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研究成果の概要（和文）：　３種の新規な界面バイオプロセス、粘着型液面固定化システム(LSItac)、粘着型抽
出液面固定化システム(Ext-LSItac)、および粘着型液／液界面バイオリアクター（L-L IBRtact)を開発した。こ
れらのシステムは「いずれも、増殖速度の遅いカビや放線菌、さらには細菌や酵母などの単細胞微生物に適用可
能であった。浮上性微粒子の粘着には、carboxymethyl celluloseやpolybutyral 樹脂のような粘着性微粒子を
用いた。本システムにおける微生物の生理生化学的性質を詳しく調べるとともに、微生物変換ならびに発酵生産
に本システムを適用し、それらの工学的特徴を明らかにした。

研究成果の概要（英文）：Three  types of novel interface bioprocesses, tacky liquid-surface 
immobilized system (LSItac), tacky extractive liquid-surface immobilization system (Ext-LSItac), and
 tacky liquid-liquid interface bioreactor (L-L IBRtac) were developed. These systems were applicable
 to low-growing fungi and actinomycetes, and unicellular microorganisms such as bacteria and yeasts 
by using tacky micro-pieces such as carboxymethyl cellulose and polybutyral resin. The physiological
 and biochemical properties of the microorganisms immobilized on a surface, and engineering 
characteristics of the systems were clarified.

研究分野： 応用微生物学

キーワード： 界面微生物学　界面バイオリアクター　液面固定化システム　発酵　微生物変換　糸状菌　マイクロス
フェアー
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研究成果の学術的意義や社会的意義
　筆者らが開発してきた界面バイオプロセス群は水に難溶な生成物の高濃度生産に威力を発揮してきたが、適用
できる微生物は増殖速度の速いカビに限られてきた。このような限界に対し、本課題研究で構築したシステム群
は適用可能な微生物種を飛躍的に拡大することができ、バイオプロセスによる物質生産を推進するうえで大きな
社会的意義があると考えられる。今後、これらの新規な界面バイオプロセス群が有用物質の探索や生産に貢献し
ていくことを期待したい。
　また、界面微生物学や微生物生理学、生化学、培養工学などの諸分野において、特に界面という特殊な環境下
での重要な知見を多々得ることができた。
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1. 研究開始当初の背景 
	 微生物を用いた非天然物の変換技術である微生物変換法は、有機合成法に代替え可能な環境
調和型物質生産技術として期待されて久しいが、コスト面での制約が大きく、未だその活用は	
不十分である。この制約の主因として、基質と生成物の水に対する難溶性と微生物毒性の発現
が挙げられる。基質の難溶性の問題は反応速度の低下を、基質・生成物の毒性発現は、投入で
きる基質ならびに蓄積できる生成物の濃度の引き下げを招来するため、生産コストの大幅な増
加をもたらすことになる。微生物変換法の応用をさらに拡大するためには、このような基質・
生成物の難溶性の問題と微生物毒性の問題の両者を克服しなければならない。 
	 このような観点より、筆者らはかつて、寒天平板のような親水性担体と n-paraffinのような疎
水性有機溶媒との固／液界面に増殖する微生物を生体触媒とし、有機層中に溶解させた疎水性
基質を微生物変換する固／液界面バイオリアクター(S-L IBR)を開発し、数多くの微生物変換に
適用してきた。S-L IBR では、固／液界面における毒性緩和現象に基づいて、投入できる基質
と蓄積できる生成物の濃度を飛躍的に向上させることができる。また、生成物の回収が容易で
あること、基質は反応溶媒中に溶解している上に大量の酸素が有機層中に溶解しているため、
静置培養で十分なことなどの長所も併せ持ったシステムである。 
	 しかしながら S-L IBRには、担体ゲル中への栄養源の追加が困難であること、担体中の水層
の pH 制御が困難であること、酢酸エステルの加水分解で生じる酢酸のような有害物質の担体
中への蓄積を回避できないことの 3つの短所が認められた。これらの短所は S-L IBRの担体中
の水層を操作できないことに起因するものである。 
	 このような S-L IBRの短所を克服する界面バイオプロセスとして、液／液界面バイオリアク
ター(L-L IBR)が登場した。L-L IBRでは、液体培地の液面に形成された浮上性微粒子(MS)層
にカビの菌体をトラップして増殖させることで、液体培地液面に強固なカビ／MS 複合マット
を形成することができる。このカビマット上に基質を含む疎水性有機溶媒を重層して培養する
ことで、微生物変換を効率的に進行させることができる。高濃度の基質・生成物濃度が達成で
きること、静置培養可能なこと、生成物の回収が容易であることなど、S-L IBR で認められた
多くの長所を併せ持っているうえに、S-L IBRの３つの短所を全て解決することができる。 
	 しかしながらこの L-L IBRにも、大きな欠点がある。それは、増殖速度の遅いカビや放線菌、
および単細胞微生物である細菌や酵母には適用困難なことである。これらの微生物の菌体／MS
層は物理的に脆弱であり、わずかな衝撃や有機溶媒の重層により容易に崩壊してしまう(図 1)。
したがって、さらに界面バイオプロセスの適用範囲を拡大するためには、これら増殖速度の遅
い微生物や単細胞微生物にも適用可能なシステムへと再構築する必要性があった。 
 
2. 研究の目的 
	 従来の L–L IBRでは、カビの栄養菌糸が MSを取り込む形でカビ／MS複合マットを形成す
るが、増殖速度の遅い微生物や単細胞微生物ではそれができないために、微生物／MS マット
が崩壊してしまう。したがって、MS 同士を粘着させるバインダー材(BM)を添加することで、
微生物／MS マットの崩壊を抑止できると考えられた。そのための BM が備えるべき条件とし
ては、(1)長期に渡って MS 層に強度を持たせるため、BM は水には不溶であること、(2)疎水
性有機溶媒に接触してもそれに溶解しないこと、(3)表面が水和して粘着性を発揮すること、(4)
人体に対して悪影響を及ぼさないこと、(5)廉価であることなどが想定された(図 1)。 
	 本研究の目的はまず、上記の条件を全て満たす BM を見出すこととした。そのために、BM
の水に対する溶解性や MSとの浮上速度などの諸因子の評価を行い、それらの結果を総合して
最適な BM種を選定することとした。 
	 次に、選定された BM を液面固定化システム(LSI)、抽出液面固定化システム(Ext-LSI)、液
／液界面バイオリアクター(L-L IBR)に適用し、菌体捕集率などの菌体／BM／MS複合層の特
性を詳細に解析することとした。 
	 さらに、BMを併用した上記 
３システム(LSItac、Ext-LSTtac、 
L-L IBRtac)を用いて有用物質の発 
酵生産と微生物変換試験を行い、 
これらのシステムにおける放線菌、 
酵母の生理生化学的特性と、各シ 
ステムの工学的特性を明らかにす 
ることを目的とした。	 	 	 	 	 	 	 	 	 	 図 1. BMの配合による菌体／MS層崩壊抑止の原理 
 
3. 研究の方法 
3.1. BMの選定 
	 BM候補として、starch、sodium alginate、polyvinyl alcohol、carboxymethyl cellulose (CMC)、
polyvinyl acetal を選び、それらの水、有機溶媒に対する溶解性を顕微鏡観察で調べた。次に、
各種 BM／MS層を振盪させ、液面に形成された BM／MS複合層の安定性を評価した。さらに
は、選定された CMC系 BM２種について、MS配合時の浮上速度を濁度測定によって評価した。	
3.2. MSによる菌体捕集効率の評価 
	 ２種のMS(polymethyl methacrylate製多孔質タイプ、polyacrylonitrile製中空タイプ)について、



懸濁液中の菌体(細菌２種、酵母２種)の捕集率をコロニー数の計測により評価した。菌体／BM
／MS複合層の最終的な特性評価は、以下に述べる発酵並びに微生物変換試験により評価した。 
3.3. バインダー材併用式液-液界面バイオリアクター(L-L IBRtac)の構築と応用 
	 細菌 Rhodococcus hoagii NBRC 3730 を用いた３種の微生物酸化反応と、酵母 Candida 
viswanathii NBRC 203221を用いた酸化反応、酵母 Pichia kluyveri NBRC 1165を用いたアセチル
転移反応に本システムを適用し、その生理生化学的並びに工学的特性把握と有効性を検証した。 
3.4. バインダー材併用式液面固定化システム(LSItac)の構築と応用 
	 放線菌 Streptomyces chattanoogensis NBRC 12754 を用いた抗生物質 natamycin の生産と、
Saccharopolyspora erythraea NBRC 13426による抗生物質 erythromycinの生産試験を通じて、そ
の生理生化学的並びに工学的特性把握と有効性を検証した。 
	
4.	研究成果	
4.1. バインダー材微粒子(BM)の選定	 	 	 	 	 表 1. 一次スクリーニングで候補となった BM材 
	 上記の BM候補材のうち、starch、 
sodium alginate、polyvinyl alcoholの三 
者は水に溶解してしまうため、最初の 
時点で脱落した。BMは長期に渡って 
MS同士を粘着させておく必要がある 
ため、水に不溶であるがその表面が水 
和して粘着性を発揮する性質を有して 
いる必要がある。この要件を満たす 
BM材として、まずは表 1に示す２グ 
ループの材料に絞り込んだ。 
	 両グループの懸濁液の粘度を比較し 
た場合、CMC系の Sunroseの方が高く、 
より粘着性が強いと判断されたため、 
候補 BM材を SLD-F1と FMの２種に 
絞り込んだ。 
	 次に、両候補 BMを MS(polymethylmethacrylate系 Advancel HM-2051)層に取り込む形で液面
に BM／MS層を形成させ、振盪条件下でそれの崩壊試験を実施した。その結果、n-decane重層
下で 60 rpmで 24時間振盪させた場合、両 MSとも、300 mg/7.1 cm2の MS当たりわずか 5 mg
の添加で有効であることが確認された。さらに、これら両 MS材は 10 分間の強攪拌／4日間の
室温保存においても溶解せず、その水不溶性も確認された(図 2)1)。 
	 さらなる検討として、MS(HB-2051)の浮上に伴う F-1と FMの捕集を、濁度測定法で継時的
に追跡した。その結果を図 3 に示す。SLD-F1 は SLD-FM よりも MS の浮上に伴う浮上速度が
若干速かったものの、その粒径は FMの 15–25 µmに対して 50–60 µmと大きく(表 1)、粘着ポ
イントの観点より、より粒径の小さい Sunrose SLD-FMを最終的に BMとして選定した 1)。 
 
 
 
 
 
 
 
 
 
 
 
 
	 	 	 	 	 	 	 図 2. BM候補材の水溶解性試験	 	 	 	 	 	 	 	 	 	 	 	 	  
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 図 3. BM候補材の浮上性試験 
4.2. MSによる菌体捕集効率の評価 
	 MSの浮上に伴い、BMとともに菌体も効率的に MS層中に捕集する必要がある。そこで、汎
用されてきた polyacrylonitrile 製で CaCO3 表面コートタイプの MFL-80GCA とノンコートの
polymethylmethacrylate製 Advancel HB-2051について、Staphylococcus epidermidis NBRC 12993、
Pseudomonas putida NBRC14164、Candida viswanathii NBRC 10321、Pichia kluyveri NBRC 1165
の捕集率を評価した。評価法としては、水層中の菌体数をコロニーカウント法で測定した。 
	 その結果、比重 0.5の HB-2051に対して比重 0.2と軽い 81GCAでより多くの菌体捕集率が得
られた。P. putida に対しては HB-2051による捕集率は若干低かったものの、他の 3株では 90%
を超える捕集率が得られた。両 MSの粒径はともに約 20 µmと差がないため、より速く浮上す
る 81GCAで多くの菌体が MS層中に捕集できたと思われる。 
	 しかしながら、MFL-81GCAはその表面を CaCO3でコートされているため、菌種によっては
好ましくない場合がある。HB-2051も徐々に使用実績が上ってきているため、適宜 MS種を選
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decanol and 4-decanone with an isolated fungus, Monilliera sp. NAP
00702 [28]. It is assumed that excess oxygen supply is repressed in the
L–L IBR and the L–L IBRtac compared with the TLP because of their
static cultivation conditions.

3.4. Application of L–L IBRtac to bioconversion with yeasts

The L–L IBRtac was applied to the oxidation of citronellal to ci-
tronellic acid with C. viswanathii NBRC 10321 and its efficacy was
compared with that of the S–L IBR system. As shown in Fig. 7, although
the efficacy of the L–L IBRtac was slightly inferior compared with that of
the S–L IBR, the oxidation of citronellal smoothly proceeded to give
6.1 g/l of citronellic acid for 12 days. The yeast cells–MS–BM layer of
the L–L IBRtac did not collapse by addition of Sunrose SLD-F1.

Next, the L–L IBRtac was applied to the transacetyltion of citronellol
by acetyl-CoA produced via glucose metabolism with P. kluyveri NBRC
1165. Concerning the reaction, the efficacy of the L–L IBRtac was
compared with that of the S–L IBR. As shown in Fig. 8, although the
production of citronellyl acetate in the L–L IBRtac was inferior to that in
the S–L IBR, 2.8 g/l of citronellyl acetate was produced from 10% ci-
tronellol for 12 days in spite of the strong biotoxicity of citronellol. In
this case, the yeast cell–MS–BM layer of the L–L IBRtac did not collapse.

As mentioned above, efficiencies of the oxidation and transacety-
lation of citronellol in the L–L IBRtac were inferior to those in the S–L
IBR. Concerning the causes of the results, firstly, it is assumed that
interfacial hydrophobicity given by MS (PMMA) affects on the bio-
conversion activities. Morisaki reported that Escherichia coli cells ad-
hered onto some hydrophobic polymer surface, such as polytetra-
fluoroethylene (PTFE) and pyrophylite, exhibited significant increase of
respiration activity and decrease of glucose uptake [40].

Furthermore, it was also reported that production of hydrophobins
in Lecanicillium lecanii [41], pycnidiospores formation in Phyllosticta
ampelicida [42], and corticosterone uptake in Candida albicans were

Fig. 3. Stabilization of an MS layer by adding BM. Eleven ml
of reverse osmosis water, 300mg of MS (HB-2051) 0–15mg of
BM (SLD-F1 or FM) were vigorously mixed in a 50ml-glass
vial (50ml; diameter, 30mm). After floating of the MS and the
BM during 24 h, 2 ml of n-decane calmly added onto the
MS–BM layer. The vial was laid with rotation (60 rpm) for 3
days. The collapse or not of the floating layer was observed.

Fig. 4. Microscopic photos of BM suspended in water. Water-so-
lubility of the BM was estimated under the following conditions.
Three hundred mg of the BM (SLD-F1 or SLD-FM) and a stirring
bar (4 mmφ× 10mm) were added into 15ml of reverse osmosis
water in a 50ml-glass vial. After vigorous agitation with the
magnetic stirrer at 500 rpm for 10min, the mixture was set at
room temperature for 4 days. The water-solubility of the BM was
estimated by observation of an aliquot mixture with an optical
microscopy.

Fig. 5. Floating curves of MS and BM. The MS (HB-2051; 920mg) and 100mg
of the BM (SLD-F1 or FM) were added into 30ml of reverse osmosis water. After
vigorous mixing with a magnetic stirrer, turbidity (610 nm) of the mixture
(5ml) in a test tube (10 mm i.d.× 105mm) was measured by using a photo-
meter (PD-303, APEL Co., Ltd., Saitama) at the distance of 8.5 mm from the
bottom every 1min.
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room temperature for 4 days. The water-solubility of the BM was
estimated by observation of an aliquot mixture with an optical
microscopy.

Fig. 5. Floating curves of MS and BM. The MS (HB-2051; 920mg) and 100mg
of the BM (SLD-F1 or FM) were added into 30ml of reverse osmosis water. After
vigorous mixing with a magnetic stirrer, turbidity (610 nm) of the mixture
(5ml) in a test tube (10 mm i.d.× 105mm) was measured by using a photo-
meter (PD-303, APEL Co., Ltd., Saitama) at the distance of 8.5 mm from the
bottom every 1min.
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L–L IBR and the L–L IBRtac compared with the TLP because of their
static cultivation conditions.

3.4. Application of L–L IBRtac to bioconversion with yeasts

The L–L IBRtac was applied to the oxidation of citronellal to ci-
tronellic acid with C. viswanathii NBRC 10321 and its efficacy was
compared with that of the S–L IBR system. As shown in Fig. 7, although
the efficacy of the L–L IBRtac was slightly inferior compared with that of
the S–L IBR, the oxidation of citronellal smoothly proceeded to give
6.1 g/l of citronellic acid for 12 days. The yeast cells–MS–BM layer of
the L–L IBRtac did not collapse by addition of Sunrose SLD-F1.

Next, the L–L IBRtac was applied to the transacetyltion of citronellol
by acetyl-CoA produced via glucose metabolism with P. kluyveri NBRC
1165. Concerning the reaction, the efficacy of the L–L IBRtac was
compared with that of the S–L IBR. As shown in Fig. 8, although the
production of citronellyl acetate in the L–L IBRtac was inferior to that in
the S–L IBR, 2.8 g/l of citronellyl acetate was produced from 10% ci-
tronellol for 12 days in spite of the strong biotoxicity of citronellol. In
this case, the yeast cell–MS–BM layer of the L–L IBRtac did not collapse.

As mentioned above, efficiencies of the oxidation and transacety-
lation of citronellol in the L–L IBRtac were inferior to those in the S–L
IBR. Concerning the causes of the results, firstly, it is assumed that
interfacial hydrophobicity given by MS (PMMA) affects on the bio-
conversion activities. Morisaki reported that Escherichia coli cells ad-
hered onto some hydrophobic polymer surface, such as polytetra-
fluoroethylene (PTFE) and pyrophylite, exhibited significant increase of
respiration activity and decrease of glucose uptake [40].

Furthermore, it was also reported that production of hydrophobins
in Lecanicillium lecanii [41], pycnidiospores formation in Phyllosticta
ampelicida [42], and corticosterone uptake in Candida albicans were

Fig. 3. Stabilization of an MS layer by adding BM. Eleven ml
of reverse osmosis water, 300mg of MS (HB-2051) 0–15mg of
BM (SLD-F1 or FM) were vigorously mixed in a 50ml-glass
vial (50ml; diameter, 30mm). After floating of the MS and the
BM during 24 h, 2 ml of n-decane calmly added onto the
MS–BM layer. The vial was laid with rotation (60 rpm) for 3
days. The collapse or not of the floating layer was observed.

Fig. 4. Microscopic photos of BM suspended in water. Water-so-
lubility of the BM was estimated under the following conditions.
Three hundred mg of the BM (SLD-F1 or SLD-FM) and a stirring
bar (4 mmφ× 10mm) were added into 15ml of reverse osmosis
water in a 50ml-glass vial. After vigorous agitation with the
magnetic stirrer at 500 rpm for 10min, the mixture was set at
room temperature for 4 days. The water-solubility of the BM was
estimated by observation of an aliquot mixture with an optical
microscopy.

Fig. 5. Floating curves of MS and BM. The MS (HB-2051; 920mg) and 100mg
of the BM (SLD-F1 or FM) were added into 30ml of reverse osmosis water. After
vigorous mixing with a magnetic stirrer, turbidity (610 nm) of the mixture
(5ml) in a test tube (10 mm i.d.× 105mm) was measured by using a photo-
meter (PD-303, APEL Co., Ltd., Saitama) at the distance of 8.5 mm from the
bottom every 1min.

S. Oda et al. 3URFHVV�%LRFKHPLVWU\������������²�

�

decanol and 4-decanone with an isolated fungus, Monilliera sp. NAP
00702 [28]. It is assumed that excess oxygen supply is repressed in the
L–L IBR and the L–L IBRtac compared with the TLP because of their
static cultivation conditions.

3.4. Application of L–L IBRtac to bioconversion with yeasts

The L–L IBRtac was applied to the oxidation of citronellal to ci-
tronellic acid with C. viswanathii NBRC 10321 and its efficacy was
compared with that of the S–L IBR system. As shown in Fig. 7, although
the efficacy of the L–L IBRtac was slightly inferior compared with that of
the S–L IBR, the oxidation of citronellal smoothly proceeded to give
6.1 g/l of citronellic acid for 12 days. The yeast cells–MS–BM layer of
the L–L IBRtac did not collapse by addition of Sunrose SLD-F1.

Next, the L–L IBRtac was applied to the transacetyltion of citronellol
by acetyl-CoA produced via glucose metabolism with P. kluyveri NBRC
1165. Concerning the reaction, the efficacy of the L–L IBRtac was
compared with that of the S–L IBR. As shown in Fig. 8, although the
production of citronellyl acetate in the L–L IBRtac was inferior to that in
the S–L IBR, 2.8 g/l of citronellyl acetate was produced from 10% ci-
tronellol for 12 days in spite of the strong biotoxicity of citronellol. In
this case, the yeast cell–MS–BM layer of the L–L IBRtac did not collapse.

As mentioned above, efficiencies of the oxidation and transacety-
lation of citronellol in the L–L IBRtac were inferior to those in the S–L
IBR. Concerning the causes of the results, firstly, it is assumed that
interfacial hydrophobicity given by MS (PMMA) affects on the bio-
conversion activities. Morisaki reported that Escherichia coli cells ad-
hered onto some hydrophobic polymer surface, such as polytetra-
fluoroethylene (PTFE) and pyrophylite, exhibited significant increase of
respiration activity and decrease of glucose uptake [40].

Furthermore, it was also reported that production of hydrophobins
in Lecanicillium lecanii [41], pycnidiospores formation in Phyllosticta
ampelicida [42], and corticosterone uptake in Candida albicans were

Fig. 3. Stabilization of an MS layer by adding BM. Eleven ml
of reverse osmosis water, 300mg of MS (HB-2051) 0–15mg of
BM (SLD-F1 or FM) were vigorously mixed in a 50ml-glass
vial (50ml; diameter, 30mm). After floating of the MS and the
BM during 24 h, 2 ml of n-decane calmly added onto the
MS–BM layer. The vial was laid with rotation (60 rpm) for 3
days. The collapse or not of the floating layer was observed.

Fig. 4. Microscopic photos of BM suspended in water. Water-so-
lubility of the BM was estimated under the following conditions.
Three hundred mg of the BM (SLD-F1 or SLD-FM) and a stirring
bar (4 mmφ× 10mm) were added into 15ml of reverse osmosis
water in a 50ml-glass vial. After vigorous agitation with the
magnetic stirrer at 500 rpm for 10min, the mixture was set at
room temperature for 4 days. The water-solubility of the BM was
estimated by observation of an aliquot mixture with an optical
microscopy.

Fig. 5. Floating curves of MS and BM. The MS (HB-2051; 920mg) and 100mg
of the BM (SLD-F1 or FM) were added into 30ml of reverse osmosis water. After
vigorous mixing with a magnetic stirrer, turbidity (610 nm) of the mixture
(5ml) in a test tube (10 mm i.d.× 105mm) was measured by using a photo-
meter (PD-303, APEL Co., Ltd., Saitama) at the distance of 8.5 mm from the
bottom every 1min.

S. Oda et al. 3URFHVV�%LRFKHPLVWU\������������²�

�

decanol and 4-decanone with an isolated fungus, Monilliera sp. NAP
00702 [28]. It is assumed that excess oxygen supply is repressed in the
L–L IBR and the L–L IBRtac compared with the TLP because of their
static cultivation conditions.

3.4. Application of L–L IBRtac to bioconversion with yeasts

The L–L IBRtac was applied to the oxidation of citronellal to ci-
tronellic acid with C. viswanathii NBRC 10321 and its efficacy was
compared with that of the S–L IBR system. As shown in Fig. 7, although
the efficacy of the L–L IBRtac was slightly inferior compared with that of
the S–L IBR, the oxidation of citronellal smoothly proceeded to give
6.1 g/l of citronellic acid for 12 days. The yeast cells–MS–BM layer of
the L–L IBRtac did not collapse by addition of Sunrose SLD-F1.

Next, the L–L IBRtac was applied to the transacetyltion of citronellol
by acetyl-CoA produced via glucose metabolism with P. kluyveri NBRC
1165. Concerning the reaction, the efficacy of the L–L IBRtac was
compared with that of the S–L IBR. As shown in Fig. 8, although the
production of citronellyl acetate in the L–L IBRtac was inferior to that in
the S–L IBR, 2.8 g/l of citronellyl acetate was produced from 10% ci-
tronellol for 12 days in spite of the strong biotoxicity of citronellol. In
this case, the yeast cell–MS–BM layer of the L–L IBRtac did not collapse.

As mentioned above, efficiencies of the oxidation and transacety-
lation of citronellol in the L–L IBRtac were inferior to those in the S–L
IBR. Concerning the causes of the results, firstly, it is assumed that
interfacial hydrophobicity given by MS (PMMA) affects on the bio-
conversion activities. Morisaki reported that Escherichia coli cells ad-
hered onto some hydrophobic polymer surface, such as polytetra-
fluoroethylene (PTFE) and pyrophylite, exhibited significant increase of
respiration activity and decrease of glucose uptake [40].

Furthermore, it was also reported that production of hydrophobins
in Lecanicillium lecanii [41], pycnidiospores formation in Phyllosticta
ampelicida [42], and corticosterone uptake in Candida albicans were

Fig. 3. Stabilization of an MS layer by adding BM. Eleven ml
of reverse osmosis water, 300mg of MS (HB-2051) 0–15mg of
BM (SLD-F1 or FM) were vigorously mixed in a 50ml-glass
vial (50ml; diameter, 30mm). After floating of the MS and the
BM during 24 h, 2 ml of n-decane calmly added onto the
MS–BM layer. The vial was laid with rotation (60 rpm) for 3
days. The collapse or not of the floating layer was observed.

Fig. 4. Microscopic photos of BM suspended in water. Water-so-
lubility of the BM was estimated under the following conditions.
Three hundred mg of the BM (SLD-F1 or SLD-FM) and a stirring
bar (4 mmφ× 10mm) were added into 15ml of reverse osmosis
water in a 50ml-glass vial. After vigorous agitation with the
magnetic stirrer at 500 rpm for 10min, the mixture was set at
room temperature for 4 days. The water-solubility of the BM was
estimated by observation of an aliquot mixture with an optical
microscopy.

Fig. 5. Floating curves of MS and BM. The MS (HB-2051; 920mg) and 100mg
of the BM (SLD-F1 or FM) were added into 30ml of reverse osmosis water. After
vigorous mixing with a magnetic stirrer, turbidity (610 nm) of the mixture
(5ml) in a test tube (10 mm i.d.× 105mm) was measured by using a photo-
meter (PD-303, APEL Co., Ltd., Saitama) at the distance of 8.5 mm from the
bottom every 1min.

S. Oda et al. 3URFHVV�%LRFKHPLVWU\������������²�

�

S
LD

-F
1�

S
LD

-F
M
�

2 d                   4 d�



定することが好ましい。 
4.3. バインダー材併用式液-液界面バイオリアクター(L-L IBRtac)の構築と応用 
	 前節までに述べたように、最適な BM種 
を Sunrose SLD-FMに選定することができ 
た。MS種に関しては菌種によって適合性 
が異なるため、適宜選定する必要がある。 
HB-2051は 81GCAと比較して菌体の捕集 
率は低くなる傾向にあるが、これまでの使 
用実績より十分に利用できる MS種である。 
そこで次に、SLD-FMを BMとした L–L  
IBRtacを図 4に示す微生物変換に適用する 
ことで、本システムの有効性を確認するこ 
ととした。 
	 その結果、R. hoagii NBRC 3730を用いた 
citronellol、2-methylcyclohexanol、2-octanol 
の酸化については、液体培養と水-有機溶媒 
二相系反応法を凌ぐ好成績が得られ、その 
有効性を確認することができた。液体培養 
系では強い基質阻害が発現し、二相系では 
過剰酸化(Baeyer-Villiger酸化)が進行した。 
なお、いずれの反応系においても菌体／ 
BM／MS層の崩壊は認められなかった 
(図 5)1)。                                	 	 	 図 4. L–L IBRtacの各種微生物変換への適用 
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	 	 	 	 	 	 	 	 図 5. 液体培養系、水-有機溶媒二相系、L–L IBRtac間での微生物酸化反応の比較 
 
	 一方、S–L IBRとの比較を C. viswanathii NBRC 20321による citronellalの酸化をモデルに検討
した。その結果、S–L IBRには若干劣る成績ではあったが、大量の citronellic acidを生産できた。
本反応系についても菌体／BM／MS層の崩壊はなかった 1)。 
	 さらに、P. kluyveri NBRC 1165による acetyl-CoAから citronellolへのアセチル転移反応に適
用したところ、S–L IBR系に比べて citronellyl acetateの生産量は半分程度に止まった。しかしな
がら、10%もの citronellol／KF-96L-1CS溶液を重層しても 3 g/Lもの citronellyl acetateが蓄積で
きており、液体培養系を大きく上回る生産性が確認できた 1)。 
4.4. バインダー材併用式液面固定化システム(LSItac)の構築と応用 
	 次に、BM添加液面固定化システムとして、S. chattanoogensis NBRC 12754を用いた抗生物質
natamycinの生産へ適用した。その結果、①BM材をメッシュパスしてさらに粒径を小さくする
ことで菌体／BM／MS層の強度と natamycin生産量が向上 
すること、②HB-2051を用いた場合は菌体捕集率が 89.5% 
と低くなるが、natamycinの生産量は菌体捕集率 99.8%の 
81GCAを上回ること(81GCAから溶出してくる Ca2+が菌 
体に悪影響を及ぼすと考えられた)、③BM材由来の両親媒 
性物質(PVA系添加剤)が菌体からの natamycinの分泌を亢 
進させ得ること、④培地を最適化することにより、初期条 
件の 3倍、液体培養系の 1.7倍の natamycin生産が得られる 
こと、⑤増殖期の培地に有機態窒素源である Soyproを添加 
して菌体量を引き上げた後、生産期には Soyproを含まない 
培地(窒素源は NH4Cl)に置換することで、natamycinの生産 
量を大きく向上させ得る(320 mg/L)こと(図 6)など、多くの 
重要な知見が得られた。 
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 図 6. Natamycin生産に対する培地交換の効果 

and the later one is made from polymethylmethacrylate (PMMA). The
both types of MS micro-particles densely float onto a liquid-surface
together with fungal cells because of their low density (0.06–0.50)
[16,25–29]. After the formation of a fungal mat on the surface of the
liquid medium together with numerous MS micro-particles during pre-
cultivation, the fungal mat is overlaid by a hydrophobic organic solvent
such as low viscous dimethylsilicone oil (L–L IBR). So far the L–L IBR
has been applied to various bioconversions, such as hydrolysis [25,26],
reduction [27], hydroxylation [28], and epoxidation [29], and in many
cases, the L–L IBR gave very high concentrations of products with
higher selectivity compared with submerged and water–aqueous two-
liquid-phase systems.

The Ext-LSI system having structure similar to the L–L IBR has been
applied to secondary metabolite production by fungal cells [16,30] and
screening of antibiotic-producing fungi [31]. However, the liquid–li-
quid cultivation systems also have a common practical disadvantage.
Namely, it is difficult to apply to the cultivation of slow-growing fungi
and actinomycetes, unicellular microorganisms such as bacteria and
yeasts because the microbial cells–MS layer easily breaks down by ad-
dition of hydrophobic organic solvent.

In this study, an improved L–L IBR system applicable to the slow-
growing and unicellular microorganisms was constructed with binder
micro-pieces (BM) prepared from water-insoluble carbox-
ymethylcellulose (Fig. 1). The novel bioreactor was tentatively named a
tacky liquid–liquid interface bioreactor (L–L IBRtac) and its availability
was confirmed through the application to five kinds of coenzyme-de-
pendent microbial transformations adopted in our previous studies
(Fig. 2).

2. Materials and methods

2.1. Microorganisms, media, and chemicals

As an actinomycete, Rhodococcus hoagii (former name, R. equi)
NBRC 3730 was used for the oxidation of citronellol to citronellal [18],
2-methylcyclohexanol to 2-methylcyclohexanone [14], and 2-octanol to
2-octanone [14] (Fig. 2). As yeasts, Candida viswanathii NBRC 10,321

and Pichia kluyveri NBRC 1165 were used for the oxidation of citronellal
to citronellic acid [32] and the transacetylation of citronellol to ci-
tronellyl acetate with acetyl coenzyme A (acetyl-CoA) produced via
glucose metabolism [21,23,32], respectively (Fig. 2).

R. hoagii NBRC 3730 was cultivated in B-medium consisted of 10.0 g
of polypeptone, 2.0 g of yeast extract, 1.0 g of MgSO4·7H2O, and 1.0 l of
reverse osmosis water (pH 7.0) at 30 °C. C. viswanathii NBRC 10,321
was cultivated in a modified YM-medium consisted of 10.0 g of glucose,
5.0 g of peptone, 3.0 g of yeast extract, 3.0 g of malt extract, 1.0 g of
MgSO4·7H2O, and 1.0 l of reverse osmosis water (pH 6.0) at 30 °C. P.
kluyveri NBRC 1165 was cultivated in a CA-medium consisted of 200.0 g

Fig. 1. A principle for tacky liquid–liquid interface bioreactor (L–L IBRtac). A microbial cells–floating microspheres (MS) layer of a traditional L–L IBR with low-
growing and/or unicellular microorganisms easily collapsed by overlaying with a hydrophobic organic solvent (A and B). In the L–L IBRtac, a microbial cells–MS layer
becomes physically strong by adhering the MS to each other via binder micro-pieces. The cells–MS-BM layer was not collapsed by overlaying a hydrophobic organic
solvent (C and D).

Fig. 2. Application of L–L IBRtac to microbial oxidation and transacetylation by
an actinomycete and yeasts.
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accelerated by contact with some hydrophobic solid surface [43]. The
authors have also discovered that n-decane subterminal hydroxylation
activity of Monilliera sp. NAP 00702 is significantly enhanced by ad-
dition of PTFE into an MS layer of the L–L IBR [44]. Thus, the contact of
microbial cells on a hydrophobic surface changes some physiological
and biochemical properties of the microbial cells. It was assumed that
the oxidation and transacetylation activities of yeast cells were re-
pressed by contact on the hydrophobic surface of PMMA resin in the
L–L IBRtac.

Secondly, as another possible factor causing the decrease of oxida-
tion and transacetylation activities in the L–L IBRtac, it was supposed
that much moisture in a biofilm formed on the surface of the MS–BM
layer inhibited permeation and diffusion of hydrophobic substrates into

the biofilm. Release of conversion products from cells into an organic
phase might be also repressed by the moist biofilm. The authors think
the presence of much water in the biofilm is an obstacle to the bio-
conversions in the L–L IBRtac in part.

4. Conclusion

A modified liquid–liquid interface bioreactor (l–L IBRtac), which
comprised a hydrophobic organic solvent (upper phase), a microbial
cells–floating microspheres (MS) layer reinforced by binder micro-
pieces (BM) (middle phase), and a liquid medium (lower phase), was
developed. The water-insoluble BM, Sunrose SLD-F1, was water-in-
soluble but tacky by swelling via hydration. Thus, the BM micro-pieces

Table 2
Floating and collection rates of MS and BM.

Floating ratea Sediment dry wt (mg)b Sedimentation rate (%)c Collection rate (%)

HB-2051 0.895 0.6 ± 0.3 >0.0 < 100.0
HB-2051 plus SLD-F1 0.191 11.2 ± 3.9 22.5 ± 7.9 77.5 ± 7.9
HB-2051 plus SLD-FM 0.127 15.0 ± 1.3 29.9 ± 2.5 70.1 ± 2.5

Measurements of sediment dry weight were performed in four replicates, and the reported results represented as the mean of quadruplicates ± standard derivation.
a OD610 decrease for first 15min.
b Dry weight in a vessel.
c Initial dry weight of BM was 50.0mg.

Fig. 6. Oxidation of 3 kinds of alcohol by R.
hoagii NBRC 3730 in submerged (SmC), orga-
nic–aqueous two–liquid–phase (TLP), and L–L
IBRtac systems. The substrate concentrations in
all systems were 1% in each reaction mixture.
In the TLP and the L–L IBRtac, each substrate
was added in vessels as a 5% solution in n-
decane. While the SmC and the TLP systems
were incubated at 30 °C with rotation
(200 rpm), the L–L IBRtac was set at 30 °C
without rotation.

Fig. 7. Oxidation of citronellal by C. viswanathii NBRC 20321 in
S–L IBR and L–L IBRtac. Three ml of a 5% or 10% solution of ci-
tronellal in n-decane was added onto a biofilm formed on an agar
plate (S–L IBR) or a cells–MS–BM layer (surface area, 7.1 cm2; L–L
IBRtac) and incubation was performed at 30 °C without rotation.
Error bars indicate standard deviation (n= 4). *Significant dif-
ference from L–L IBRtac at p < 0.05 in t-test (n=4).
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	 以上の結果より、BM 材を配合することで単細胞微生物並びに低増殖性微生物に好適な界面
バイオプロセスを構築することができた。それに付随して、界面微生物学上有益な知見を多々
得ることもできた。 
	 上述のように、抽出液面固定化システム(Ext-LSI)と液／液界面バイオリアクター(L-L IBR)
は、カビを用いた水難溶性物質の生産に威力を発揮する。また、液面固定化システム(LSI)は、
特に酵素生産に威力を発揮するが 2)、いずれのシステムも増殖の速いカビへの適用に限られて
きた。 
	 これに対して、本課題研究で構築に成功した BM併用式のバイオプロセス群(LSItac、Ext-LSItac、
L-L IBRtac)は、増殖速度の遅いカビはもちろん、放線菌、さらには細菌や酵母などの単細胞微
生物にも適用可能なシステムであることが証明できた。今後、これら第二世代の界面バイオプ
ロセス群の適用を通じて、バイオ生産がさらに振興してくることを期待したい。 
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