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研究成果の概要（和文）：本研究では、微小重力シミュレーション装置を用いて、環境中において遺伝子伝播に大きく
寄与している可能性が考えられる「形質転換」に着目して、微小重力が細菌間の遺伝子伝播に与える影響の評価を進め
た。供試菌には大腸菌、および環境中の自然形質転換能を有する細菌を用い、外来遺伝子には環状化プラスミドを用い
た。通常重力下、微小重力下での形質転換頻度を比較したところ、微小重力による影響は小さく、宇宙居住環境におけ
る形質転換の起こりやすさは地球上と同程度である可能性が示された。それゆえ、私たちの宇宙居住環境においても、
地上と同様に病原遺伝子などの伝播に気をつける必要がある。

研究成果の概要（英文）：We compared the transformation frequencies of E. coli and natural competent 
bacteria under normal gravity and under low-shear modeled microgravity (LSMMG) generated by a high- 
aspect rotating vessel (HARV). Our results demonstrated that bacterial transformation is not hampered by 
LSMMG, and the potential risk of bacterial gene transfer during space flight is comparable to that on 
Earth. Therefore, we should arrest the spread of harmful genes such as toxin-producing and antibiotic 
resistance genes in crewed space habitats, as well as on the Earth.

研究分野：分子微生物生態学

キーワード： 宇宙生命科学　細菌間遺伝子伝播　環境微生物学
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ml−1 ampicillin. Moreover, at plasmid DNA concentrations 
below 1011 copies ml−1, the number of transformants 
was below the quantification limit throughout the HARV 
incubation. We therefore decided the E. coli cell density 
as 108 cfu ml−1 and the plasmid DNA concentration as 
more than 1011 copies ml−1. The number of culturable E. 
coli cells increased during HARV incubation at 25 ˚C but 
did not significantly change during incubation at 4 ˚C. 
To accurately determine the transformation frequency, 
bacterial cell division should be avoided during the 
incubation; for this reason, we incubated samples at 4 ˚C 
in the following experiments. 

The transformation frequencies under LSMMG and 
normal gravity were determined by mixing E. coli HB101 
cells with pGFPuv and incubating the mixtures on HARV. 
The densities of the colony-forming bacteria and colony-
forming transformants throughout the incubation are 
plotted in Fig. 2. In this study, the quantification limit was 
1.2 × 103 cfu ml−1. The densities of the incubated cells 
were slightly higher under LSMMG than under normal 
gravity after 1 day (P < 0.05 for all samples). E. coli cells 
lose their viability when incubated at 4 ˚C; therefore, the 
number of culturable E. coli decreased under normal 
gravity conditions. Conversely, the number of culturable 

E. coli cells remained more-or-less constant throughout 
the LSMMG incubation. Kim et al. (2014) reported that 
the optical density of LSMMG-cultured E. coli O157:H7 
cells was 1.3 times higher under LSMMG than under 
normal gravity. Both cultures had been nurtured for 24 h 
in minimal media at 37 ˚C (the optimal temperature for E. 
coli growth). These data indicate that microgravity not only 
maintains the viability of E. coli cells, but may enhance 
their growth at suitable temperatures. Demain and Fang 
(2001) reported that bacteria such as E. coli and Bacillus 
brevis alter their metabolic properties during LSMMG 
incubation in the HARV apparatus. Crabbe et al. (2011) 
reported that in Pseudomonas aeruginosa, LSMMG 
conditions induce genes involved in microaerophilic 
metabolism. Gene expression analysis may reveal the 
mechanism by which bacterial growth is stimulated by 
metabolic changes under microgravity. Fluorescence 
microscopy confirmed that the shapes of the E. coli cells 
in each vessel were not significantly changed throughout 
the HARV incubation (data not shown). 

The number of  t ransformants exceeded the 
quantification limit during days 2–4 under LSMMG, but 
remained slightly below the quantification limit at day 4 
under normal gravity (Fig. 2). However, the transformation 
frequencies were similar under LSMMG and normal 
gravity (Table 1; P > 0.05 for days 2 and 3). The 
transformation frequency was higher on day 3 than on 
day 2 under both gravity conditions. As the transformation 
of E. coli cells is not hampered by LSMMG, it can occur 
in confined space habitats at frequencies similar to those 
on Earth. To confirm the transfer frequency derived from 
the colony counts, we tried to count the GFP-expressing 
cells by fluorescence microscopy. However, although 
we could detect the GFP-expressing cells, very few of 
the cells showed green fluorescence (less than 5 among 
approximately 10,000 cells); thus, it was difficult to obtain 
quantitative results. The transformation frequencies 
decreased after 4 days, probably because the metabolism 
of E. coli altered during prolonged incubation at 4 ˚C.

Several studies based on HARV have clarified the 
effect of LSMMG on bacterial physiology and gene 
expression. We demonstrated that LSMMG does not 
reduce the transformation frequency of E. coli cells. 
Beuls et al. (2009) focused on conjugation, another 
route of horizontal gene transfer among bacterial cells, 
and determined the conjugation frequency of HARV-
incubated Bacillus thuringiensis. They reported that under 
microgravity, conjugation occurs at a frequency similar to 
that under normal gravity. Together with the data in Beuls 
et al. (2009), our findings highlight the potential risk of 

Fig. 2.  Number densities of E. coli HB101 and transformants 
incubated with pGFPuv in HARV under modeled microgravity 
and normal gravity. Error bars are the standard deviations (n = 4); 
µG and nG denote microgravity and normal gravity, respectively. 
* indicates densities below the quantification limit (1.2 × 103 cfu ml−1).

0 day 1 day 2 day 3 day 4 day 5 day
Modeled microgravity − − 0.78±0.36* 2.2±0.67 1.0±0.82 −
Normal gravity − − 0.75±0.11 2.5±0.60 − −

−: under quantification limit Unit: ×10−4

* mean ± standard deviation

Table 1.  Transformation frequencies of E. coli HB101 incubated under modeled microgravity and normal gravity (n = 4).
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ml−1 ampicillin. Moreover, at plasmid DNA concentrations 
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was below the quantification limit throughout the HARV 
incubation. We therefore decided the E. coli cell density 
as 108 cfu ml−1 and the plasmid DNA concentration as 
more than 1011 copies ml−1. The number of culturable E. 
coli cells increased during HARV incubation at 25 ˚C but 
did not significantly change during incubation at 4 ˚C. 
To accurately determine the transformation frequency, 
bacterial cell division should be avoided during the 
incubation; for this reason, we incubated samples at 4 ˚C 
in the following experiments. 
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normal gravity were determined by mixing E. coli HB101 
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ml−1 ampicillin. Moreover, at plasmid DNA concentrations 
below 1011 copies ml−1, the number of transformants 
was below the quantification limit throughout the HARV 
incubation. We therefore decided the E. coli cell density 
as 108 cfu ml−1 and the plasmid DNA concentration as 
more than 1011 copies ml−1. The number of culturable E. 
coli cells increased during HARV incubation at 25 ˚C but 
did not significantly change during incubation at 4 ˚C. 
To accurately determine the transformation frequency, 
bacterial cell division should be avoided during the 
incubation; for this reason, we incubated samples at 4 ˚C 
in the following experiments. 

The transformation frequencies under LSMMG and 
normal gravity were determined by mixing E. coli HB101 
cells with pGFPuv and incubating the mixtures on HARV. 
The densities of the colony-forming bacteria and colony-
forming transformants throughout the incubation are 
plotted in Fig. 2. In this study, the quantification limit was 
1.2 × 103 cfu ml−1. The densities of the incubated cells 
were slightly higher under LSMMG than under normal 
gravity after 1 day (P < 0.05 for all samples). E. coli cells 
lose their viability when incubated at 4 ˚C; therefore, the 
number of culturable E. coli decreased under normal 
gravity conditions. Conversely, the number of culturable 

E. coli cells remained more-or-less constant throughout 
the LSMMG incubation. Kim et al. (2014) reported that 
the optical density of LSMMG-cultured E. coli O157:H7 
cells was 1.3 times higher under LSMMG than under 
normal gravity. Both cultures had been nurtured for 24 h 
in minimal media at 37 ˚C (the optimal temperature for E. 
coli growth). These data indicate that microgravity not only 
maintains the viability of E. coli cells, but may enhance 
their growth at suitable temperatures. Demain and Fang 
(2001) reported that bacteria such as E. coli and Bacillus 
brevis alter their metabolic properties during LSMMG 
incubation in the HARV apparatus. Crabbe et al. (2011) 
reported that in Pseudomonas aeruginosa, LSMMG 
conditions induce genes involved in microaerophilic 
metabolism. Gene expression analysis may reveal the 
mechanism by which bacterial growth is stimulated by 
metabolic changes under microgravity. Fluorescence 
microscopy confirmed that the shapes of the E. coli cells 
in each vessel were not significantly changed throughout 
the HARV incubation (data not shown). 

The number of  t ransformants exceeded the 
quantification limit during days 2–4 under LSMMG, but 
remained slightly below the quantification limit at day 4 
under normal gravity (Fig. 2). However, the transformation 
frequencies were similar under LSMMG and normal 
gravity (Table 1; P > 0.05 for days 2 and 3). The 
transformation frequency was higher on day 3 than on 
day 2 under both gravity conditions. As the transformation 
of E. coli cells is not hampered by LSMMG, it can occur 
in confined space habitats at frequencies similar to those 
on Earth. To confirm the transfer frequency derived from 
the colony counts, we tried to count the GFP-expressing 
cells by fluorescence microscopy. However, although 
we could detect the GFP-expressing cells, very few of 
the cells showed green fluorescence (less than 5 among 
approximately 10,000 cells); thus, it was difficult to obtain 
quantitative results. The transformation frequencies 
decreased after 4 days, probably because the metabolism 
of E. coli altered during prolonged incubation at 4 ˚C.

Several studies based on HARV have clarified the 
effect of LSMMG on bacterial physiology and gene 
expression. We demonstrated that LSMMG does not 
reduce the transformation frequency of E. coli cells. 
Beuls et al. (2009) focused on conjugation, another 
route of horizontal gene transfer among bacterial cells, 
and determined the conjugation frequency of HARV-
incubated Bacillus thuringiensis. They reported that under 
microgravity, conjugation occurs at a frequency similar to 
that under normal gravity. Together with the data in Beuls 
et al. (2009), our findings highlight the potential risk of 

Fig. 2.  Number densities of E. coli HB101 and transformants 
incubated with pGFPuv in HARV under modeled microgravity 
and normal gravity. Error bars are the standard deviations (n = 4); 
µG and nG denote microgravity and normal gravity, respectively. 
* indicates densities below the quantification limit (1.2 × 103 cfu ml−1).

0 day 1 day 2 day 3 day 4 day 5 day
Modeled microgravity − − 0.78±0.36* 2.2±0.67 1.0±0.82 −
Normal gravity − − 0.75±0.11 2.5±0.60 − −

−: under quantification limit Unit: ×10−4

* mean ± standard deviation

Table 1.  Transformation frequencies of E. coli HB101 incubated under modeled microgravity and normal gravity (n = 4).

*
*

***

*

Total E. coli under µG
Total E. coli under nG
Transformant under µG
Transformant under nG
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