided into two groups by effect of pH on 
growth, neutrophilic bacteria (NE) that grew only at pH7, 
and alkaliphilic/alkali-tolerant bacteria (ALK) that grew 
both at pH 7 and pH10.  
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Molecular identification of the isolates 
 Partial analysis of 16S ribosomal RNA (rRNA) gene of 
the isolates was carried out. The 16S rRNA gene was 
amplified using bacterial primers 27f 
(5’-AGAGTTTGATCCTGGCTCAG-3’) and 1492r 
(5’-GGTTACCTT GTTACGACTT-3’) and the purified 
PCR product was sequenced with dideoxynucleotide 
chain-termination method using 3130 or 3730 DNA 
sequencer (Applied Biosystems). Primers 27F, 520R 
(5’-ACCGCGGCT GCTGGC-3’) and 907R 
(5’-CCGTCAATTCMTTTRAGTTT-3’) were used in 
gene sequencing reactions. Sequences of the partial 16S 
rRNA genes were assembled and edited using 
Sequencher (version 4.10.1 demo, Gene Codes 
Corporation) and MacVector (version 10.0.2).  
Nucleotide sequences of the partial 16S rRNA genes 
have been submitted to GenBank/EMBL/DDBJ 
databases under accession numbers AB741781 through 
AB741873 except AB741857 (Supplementary Table 1).   
 The partial 16S rRNA gene sequences were compared 
with other sequences in DDBJ database using BLAST 
program and compared with type strain sequences in 
Ribosomal database project (RDP). Each isolate was 
assigned to nearest type strain species (Supplementary 
Table 1). When isolate showed more than 97% identities 
with some type strain sequences, the isolate was assigned 
to nearest type strain species (below, referred to as 
species). When isolate showed less than 97% identities 
with any type strain sequences, the isolate was assigned 
to the tentative nearest type strain species (below, 
referred to as tentative species).  
 
Results 
 
Isolation of bacteria  
 Fig.2 shows photographs of the deep-sea holothurian 
and its dissection (C), including anterior intestine (1), 
mid intestine (2), posterior intestine (3), Polian vesicle 
(4) and respiratory trees (5). But Cuvierian tubules were 
not detected in the specimen. The each intestine 
suspension was directly plated on agar plates and 
seventeen isolation media were used. Table 1 
summarized number of the isolates obtained by different 
cultural conditions. The intact intestine was divided into 
three parts, the anterior part, the mid part and the 
posterior part. The each part was crushed and mixed 
enough and the suspensions thus obtained were used for 
isolation of bacteria. Number of colony forming units 
(cfu) per g of the anterior, mid and posterior parts were 
1.4�104 cfu/g, 0.6�104 cfu/g and 0.58�104 cfu/g in 
LB medium, respectively. Similar cfu numbers were 

obtained in Horikoshi media (pH7), but lower cfu 
numbers in the alkaline Horikoshi media (ca. pH10.3).  
 Twenty-four, 33 and 35 isolates were obtained from the 
anterior, mid and posterior suspensions, respectively. In 
total, 92 isolates were purified and analyzed further.   
 

 
Fig. 2 Photographs of the deep-sea holothurian (dorsal 
side A, ventral side B) and its dissection (C), including 
anterior intestine (1), mid intestine (2), posterior intestine 
(3), Polian vesicle (4) and respiratory trees (5). Cuvierian 
tubules were not detected in the sample. 
 
Phylogenic analysis of bacterial isolates 
 The partial 16S rRNA gene sequences were done and 
compared with other sequences in DDBJ database using 
BLAST program and compared with the type strain 
sequences in Ribosomal database project (RDP). Table 2 
summarized the species/the tentative species of the 
isolates as determined via BLAST (Supplementary Table 
1). By partial 16S rRNA gene sequences of the isolates, 
the isolates belonged to 45 species. Fourteen species 
were detected in multiple locations of three parts, i.e. 
anterior, mid and posterior parts of the intestine. The 
isolates belonged to the phyla Firmicutes (33 species) 
and Proteobacteria (12 species) (Table 2). Among 33 
species of the phylum Firmicutes, 21 species belonged to 
the family Bacillaceae 1, the genus Bacillus. Ten species 
belonged to the family Bacillaceae 2, the genera 
Gracilibacillus, Halobacillus, Oceanobacillus, 
Thalassobacillus and Virgibacillus. Twelve species of the 
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phylum Proteobacteria belonged to the genera Vibrio, 
Halomonas, Photobacterium, Pseudomonas and 
Marinobacter. Among them, high diversity was found in 
the genera Bacillus and Vibrio. The closest relatives of 
these isolates were observed in various sea environments. 
The bacterial diversity was similar among three parts, i.e. 
anterior, mid and posterior parts of the intestine (Fig.3) 
and 14 species (indicated by star in Table 2) were 
detected in multiple parts of the intestine. But, the 

number of species belonged to the family Bacillaceae 2 
decreased in the posterior part of the intestine compared 
with those in the anterior or mid parts of the intestine 
(Fig.3). 
 Three isolates (isolate no. C214, C254 and C271) 
showed less than 97% identities with any type strain 
sequences. The isolates were assigned to the tentative 
species. (Supplementary Table 1). 
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Fig.3 Number of the species of isolates in each part of the intestine  
The species were divided into five groups: the family Bacillaceae 1 (gray box), the family Bacillaceae 2 (vertical 
stripes), the family Planococcaceae (dotted box), the family Staphylococcaceae (black box) and the order 
�-Proteobacteria (diagonal stripes box). Fig.3 was summarized from Supplementary Tables 1.  
 
 
Polysaccharide degradation ability of isolates 
 Many isolates from the specimen showed 
polysaccharides degradation ability and degraded one or 
more substrates (S, CMC, AL and XL). Twenty-eight, 12, 
3 and 12 species showed amylase activity, cellulase 
activity, alginate lyase activity and xylanase activity, 
respectively (Fig.4, Supplementary Table 1). No agarase 
activity was observed in all isolates. 
 Amylase producing isolates were mainly affiliated with 
the genus Bacillus (15 species). Twelve species such as 
Bacillus horikoshii, B. hunanensis, B. licheniformis, B. 
megaterium, B. vietnamensis, Halobacillus 
kuroshimensis, H. trueperi, Photobacterium rosenbergii, 
Pseudomonas cedrina, P. libanensis, Vibrio pomeroyi, 
and V. rotiferianus were found in multiple locations of 
three parts, i.e. anterior, mid and posterior parts of the 
intestine. 
 Most cellulase positive isolates belonged to the genera 
Bacillus (5 species) and Vibrio (4species). Three species 

such as Jeotgalibacillus campisalis, Vibrio pomeroyi and 
V. rotiferianus were found in multiple locations. Only 3 
isolates producing alginate-lyase were affiliated with 
Gracilibacillus dipsosauri, Pseudomonas synxantha and 
Vibrio agarivorans. All isolates producing xylanase were 
most closely related to the genera Bacillus (9 species) 
and Pseudomonas (3 species). One species, 
Pseudomonas libanensis was found in multiple locations. 
 Several species showed multiple polysaccharides 
degradation activities. On the other hand, 11 species had 
no polysaccharides degradation ability and 7 species of 
them in the anterior or mid parts of the intestine 
belonged to the family Bacillaceae 2 but the number of 
them decreased in the posterior part of the intestine 
(Fig.4). It was observed that in the posterior part, the 
number of xylan degrading species related to the family 
Bacilliaceae 1 increased and the number of starch 
degrading species related to the order �-Proteobacteria 
also increased (Fig.4). 
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Fig.4 Number of the species of isolates degrading various polysaccharides  
The species were divided into five groups as shown in Fig.3. S, CMC, AL, XL and None indicated starch degradation 
activity (S), CMC degradation activity (CMC), alginate degradation activity (AL), xylan degradation activity (XL) and 
no degradation activity (None), respectively. No isolates showed agarase activity. Fig.4 was summarized from 
Supplementary Tables 1.  
 
Physiological characteristics of the isolates 
 Fig.5 and Supplementary Table 1 showed effect of 
anaerobic condition for growth of the isolates. The 
isolates were divided into three groups, facultative 
anaerobic bacteria (FA), anaerobic tolerant bacteria (AT) 
and aerobic bacteria (A). Twenty-five FA species were 
mainly affiliated with the phylum Proteobacteria and the 
family Bacillaceae 1. Six species such as Bacillus 
licheniformis, Photobacterium rosenbergii, 
Pseudomonas cedrina, P. libanensis, Vibrio pomeroyi 
and V. rotiferianus were found in multiple locations. 

Thirty AT species were mainly affiliated to the genera 
Bacillus (16 species), Gracilibacillus, Halobacillus, 
Oceanobacillus and Virgibacillus. Only one aerobic (A) 
species, Halobacillus kuroshimensis was found in 
multiple locations. The species belonging to the family 
Bacillaceae 2 were mainly affiliated to AT group and 
species belonging to the family Bacillaceae 1 were 
mainly affiliated to FA or AT groups (Fig.5). The species 
belonging to the phylum Proteobacteria were mainly 
affiliated to FA group (Fig.5). 

 
Fig.5 Number of the species of isolates classified by effect of oxygen on the growth 
The species were divided into five groups as shown in Fig.3. Facultative anaerobic bacteria (FA) form colony in both 
aerobic and anaerobic cultivation. Anaerobic tolerant bacteria (AT) do not form colony in anaerobic condition for two 
weeks but form colony in aerobic cultivation after the anaerobic cultivation. Aerobic bacteria (A) do not form colony in 
anaerobic condition for two weeks and also do not form colony in aerobic cultivation after the anaerobic cultivation. 
Fig.5 was summarized from Supplementary Tables 1. 
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 High salt concentration or high pH were used for 
isolation conditions to isolate various bacteria because 
marine water is semi-alkaline pH and contains 3.5% 
NaCl. Salinity tolerance of the isolates was examined 
(Fig.6, and Supplementary Table 1; JJSE Web site). The 
isolates most closely related to Halobacillus 
kuroshimensis and Bacillus clausii showed the highest 
salt tolerance (25 % NaCl) and some strains were able to 
grow in absent of NaCl. Twelve species were halophilic 
(20-25% NaCl conc.) and mainly belonged to the family 
Bacillaceae 2, the genera Halobacillus, Virgibacillus and 
Oceanobacillus. Thirty-two species were moderate 
halophilic (10-) and 18 species belonged to the family 

Bacillaceae 1, the genus Bacillus and 9 species belonged 
to �-proteobacteria such as the genera Pseudomonas, 
Vibrio and Photobacterium.Seven species were slight 
halophiles (3.5% NaCl) belonged to the genera Vibrio, 
Photobacterium, Jeotgalibacillus Bacillus. It appears that 
the species belonging to the family Bacillaceae 2 are 
most salt-tolerant (more than 20% NaCl) and those 
belonging to the phylum Proteobacteria or the family 
Bacillaceae 1 were moderate halophilic (10-) (Fig.6). It 
was observed that number of species related to slight 
halophiles (3.5%) decreased in the posterior part 
compared with those in other parts.  

 
Fig.6 Number of the species of isolates classified by effect of NaCl concentration on the growth  
The species were divided into five groups as shown in Fig.3. Fig.6 was summarized from Supplementary Tables 1. 
 
 All isolates were examined for growth responses to pH 
shift (pH7�pH10 or pH10�pH7. All 
alkaliphilic/alkali-tolerant strains isolated from alkali 
medium were able to grow at pH 7, while half of species 
isolated from pH 7 were able to grow at pH 10. Nineteen 
species were the neutrophilic species (NE) growing only 
at pH7. Eleven species were affiliated with the genus 
Bacillus.   
 
Discussion 
 In this report, we isolated aerobic culturable bacteria 
from each part of the gut of deep-sea holothurian using 
different culture conditions. The deep-sea holothurian 
was collected at southeast of Fukue Island, Nagasaki, 
Japan (32°30�N, 129°09�E), at a water depth of 236 m in 
November 21, 2010. Ninety-two aerobic culturable 
bacterial strains were isolated from each part of the 
intestine of deep-sea holothurian. By partial 16S rRNA 
gene sequences of the isolates, the isolates belonged to 

45 species. The bacterial diversity was similar among 
three parts, i.e. anterior, mid and posterior parts of the 
intestine and 14 species were detected in multiple parts 
of the intestine. But, the number of species belonged to 
the family Bacillaceae 2 decreased in the posterior part 
of the intestine compared with those in the anterior or 
mid parts of the intestine. (We will discuss this later.) 
 As shown in Table2, the isolates belonged to the phyla 
Firmicutes (33 species) and Proteobacteria (12 species). 
Among 33 species of the phylum Firmicutes, 21 species 
belonged to the family Bacillaceae 1, the genus Bacillus. 
Recently, Enomoto et al. reported that Proteobacteria 
members were mainly isolated as culturable bacteria 
from the intestine of Apostichopus japonicus3). These 
results suggested that the sea environments such as deep 
sea or intertidal areas maybe affected diversity of aerobic 
culturable bacteria. 
 Detritus is organic materials and is used as a source of 
nutrient for detritus feeders5). Most important 
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components of detritus are recalcitrant polysaccharides 
and bacteria are the main decomposers that degrade these 
materials. Therefore, we analyzed polysaccharide 
degradation of the isolates. We found that many isolates 
showed various polysaccharide degradation activities. 
High diversity was observed in starch degradation 
isolates, suggesting the large amount storage of starch in 
detritus, for example algae. But, there were few isolates 
showing alginate or agar degradation activities probably 
because deep-sea was not suitable area for seaweeds 
which contained a lot of alginate or agar. As mentioned 
in Fig.4, 11 species had no polysaccharides degradation 
ability and 7 species of them in the anterior or mid parts 
of the intestine belonged to the family Bacillaceae 2 but 
the number of them decreased in the posterior part of the 
intestine. It was observed that in the posterior part, the 
number of xylan degrading species related to the family 
Bacilliaceae 1 increased and the number of starch 
degrading species related to the order �-Proteobacteria 
also increased (Fig.4). It was also observed that number 
of species related to slight halophiles (3.5%) decreased in 
the posterior part compared with those in other parts. 
These results suggested that the posterior part had a 
different role or environment compared with the anterior 
or mid parts, maybe the posterior part was involved in 
the digestion of polysaccharides.  
 We found that almost all isolates were facultative 
anaerobic bacteria or anaerobic tolerant bacteria. It 
appears that oxygen will enter the intestine of the sea 
cucumber from the mouth with the detritus food and also 
some amount can penetrate from the body tissues. These 
results suggested that the aerobic culturable isolates 
potentially contributed to digest detritus and supply 
metabolic products (minor components and vitamins) to 
their host sea cucumber.  
 Three isolates (isolate no. C214, C254 and C271) 
showed less than 96% identities with any type strain 
sequences and two of them were obtained from alkaline 
plates and 10% NaCl. These results suggested that the 
intestines of deep-sea holothurians were still new 
resource for new species.  
 The temperature of seawater at the water depth of the 
sampling point was estimated to be ca.13-14 °C in 
November 2010 from data of Japan Meteorological 
Agency. But, it was surprising that the full year 
temperature of the sampling point was estimated to be 
ca.12-15 °C throughout the year (from data in Japan 
Meteorological Agency). These results suggested that 
this deep-sea environment seemed a little low 
temperature but more suitable environment for deep-sea 
holothurian and their intestinal bacteria. 

 In this study, only one specimen, deep-sea holothurian 
was obtained and investigated. Therefore, future 
challenges remain regarding individual variations, 
morphological descriptions, haplotypes of host species 
and surrounding environments including sediments. 
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Abstract  Ferredoxin from Cyanidioschyzon merolae, a 
moderately thermophilic unicellular alga, has a 
hydrophobic interaction between two solvent-exposed 
residues, V53 and V87, which are specific for 
thermophilic ferredoxins. This interaction is located on 
two �-strands, which are part of a �-grasp motif 
constructing ferredoxin. Point mutations were designed 
to those two residues, which were participating in this 
surface hydrophobic interaction, and it was revealed that 
the thermal stability of the V87A mutant was largely 
decreased compared to that of the wild type (WT). The 
result suggested an example for the finding that surface 
hydrophobicity affected protein thermal stability. 
 
Key words: Ferredoxin; thermal stability, hydro- 
phobicity, �-grasp motif, Cyanidioschyzon merolae 
 
Abbreviations 
Cm: Cyanidioschyzon merolae 
So: Spinacia oleracea 
Ml: Mastigocladus laminosus 
Fd: Ferredoxin 
WT: Wild type 
CmFd: Cyanidioschyzon merolae ferredoxin 
SoFd: Spinacia oleracea ferredoxin 
MlFd: Mastigocladus laminosus ferredoxin 
SoFd-NADP reductase: 

Spinacia oleracea ferredoxin nicotinamide adenine 
dinucleotide phosphate (oxidized form) reductase 

NADPH: Nicotinamide adenine dinucleotide phosphate 
(reduced form) 

 
 

 One of the most generally recognized factors for 
enhancing the protein thermal stability is to increase the 
packing density of the hydrophobic core5,12). In addition, 
amino acid substitution at the surface has been shown to 
have little effect on protein thermal stability10,17). 
However, examples that few point mutations at the 
surface drastically increase the proteins thermal stability 
have been also reported15,19). The factors that enhance the 
protein’s thermalstablity seem to vary with regard to the 
proteins to be focused on and general concepts to raise 
the thermal stability are still a matter of debate. 
 Cyanidioschyzon merolae (Cm) is a moderately 
thermophilic red alga, whose optimum growth 
temperature is 42°C–50°C. It is also a unique 
thermophile that is positioned as a primitive eukaryote 
cell according to its simple organelle structure11). 
Ferredoxin (Fd) is an iron-sulfur protein present in many 
life forms where it acts as a multifunctional electron 
carrier9,18). The �-grasp motif is a protein motif that 
forms the core of Fd with five �-strands and one 
�-helix2,8,14). This motif is also present in ubiquitin, one 
of the most phylogenetically well-conserved proteins in 
eukaryotes and several other proteins with biologically 
distinct functions. In many studies of thermostability of 
proteins, more thermophilic or hyperthermophilic 
proteins are used because of their attractive features. 
However, we chose to compare a moderately 
thermophilic protein with the mesophilic protein from 
Spinacia oleracea (So)1) because it has more similarities 
in its primary, secondary, and tertiary structures, and has 
still approximately 20°C difference in thermal stability20), 
which may unobtrusively carries a unified set of rules for 
protein thermal stability. 
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 By comparing the structure of the plant-type [2Fe-2S] 
ferredoxin from Cm and So (a mesophilic higher-plant), 
we found that CmFd has a specific hydrophobic 
interaction occurs on the surface of the protein as 
building up a hydrophobic shield that is likely to protect 
the �-sheet structure. In this study, by introducing point 
mutations into this region, we examined the effect of 
surface hydrophobic interactions on the protein thermal 
stability. 
 
 All mutants were prepared by inverse polymerase chain 
reaction with the KOD-Plus-Mutagenesis Kit 
(TOYOBO). We used the pTTQ18 vector (Amersham 
Pharmacia Biotech) that carries the WT Fd gene as a 
template. The V87A mutant was prepared by using two 
oligonucleotide primers, i.e., forward primer (bold letters 
are the mutational points):  
5�-GCCATTCAAACTCATCAAGAAGAAGCT-3�, and 
reverse primer: 5�-GCAATCAGAAGTAGGATATGC- 
AACACAGGTTAG-3�. The sequences of the V87T 
mutant primers were as follows: forward 5�-GTACTAT- 
TCAAACTCATCAAGAAGAAGC-3�, reverse 5�-AAT- 
CAGAAGTAGGATATGCAACACAGG-3�. Those of the 
V53K mutant primers were as follows: forward 
5�-AAGAAAGGATCCGTGGATCAATCTGATC-3�, 
reverse 5�-TAATTTGCCTGCGCAAGTAGAGCAAG- 
3�. The linear DNA fragment containing the mutation 
was ligated into circular DNA and the mutant proteins 
were expressed and purified as described previously20). 

After the proteins had been applied to the first two 
columns, ammonium sulfate was added to the eluate to a 
final concentration of 2 M, and the solution was loaded 
onto a DEAE Sepharose FF column (GE Healthcare). Fd 
was eluted with a negative linear gradient of 2-0 M 
ammonium sulfate and the purity was confirmed by 
native polyacrylamide gel electrophoresis. The Fd 
concentration was estimated on the basis of its 
absorption at 420 nm, using an extinction coefficient of 
9.68 mM-1 cm-1 18). 
 For the measurement of protein thermal stability, Fd 
samples were assayed for cytochrome c reductase 
electron transfer activity13,20). Fd samples were incubated 
at each temperature (ranging between 20°C and 80°C) 
for 30 min. Continuously, the incubated Fd samples were 
added to an assay mixture that consisted of 50 mM 
Tris-HCl (pH 8.0), 250 μM NADPH, 39 μM bovine 
heart cytochrome c, and 3.3 U/mL SoFd-NADP 
reductase. Immediately thereafter, cytochrome c 
reduction was monitored spectrophotometrically at 550 
nm at 25°C. The temperature midpoint of the remaining 
electron transfer activity of Fd was calculated by fitting 
with the Boltzmann function.  
 The hydrophobic core of Fd is located in the inner 
space of the �-grasp motif, which is formed by five 
�-strands and one �-helix (Fig. 1). In addition, there is a 
hydrophobic interaction between the side chains on the 
surface of CmFd, i.e., V53 on �3 and V87 on �5 (Fig. 1).  

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Crystal structure of CmFd WT  
(a) The [2Fe-2S] cluster is shown in stick representation. Fe and S atoms are orange and yellow, respectively. “N” and 
“C” stand for N-terminal and C-terminal end, and the secondary structure elements are represented. Five �-strands, 
�1–�5, and an �-helix, �1, form the �-grasp motif, and the hydrophobic core exists in the interior of this motif.  
(b) (a) viewed from a different angle. V53 and V87, shown in stick representation, located on �3 and �5, respectively. 
The side chains are exposed to the surface of the molecule.  
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 Thermophilic cyanobacterium Mastigocladus laminosus 
Fd (MlFd; optimum activity at 65°C6)) also has 
hydrophobic residues at this position, but SoFd has K52 
and T86 at the corresponding site. Therefore, we 
designed a point mutation in CmFd that replaces V87 
with Ala and assayed protein thermal stability by 
measuring Fd electron transfer activity. The midpoint 
temperature of the remaining activity of V87A was 61°C, 
which was largely decreased compared to 71°C of the 
CmFd (Fig. 2). This result may indicate that the 
hydrophobic interaction in this region is indeed 

important for protein thermal stability. With regard to the 
V87T mutant (amino acid substitution corresponding to 
SoFd), the midpoint temperature was 67°C, which is not 
as low as that of V87A, but still showed a decrease in 
protein stability. With regard to the V53K mutant, in 
which an amino acid was substituted that was holding a 
hydrophobic interaction with V87 and corresponded to 
SoFd, the midpoint temperature was 66°C. The double 
mutant V53K/V87T, in which both V53 and V87 were 
replaced with residues corresponding to SoFd, had a 
midpoint temperature of 67°C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Measurement of Fds thermal stability  
Electron transfer activity of Fd remain after the incubation with indicated temperature was monitored in Fd-NADP+ 
reductase system by absorption at 550 nm for reduction of cytochrome c. Symbols represent, CmFd WT; closed circles, 
SoFd; closed squares, CmFd V87A mutant; closed triangles, CmFd V87T mutant; open circles, CmFd V53K mutant; 
open squares, CmFd V53K/V87T double mutant; open triangles. Lines represent fitting with the Boltzmann function. 
 
 
 Comparison of the tertiary structure of CmFd and SoFd 
showed that CmFd has a specific hydrophobic region 
formed by V53 and V87 and -CH2- from K51, L54, and 
Q89 (Fig. 3). On the other hand, SoFd does not have 
hydrophobic residues but has an ion pair between K52 
and E88 (corresponds to V53 and Q89 in CmFd, 
respectively) instead in this region. It is generally 
assumed that close packing of the hydrophobic core and 
minimized cavities play a major role in protein 
stability3,5,12), while amino acid substitution on the 
surface of the molecular has little effect on its 
stability10,17). Yet, exceptions for these general rules have 
been reported by demonstrating the few point mutations 
at the surface resulted in a sufficient increase in protein 
stability15,16,19). Since both CmFd and SoFd have a 
hydrophobic core under the �-sheet containing these two 
�-strands, a hydrophobic shield on this region may be 

important for the structure and thermal stability of Fd. 
Indeed, MlFd has this hydrophobic shield at this region, 
too. 
 Among all 4 mutants, the decrease in thermal stability 
was the highest for the V87A mutant. It is most favorable 
to think that this was caused by a loss in the volume of 
the hydrophobic group. The loss of the methyl group 
might create a hole in the hydrophobic shield, and 
thereby destabilized this region. MlFd, which has higher 
thermal stability, has Ile instead of Val in this region (Fig. 
3). A closer packed hydrophobic shield may enable 
higher protein stability. In contrast, among 3 mutants in 
which the residues were replaced according to the one in 
SoFd, V87T, V53K, and V53K/V87T, there was no 
remarkable difference in their thermal stability. This 
result indicated the importance of “inter �-strands” action 
of hydrophobic residues. Furthermore, it indicated that 
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substitution of one amino acid had the same effect as that 
of two with regard to hydrophobic interactions. However, 
these 3 mutants, in which Val was substituted with Lys 
and Thr, did not lose its thermal stability as did in the 
case of V87A. This might be due to the volume of the 

hydrophobic -CH2- parts in Thr and especially Lys4). 
These methylene groups covered the lack in the 
hydrophobic shield and, as a result, the mutants did not 
lose their thermal stability as did the substitution to Ala. 

 

Fig. 3. Surface region of �3 and �5 in 3 different Fds 
Five residues that face the surface of the molecule in the �3 and �5 regions from SoFd (blue), CmFd (pink), MlFd 
(orange) are shown in ball and stick representation. Yellow dashed lines represent the ion pairs. The light-blue circle 
represents the hydrophobic region. CmFd and MlFd both have a hydrophobic region that shields the � sheet. SoFd does 
not have hydrophobic residues, but has an ion pair instead.  
 
 
SoFd does not possess the hydrophobic shield but instead 
has an ion pair in this region. Since ion pairs have 
relatively high binding energy, it may be generally 
thought that this could contribute more to the 
enhancement of protein stability. Nevertheless, CmFd 
and MlFd, which have hydrophobic residues in this 
surface �-sheet region, had higher thermal stability. 
Additionally, one amino acid substitution in this region 
can decrease its protein stability by 10°C compared to 
the CmFd. This demonstrates that shielding the �-sheets 
from solvents (in many cases water) by hydrophobic 
residues is more important than to connect the two 
�-sheets with a strong bond. Placing the hydrophobic 
shield on the surface of �-strands presumably enabled the 
proteins to obtain a higher thermal stability by 
preventing an invasion of water molecules into the core 
of the protein. However, increasing the thermal stability 

of mesophilic ferredoxin by introducing a hydrophobic 
shield should be examined to confirm the hypothesis. 
The examples of hydrophobic shields protecting the 
�-sheet structure against water molecules were also 
reported for thermophilic proteases and cold shock 
proteins7,16). In addition, in CmFd, the existence of a 
hydrophobic shield on the surface of the �-sheet in the 
�-grasp motif represents the importance of this region 
and may be the key point for investigating strategies for 
protein thermal stability. We are further performing 
structure-based analyses of CmFd and its mutants and 
investigating its mechanism of thermal stability. 
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Abstract  Antifreeze protein (AFP) is an extraordinary 
bio-molecule that specifically binds to the surface of an 
ice crystal to inhibit its growth below 0 C, and also to 
the membrane surface of a cell to improve its viability 
above 0 C. Based on our knowledge about the 
biochemical/biophysical properties as well as the 
structure-function relationships of various AFPs, we are 
trying to develop new AFP-technologies applicable from 
industry to medical fields. 
 
Keywords: antifreeze protein, ice-binding, ice 
recrystallization inhibition, three-dimensional structure. 
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Isolation of alkaliphiles, which can grow by oxidative phosphorylation under 
high lithium ion concentration instead of sodium ion and its physiology, 

predicted from comparative genome analysis with sodium dependent ones. 
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Abstract  Alkaliphilic bacterial organisms have an 
optimal growth pH above 9.06). They can maintain the 
cytoplasmic pH close to neutral pH under such high pH 
condition. In general, sodium transport cycles are 
coupled to the cytoplasm acidification. Bacillus 
pseudofirmus OF4, an exclusively studied facultative 
alkaliphile whose genome has been sequenced8), can 
grow on malate by oxidative phosphorylation and it 
requires sodium ion at more than 10 mM at pH 10.59). 
However, some of alkaliphiles such as Bacillus foraminis 
CV53T are assumed to be independent on sodium ion10). 
In addition, contribution of intracellular acid production 
to it has been suggested from the fact that B. 
pseudofirmus OF4 could maintain the intracellular pH at 
9.2 on glucose without sodium when the cells were 
upshifted from pH 8.5 to 10.59). Exploring alkaliphilic 
bacteria, which grows by oxidative phosphorylation and 
requires much lower sodium would be one of the 
challenges to find a novel alkaline environment 
adaptation. 
 
Keywords: alkaliphiles, Bacillus, genome, ion 
transporters, cell surface 
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Abstract  Limno-terrestrial tardigrades can withstand 
almost complete desiccation through a mechanism called 
anhydrobiosis, and several of these species have been 
shown to survive the most extreme environments through 
exposure to space vacuum. Molecular mechanism for 
this tolerance has so far been studied in many 
anhydrobiotic metazoans, leading to the identification of 
several key molecules such as the accumulation and 
vitrification of trehalose as well as the expression of LEA 
proteins to prevent protein aggregation. On the other 
hand, the understanding of comprehensive molecular 
mechanisms and regulation machinery of metabolic 
compounds during anhydrobiosis is yet to be explored. In 
this review, I report and summarize the recent progress in 
the comprehensive metabolome analysis using the 
tardigrade Ramazzottius varieornatus, which is a 
potential model species for anhydrobiosis. In order to 
analyze the metabolic changes in the active and 
dehydrated states, metabolome is measured in both 
conditions using two types of high-throughput mass 
spectrometry (MS) systems, liquid chromatography 
time-of-flight MS (LC-TOFMS) for lipids and sugars 
and capillary electrophoresis TOFMS (CE-TOFMS) for 
primary metabolite. Increase, but no significant 
accumulation of trehalose in this species was confirmed, 
suggesting a more complex mechanism for 
anhydrobiosis in comparison to other metazoans. While 
changes in gene expression profiles are limited in 
between active and tun states, dynamic changes were 
observed in the metabolism of this species in response to 
desiccation. Changes in the metabolic profiles suggest 
complex intracellular responses to oxidative and osmotic 
stress.  
 

Keywords: Anhydrobiosis, metabolomics, tardigrade, 
cryptobiosis, Ramazzottius varieornatus, oxidative stress 
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Abstract  Deep sea is characterized by high pressure 
and low temperature, and the organisms inhabiting the 
environment have adapted to such extreme conditions. 
High pressure and low temperature exert profound 
physiological impacts on bilayer membranes, primarily 
resulting in tighter packing and restricting the rotational 
motion of acyl chains. The maintenance of appropriate 
membrane fluidity is crucial for the integrity of 
membrane proteins and cell survival under high pressure 
and low temperature. Of the spectroscopic techniques 
available to study membrane properties, fluorescence 
anisotropy measurement is a common useful method 
providing information on dynamic membrane properties. 
Recently we developed a new system that enabled 
time-resolved fluorescence anisotropy measurement 
under high pressure. In this paper, I describe a renewed 
view of the membrane properties in deep-sea piezophile 
Shewanella violacea when the cells are exposed to high 
pressure. 
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ëclc\;w�bw?�fc`woc�%C;o

`bCF@�Ð�h?]Ï©V~��@Ö·\w�

ëlÖ)$\%il�#�]?#�#e�F'��

�}c�#i\%C;Ccq<¯}�|#lÎ��

�wÎª`A���@ÕÖ$\w?Ò�©	¯?�

�ÄN³�Å�w��?i\�hÕ³��ÏÅ�w

�0F½{c��(#ãò�Îªà,��%�qù

<�\Uq�jv�%lÎ�������h?Á�

&§(�½�*�N�EJ�Ú¦56�� D. H. 
Bartlett<� Photobacterium profundum SS9wÚ¦5
6TU�Å�D.<� Shewanella violacea DSS12@
Z�¬¿�(wCF¯}�¬*Ï56q�ªÏ�²

¦<���\%¡â<�lÎ���o!"}U�©

��ÄN³���2$\�y�4ìqiE?�@h

�Jìª��o°¤e�?9©H#o��<�!"

}@NK���¡#ë\ab�c0F 4, 21)% 
 
��w��¯}�T$\Îª�Ø 
 
y Î����©��¯}���?W@DaØ$Îª

�Da��¥�V@�$%F�C�i�o|ô�Ï

�¶·��F�ëF�%50 MPaH¥#h?��¡�
©��¯K?$qr�@	CFyC��E|vc¡

�Îª�?Wq��\ 13)%$��ÄN³ë�?Wq

�ë��h?Õ³â´s�Î���b�ðÅ��Ö

)q�ë�F¦#i\ 1, 9, 15)%50~100 MPa#hÒ�
©	¯?DNAÄÝc¡���qY��cE?½N�
�©�Ã������´þ?�<Å�ª¾�À�E

��°×c¡?���8���ÄN³�IJq±�

\ 17–19, 22)%`�h�´þ©°×��bÄ��ÓÖ)

�a\o�#?wèCF��ÄN³Îñ�Éº�a

\K�q�ë�%``#�ÓÖ)whêL©£k�

�b¹����Ó­@�$%^·��Ã����É

01@¶·�v\w?´þC��\wëwÕu�´

þC��\wë�gq�Ã���� 1¿(iFE�
�Óq� 90 mL�e� 18)%a0�(ZF���¼�


��_�?DÎ$\w�´þg��êLhF&�

$\%100 MPaH¥�Îªh'x�ß�¨Ïw÷»
�?y¯?���a0�hyÐY�DÎ#o�,�

q�ël­¥$\`whc�%C;C9�w`.?

�]?
�¥# 100 MPa#���¯K-@�/qè
#e�F^h?vÚ&I�lÎ���w�·¡o4

ìe���c�%'g?¿ì8���ÄN³�V�

©ÎªÖ�h 100~200 MPa#±�E?DNA© RNA
��0�h 1 GPa�#Å�qô�#i\ 5, 8, 14, 16)%_

0�?Ò�©	¯?DNAÄÝ�Dr\Îª��h�
È��o��Ö�#hcl?�C.��<@M\

DNA/RNA ï�Ü���Äþ�©�<Å�ªë�?
Wqµ #i\%S. violacea� RNAï�Ü����
h Î�qiE?�Î\I��
�a\ in vitro°%
;< 140 MPa�#h¾�À�E�Å�@Áv$\`
wq»;0��\ 12)%'g?G'
�¥#�N��

RNAï�Ü���h°×C�C�b%S. violacea�
�­��Îªq� 70 MPa #i\`w@¶·\w?
RNAï�Ü���h��2ì�ô��@èÜC��
\��% 
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F%�`#?ð���$ë�?W����¶·�v

F�%= ÏÍÓwC��ÎªhÕ³â´s@Î�

C?½F(©�_Ò��
�¡�@6�$\%½F

(©�Xe©pPºÏ?��Ns��o�a\­h

i\q?DD�l�+Õ³â´s�jÒÏ]Ïh

100 MPa# 20~30���$\%^·�?LÄ(D�

(&§�&÷�L(Ã���ýþ?�IÎ¥�Ç

ÒÏ]Ïh 42��q?100 MPa�w 64��#��$
\ 9)%��$h��qÄUc�#;ècjÒÏh�

#e�c�%C;C?$��ÄN³���q�Îª

#�ël°c»�\�h?$�Î���b��ÄN

³�Å�Ö)�a\F¦#i\%tQc$�$û@

Ü�`wq�Îª¥��vÁv�´µ#i\`wh?

�¬�­]tkw±��\;oC�c�%­]ë�

tkâ��'�hÕ³½F(©�pPº)#i\%

'�i\�h��pPºÕíÈhá�Ï�;e��

F¦?$�RS@ÖÃ��T��qÁve�\%`

��aE$��ÄN³���qÜF�\w�bO�

v#i\%Macdonald <hUÚ;<vÚ�#Gº$
\@£no���$@×u?Îª�?W@4ìCF%

V<hy AXïX@1y 1,6-diphenyl-1,3,5-hexatrine 
(DPH)@Ó�?�Îª¥#AXïX°���@�0
F%��×Ø?G«Îª�ow#hvÚ��no�

gq$�WXq­l?T��q����(#Áve

���\`wq»;0F%�F?ó�e�FvÏ�

jB$\Îª@;r\w?¡�n#o$�$ûq®

ØG«�c\`wq�e�F 6)%�¬qmn
��

þ»p�$�T��@Ü�`�abcO�v

@?”Homeoviscous adaptation”wúD% 
y vÚ�����lh¼
Ã¾E��¼�È

-eicosapentaenoic acid, H¥ EPA/©üÃ¾¼î¾
¼�È-docosahexaenoic acid, H¥ DHA/c¡��
�pPºÕíÈ@�l���#?$�T��@�¦

\w¶·<���\%C;C?P. profundum SS9#h
EPAþ°.#o��.wG½��Îª¥#@�$\%
w`.q?'�pPºÕíÈ� cis-vaccenic acid 
(C18:1)@þlwÎª`A�@�$�#i\ 3)%¡�

� ~ ® ; < U ù e � F ­ ] � Shewanella 
livingstonensis Ac10 #h?EPA h­]
�¥�Dr
\��¯K�pfþ�q?4��¯}�Y¿ÐÏ#

ù\�E EPA �+�h$�T���?Wqc�w
×PÓr<���\ 10)%�F?S. violacea DSS12#
h EPA @þ°$\w�Îª¥#@�ÐÏq­¥$
\ 11)%̀ �ab��Îª¥©­]¥# EPAqØF$

¼w´µ�����h?��©VC
�?Ï|$

\J³�a0�×PqÑcE?t'Ïcù°h�<

���c�%�o�oZ�¬���$q�ëF��

�Îª¥#��e�F^h`��#c;0F%�`

#HZ#h?�Îª¥�Dr\lÎ���S. violacea 
DSS12���$�¬�w EPA�
¼����?QF
â��@�Þù�=Ó��°ø$\% 
 
�Îª¥�Dr\AXïX°��� 
 
y ÑO#F�FAXïX@1 DPH ©���Q�
1-[4-(trimethylamino)pheny]-6-phenyl-1,3,5-hexatriene 
(TMA-DPH) h?�+$�¬�@×u\F¦`��
#alÓ�<��ëF%DPHqÕ³â´s�½F(
©[s-$®ás/�ãä$\��TC?TMA-DPH
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h���ç\�@v�F¦Õ³â´s���Ns�

½�Á�e�\%AXÑg� (fluorescence anisotropy, 
r) hí [1] #�9e�?$q\:#i�� rVh�
l?7Ueq@$w��Vh­¥$\% 
    r = (IVV – G IVH)/(IVV + 2G IVH)              [1] 
``#?I hAX*Ï?H w V h]:ïX�TC�
�ô�ÉêDa�^:g��AX�¯@8j$\%

G hcä2y#i\%QFâhAX�v�ÐY¯°
��@ZÓCïX°�
@�0�DE-H¥?ÐY

¯°AXïX°�
/?W)���$¼(��7K�

(w���Q�q$�DaØ$?W@×u�ëF 2)%

ÐY¯°�hDa� 100 ps#i\%r�ÐYÖ)h
í [2] #Îe�\% 
   r(t) = [IVV(t) – G IVH(t)]/[IVV(t) + 2G IVH(t)]     [2] 
Õ³â´s�_¦|��F¯}h_Ò¡�q6�e

���\�#?Ñg��ÐYÖ)h�o2Îc'�

¯@±#í [3] #Îe�\% 
    r(t) = (r0 7 r�) `exp(7t/�) + r�              [3] 

``#?r0hAX¯}q����c�wë�Ñg�?

r�hç��ïX°�CFwë�Ñg�?ahAX¯

}�_Òj2ÐY#i\%´µwc\�qWX } 
(S, order parameter)wAX¯}�_Òj2úy (Dw, 
rotational diffusion coefficient) #iE?��ô�í 
[4]w[5]#Îe�\% 
    S = (r� /r0)1/2                             [4] 
    Dw = (r0 7 r�)/6��r0                       [5] 
$�WXq­¥$\w Sh­¥C?½F(©�_Ò
¡�qõClc\w Dw h�lc\%�@?QFâ

h 200 MPa�#��Îª¥#ÐY¯°AXïX°�

@�bF�7ª@TUC?`�@ High-pressure 
time-resolved fluorescence anisotropy measurement 
system (HP-TRFAM) wúf#�\ 20)%� 2. ���
F�7ªÅ�@�$%�`#ð�?HP-TRFAM@Ó
�� S. violacea DSS12�$¬�@°%CF×Ø��
���	$\% 

 

 
� 2. �ÎÐY¯°AXïX°���F�7ª HP-TRFAM 

 
lÎ��� S. violacea DSS12���$w EPA�
¼ 
 
y S. violacea DSS12���.h50 MPa#�l�@�
$\q?�pfaA.#h@�ÐÏq­¥$\ (� 3) 20)%

TMA-DPH #��(CF���@ 10 �# 0.1~150 
MPa �Îª¥# HP-TRFAM @�0F%��×Ø?
��.���$h�IÎ¥#oßL�\:# S h
0.9w�b��V@�$`wq»;0F (� 4A)%�
N�c¡wÕu�h\;�$�T��h­�%C;

o 150 MPa�#DÎC�o`�Vh�ëlÖ)pi?
��.���$hL�\:#i\ab� 20)%EPA@
Vbw$h\:�c\�;wÙÚC��Fq?A�

�pfaA.� Sh��.aEo�C.­�V@�CF%
��E EPAqi\gq$hb��#i\%(� 4A)%
`�@²v$\ab�?Dwh�pfaA.#�l½F(
©�_Ò¡�q��0��F (� 4B)% 
y #h?c# EPA@����.���$h?EPA@
��c��pfaA .aE\:c��.bM�h?��
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.��ÕíÈ�½¦\ EPA �¼þh� 11cc��
q?�pfaA.#h EPAq�V$\wwo�?Ä(D
��
�È-palmitoleic acid, C16:1/�¼þq� 24%
;< 49%�@�C��F%$c»â?EPA�þ°�
����$Õ³@Å�$\ÕíÈq��;��Å�

e���F�#i\ 20)%¯}FDÃ��FG��a

\w?DHA-C22:6/h$ý#Ã
($wcEê9
Xq 0.82 nm c��TC?��
�È-oleic acid, 
C18:1/#h 1.42 nmw4ìe���\ 7)%EPAoÕ
³â´s�Îs�@#Ã
(�ab�Ã�ÄN�c

Å�@wE?$�\:�@�¦��\�;oC�c

�%'g?ì@CFÄ(D��
�Èh�pfaA .�
$@;e�lC?\:��­¥@õë:`CFw°

de�\%F�C?�pfaA .#$�\:�q­¥C
Fwh�·?àÃ?37 ���t@�]Ï@v�ab
c�N�wÕu\w�pfaA $hÎnÏ�b�%_0
�?i\Z�¬�D��Õ³��qsc;<iÖ)

C�o?Ð��ÈÉý#$¬�qÁve�����

¨ci��ë��<�\?w�0F°doi.b% 

 

 
� 3. S. violacea���.w�pfaA .��Î¥�Dr\@� 
 
 

 
� 4. S. violacea���.w�pfaA .��Î¥�Dr\$¬� 
(A) $�WX } S�Îªà,� (B) Õ³½F(©�_ÒY¿úy Dw�Îªà,� 
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65Ì$�T��Íqv�8j 
 
y Homeoviscous adaptation h?�Îª©­]mn#
o$�e�-T��/@'��Ü�tk@8jC?

'x�½F(©�pPºÏ#P«<�\%vÚ�G

�lÎ���#i\qf·?S. violacea DSS12��
�$heôT���g��%�c�w¶·<��ë

F%w`.q HP-TRFAM�a\QFâ���h?S. 
violacea DSS12 �$qßL�\:#T���hC�
`w@;<;�CF%�P���C�v��¦�»

;0F`w#i\%e<���$�$ûh 150 MPa
�#DÎC�oe®¡Ö)Cc�%_0�?$T�

��ÅTVq´µc�#hcl?Îª@;r�oÌ$

q\:�����H�Ö)Cc�Í`w�gq8j

@v��#c�;wQFâh¶·��\%`bCF

Ã�'J�qØFC�ijÏc�;?9�?vÚ&

I�½{cZ�¬��$@ HP-TRFAM #°%$\

`w#½·qù�;\�%�c�%C;Ccq<?

�� ³Ïc?nqze���\%��h?$@Ð
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©
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Abstract  Metabolic engineering has emerged as a 
practical alternative to conventional chemical conversion 
particularly for biocommodity production processes.  
However, this approach is often hampered by as yet 
unidentified inherent mechanisms of natural metabolism.  
To overcome this limitation, we developed a novel, 
simple technology, designated as synthetic metabolic 
engineering, for freely designing a chimeric metabolic 
pathway.  In this technology, genes encoding 
thermophilic enzymes were overexpressed in a 
mesophilic host (e.g., Escherichia coli), and the 
recombinant cells were heated to inactivate mesophilic 
indigenous enzymes.  These operations enable a 
one-step preparation of highly selective and stable 
biocatalytic modules, and an in vitro synthetic metabolic 
pathway can be readily constructed through the rational 
combination of these modules.  Owing to their 
independence from biological activities of living cells, 
synthetic pathways no longer play physiological roles in 
natural metabolism involving the energy generation and 
energy-consuming synthesis of biomolecules; thus, the 
bespoke pathway specialized for chemical conversion 
can be designed.  In this mini-review, several examples 
of the chemical production systems developed using 
synthetic metabolic engineering are shown and the 
feasibility of this new technology is discussed. 
 
Keywords: synthetic metabolic engineering, pathway 
design, thermo-tolerant enzyme, thermophile, archaea,  
 
 
 
 
 

�5h«¦� 
y �
��0�K@����UW�KJK'���

��)@|�$b·#?"Ô+*@ZÓCFZ�¬

Jìª�ÔÖh?9©þ;$`w�#ëc�56Z

TUâ��?w�wcE��i\ 8)%��'g?"

Ô+*Ïú
�=Óëa�ZQBCFÔÖq?O�

¡DE��K����×��;c�w�b4^os

clc�%Ô¦�¶·�v���uoc�`w�q?

Z�¬�w0��o´µc��Nwh?¼�ì�(

�K#o½DìÈUW#ocl?�Rqä;�Fm

n¥#�;��,Z@�@Áv$\;�i\%CF

q0�?»�»�qÐ��"ÔK¬��K�@�@

|Pf#Z�¬Jìª��)ÏÔÖ@D·abwo?

��ÔÖqV<��,Z@��w0�pZ�$lo

�#i0Fýþ?û<;�'�&7a�©E�z�

NqU�C?ÔÖ��Øq~â�e�\`wqi\%

U
�C����-omicsRS@z(C?�»f\O�
v�K����^�j wc0��\'3�©E�

z�N@aEvlÌ°C6�Cabw�b@vq?

@��"Ô+*¯��Dr\�T�?w�wc0�

�\ 5)% 
y 'g?�ò<�¡(�J#h?�ëF���"Ô

Z§@ÔÖ$\�#hcl?¿LÃ�()CF"Ô

WX@ in vitro#¾8��vþ»p?¬³�K�Ð)
CFZ§@�Å�$\`w#?�,�"Ô+*q�

·\?n@��$\`w@@v��\% 
 
Þ5þ�"Ô+* 
y �t$\ab�?2×WX@�vþ»pF in vitro
#�"ÔZ§�Å�w`�@Ó�F¬³�K�^h

 )!#!� '*!'+�



Journal of Japanese Society for Extremophiles (2012) Vol.11 (2)

91 

`��#�o�l�4ìqce���\%C;C?

``#?nwc\�hÄy�"ÔWX@�£k@�

»c���(��#�Ý$\Í,��Ue�i\%

}ò<h`��Ue@_á$\F¦?-�/lÊ��

&I$\ Ê�WX!"}�Ï|CF%�i? Ê

�WX!"}@�N�c¡�®]��ÇZ�¬ý#

��U�ep\%�<�F�6·�@ 70oC�Ï�Ê
ËÌ��CF�?�ÔwC�����ZÓ$\%`

�×Ø?�Ç&IWX��s¯qÊÖ��aEpf

AÏ�V�C?�ÝWXwG��(������@

+CF���ÔqËõ��<�\%�F�l�®]

�Z�¬���Û$Å�hÊËÌ�aE�ç)e�

\F¦?Z�¬Ö6£k#C�C�?nwc\=

³Z��¬�$Í��Ðq°�e�\% ½JK�

�hÑ��Çý#���ÏU�e·f�#i��?

i<f\ Ê�WX�TC�tÓf�#i\%_0

�"ÔZ§@Å�$\'3� Ê�WX@¿LÃ�

()C?`�<@¾8��vþ»p\`w�a0�

)*Ò�K�F¦��+"ÔZ§@���8�ü#

Å�$\`wqf�c\-��/%̂ ·�÷bc��?

_I�"Ô+*q?�,�~�-"ÔZ§/���

�Fcu@�ë�CFE?i\�hpµc�u@�

C�\`w#èU~-=³/;<|Ï~-�K¬/

ë�Z§@�õ)$\ú
�w$\c<�? 
h

}��î������&��ã�ü#�Fc~�@

�=
�Cabw�bo�#i\%�ò<�¡(�

J#h? 
@Oþ�"Ô+*^w �r?½{c

)*Ò�Kë�tÓ@@v��\% ;#h?»�

»�q`��#��E�f�þ�"Ô+*�a\o

�ÓlE�4^@�	C?��f��w9��E�

�uë�n����ÚP@CF�% 

 

 
 

� 1y þ�"Ô+*�RSÇµ5 
 



Journal of Japanese Society for Extremophiles (2012) Vol.11 (2)

92 

�5þ�"Ô+*�a\�Èþ�®Y���K 
y DNA ��þ�h¡(Ã��@èU¬³wCFý
þ?�<��¯°�þ�w��àá@�� 20�oH
��WX£kq2�$\ÄUcþ�Z§@Z\%'

g?ÛL����ý#h8
`�Z§wC�C;�

�C��c�o��?`�wh�lÑc\Z§wC

���îF�<��½(ü���-DERA/q�Ô
$\¡�'K½(�øü-3-��È-GAP/w½'�
½(�øü�½(ü�(�þ�a\��îF¯°�

:¥J�@Z\þ�Z§qÞ<���\% Z§h

�<��@Z\OÜL��Z§^�Õu�sy�W

X¨-11�o/�a0�Å�e���\%�l�"
ÔZ§@�-��Å�#ë\þ�"Ô+*Ï½JK

��@v0�$��?`�abc8
`�Z§@Ó

�Ï��ÓCF¬³�Kqf�wc\% 
y 56T±BÐ?$#�®]� DERA@��U�e
pF�N�w GAP ���wC�W)�°Y¹@Á
EJ��¡$\`w�aE?�Èþ�®Y�#i\

2’-��îF�<�� 5-��È-DR5P/@�Kep
\ú
q4ìe���Fq 2)?»�»�o`��c

<�GZ§@Å�$\ªµ���� Ê�WX;<

c\þ�"ÔZ§@Å�C DR5P�K�]@�0F

1)%ï���È;< ADPë���È=ÒÏ£k@�
Ô$\ Ê�ï���Èî`��-PPK/@Ó�F
ATP��¹ 3)�,-¥#?DERA@�� 5��WX
¨@½E'��(C?&(N���;<� DR5P�
KZ§@Å�CF-� 2/%B�?�WX��t£k
]Ï��C?70oC#�£k@�PCFw`.?£k
T±;< 30 ¯Y# 10 mM �&(N���;< 1.2 
mM �Ï� DR5P ��Kqè#e�F%C;C?`
�<hÐY�Z�wwo�\sC?£kT±;< 2
ÐY®¡#�è�^@¥_0F%`�h"ÔZ§�

®Y�#i\ GAP Da���Ñ��#i\Løü
KîF½'����È-DHAP/qÊ�TC�pô
�#i\`w�: $\%DERA �aE�Ôe�\
£khfAÏ�²�$\F¦?GAP�Ê¯°���?
£kêLq½(ü�(¯°£k¨�F&�C?"Ô

&K��ATq�«�C�b%`�F¦�K�]h

PPKw 2�o�î`���a\&(N��� 1,6-ù
���È-FBP/��K�#@ 70oC#�0F�?z
E�WX¿LÃ�(@�DC?30oC��õëÛë£
k@�P$\w�b 2���¯r��PCF%`�
×Ø?10 mM�&(N���;< 5.5 mM� DR5P
@�K$\`wqf�#i0F% 

 

 
 

� 2y &(N���;<� DR5P�K�F¦�þ�Z§�=
� 1)5 
 
�5þ�"Ô+*�a\îÜ��°Y¹�Å� 
y �#otuFq?2×WX@Ó�F in vitro#�"
ÔZ§��Å�w`�@Ó�F¬³�K�@vh?

`��#�oy�l�4ìqce���\%�lh

1985 �� Welch w Scopes �a0�4«<�FW)
&I�°Y¹WX¨Da� ATPase @Ó�F¡(Ã
��;<�¼�ì�(�K�^qwÃ<�\ 9)% 

4ì�a��?1 M-18%/�¡(Ã��;< 8ÐY

�£k#?ÌP��#i\ 2 M-9%/�ß\¼�ì
�(@�K$\`w��àC�DE?£kÐÏwT

=³���v#ÕÖ$��?ÛL�UW
@Þß$

\�K�q�<���\%�F@�#h?+¤w®

�aE Ê�WX@Ó�F¼�ì�(�Kq4ìe

���\ 4)%lÊ�@!"}Å��w$\`w#?

WX�ô��q°��@CF`w�D·?�Ý�7

EJ@�����)ep\`wqf�wc0�DE?



Journal of Japanese Society for Extremophiles (2012) Vol.11 (2)

93 

`�½
�½hz{�RS@ád$\�#oþ;p

c�o�#i0F% ¹h�� ATP���£k@�
�c�F¦?��Ï=³�ZÓ�htec�q?5 
mM�¡(Ã��;< 9 mM�Ï�¼�ì�(�K
qf�#iE?T=³����ehWelchw Scopes
�F�7ªwG±#i\% 
F�C?̀ �<�4ì^#�Å�e�F"ÔZ§h?

�i�oÂÃ�¼�ì�(UWZ§@����;�

CFo�#i\%"Ô��ÌÏ89q ATP ©
NAD(P)H c¡�èWX@Û�wCF¼©(ê�©
àáª���-Ñ)"Ô/c<��?``#�<�

F¼©(ê�@ZÓCF��Å�¬³�þ�-G)

"Ô/�i\U@¶�$��?ÂÃ�"ÔZ§�'

s@�Í)�OÃ4��E���^CF�r�þ�

Z§#h?èWX��p��a\£kÑ�qár<

�c�`wh�;#i\%PPK © ATPase c¡�t
BcèWX��ÓWX£kw�ÁEJ��¡o'�

�°��w�·\q?Z�¬�"ÔWX��½�@

�Ó$��?`�<�g
�c<clwoèWX�

²�?n@��$\`wqf�wc\%^·�¡(

Ã��;<�¼�ì�(�KZ§�ýþ?��Zj

��¬�Dr\ Embden-Meyerhof-EM/Z§@Z�

�¡(Ã�� 1¯}iFE 2¯}�ATPq�Ke�
\-$c»â ADP 2¯}q�Se�\/%'g?'
s�½�î½�h ADP à,�î`��c¡À��
NcèWXµ��@+CF��Zj��¬�hù<

�c�WX;<c\ÖJ EMZ§�,-qÞ<��
�\ 7)%j�Z���¬� EMZ§�D�� GAP;
< 3-ß�ß¡�'��È-3-PG/ë�Ö6h?GAP
�øüKJ`��-GAPDH/�a\��Èà,��
�ÉX£kwß�ß¡�'��Èî`��-PGK/
�a\���È)£k� 2��;<�Eá0�DE?
`�'3�£k# GAP 1 ¯}iFE 1 ¯}� ATP
qK�e�\%`��TC?'s�½�î½h?�

�Èßà,Ï� GAP@�ÉX$\ GAP&M�üî
F�È)àáWX-GAPOR/© non-phosphorylating 
GAPDH-GAPN/�aE GAP ;< 1 ���£k#
:¥ 3-PG ë�Ö6@�b%GAPN q�Ô$\£k
#h ATP �Kh�»c�F¦?j�Z���¬�
EMZ§®�GAPDHDa� PGK@½�î½&I�
GAPOR© GAPN�ä6$\`w# ATP�²�þ�
CFîÜ�� EMZ§@Å�$\`wqf�wc\
-� 3/% 

 

 
 
� 3y îÜ��°Y¹��=
�5��/j��¬� EMZ§-j/?½�î½�ÖJ EMZ§-®/?Da�
}ò<qÅ�CFîÜ�� EMZ§-k/%ÖJ EMZ§�Ð ÏcWX£k@«¬­#�CF5 
 



Journal of Japanese Society for Extremophiles (2012) Vol.11 (2)

94 

y ``#´µwc\�h?`�abcîÜ��Z§

hþ�"Ô+*Ïú
@Ó�cr��Å�#ëc�

U�i\%÷b�#ocl?EM Z§h?�oal

56e�F?�C��¬�w0��o´µc"ÔZ

§�?w�#iE?=³-¡(Ã��/q+$\�

&��¼©(ê�@ATP�J#�Eè$`w@�Ì
Ï
¼wC��\%$c»â?ATP�²�þ�CF
-ATP @�KCc�/EM Z§h?oh©���Ì
Ï
¼@V0�DE?`�abcîÜ��Z§@�

ëFZ�¬ý#�Å�$\w�b`wh?�Eo:

eiB�Z�¬� EMZ§���@��)$\`w
�øc<c�;<#i\% 
y }ò<h?Thermococcus kodakarensis&I� GAPN 

6)c<�� Thermus thermophilus &I�j��¬�
EM Z§WX¨@�vþ»pFîÜ�� EM Z§@
Å�C?`�@Ó�F¡(Ã��;<�ïÈ�K�

�E�f� 10)%cD? Z§��Ù�7EJwc\

4(ù�È;<ïÈë� NADH à,Ïàá£kh
ÛL?ïÈ�øüKJ`��-LDH/�a0��Ô
e�\q?Thermus thermophilus&I Ê�LDHh?
ÕÖÏ­�Ï-0.5 mMH�/� NAD+,-¥#*l

��@Ar?GZ§ý#h®wf¡��Cc�`w

q;<;wc0F%�`#�ò<h?G��aE

NAD+�a\��ÍÓ@�\`wcl LDHwG½�
£k@�Ôf�cH�WX@ò�C?���È/ïÈ
�øüKJ`��-MLDH/@��CF%�ëF�
�@Ó�c�þ�"Ô+*#h?Ò�Z	¯��(

#�×�ÍÓ�jke�c�¬³�Kqf�#i\

`wh÷b�#oc�q?`�ab�Ñc\"ÔZ

§-i\�hÑc\Z�¬/�&I$\WX@½E

'��($\`w�aE��ÄN³��(#ÍÓ$

\½K�7�EN×�@o_á#ë\U�hÏ|$

uë#i\% 
y `bC�Å�e�FîÜ�� EMZ§@Ó��?
�K�]@�0Fw`.?£kT±;< 5ÐY�Ï
�#«ÛÏcïÈ�ÒÓq#¦<�F-� 4/%��
�?�KÐÏc<��¿(���­¥q#¦<�F

q?`�hWX�V��a\o�#hcl?èWX

#i\NAD+Da�NADH�Ê¯°�: $\`w
q;<;wc0F%£kT± 5 ÐY�� 1 mM �

NADH@��D$\`w�aE?£kÐÏh_¤C?
10 ÐY�£k# 6 mM �¡(Ã��;<¿(��

100%�Ö6?$c»â 12 mM�ïÈ@�\`wq
f�wc0F%`�P?Z§ý#� ATP�����
��yh 31w:èe�F% 

 

 
� 4y îÜ��°Y¹@Ó�F¡(Ã��;<�ïÈ�K 10)5ïÈ-�/Da� NAD+/NADH�r�Ï-�/
�ZÐÖ)@�CF5£kT± 5ÐY�� 1 mM NADH@�DCFýþ@���L?p�D�ýþ@�#�
CF5 
 
^5D»E� 
y H��56�Ø@Û«�?"ÔZ§�&���=


�©�K¬@�»c�-$c»â¿(�� 100%
#�/¬³�Kqf�wc\?w�0F==Ã�'

J�qDD�l��e�F£ñ?�564^�Dr

\�Ù�K¬�Ïc¡;<oD»;E�F�r\w

DE?)*Ò�KRSwC��þ�"Ô+*�ª�

h?����K,kÓf�c��(�h� �%�

`# ;����?þ�"Ô+*�Ä&§�8��

@�Ó��(��#kC�Ã\F¦?9�»�»�

q�E��uë�n������F�% 
y 9_�	CF564^#h?Äy� Ê�WX¿

LÃ�(@�vþ»p\P?�WX!"}@�H�

U�epF�6·�N�@ÅþC�(ÓCF%`�



Journal of Japanese Society for Extremophiles (2012) Vol.11 (2)

95 

g�@�\`w�a0�?�{�WX����(�

&÷
��Ã���¡qf�wc\£ñ?Å�CF

�"ÔZ§qÄU�c\®¡VCZ1��;;\ú

Yq�Uwc\%`��TC?ªµc Ê�WX!

"}¨@SU�epF�6·.@�ÔwC�Ó�\

`wq#ë��?VC�µ$\úY@¡\$\�v

c<i?ªµcWX@��ýw�bZ�cÕYý�

ï-ep\`w�aE?"Ô®Y��Y¿Ö×@�

¦?r¢�£kÐÏ@�¦\?�»f\  ”spatial 
organization” qf��c\wO�#ë\% 
y �F?îÜ��°Y¹�a\ïÈ�K���#;

<;�c0FèWX�Ê¯°�?nh?O-�/lÊ

�h�;�C�`�<�¬³���ý�Ï@Ü0�

�\��.b;M^w�b�Fc£?@»�»��

D�$\o��wo�·\%Z�¬��­]Ïw`

�<���ý�Dr\èWX�þ�ÐÏ�hj2q

i\��.b;Mi\�h?lÊ��h?�Þ�è

WXô�) }q,-$\��.b;M`�<�U

����aEv�Þùq�<���?þ�"Ô+*

�&a�Lù�7a�@��ep\�#o�ëc'

	wc\hi#i\% 
�C�?½�î½�ÖJ EMZ§®�WX¨qîÜ
��°Y¹Å��F¦�î�'�(wc0Fab�?

�-o�ªÏ�²¦<�\lÊ��"ÔZ§Da�

��@�;e¡\ Ê�WX¨�Ð���w�
�

���)q?þ�"Ô+*�a\?aE�½#�-

c"ÔZ§�=
��þ;pc�`wh÷b�#o

c;.b% 
 
¤õÓ��¥ 
1) Honda, K., Maya, S., Omasa, T., Hirota, R., 

Kuroda, A., and Ohtake, H. 2010 Production of 
2-deoxyribose 5-phosphate from fructose to 
demonstrate a potential of artificial bio-synthetic 
pathway using thermophilic enzymes. J. 
Biotechnol. 148: 204-207. 

2) Horinouchi, N., Ogawa, J., Sakai, T., Kawano, T., 
Matsumoto, S., Sasaki, M., Mikami, Y., and 
Shimizu, S. 2003 Construction of 

deoxyriboaldolase-overexpressing Escherichia coli 
and its application to 2-deoxyribose 5-phosphate 
synthesis from glucose and acetaldehyde for 
2’-deoxyribonucleoside production. Appl. Environ. 
Microbiol. 69: 3791-3797. 

3) Iwamoto, S., Motomura, K., Shinoda, Y., Urata, M., 
Kato, J., Takiguchi, N., Ohtake, H., Hirota, R., and 
Kuroda, A. 2007 Use of an Escherichia coli 
recombinant producing thermostable 
polyphosphate kinase as an ATP regenerator to 
produce fructose 1,6-diphosphate. Appl. Environ. 
Microbiol. 73: 5676-5678. 

4) +¤¦§. 2010.  Ê�WX@Ó�F���¼
�ì�(�K¹�Å�. pp. 180-187 �¤R¨
.º, þ��¬+*�¥:, F�¼ªF�è© 

5) Lee, J. W., Kim, T. Y., Jang, Y. S., Choi, S., and 
Lee, S. Y. 2011 Systems metabolic engineering for 
chemicals and materials. Trends Biotechnol. 29: 
370-378. 

6) Matsubara, K., Yokooji, Y., Atomi, H., and 
Imanaka, T. 2011 Biochemical and genetic 
characterization of the three metabolic routes in 
Thermococcus kodakarensis linking 
glyceraldehyde 3-phosphate and 3-phospho- 
glycerate. Mol. Microbiol. 81: 1300-1312. 

7) �xª_«¬­®Ë 2009 �lÊ�½�î½�
À��NcY"Ô¹5|}³ �È WX, 54: 
134-140. 

8) Stephanopoulos, G., and Sinskey, A. J. 1993 
Metabolic engineering -methodologies and future 
prospects. Trends Biotechnol. 11: 392-396. 

9) Welch, P., and Scopes, R. K. 1985 Studies on 
cell-free metabolism: Ethanol production by a 
yeast glycolytic system reconstituted from purified 
enzymes. J. Biotechnol. 2:257-273. 

10) Ye, X., Honda, K., Sakai, T., Okano, K., Omasa, T., 
Hirota, R., Kuroda, A., and Ohtake, H. 2012 
Synthetic metabolic engineering –a novel, simple 
technology for designing a chimeric metabolic 
pathway. Microb. Cell Fact. 11: 120. 

 
  



Journal of Japanese Society for Extremophiles (2012) Vol.11 (2)

96 

 
 Journal of Japanese Society for Extremophiles (2012) Vol.11, 96-104 
 
 

Takai K. 
 

What is life? 
Lesson from boundary between the habitable and the uninhabitable in the Earth 

 
�vwhû;M7�v-*/��^;<¶·\7 

 
�á��
�Ú¦56TU�Åy Ú¦Z��mn�¬*åæ 

Da�J�Á���½�¼ÃF�7ª�< 
�é 5 

 
Subsurface Geobiology Advanced Research (SUGAR) Project and Precambrian Ecosystem Laboratory (PEL),  
Japan Agency for Marine-Earth Science & Technology (JAMSTEC), 2-15 Natsushima-cho, Yokosuka 237-0061, Japan 
 
Corresponding author: Ken Takai, kent@jamstec.go.jp 
Phone: +81-46-867-9677, Fax: +81-46-867-9715 
 
Received: October 29, 2012 / Accepted: November 7, 2012  
 
Abstract  I believe that one of the fundamental goals in 
research on extremophiles is to have a general principle 
explaining the question, ‘what is life?’. Extremophiles 
living in certain boundary biospheres, biospheres present 
in fringes between habitable and uninhabitable 
environments in this planet, have greater potentials to 
originate, proliferate, evolve, survive and propagate in 
potentially habitable environments in extraterrestrial 
bodies and moons in the Universe. Thus, if we have 
chances to find such extraterrestrial extremophiles in the 
future, comparative studies between the terrestrial and 
the extraterrestrial extremophiles will provide a 
revolutionary insight into understanding what life is. 
However, we should establish certain definitions and 
criteria to perceive existence and function of life in 
future extraterrestrial life exploration. Of particular, 
concepts for limits of life and biospheres and habitability 
in this planet build the basis. Here, I overview recent 
progress in extremophiles’ research to extend our view 
on limits of life and biosphere in this planet. In addition, 
a currently proposed energy mass balance concept of 
habitability and the subsequent several estimations for 
the realistic minimal energy quantum and quantity to 
sustain the terrestrial lives are introduced. At last, the 
difficulties that we now encounter and the future 
prospects are discussed. 
 
Keywords: Extremophiles, limits of life, limits of 
biosphere, energy mass balance, Astrobiology 
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ÑD
�#i\%oâ.f~öÛ�v,-
�h?

~ö��mn�¬�,-f�
�aEo�ëcï7

�F�(@+C��\f��q�¯¶·<�\%C

;CGÐ���mn�¬@�¦F~ö�vh?D�

<lÙÚ�vwC�h^ÛÏ�»yZvÛC��\

�à^�'�#iE?��qÙÚ�D���¦�Æ

cÐ¼c�vF�7ª@=]wC��\?w¶·\

ªÃ�h�¦�­�%�C.~ö�v�,-f�


�h?ÙÚ�Dr\�v,-
��=]wc\w¶

·\gq½;�Ì�;c0��\% 
y `�abc�U;<? D��ùÃ�#h��m

n©�`��º$\�¬�56@Û«�ù·�ëF

~ö��v,-
��n^����ÇøCF�%`

��#~ö©ÙÚ�Dr\�v,-åæ@ò.bw

$\56h?â��¨ñ;<²¦<��ëF%'�

h~ö�Dr\�v����^(limits of life)@ù�
¦?���v�­mn��^(limits of biosphere);<
�v,-f�mn@ò.bw$\½JK��#iE?

ob'�h?~ö�Dr\�v,-
�(habitability)
w�bo�@¬ÌZ)*Ï���C?��¬ÌZ)

*
�@)F$mn@ò.bw$\½JK��#i

\%`�â��½JK���a0�ù·�ëF~ö

�v,-
����9�ß0�vab% 
 
~ö�Dr\�v,-�^ 
y ~ö�Dr\�v��h�¦��l�µ �j7

ÍÓ�a0���e�\o�#hi\q?���~

ömn#h$#��l�µ q$#��v,-f�


��ÈÉý�iE?���v��©�­mn��

^@��$\µ q�y�i\w�b`whc��

.b%�Pz{q:¥�##ë\~öÎsmn-v

Ú©~¾�so�¦�/�D��h?�C.�l�

v��qc�?i\�h�¬��o�©�v���

¿À¬³q���c�abc�vß,-mn@ò$

®bqÊ;�\C�%~öÛ�v,-�ªµ�­Ñ

D
�qO�&¼©(ê�^wO1��É^�,-

#i\w°�CFýþ?¡â<o~öÎsmn�D

��Rg�,-$\
�#i\%��HÛ��¦�

��Ïc
�wC�h?]Ï?Îªw�0F¬ÌÏ


�© pH?ñ�Ïw�0F)*Ï
�@wÃ\`w
q#ë\%~ö�Dr\�v����^@tu\Ñ

�?�i�v�w0�ZÓf�cO1��É^q,

-Cb\��Ïc¬ÌZ)*
�mn@¶·�v\% 
y Î 1�h?~ö�D��`��#�è#e�F1
��Éq�¬�w0�ZÓf�cmn�Dr\]Ï?

Îª?pH?ñ�Ï�
����mn^q�e���
\ 36)%`��#�Þ<�\~ömnmn�Dr\1

��É���]Ïh 407 �C#iE?�·¦®áÚÁ
�ù�;0FvÚÊÉÂèÃ;<Âè$\ÊÉ�]

Ï#i\%̀ �]ÏhÚÉ�Ä^U]Ï(407 �C)#i
E 3)?1��É�ÌPÏ��]Ïw÷·\%­]¨

h~U¥#h,-$\É�®wf¡qb��c0�

C�b�#1��É�ZÓq�¦�í\�c\q?

~®�D��o»i;c1��É�ZÓf��q¶

·<��DE?��mnwC�hûÅqz0��\

���­I]@wÃF%Îª����è#e�F�

Ãmn����^h?8�½`Ú0����L��

Ú1�ÆÓ¬mn� 110 MPa#i\ 16)%­Î¨h?

ÙÚw~ö��I*�n^#i\�s*���IÎ

@�$%pH����h?8�½`ÑÇæ¡��¿K
Ú��ÈÉ+T�q pH 12.5@�C?��*½(Á
��T�q�¦��ëcÚ6¥ÕY@½¦��\`

wqÞ<�\ 32)%Éæ#h?t´(���8Á��

�¯Æ$\�]Ö�ÍÓ@ArFù�Ã�Ü�³7

�+Z´�+~Ê�D��?pH 12.9�ÂÃ�'Ü�
�~¥É�Ëèq#¦<��DE?~¥#ÕÖÏ�

ëcÕY@J�C��\`wqÞ<�\ 27)%È�¨

#h?!^�~# pH 0 �]ÌqÞ<���\ 34)�

r#cl?½Ü�Á�Á�&§(�½Í�~¥Î�

À�ÎÏ~¥�Éq pH -3.6 w�b8
`�V@�
$`wqÞ<���\ 22, 23)%ñ�Ï#h?Pºñ¯

�Ï@�·Fñ�q!^®�,-C?ñ@®Ø�l

��c�ÎÉmnoiEF��,-$\%��ø?

Î 1�h�C��c�q½{c¬ÌZ)*
�#�
��mnq¶·<�\% 
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Î 1y ~ö�Dr\1��Éq,-Cb\��mnw�v�,-q�èe�b\��mn 
 
 
 
 
 
 
 
 
 
 
 
 
y ð�?`�<�1��ÉqZÓf�c��mn�

¬ÌZ)*
��^�T$\�¬��­�^w�,

�^�aqE���¶·\(� 1)36)%�v,-f�


�wh?Ç9#h�¬q�,�
�8�@@�ep

\(growth)oClhÁv(maintenance)#ë\
�#
iE?���^
�q�­�^#i\%'g?a9

��v,-f�
��h?�­�^�r#cl?�

¬��,�
�8�©��(��)q'�ÐY�ç�
�¨eCc�
�?�,�^�#q�����\ý

þq��% 
y �-�#�Þ<�\�¬����­]Ïh?
�

ü¦�vÚ6ÊÉ��æ��]ÊÉ®(365 �C)#�
�e�FÎ¬;<¯×e�F½�î½ Methanopyrus 
kandleri 116 .��ÉÎ¥#���@�]Ï 122 �C
#iE?�F �h 108 cells/ml���EÏ@+$\
V~®#h?130 �C# 3ÐYËÌC�oç�¨e$
\`whc� 38)%F�C?�ýmn� 365 �C�ÊÉ
�@�f�cZ�¬q�èe���\�# 38)?]Ï

����h]ÏZÎªHÛ��Ãmn�
�@��

C���$\ªµqi\ 36)%1��Éq®wf¡,

-Cc���
�#h?�]#��,f��haE

@�$\w¶·<���\%*Ò¸�*�¯�#h?

300 �C?30¯��Êe�#h¡�ªò��N7�½
����}@ç��¨eep\`wq#ëc��Â

qalÞ<��DE?�÷$û��	�¬Î�N8

ªF�'�h?151 �C# 35¯��ÊËÌ�o¨eC
c� 30)%C;CzMcq<?¢�F�] �@�$

�lÊ������q?¡�æ<��]Z��$û

#��,�ª@+$\�;����h®wf¡�l

56^qc�% 
y £T��¬��­�­]Ïh?�P�@��]#

��e�FûÅwC�h�N7�½ Psychromonas 
ingrahamii��­@�]Ï-12 �C6)?@�ÐÏ�yw

]Ï�ÌPÏÙÚ;<�N7�½ Shewanella 
gelidimarina �"��­@�]Ï-27 �C5)?qÞ<�

��\%�FZ�¬�ú¹��h?-33 �C#o�è
e���\ 1)%­]#��,�^����h?'x

�Z�¬��<i?��håq$û�i\w�¦�

XOY�,$\%åq$û�i\����,@��

Ór\ }wC�?Å���ÄN³®�½DìÈ�

�'D)wÅ� DNA ��J��)q�ìe���
\ 20)%`�<�)*£khÉ¯���­¥�_�?

i\�h]Ï�­¥�_���£kh 6e�\�

#?­]¨��,�^]ÏhÉ�+��2»<if

�c�E­]#i����% 
y �¬����­Îªh?8�½`Ú0;<¯×e

�F Colwellia sp. MT41.w�b�N7�½�+$
\ 130 MPaw÷bûÅqi\ 42)%�Î¥#��¬�

�,����h?¡�ªò��N7�½�J�$\

�}�����l56e��DE?��#h 120 �C?
1.4 GPa�É01®#y¯YËÌC�o?ç��¨e
Cc�^qÞ<���\ 18)%`���V;<ÙÚe

�\É01®�ÌP�^�,Îªh 120 �C# 2 GPa
#iE?`�h~ö#h 150km H��vÚ© 50km
H��vs�~¥É�jB$\Îª#iE?���

�abcÉ*h,-Cc�%�F�}#hclZ�

¬yC��#o?700 MPa#h�,#ë\`wqÞ
<���\ 17)%e<�É01®#hcl��$û�

�¬�Îª�T$\�,�ªhaE�l?N8ªF

�'�#i\´Ã�`N8ªFh?�÷$û#h 7.5 
GPa �Îª¥# 13 ÐYËÌC�o¨epi 24)?a

E¾
���e�Ã�o��}h��H���Î 

�@�$<C�%D�<lZ�¬�����©��

�}��Î �h?e<�Ð%����`wqÙÚ

e�\q?zMcq<56^h4ìe���c�%

­Î
�����h?­]wG«ab�ZÓC�\

1��É�,-äq�­��Ð�cE?A�1��

Éq­Î�a0��Iwc\`w�a0�?�»f

\��$û�@Ó���lF¦XO�,�h+Z�

$l`wq¶·<�\%�P~�;< 58 km�Õ�
�s*;<�ëFZ�¬qý�e��DE 12)?Z�

¬��©Z�¬Da��¬��}��,hBÃwC

�?¼½KÑ(®#��­�f��o�¯¶·<�

\% 
y �¬��­ pH�^����h?È�¨#h pH 0
#�­#ë\½�î½qÞ<���\ 8, 34)%�F pH 
0 @l�
�#�­#ë?pH0 #�,f�c���
¬où�;0��\ 7, 31)%½(Á��¨#h?¡½

&�Á�Î�~¥É�Ã�N���ÒÉÓ(pH 10.5)
;<¯×e�F¡�ªò��N7�½ Alkaliphilus 
transvaalensisq pH 12.4�#�­$\`wq#ë?
`�q¯×�.�a\�­ pH ½(Á���^#i
\ 37)%'g?���	CFt´(���8Á���

¯Æ$\�]Ö�ÍÓ@ArFù�Ã�Ü�³7�

+Z´�+~Ê� pH 12.7@�$~¥É�h?��
3.3 x 105 cells/ml�Z�¬��q�#e���\ 27)%

7@�A��B C�DEFGH4IJKLMN 6ODGHFPQ;<IJKLMN 

RS TKUVWXYZ[-89 �CD\ \]D\^ 
-S 407 �CD_`a^bcdecfE 365 �CD^bghiacdecfE 
Rj klmD\(<0.6 KPa)  58 kmnoDklm 
-j pqrsctuvwhxvXcyDcz(110 MPa) pqrsctuvwhxvXcyDcz(110 MPa) 
{1 |q}~��r�[����E(pH -3.6) |q}~��r�[����E(pH 0) 

r�|q1 ����hp|qh����hW[�E(pH 12.9) ����hp|qh����hW[�E(pH 12.7) 
-��� ����� ����� 
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`�!^�� pH @�$~¥É�+�È@�DC�
ýVCCFw`.?Z�¬��
�8��@Dq�

#e���\ 27)%��Ð�~¥É� pHh 12.5#i
E?Z�¬¨1�¢½�h Pseudomonasd�N7�
½#i0Fw4ìe���\ 27)%C;C`�×Ø@

�¬��­ pH ½(Á���^w¶·\�h���
Ôqp�¯#i\%�F Alkaliphilus transvaalensis
c¡�l½(Á��N7�½��,��Ø$ pH �
?Wh×u<�F56^hc�q?�­�^@�·

\ pH #�,f�#i\`whËõ�Ú9#ë?;
� Alkaliphilus transvaalensis h�}@J�$\`w
q#ë\%¡�ªò��N7�½�J�$\�}�

T)* } �h?Ê©Îªw�0FT¬Ì } 

�@Ê;��_\`wqÞ<���\�#?D�<

lAlkaliphilus transvaalensis��}�pH �hpH14
#i0�o$lclwoy�;<yÕ&hËõ��

,#ë\w"�e�\% 
y �¬��­©�,�Dr\ñ�Ï��^
�wC

�h?yCwC����Z+�¬ñ@��Cc�w

�bÑD�á��?�l�ÉÉ��¬©Z�¬hñ

�Ï®Ø 0 #�­f�#iE?Pºñ�Ï(NaCl #
6:C�� 30 % w/v)#i0�o?�l��Ïlñ½
�î½w�l�;��Ïlñ�N7�½h�­f�

#i\%�F�v��,�2C�h?�ñ¯É;<

�«\ñ�×�(+ñ)h?�Ãmn�,-$\°l
�Z�¬�,mnwc\ 40)%�ëFZ�¬wC�_

�e�F�o��Z�¬�4ìh?2.5 Ö�Ñ�
Bacillusd�N7�½ 40)?�"DNAwC��4ìh?
4.2 Ö�Ñ��Ïlñ½�î½�!"} 25)qiE?

�i�oÜ,���~¥+ñ;<_�e���\%

F�C?��<�4ìh4�wC�alAr��<

���\»r#hc�% 
y H�?�{�Çµc¬ÌZ)*
��Dr\�v

��­�^w�,�^����ÇøCF%`�<~

ö�v��­©�,�Dr\2��¬ÌZ)*mn


���^h?il�#�ÐU#�2�U#iE?

9�o56�²
�a0�Y�e��fl`whY

%�c�%`�<��^Vh?sclwo�¬ÌZ

)*
�q`�ÈÉý�i��?~ö�vq�­i

\�h,-C�\w�b���ÈÉ@�$o�#i

\%`��v,-
�ÈÉ@~ö�D��è#e�

F��mnwÕÖCFýþ(� 1)?]Ï@�l®wf
¡$u��
�h?$#��­f�cÈÉ�i\`

wq»;\#i.b%`�`w;<o?�]mn@

�r�~ö�D���vq,-#ëc�mnq®w

f¡c�w�b`woÌ°#ë\%F�C?`�<

�¶#hil�#?2��
����CFýþ#i

E?½{c
�qÄþCFýþ?��ô���^V

hj×Ï�?W@Ar\�vþ»poi\%�P�

Äþ��mn
�#h?2��
�aEo�^Vq

;cE­lc\`wqÞ<���\ 21)% 
 

 

 
 
� 1y ~ö�Dr\1��ÉqZÓf�c��mn�¬ÌZ)*
��^w�¬��­�^w�,�^%(A) 
1��ÉqZÓf�c��mn�¬ÌZ)*
��^(Ø��Q�åæ)�T$\�]?ý#��f�cZ�¬
��­(@�)�^
�(���Q�åæ)�aqE%(B) 1��ÉqZÓf�c��mn�¬ÌZ)*
��^
(Ø��Q�åæ)�T$\�]?ý#��f�cÉ®�Dr\Z�¬��,�^
�(���Q�åæ)�a
qE% 
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��mn�¬��¼©(ê�PÏ�v,-
�
(habitability) 
y ``�#�	CF�Çµc¬ÌZ)*
��Dr

\~ö�Dr\�¬��­�^w�,�^h?�¦

���e�FO|
�wh÷·?;èc�v,-


�åæ@Î$o�w÷·\%wh�·?il�#?

O�ÐU�#�Þ<�\~ö�v��o�elùÓ

o<�F�v,-
��'�^�$Ùc�%C;C

~ö�Dr\�v����^©~öÛ�v��v�

�@ù�¦\�h?O~ö�v��v,-
��'�^

�r#cl?ÙÚSÛjÌwC�w*Ï���f�

cèbF\Ô�wc\ÇMqªµ#i\%��c;

#¶·èe�FÇMq?habitability(�v,-
�)
#i\% 
y �C�`��v,-
�w�bÇM@�¦�éí

)CF�h Hoehler10)#i\%V�Dd$\O¼©(

ê�PwC���v,-
�^w�bÇMh?�¦

�ÄUc¹wC���v��@?¼©(ê�ï7�

F�((\Î)w¼©(ê�ä(\ª)�â��µX�
r#6�$\o�#i0F(� 2)%Hoehler10)h?¼©

(ê�PwC���v,-
�h?H¥� 4��C
ë�V#£�<�\¼©(ê�åæ#i\w�9C

F% 
(1)�v���j�ª�c\O¹�ÄUe^@Áv$
\���¼©(ê�ï7�F�( (biological 
energy quantum: BEQ)%��E`�H¥�¼©(
ê�ï7�F�(#h�v���F¦�ZÓ#

ëc�w�b�^V% 
(2)O¹�ÄUe^qÁve��\���¼©(ê�
ï7�F�(%��E`�H��¼©(ê�ï7

�F�(#h¹q6�p��c\�^V% 

(3)O¹�ÄUe^@Áv$\���O4ä
(maintenance energy: ME)%�v���Áv�ªµ
c���¼©(ê�ä% 

(4)O¹�ÄUe^qArB�\`w�#ë\���
¼©(ê�ä%��E�v��@ÛÚepc��

��¼©(ê�ä% 
y `� 4��Cë�V�bâ?¼©(ê�ï7�F
�(w¼©(ê�ä�2$\�g�n^h?�v�

��0Ô#i\É©��ø�f���i\0Ô�,

-$û��ëlà,C?�F?���v��@²·

\¹���Å�©Å�q;è#c�w���^@ç

è�ù�¦\`wq\C�q?~ö��v����

÷·�?�û����­]Ï©�	��, ��^

©ÛÛ��, ��^�abcO�v��@²·\

¹^�ô����^wñ·\4q#ë\% 
y �C.�v���Áv�ªµc���¼©(ê�

ï7�F�(©¼©(ê�ä�gq?~ö�Dr\

�v,-åæ@¶·\�#o?~öÛ�vò�@¶

·\�#o´µ#i\%Ð��v���Áv�ªµ

c¼©(ê�qþhC��\w¶·<��ëF�É

~¾�+´ 27, 35)©vsÚ6¥ÆÓ¬® 26)�ÙÚÛ�

Z�¬�
�8�q,-$\w�bUùq?��a

bcmn�D��o�v,-
�q)Fe���\?

$c»â BEQ©MEqèÜe���\?w�b4�
@D�$\`wwc0F%~ö��¦��vq,-

C\�w¶·<��ëFmn�D���v,-
�

q)Fe���\c<�?~öÛÜ·©¸·�D�

�o�v,-
�h)Fe���\f��h@�$

\%��q?~ö�Dr\~ö�v��v,-
�

��^?��E�v*�n^?@ò�$\|Ï�'

�#i\% 
 

 
 
� 2y  Hoehler10)Dd$\¼©(ê�PwC���v,-f�
��ÇM�(j�@ÔÖ)%Hoehler10)h?¼©

(ê�PÏ�v,-f�åæh 4��Cë�V#£�<�\¼©(ê�åæ#i\w×PÓrF% 
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y #h?~ö�Dr\�v�¼©(ê�PÏ,-


�?Ð� BEQ©ME?h¡`�#;<;�e�F�
#i.b;MBEQ?��E�v��@Áv$\��
ªµc����¼©(ê�ï7�F�((ê���
&¼©(ê�Ö))?����h?�i�v���S
Û¼©(ê�Òi¬³#i\½�ìF�¼��È

(ATP)q�¬$�D����e�\P�ªµc¼©
(ê�ï7�F�(;<ùÓo<�F 33)%½�ìF

�â��È(ADP);< ATP@JK��Ý�z� ATP
þ�WX#þ�$\P?ªµc����ê���&

¼©(ê�Ö)h�-60 KJ/molATP #iE?�¯}
� ATPBFE 3��JK��(\})qªµwe�\
F¦?1 \}iFE�ê���&¼©(ê�Ö)h
-20 KJ/molwÙÚe�\%�P�Z�¬VC�]�
a0�?Z�¬�@�@²·\��#�¼©(ê�

ï7�F�(@ùÓo\w?è;�-20 KJ/mol�Ï
#i\`wq;<;�c0F 33)%̀ �×Øh��E?

O-20 KJ/mol�Ï(\ã#÷·�-200 mV�Ï)H��
ê���&¼©(ê�Ö)@�vèpc�abcÊ

ª*ÏßêLmn
�#h�vq,-#ëc�^w

�b`w@8j$\%C;C���~ömn©�]

?ýVCmn#h?-20 KJ/molH¥�¼©(ê�ï
7�F�(C;�vèpc�abc
�¥#o?Z

�¬h@�i\�h�
�8�@Áv$\`wq#

ë\`wq;<;�c0F 14)%��abcZ�¬�

�­hSyCS�w�bÜÁ��ª�à,C�DE?

SyCS�Z�¬VC�]¹#�×Ø;< BEQ @
ùÓo0Fýþ?��Vh-5 KJ/mol�Ïw�bVq
�<�F 14)%e<� Hoehler11)h?�Ãmn�Dr\

¼©(ê�ï7�F�(�ùÓEwZ�¬¨1��

��=Óë?Da�-10 KJ/mol�Ïq BEQwc\`
w@�ìC��\%��EZ�¬�]©�Ãmn®

�Z�¬¨1���;<h?sclwo-5À-10 
KJ/mol �Ï�¼©(ê�ï7�F�(qèÜe�
\¼©(ê�mn#i��?�v���Ávqf�

#i\`wq¯;0F% 
y BEQ hil�#¼©(ê�ï7�F�(�Cë
�V#iE?�P�ªµc¼©(ê�ä#hc�%

�v��@Áv$\���¼©(ê�ä#i\w�

9e�\ME�gq?���mn#haE²�Ï#
i.b%`�ME����h?ÐÏPÏ 29)��Êª

*Ï 19)c½JK���aEùÓoEq4ìe���

\%Price and Sower29)h?Z�¬¨1�'��
�8

�BFE(gC)��X�E|vÐÏwmn]Ï�2ú
;<?~ö�½{c�v���Ávqí\w¶·<

�\��mn�Dr\Z�¬¨1�,-$ûq?

growth(@�)?maintenance(Áv)?survival(�,)�¯
r<�\`w@ùèCF(Hoehler ��9$\ ME h
`�ýþ survival$û�jB$\)%�C��v��
@Áv$\F¦�
�h?��ÄN³®�½�Ä�

ê�È��'D)�£kÐÏ�_\�Ï�"ÔÐÏ

qèÜe�\ªµqi\w�bùÓoE@�0F%

��×Øh?�v��@Áv$\F¦�"ÔÐÏh

@��ªµc"ÔÐÏ� 10-3À10-6 �Ï�$Ùc�

`w@�CF(� 3)%��"ÔÐÏwh?̂ ·�-40�C

�~�Þ«|¦<�FZ�¬q�,$\F¦�h?1
Ö�Y# 1_�Ï�ìDÐY@èÜ$���,f�
wc\�Ï#i\(� 3)34)%��Ï�h?`�ùÓo
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