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Cellulosome: An Important Key to Biofuel Production
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ABSTRACT

Biofuel production currently can be performed in many ways. Fermentation for
biofuel production is one of the interested processes since it is environmental friendly-process.
Fermentation of biomass substrates needs chemical catalyst or biocatalyst to catalyze reaction of
cellulose, hemicelluloses and lignin degradation. These compounds will be changed to be monosac-
charide before pass to fuel production process. Therefore, catalyst is a critical important factor
to let the efficient of production process. In this article, cellulosome which is a biocatalyst is
discussed in fuel application point view. The basic knowledge about cellulosome, cellulosome
producing bacteria which can be use to produce biofuel in parallel is discussed. This bacterium
is a well-known for a long time more than a hundred years in genus of Clostridium. The topic
includes related gene and cellulosome efficiency promotion by brief for readers to follow all
documents in future.
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∫∑π”
‡´≈≈Ÿ‡≈ ‡ªìπ‡Õπ‰´¡å∑’Ë¡’°“√π”¡“„™â„πß“πÕÿµ “À°√√¡Õ¬à“ß°«â“ß¢«“ß æ∫‰¥â„πæ◊™  —µ«å

·≈–®ÿ≈™’æ ‚¥¬‡©æ“–Õ¬à“ß¬‘Ëß„π√“·≈–·∫§∑’‡√’¬ [1] ·∫§∑’‡√’¬∑’Ë¡’§«“¡ “¡“√∂„π°“√º≈‘µ‡´≈≈Ÿ‡≈ ¡’
À≈“¬ ªï™’ å ∑—Èß™π‘¥∑’Ë‡µ‘∫‚µ„π¿“«–∑’Ë¡’ÕÕ°´‘‡®π·≈–¿“«–‰√âÕÕ°´‘‡®π Àπ÷Ëß„π°≈ÿà¡·∫§∑’‡√’¬∑’Ë‰¥â√—∫§«“¡
 π„®¡“°∑’Ë ÿ¥„π°√–∫«π°“√Õÿµ “À°√√¡‰¥â·°à ·∫§∑’‡√’¬·°√¡∫«°„π °ÿ≈ Clostridium

·∫§∑’‡√’¬„π °ÿ≈ Clostridium ‡ªìπ·∫§∑’‡√’¬·°√¡∫«° ¡’√Ÿª√à“ß∑àÕπ (rods)  “¡“√∂‡®√‘≠
‰¥â¥’„π¿“«–∑’Ë‰√âÕÕ° ‘́‡®π (strictly anaerobe) À√◊Õ‡ªìπ·∫§∑’‡√’¬∑’Ë‰¡à„™âÕÕ° ‘́‡®π„π°√–∫«π°“√À“¬„®
·µàÕÕ°´‘‡®π°Á‰¡à∑”„Àâ·∫§∑’‡√’¬„π°≈ÿà¡π’Èµ“¬ (aerotolerant) ∫“ß ªï™’ å‡ªìπ·∫§∑’‡√’¬∑’Ë°àÕ„Àâ‡°‘¥‚√§„π
 ‘Ëß¡’™’«‘µ (pathogenic) ‚¥¬°“√º≈‘µ “√æ‘… (toxin) ÷́Ëß‡ªìπÕ—πµ√“¬µàÕ‡´≈≈å ·∫§∑’‡√’¬¡’°“√ √â“ß ªÕ√å
°“√‡®√‘≠¢Õß ªÕ√å Clostridium  “¡“√∂∂Ÿ°¬—∫¬—Èß‰¥â‚¥¬·∫§∑’√‘‚Õ´‘π®“°·∫§∑’‡√’¬À≈“¬™π‘¥ ‡™àπ
·∫§∑’‡√’¬·≈°µ‘° [2]  à«π°≈ÿà¡∑’Ë‡ªìπ non-pathogenic  “¡“√∂π”¡“„™âª√–‚¬™πå‰¥â ∫“ß ªï™’ å¡’§«“¡
 “¡“√∂„π°“√À¡—°‡æ◊ËÕ„Àâ‡°‘¥µ—«∑”≈–≈“¬„π°√–∫«π°“√Õÿµ “À°√√¡‰¥âÀ≈“¬™π‘¥ ‡™àπ Õ–´‘‚∑π ∫‘«∑“πÕ≈
·≈–‡Õ∑“πÕ≈ ´÷Ëß¡πÿ…¬å¡’°“√π”¡“„™âª√–‚¬™πå‡ªìπ‡«≈“™â“π“π °√–∫«π°“√À¡—°Õ–´‘‚∑π ∫‘«∑“πÕ≈ ·≈–
‡Õ∑“πÕ≈ (Acetone, Butanol and Ethanol fermentation; ABE fermentation) ¡’ª√–«—µ‘¡“™â“π“π
µ—Èß·µà ¡—¬ ß§√“¡‚≈°§√—Èß∑’Ë 1 µ—Èß·µàªï §.». 1914 ‡¡◊ËÕ Weizmann  “¡“√∂§—¥·¬°‡™◊ÈÕ Clostridium
acetobutylicum ‰¥â ”‡√Á®·≈–π”‰ª„™â„πÕÿµ “À°√√¡°“√º≈‘µÕ–´‘‚∑π‡æ◊ËÕº≈‘µ¥‘πªóπ„π ß§√“¡ ∑”„Àâ
‚√ßß“πÀ¡—° ABE ‡°‘¥¢÷ÈπÕ¬à“ß·æ√àÀ≈“¬∑—Ë«¬ÿ‚√ª ·≈–·¡â«à“ ß§√“¡‚≈°§√—Èß∑’Ë 1 ®–¬ÿµ‘‰ª ·µà°“√∑”«‘®—¬
„π°√–∫«π°“√À¡—° ABE °Á¬—ß§ß¥”‡π‘πµàÕ‰ª ‡π◊ËÕß®“°§«“¡µâÕß°“√„™âµ—«∑”≈–≈“¬ª√–‡¿∑‡Õ∑“πÕ≈
·≈–∫‘«∑“πÕ≈°Á¬—ß§ß¡’Õ¬Ÿà„πÕÿµ “À°√√¡ª√–‡¿∑ ’·≈–‡§¡’¿—≥±å µ—«Õ¬à“ß¢Õß ªï™’ å∑’Ë„™â„πÕÿµ “À°√√¡
 ”À√—∫·∫§∑’‡√’¬ °ÿ≈π’È‰¥â·°à C. acetobutylicum, C. beijerinckii, C. butyricum, C. amylolyticum
‡ªìπµâπ  ”À√—∫·∫§∑’‡√’¬ “¬æ—π∏ÿå∑’Ë„™â„πÕÿµ “À°√√¡Õ¬à“ß·æ√àÀ≈“¬§◊Õ C. acetobutylicum  ATCC 824
∑’Ë¡’°“√æ—≤π“ “¬æ—π∏ÿå·≈â«®–¡’Õ—µ√“ à«π„π°“√º≈‘µ acetone: butanol: ethanol ‡∑à“°—∫ 3: 6: 1 [3]

°√–∫«π°“√À¡—°‡æ◊ËÕº≈‘µµ—«∑”≈–≈“¬„πÕÿµ “À°√√¡‡À≈à“π’È ¡—°®–„™âπÈ”µ“≈‡ªìπ “√µ—Èßµâπ
‡æ◊ËÕ°“√º≈‘µ πÈ”µ“≈∑’Ë∂Ÿ°π”¡“„™â‚¥¬®ÿ≈‘π∑√’¬å„π °ÿ≈π’Èπ—Èπ  “¡“√∂‡ªìπ‰¥â∑—ÈßπÈ”µ“≈ C-5 ‡™àπ πÈ”µ“≈
‡æπ‚∑  ·≈–πÈ”µ“≈ C-6 ‡™àπ πÈ”µ“≈°≈Ÿ‚§ ‰¥â ·µàÕ¬à“ß‰√°Áµ“¡ µâπ∑ÿπ„π°“√º≈‘µµ—«∑”≈–≈“¬‚¥¬
·∫§∑’‡√’¬ °ÿ≈ Clostridium ´÷Ëß¡’πÈ”µ“≈‚¡‚π‡¡Õ√å‡ªìπ “√µ—Èßµâπ„π°“√À¡—°π—Èπæ∫«à“ ¡’√“§“·æß ‰¡à§ÿâ¡§à“
µàÕ°√–∫«π°“√ ∑“ß‡≈◊Õ°∑’Ë¥’‡æ◊ËÕ·°âªí≠À“¥—ß°≈à“«§◊Õ µâπ∑ÿπ„π°“√º≈‘µ®–µâÕßπâÕ¬°«à“‡¥‘¡Õ¬à“ßπâÕ¬∂÷ß
 ‘∫‡∑à“ ®÷ß®– “¡“√∂∑”‚¥¬¡’®ÿ¥§ÿâ¡∑ÿπ‰¥â ¥—ßπ—Èπ°“√§—¥·¬°·∫§∑’‡√’¬∑’Ë “¡“√∂„™â·À≈àß§“√å∫Õπ∑’Ë¡’√“§“
∂Ÿ°°«à“‰¥âπ—Èπ ®÷ß‡ªìπß“π∑’Ëπ—°«‘®—¬„Àâ§«“¡ π„®‡ ¡Õ ·À≈àß§“√å∫ÕπÀπ÷Ëß∑’Ë “¡“√∂À“‰¥âßà“¬·≈–¡’√“§“
∂Ÿ°π—Èπ°Á§◊Õ  “√ª√–°Õ∫ª√–‡¿∑‡´≈≈Ÿ‚≈ ·≈–‡Œ¡‘‡´≈≈Ÿ‚≈  ´÷Ëß‡ªìπÕß§åª√–°Õ∫„π‡´≈≈åæ◊™√«¡∂÷ß™’«¡«≈
¡“°°«à“√âÕ¬≈– 50 [4] ¥—ßπ—Èπ ·∫§∑’‡√’¬∑’Ë¡’§«“¡ “¡“√∂„π°“√„™â™’«¡«≈‡ªìπ·À≈àßÕ“À“√ ‡æ◊ËÕ°“√‡®√‘≠
·≈–º≈‘µµ—«∑”≈–≈“¬„πª√‘¡“≥ Ÿß‰¥â®÷ß¡’»—°¬¿“æ∑’Ë®–·¢àß¢—π°—∫√“§“µâπ∑ÿπ„π°√–∫«π°“√‰¥â

·∫§∑’‡√’¬„π °ÿ≈ Clostridium „π∫“ß “¬æ—π∏ÿå¡’§«“¡ “¡“√∂„π°“√„™â “√ª√–°Õ∫ª√–‡¿∑
‡´≈≈Ÿ‚≈  ‰´‚≈  √«¡∂÷ßæÕ≈‘‡¡Õ√å¢Õß‡Œ¡‘‡´≈≈Ÿ‚≈ ‡ªìπ·À≈àß§“√å∫Õπ„Àâ°—∫‡´≈≈å‰¥â [5] ‚¥¬·∫§∑’‡√’¬
´÷Ëß “¡“√∂„™â‡´≈≈Ÿ‚≈ ¡“‡ªìπ·À≈àß§“√å∫Õππ—Èπ®–¡’‡Õπ‰´¡å„π°≈ÿà¡¢Õß‡Õπ‰´¡åª√–‡¿∑‡´≈≈Ÿ‡≈ ‡æ◊ËÕ°“√¬àÕ¬
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 ≈“¬·À≈àß§“√å∫Õπ¥—ß°≈à“« ·∫§∑’‡√’¬„π °ÿ≈ Clostridium ®–¡’°“√º≈‘µ‡Õπ‰´¡å‡´≈≈Ÿ‡≈ „π√Ÿª¢Õß
‡Õπ‰´¡å§Õ¡‡æ≈Á°´å ‡√’¬°«à“ ‡´≈≈Ÿ‚≈‚´¡ (cellulosome) (√Ÿª∑’Ë 1) Õß§åª√–°Õ∫¢Õß‡´≈≈Ÿ‚≈‚´¡‚¥¬À≈—°
·≈â« ª√–°Õ∫¥â«¬

i) ‚ª√µ’π ·§ø‚ø≈ (scaffolding protein, scaffoldin)
ii) Àπà«¬¬÷¥‡°“–§“√å‚∫‰Œ‡¥√µ·∫∫®”‡æ“– (carbohydrate binding domain, CBD/CBM)
iii) ‡Õπ‰´¡å‰°≈‚§‰Œ‚¥√‡≈  (glycohydrolase, GH)

Õß§åª√–°Õ∫¢Õß‡´≈≈Ÿ‚≈‚´¡ ‚¥¬∑—Ë«‰ª¡’Õß§åª√–°Õ∫À≈—° “¡ à«π¥—ß°≈à“« ‚ª√µ’π ·§ø‚ø≈
‡ªìπ à«π∑’Ë‡ªìπ‚ª√µ’π¬Ÿπ‘µ´÷Ëß‰¡à‰¥â¡’·Õ§∑‘«‘∑’µàÕ‡´≈≈Ÿ‚≈  ·µà‡°’Ë¬«¢âÕß°—∫°“√¬÷¥‡Àπ’Ë¬«‚§√ß √â“ß¢Õß
‡´≈≈Ÿ‚≈‚´¡ ‚¥¬¡’Àπà«¬¬÷¥‡°“–§“√å‚∫‰Œ‡¥√µ·∫∫®”‡æ“–·≈–‡Õπ‰´¡å‰°≈‚§‰Œ‚¥√‡≈ ª√–°Õ∫‡¢â“°—∫ à«π
¢Õß‚ª√µ’π ·§ø‚ø≈ „π¢≥–∑’ËÕ’°¥â“πÀπ÷Ëßª√–°Õ∫¥â«¬Àπà«¬ surface layer homology (SLH)
´÷Ëß¡—°¬÷¥°—∫‚ª√µ’π∫πº‘«‡´≈≈å  à«π∑’Ë¡’Õ‘∑∏‘æ≈µàÕ°“√∑”ß“π¢Õß‡´≈≈Ÿ‚≈‚´¡¡“°∑’Ë ÿ¥ §◊Õ ‡Õπ‰´¡å‰°≈‚§-
‰Œ‚¥√‡≈  ‚¥¬ª°µ‘·≈â«‡Õπ‰´¡åπ’È‡¡◊ËÕÕ¬Ÿà„π√Ÿª¢Õß‡´≈≈Ÿ‡≈ Õ‘ √–®–ª√–°Õ∫¥â«¬ Õß à«π§◊Õ catalytic
domain ·≈– cellulose binding module (CBM) ·µà‡¡◊ËÕÕ¬Ÿà„π√Ÿª¢Õß‡Õπ‰´¡å§Õ¡‡æ≈Á°´å ‡™àπ
‡´≈≈Ÿ‚≈‚´¡·≈â« ‡´≈≈Ÿ‡≈ ®–ª√–°Õ∫¥â«¬ catalytic domain ·≈–Àπà«¬∑’Ë‡√’¬°«à“¥Õ°‡§Õ√‘π (dockerin)
°“√¬÷¥‡°“–√–À«à“ß‚ª√µ’π ·§ø‚ø≈·≈–‡Õπ‰´¡å‰°≈‚§‰Œ‚¥√‡≈ ®–‡°‘¥¢÷ÈπÕ¬à“ß‡©æ“–‡®“–®ß ‚¥¬Àπà«¬¬àÕ¬
¥Õ°‡§Õ√‘π (dockerin domain) ´÷ËßÕ¬Ÿà∫π‡Õπ‰´¡å‰°≈‚§‰Œ‚¥√‡≈ ¬÷¥®—∫°—∫Àπà«¬‚§Œ’´‘π (cohesin) ´÷Ëß
Õ¬Ÿà∫π‚ª√µ’π ·§ø‚ø≈ °“√¬÷¥√–À«à“ß‚ª√µ’π ·§ø‚ø≈·≈–‡Õπ‰´¡å‰°≈‚§‰Œ‚¥√‡≈ π’È®–‡ªìπ°“√¬÷¥
‡°“–∑’Ë‡©æ“–‡®“–®ßµàÕ·∫§∑’‡√’¬·µà≈– ªï™’ å  àßº≈„Àâ‡´≈≈Ÿ‚≈‚´¡„π·∫§∑’‡√’¬·µà≈– ªï™’ å¡’‚§√ß √â“ß∑’Ë
‡©æ“–‡®“–®ß·µ°µà“ß°—π‰ª (√Ÿª∑’Ë 2)

√Ÿª∑’Ë 1 ‡´≈≈Ÿ‚≈‚´¡¢Õß Clostridium papyrosolvens [6]
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‡´≈≈Ÿ‚≈‚´¡„π·∫§∑’‡√’¬ °ÿ≈ Clostridium
‡´≈≈Ÿ‚≈‚´¡ À¡“¬∂÷ß ‡Õπ‰´¡å§Õ¡‡æ≈Á°´å¢π“¥„À≠à∑’Ë¡’°“√ àßÕÕ°¿“¬πÕ°‡´≈≈å´÷Ëß¡’§«“¡

 “¡“√∂∑’Ë®–¬àÕ¬ ≈“¬‡´≈≈Ÿ‚≈  ‡Œ¡‘‡´≈≈Ÿ‚≈ ·≈–‡æ§µ‘π ‡Õπ‰´¡å§Õ¡‡æ≈Á°´å‡À≈à“π’È “¡“√∂ √â“ß‰¥â‚¥¬
·∫§∑’‡√’¬„π °ÿ≈ Clostridium, Acetovibrio, Bacteroides [8] ·≈– Ruminococcus [9] ·∫§∑’‡√’¬
‡À≈à“π’È “¡“√∂§—¥·¬°‰¥â®“°∏√√¡™“µ‘ ∑—Èß„π·À≈àßπÈ”‡ ’¬ °√–‡æ“– —µ«å‡§’È¬«‡Õ◊ÈÕß [10] ¥‘π [11] ‡≈π°âπ
∑–‡≈ “∫ [12] ´“°¬àÕ¬ ≈“¬ ¡â«π°√–¥“… ™“πÕâÕ¬·≈–√“°¢Õßæ◊™∫“ß™π‘¥ [13] ∫“ß™π‘¥ “¡“√∂
§—¥·¬°‰¥â®“°·À≈àß∑’Ë¡’ ¿“«–·«¥≈âÕ¡√ÿπ·√ß ‡™àπ πÈ”æÿ√âÕπ °âπ∑–‡≈ ·∫§∑’‡√’¬®“°·À≈àß‡À≈à“π’È‡Õß
∑’Ë “¡“√∂π”‡Õπ‰´¡å¡“ª√–¬ÿ°µå„™â„π∑“ßÕÿµ “À°√√¡‰¥â‡ªìπÕ¬à“ß¥’ ‡π◊ËÕß®“°¡’‡Õπ‰´¡å∑’Ë∑π∑“πµàÕ
 ¿“æ·«¥≈âÕ¡‡À≈à“π—Èπ ‡™àπ ‡Õπ‰´¡å‡´≈≈Ÿ‡≈ ∑π√âÕπ∑’Ë √â“ß®“° C. thermocellum ‡ªìπµâπ ‚¥¬
·∫§∑’‡√’¬„π °ÿ≈ Clostridium ∑’Ë√Ÿâ®—°°—π«à“‡ªìπ·∫§∑’‡√’¬∑’Ë„™â‡´≈≈Ÿ‚≈ ‡ªìπ·À≈àß§“√å∫Õπ (true cellulosic
organism) ‰¥â·°à C. cellulolyticum, C. cellulovorans, C. josui, C. papyrosolvens ·≈–
C. thermocellum [14]

√Ÿª∑’Ë 2 °“√ª√–°Õ∫µ—«¢Õß‡´≈≈Ÿ‚≈‚´¡„π Clostridium sp. ∑’Ë·µ°µà“ß°—π‰ª„π·µà≈– ªï™’ å ‚ª√µ’π
 ·§ø‚ø≈ (Cip/Cbp protein) „π·µà≈– ªï™’ å¡’™◊ËÕ‡√’¬°µà“ß°—π‰ª [7]
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¬’π∑’Ë‡°’Ë¬«¢âÕß°—∫°“√ √â“ß‡´≈≈Ÿ‚≈‚´¡„π Clostridium
¬’π∑’Ë‡°’Ë¬«¢âÕß°—∫°“√ —ß‡§√“–Àå‡´≈≈Ÿ‚≈‚´¡π—Èπ¡—°®–æ∫«à“Õ¬Ÿà‡ªìπ§≈— ‡µÕ√å (cluster) ¢π“¥

„À≠à„π®’‚π¡ ‚¥¬¡“°≈”¥—∫°“√®—¥‡√’¬ßµ—«®–¡’§«“¡·µ°µà“ß°—π‡≈Á°πâÕ¬„π·µà≈– ªï™’ å ™◊ËÕ¢Õß¬’π·µà≈–µ—«
π—Èπ‡ªìπ¬’π„πµ√–°Ÿ≈‡´≈≈Ÿ‡≈ ·≈–‰°≈‚§‰Œ‚¥√‡≈  ‚¥¬·µà≈– ªï™’ å¬’π·µà≈–¬’πÕ“®∑”Àπâ“∑’Ë‡¥’¬«°—π·µà
¡’™◊ËÕ∑’Ë·µ°µà“ß‡ªìπ‚Œ‚¡‚≈°— °—π ‡™àπ „π°√≥’¢Õß C. cellulolyticum ®–¡’°“√®—¥‡√’¬ßµ—«‡ªìπ cipC-celF-
celC-celG-celE-celH-celJ-celK „π¢≥–∑’Ë C. cellulovorans ¡’°“√®—¥‡√’¬ß‡ªìπ cbpA-exgS-engH-
engK-hbpA-engL-manA-engM-engN ‡ªìπµâπ ‚¥¬∑’Ë∑—Èß celC ¢Õß C. cellulolyticum ·≈– engH
„π C. cellulovorans µà“ß°Áª√–°Õ∫¥â«¬≈”¥—∫¢Õß¬’π∑’Ë·ª≈√À— „Àâ‚ª√µ’π∑’Ë‡ªìπ catalytic domain ¢Õß
‰°≈‚§´‘≈‰Œ‚¥√‡≈ „π·ø¡‘≈’ 9 (GH9) ‡™àπ‡¥’¬«°—π ∑—Èßπ’È¬—ß¡’Õß§åª√–°Õ∫Õ◊Ëπ∑’Ë· ¥ß„Àâ‡ÀÁπ«à“≈”¥—∫¢Õß
π‘«§≈’‚Õ‰∑¥åÀ√◊Õ°√¥Õ–¡‘‚π„π‡´≈≈Ÿ‚≈‚´¡„π ‘Ëß¡’™’«‘µ·µà≈– ªï™’ å¡’¢âÕ·µ°µà“ß°—π¡“°∫â“ßπâÕ¬∫â“ß
µ“¡∏√√¡™“µ‘ (√Ÿª∑’Ë 3) ÷́Ëß¢âÕ·µ°µà“ß·¡â‡æ’¬ß‡≈Á°πâÕ¬‡À≈à“π’È  àßº≈„Àâ·Õ§∑‘«‘∑’¢Õß‡´≈≈Ÿ‚≈‚´¡„π
 ‘Ëß¡’™’«‘µ·µà≈– ªï™’ å·µ°µà“ß°—π‡ªìπÕ¬à“ß¡“° ‚¥¬Õ“® àßº≈µàÕ·Õ§∑‘«‘∑’‚¥¬µ√ß À√◊ÕÕ“® àßº≈µàÕ
·√ß¬÷¥‡°“–√–À«à“ßÀπà«¬„π°“√ª√–°Õ∫µ—«¢Õß‡´≈≈Ÿ‚≈‚´¡

√Ÿª∑’Ë 3 °“√‡ª√’¬∫‡∑’¬∫≈”¥—∫°√¥Õ–¡‘‚π„π cellulose binding domain (CBD) „πµ√–°Ÿ≈ III ¢Õß
 ·§ø‚ø≈¥‘π„π·µà≈– ªï™’ å ®ÿ¥∑’Ë·√‡ß“· ¥ß∂÷ßµ”·Àπàß¢Õß°√¥Õ–¡‘‚π ÷́Ëß‡°’Ë¬«¢âÕß°—∫°“√®—∫°—∫
‡´≈≈Ÿ‚≈  CipBc Bacce À¡“¬∂÷ß  ·§ø‚ø≈¥‘π CipBc ¢Õß Bacteroides cellulosolvens;
CipV Acece À¡“¬∂÷ß  ·§ø‚ø≈¥‘π CipV ¢Õß Acetovibrio cellulolyticus; CipC Cloce
À¡“¬∂÷ß  ·§ø‚ø≈¥‘π CipC ¢Õß C. cellulolyticum; CipA Clotm À¡“¬∂÷ß  ·§ø‚ø≈¥‘π
CipA ¢Õß C. thermocellum; CelZ Clost À¡“¬∂÷ß ‡´≈≈Ÿ‡≈  CelZ ¢Õß C. stercorarium;
CelA Bacla À¡“¬∂÷ß ‡´≈≈Ÿ‡≈  CelA ¢Õß Bacillus lautus; CelN Erwca À¡“¬∂÷ß ‡´≈≈Ÿ‡≈ 
CelZ ¢Õß Erwinia carotovora; CelA Calsa À¡“¬∂÷ß ‡´≈≈Ÿ‡≈  CelA ¢Õß Caldocellum
saccharolyticum; CelI Clotm À¡“¬∂÷ß ‡´≈≈Ÿ‡≈  CelI ¢Õß C. thermocellum [8]
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°“√π”·∫§∑’‡√’¬∑’Ë √â“ß‡´≈≈Ÿ‚≈‚´¡‰ª„™â„π∑“ßÕÿµ “À°√√¡
‡Õπ‰´¡å‡´≈≈Ÿ‡≈ ·≈–‡Õπ‰´¡åÕ◊Ëπ„πµ√–°Ÿ≈‡´≈≈Ÿ‡≈ ¡’∫∑∫“∑‡ªìπÕ¬à“ß¡“°„π°√–∫«π°“√

∑“ßÕÿµ “À°√√¡·≈–∑“ß°“√·æ∑¬å ¡’°“√π”¡“„™âÕ¬à“ß·æ√àÀ≈“¬ ‡™àπ „π°√–∫«π°“√°”®—¥≈‘°π‘π„π
‚√ßß“π°√–¥“… (delignification) „π‚√ßß“πº≈‘µ¬“ Õÿµ “À°√√¡πÈ”º≈‰¡â µ—«Õ¬à“ß¢Õß‡Õπ‰´¡å„πµ√–°Ÿ≈
π’È∑’Ë„™â°—π·æ√àÀ≈“¬ ‡™àπ ‡æ§µ‘‡π  ™à«¬¬àÕ¬‡π◊ÈÕº≈‰¡â„π‚√ßß“πÕÿµ “À°√√¡πÈ”º≈‰¡âª√ÿß·µàß ‡Õπ‰´¡å
‰´≈“‡π „πÕÿµ “À°√√¡¢π¡ªíß·≈–°“√º≈‘µ‰´≈‘∑Õ≈ [15] ·≈–µ—«Õ¬à“ßÕ◊ËπÊ ∑—Èß„π¥â“πæ≈—ßß“π·≈–∑“ß
¥â“π°“√‡°…µ√ µ—«Õ¬à“ß∑’Ë™—¥‡®π∑’Ë ÿ¥§◊Õ ¥â“πæ≈—ßß“π ‰¥â·°à °“√º≈‘µ‡™◊ÈÕ‡æ≈‘ß™’«¿“æ‚¥¬Õ“»—¬°“√„™â
™’«¡«≈ „π√–∫∫π’È«‘∏’∑’Ë‡ªìπ«‘∏’¥—Èß‡¥‘¡∑’Ë∑”°—π¡“™â“π“π·≈â« ‰¥â·°à °“√¬àÕ¬ ≈“¬™’«¡«≈¥â«¬°√¥ [16] ‡∫ 
®ÿ≈‘π∑√’¬å À√◊Õ‡Õπ‰´¡å°àÕπ∑’Ë®–π”πÈ”µ“≈À√◊ÕπÈ”‡™◊ËÕ¡®“°°“√¬àÕ¬¡“‡ªìπ·À≈àßÕ“À“√¢Õß®ÿ≈‘π∑√’¬å∑’Ë¡’§«“¡
 “¡“√∂º≈‘µ‡™◊ÈÕ‡æ≈‘ß™’«¿“æ ‡™àπ ‡Õ∑“πÕ≈∑’Ëº≈‘µ®“°‡´≈≈å¬’ µå °“√º≈‘µ°ä“´¡’‡∑π®“° Methanosarcina
spp. [17, 18] ‡ªìπµâπ ≈â«π·µà¡’À≈—°°“√‡∫◊ÈÕßµâπ∑’Ë§≈â“¬§≈÷ß°—π §◊Õ ¢—ÈπµÕπ°“√¬àÕ¬™’«¡«≈¥â«¬ “√‡§¡’
§«“¡√âÕπ À√◊Õ‡Õπ‰´¡å (pretreatment) (√Ÿª∑’Ë 4) ·≈â«®÷ß¡“∂÷ß¢—ÈπµÕπ°“√À¡—° (fermentation) ¢—ÈπµÕπ
°“√·¬°º≈‘µ¿—≥±å (separation) ·≈–°“√∑”º≈‘µ¿—≥±å„Àâ∫√‘ ÿ∑∏‘Ï (purification) ´÷Ëß„π∑“ßªØ‘∫—µ‘·≈â«
¢—ÈπµÕπ·√°‡ªìπ¢—ÈπµÕπ∑’Ë ”§—≠∑’Ë ÿ¥ ‡π◊ËÕß®“°®–°”Àπ¥ªí®®—¬·≈–§«“¡‡√Á«¢Õß°“√‡°‘¥°√–∫«π°“√∑—ÈßÀ¡¥
‚¥¬ª°µ‘·≈â« ¢—ÈπµÕππ’ÈµâÕß„™â “√‡§¡’∑’ËªØ‘°‘√‘¬“¡’§«“¡√ÿπ·√ß·≈–„™âæ≈—ßß“π Ÿß ´÷Ëß∑”„Àâ‡°‘¥∑—Èß¡≈¿“«–
·≈–‡ªìπ°“√ ‘Èπ‡ª≈◊Õßæ≈—ßß“π ¥—ßπ—Èπ °“√∑”ªØ‘°‘√‘¬“∑’Ë‡ªìπ¡‘µ√µàÕ ‘Ëß·«¥≈âÕ¡®÷ß®”‡ªìπµâÕßÕ“»—¬‡Õπ‰´¡å
À√◊Õ®ÿ≈‘π∑√’¬å∑’Ë¡’ª√– ‘∑∏‘¿“æ Ÿß ‡æ◊ËÕ∑¥·∑π°“√„™â “√‡§¡’ °√¥ ‡∫  ·≈–§«“¡√âÕπ ¥—ßπ—Èπ ‡Õπ‰´¡å
‡´≈≈Ÿ‡≈ „π∑“ß°“√§â“®÷ß∂Ÿ°æ—≤π“·≈–º≈‘µ¢÷Èπ‡æ◊ËÕª√–‚¬™πå„π¢âÕπ’È·≈–¡’™◊ËÕ‡√’¬°À≈“°À≈“¬ ‡™àπ Celluclase,
Novozyme ‡ªìπµâπ

√Ÿª∑’Ë 4 ¢—ÈπµÕπ°“√¬àÕ¬ (pretreatment) ¢Õß™’«¡«≈ [19]
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         ™’«¡«≈∑’Ëπ”¡“„™â„π°√–∫«π°“√¥—ß°≈à“«π—Èπ¡’À≈“°À≈“¬·≈–¡’°“√»÷°…“·µ°µà“ß°—π‰ª„π·µà≈–
ª√–‡∑»¢÷ÈπÕ¬Ÿà°—∫ª√‘¡“≥·≈–™π‘¥¢Õßº≈º≈‘µ∑“ß°“√‡°…µ√À≈—°„π·µà≈–æ◊Èπ∑’Ë ‡™àπ „π À√—∞Õ‡¡√‘°“¡’°“√
«‘®—¬¢â“«‚æ¥ [16, 20, 21] „πÕ‡¡√‘°“„µâ¡’°“√„™âÕâÕ¬·≈–™“πÕâÕ¬ [22-24] º≈¢Õß°“√∑” pretreatment
‰¡à«à“®–‡ªìπ°√–∫«π°“√∑“ß‡§¡’À√◊Õ™’«¿“æ‚¥¬„™â™’«¡«≈‡ªìπ “√µ—Èßµâπ ®–∑”„Àâæ—π∏–µà“ßÊ ¢Õß‡´≈≈Ÿ‚≈ 
·≈–‡Œ¡‘‡´≈≈Ÿ‚≈ ¡’°“√·µ°µ—«¡“°¢÷Èπ ¥—ß√Ÿª∑’Ë 5 ·≈–‰¥âπÈ”µ“≈‚¡‡≈°ÿ≈§Ÿà (disaccharide) À√◊Õ‡¥’Ë¬«
(monosaccharide) ÕÕ°¡“‰¥â¥â«¬∫“ß à«π ÷́Ëßª√‘¡“≥πÈ”µ“≈∑’Ë‰¥âπ—Èπ®–¡“°πâÕ¬·µ°µà“ß°—π‰ªµ“¡
°√–∫«π°“√·≈–ª√– ‘∑∏‘¿“æ¢Õß‡Õπ‰´¡å∑’Ëπ”¡“„™â

√Ÿª∑’Ë 5 · ¥ßº≈¢Õß°“√æ√’∑√’∑‡¡πµå™’«¡«≈¥â«¬‡´≈≈Ÿ‡≈  [27]

°“√π”‡´≈≈Ÿ‚≈‚´¡À√◊Õ®ÿ≈‘π∑√’¬å∑’Ë¡’§«“¡ “¡“√∂„π°“√ √â“ß‡Õπ‰´¡åµ√–°Ÿ≈‡´≈≈Ÿ‡≈ ·≈–
‡´≈≈Ÿ‚≈‚´¡¡“„™â„πÕÿµ “À°√√¡¡’¢âÕ¥’§◊Õ ‡Õπ‰´¡å¡’§«“¡‡ ∂’¬√¡“°°«à“„π√Ÿª·∫∫‡¥’Ë¬«À√◊Õ·∫∫Õ‘ √–
(free enzyme) Õ’°ª√–°“√Àπ÷Ëß§◊Õ ‡´≈≈Ÿ‚≈‚´¡®–¡’°“√∑”ß“π·∫∫√à«¡°—π¢Õß‡Õπ‰´¡å (synergistic
action) ·µà≈–‡Õπ‰´¡å “¡“√∂‡¢â“√à«¡°—π∑”ß“π°—π‰¥â ‡π◊ËÕß®“°‚¥¬∏√√¡™“µ‘·≈â«  à«π∑’Ë‡ªìπ™’«¡«≈¢Õß
æ◊™π—Èπ ª√–°Õ∫¥â«¬ à«π∑’Ë‡ªìπ‡´≈≈Ÿ‚≈ ·≈–‡Œ¡‘‡´≈≈Ÿ‚≈  ´÷Ëß¡’≈—°…≥–‡ªìπ‡Œ‡∑Õ‚√‚æ≈’·´§§“‰√¥å
(heteropolysaccharide) ¡“°°«à“‚Œ‚¡‚æ≈’·´§§“‰√¥å [25] ¥—ßπ—Èπ ‡Õπ‰´¡å∑’Ë®–¡“¬àÕ¬π—Èπ‰¡à§«√‡ªìπ
‡Õπ‰´¡å„π√ŸªÕ‘ √–∑’Ëµ—¥‰¥â·µà‡æ’¬ßæ—π∏– β-1,4-glucosidic ‡∑à“π—Èπ ·µà§«√Õ“»—¬°“√∑”ß“π√à«¡°—π¢Õß
‰°≈‚§‰Œ‚¥√‰≈µ‘°‡Õπ‰´¡åÀ≈“¬Ê ™π‘¥

°“√π”‡´≈≈Ÿ‚≈‚´¡‰ª„™â‡ªìπª√–‚¬™πå„πÕÿµ “À°√√¡¡’µ—«Õ¬à“ßÀ≈“°À≈“¬ ‡™àπ ¥—¥·ª≈ß
 ”À√—∫∑” affinity tag ÷́Ëß‡ªìπ‡∑§π‘§∑’Ë‡™◊ËÕ¡µàÕ™‘Èπ à«π¬’π∑’Ë¡’§ÿ≥ ¡∫—µ‘¬÷¥‡°“–°—∫ “√¥Ÿ¥´—∫·∫∫®”‡æ“–
‡¢â“°—∫¬’π¢Õß‚ª√µ’π‡ªÑ“À¡“¬ „π°√–∫«π°“√∑”‚ª√µ’π„Àâ∫√‘ ÿ∑∏‘Ï (protein purification) ·≈–„™â ”À√—∫
‡ªìπ«‘∏’°“√µ√÷ß‡Õπ‰´¡å‚¥¬‰¡à„™â “√‡§¡’ (non-chemical method of immobilization) ∫π‡´≈≈Ÿ‚≈  [26]
‚¥¬‡©æ“–°“√»÷°…“„π C. thermocellum ‚¥¬Õ“»—¬§«“¡ “¡“√∂„π°“√®¥®”∑’Ë‡©æ“–‡®“–®ß°—π„π
cohesin-dockerin [27, 28] ®“°§«“¡√Ÿâ¥—ß°≈à“« ∑”„Àâ¡’°“√π”¡“ª√–¬ÿ°µå„™âµ“¡¡“ Craig ·≈–§≥–
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(2006) [27] ‰¥âæ—≤π“√–∫∫ affinity tag  ”À√—∫°“√∑”‚ª√µ’π„Àâ∫√‘ ÿ∑∏‘Ï‚¥¬„™â cohesin-dockerin
interaction ®“° C. thermocellum ¡’√“¬ß“π°“√π” cellulosomic affinity domain ‰ª„™â„π°“√µ√÷ß
micro-particle ·≈– nano-particle [29] ·≈–¡’°“√π”Õπÿ¿“§¢Õß‡´≈≈Ÿ‚≈ ‡≈◊Õ∫¥â«¬‡ªª‰∑¥å∑’Ëµ‘¥©≈“°
CBM (CBM-tagged peptides) „™â ”À√—∫°“√«‘‡§√“–Àå„π∑“ß¿Ÿ¡‘§ÿâ¡°—π«‘∑¬“ [30] πÕ°®“°π’È ¡’√“¬ß“π°“√π”
Clostridium ®“°·À≈àß∏√√¡™“µ‘´÷Ëß “¡“√∂§—¥·¬°‰¥â®“°·À≈àß„πª√–‡∑»‰∑¬ [31] ∑’Ëº≈‘µ‡´≈≈Ÿ‚≈‚´¡
¡“ª√–¬ÿ°µå„™â°—∫°“√º≈‘µæ≈—ßß“π™’«¿“æ‚¥¬¡’ “√µ—Èßµâπ‡ªìππÈ”‡ ’¬®“°°√–∫«π°“√Õÿµ “À°√√¡ ‡™àπ
πÈ”‡ ’¬®“°‚√ßß“π¡—π ”ª–À≈—ß·≈–¢Õß‡ ’¬®“°‚√ßß“π —∫ª–√¥ [32, 33] ´÷Ëß®–°àÕ„Àâ‡°‘¥ª√–‚¬™πå
∑“ß¥â“πæ≈—ßß“π∑¥·∑π·≈–°“√°”®—¥¢Õß‡ ’¬‰ª„π‡«≈“‡¥’¬«°—π

‡™◊ÈÕ‡æ≈‘ß™’«¿“æ·≈–‡´≈≈Ÿ‚≈‚´¡
‡™◊ÈÕ‡æ≈‘ß™’«¿“æ (biofuel) À¡“¬∂÷ß ‡™◊ÈÕ‡æ≈‘ß∑’Ë‰¥â®“°™’«¡«≈ ´÷Ëß‡ªìπ«— ¥ÿÀ√◊Õ “√Õ‘π∑√’¬å∑’Ë

 “¡“√∂‡ª≈’Ë¬π·ª≈ß‡ªìπæ≈—ßß“π‰¥â [34] À√◊Õº≈‘µº≈®“°°“√ √â“ß·≈– ≈“¬¢Õß ‘Ëß¡’™’«‘µ (metabolic
by products) ‡™àπ π”¡Ÿ≈«—«¡“À¡—°º≈‘µæ≈—ßß“π∑¥·∑π (renewable energy) ‡™àπ ·°ä ¡’‡∑π (CH4)
´÷Ëß¡’§«“¡·µ°µà“ß®“°æ≈—ßß“π®“°·À≈àß∏√√¡™“µ‘ª√–‡¿∑ªî‚µ√‡≈’¬¡ ∂à“πÀ‘π ·≈–æ≈—ßß“ππ‘«‡§≈’¬√å
¢âÕ·µ°µà“ß®“°‡™◊ÈÕ‡æ≈‘ßª√–‡¿∑ªî‚µ√‡≈’¬¡∑’Ë ”§—≠ §◊Õ ‡™◊ÈÕ‡æ≈‘ß™’«¿“æ‡ªìπæ≈—ßß“πÀ¡ÿπ‡«’¬π∑’Ë “¡“√∂
 √â“ß¢÷ÈπÀ√◊ÕÀ¡ÿπ‡«’¬π„À¡à‰¥â‚¥¬‰¡àµâÕßÕ“»—¬√–¬–‡«≈“∑’Ë¬“«π“π‡™àπªî‚µ√‡≈’¬¡ µ√“∫‡∑à“∑’Ë√–∫∫π‘‡«»
¢Õßæ◊™¬—ß¡’§«“¡ ¡¥ÿ≈ °≈à“«§◊Õ ‰¡à∂Ÿ°∑”≈“¬‰ª√«¥‡√Á«®πæ◊™∑’Ë¡“®“°°“√ª≈Ÿ°∑¥·∑π‰¡à “¡“√∂‡®√‘≠
‡µ‘∫‚µ‰¥â∑—π ´÷Ëß “¡“√∂®—¥°≈ÿà¡‰¥â‡ªìπÀ≈“¬ª√–‡¿∑ §◊Õ ª√–‡¿∑¢Õß·¢Áß ‡™àπ ∂à“π‰¡â ª√–‡¿∑¢Õß‡À≈«
‰¥â·°à ·Õ≈°ÕŒÕ≈å·≈–πÈ”¡—π™’«¿“æ ª√–‡¿∑·°ä  ‡™àπ ¡’‡∑π ‰Œ‚¥√‡®π ÷́Ëß®“°°“√∑’Ë‡™◊ÈÕ‡æ≈‘ß™’«¿“æ¡’
 ∂“π–À≈“¬ª√–‡¿∑ ∑—Èß¢Õß·¢Áß ¢Õß‡À≈« ·≈–·°ä π—Èπ ∑”„Àâ¡’¢âÕ¥’ §◊Õ  –¥«°µàÕ°“√π”‰ª„™âß“πµ“¡
«—µ∂ÿª√– ß§å‰¥âÀ≈“°À≈“¬ ·≈–¬—ß‰¡à°àÕ„Àâ‡°‘¥§“√å∫Õπ‰¥ÕÕ°‰´¥å‡æ‘Ë¡¢÷Èπ„π√–∫∫π‘‡«» ‡ªìπ°“√√—°…“
 ¿“æ·«¥≈âÕ¡Õ’°∑“ßÀπ÷Ëß

ªí®®ÿ∫—π‡™◊ÈÕ‡æ≈‘ß™’«¿“æ‰¥â√—∫§«“¡ π„®®“°π—°«‘®—¬·≈–∫ÿ§§≈∑—Ë«‰ª¡“° ‡π◊ËÕß¡“®“°°“√∫√‘‚¿§
æ≈—ßß“π‡™◊ÈÕ‡æ≈‘ß„πµ≈“¥‚≈°´÷Ëß¡’§«“¡º—πº«π·≈–¡’·π«‚πâ¡‡æ‘Ë¡¢÷Èπ [35] ªí≠À“Õÿ≥À¿Ÿ¡‘¢Õß‚≈°∑’Ë
‡æ‘Ë¡¢÷Èπ ‡π◊ËÕß¡“®“°ª√‘¡“≥§“√å∫Õπ‰¥ÕÕ°‰´¥å ≈â«π‡ªìπª√–‡¥Áππ”‰ª Ÿà°“√«‘®—¬‡æ◊ËÕæ≈—ßß“π∑¥·∑π∑—Èß ‘Èπ
°√–∫«π°“√Àπ÷Ëß∑’Ë‰¥â√—∫§«“¡ π„®°Á§◊Õ°“√À¡—°™’«¡«≈‡æ◊ËÕº≈‘µ‡™◊ÈÕ‡æ≈‘ß™’«¿“æ ́ ÷Ëß„π¢—ÈπµÕπ°“√ pretreatment
µâÕßÕ“»—¬µ—«‡√àßªØ‘°‘√‘¬“´÷Ëß∑”‰¥â∑—Èß∑“ß‡§¡’·≈–™’«¿“æ µ—«‡√àßªØ‘°‘√‘¬“∑“ß‡§¡’ “¡“√∂„Àâº≈º≈‘µ‰¥âÕ¬à“ß
√«¥‡√Á« ‡À¡“–°—∫Õÿµ “À°√√¡ ·µà°Á √â“ßªí≠À“¡≈¿“«–∑“ß‡§¡’́ ÷ËßµâÕß∫”∫—¥µ“¡¡“´÷Ëß∂◊Õ‡ªìπ§à“„™â®à“¬ (cost)
¢Õß°√–∫«π°“√‡°‘¥¢÷Èπ „π¢≥–∑’Ë°√–∫«π°“√À¡—°¥â«¬µ—«‡√àßªØ‘°‘√‘¬“∑“ß™’«¿“æµâÕßÕ“»—¬‡«≈“ ·µà°“√
°”®—¥¢Õß‡ ’¬À≈—ß ‘Èπ ÿ¥°√–∫«π°“√ “¡“√∂∑”‰¥âßà“¬ ‡™àπ °“√π”°“°∑’Ë‡À≈◊Õ®“°°“√À¡—°·°ä ™’«¿“æ
¥â«¬πÈ”·ªÑß‰ª∑”‡ªìπÕ“À“√ —µ«å‰¥â µ—«‡√àßªØ‘°‘√‘¬“∑“ß™’«¿“æ∑’Ë„™â°—πÕ¬Ÿà„πªí®®ÿ∫—π¡’Õ¬Ÿà Õß√Ÿª·∫∫ §◊Õ
‡Õπ‰´¡å ·≈–·∫∫„™â‡´≈≈å (whole cells) [36]

‡´≈≈Ÿ‡≈  ‡ªìπ‡Õπ‰´¡å∑’Ë¡’∫∑∫“∑ ”§—≠¬‘Ëß ”À√—∫°“√º≈‘µ‡™◊ÈÕ‡æ≈‘ß™’«¿“æ®“°™’«¡«≈ ‡π◊ËÕß
¡“®“°™’«¡«≈¡’Õß§åª√–°Õ∫∑’Ë ”§—≠ §◊Õ ‡´≈≈Ÿ‚≈  ‡Œ¡‘‡´≈≈Ÿ‚≈  ≈‘°π‘π ·≈–‚ª√µ’π µ“¡≈”¥—∫ [37]
ª°µ‘‡´≈≈Ÿ‡≈ ∑’Ëæ∫„π®ÿ≈™’æ¡’ Õß√Ÿª·∫∫§◊Õ ·∫∫Õ‘ √– (free enzyme) ·≈–·∫∫‡™‘ß´âÕπ (complex)
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„π·∫∫‡™‘ß´âÕππ—Èπ‡Õπ‰´¡å®–¡’≈—°…≥–°“√ª√–°Õ∫‡ªìπ‡´≈≈Ÿ‚≈‚´¡ ‡´≈≈Ÿ‚≈‚´¡¢Õß·∫§∑’‡√’¬®–¡’
§«“¡ “¡“√∂¬àÕ¬‡´≈≈Ÿ‚≈‚≈ §√‘ µ—≈≈’π (crystalline cellulose) „Àâº≈‘µ¿—≥±å Õß·∫∫§◊Õ ‡´≈‚≈‰∫‚Õ 
´÷Ëß‡ªìππÈ”µ“≈‚¡‡≈°ÿ≈§Ÿà¢Õß°≈Ÿ‚§  ·≈–πÈ”µ“≈‚¡‡≈°ÿ≈‡¥’Ë¬« ‡™àπ °≈Ÿ‚§  °“√ª√–¬ÿ°µå„™â‡´≈≈Ÿ‚≈‚´¡„π
¥â“π°“√º≈‘µ‡™◊ÈÕ‡æ≈‘ß®“°™’«¡«≈¡’¢âÕ‰¥â‡ª√’¬∫°«à“°“√„™â‡Õπ‰´¡å‡æ’¬ß™π‘¥„¥™π‘¥Àπ÷ËßÀ≈“¬ª√–°“√¥—ßπ’È

1. ‡´≈≈Ÿ‚≈‚´¡‡æ‘Ë¡ª√– ‘∑∏‘¿“æ„π°“√‡¢â“∂÷ß·À≈àßÕ“À“√¢Õß‡´≈≈å‰¥â¡“°°«à“ ‡π◊ËÕß®“°
·À≈àßÕ“À“√æ«°‡´≈≈Ÿ‚≈  “¡“√∂Õ¬Ÿà„°≈â°—∫‡´≈≈å‰¥â„π ¿“«–∑’Ë¡’‡´≈≈Ÿ‚≈‚´¡‡¢â“®—∫„Àâµ‘¥°—∫º‘«‡´≈≈å
(√Ÿª∑’Ë 6) „π¢≥–∑’Ë‡´≈≈Ÿ‚≈‚´¡Õ’° à«π “¡“√∂ª≈àÕ¬ÕÕ°®“°‡´≈≈å‰¥â °√–®“¬‡¢â“ Ÿà‡´≈≈Ÿ‚≈ Õ¬à“ßÕ‘ √–
°“√∑’Ë‡´≈≈Ÿ‚≈ ∂Ÿ°¬÷¥µ‘¥°—∫º‘«‡´≈≈å™à«¬‡æ‘Ë¡‚Õ°“ „π°“√π”πÈ”µ“≈°√–∫«π°“√¬àÕ¬‡¢â“ Ÿà‡´≈≈åßà“¬¢÷Èπ

2. ‡´≈≈Ÿ‚≈‚´¡¡’·Õ§∑‘«‘∑’ Ÿß·µàº≈‘µ„πª√‘¡“≥µË” „π¢≥–∑’Ë‡´≈≈Ÿ‡≈ ∑’Ë‡ªìπ·∫∫Õ‘ √–®–¡’
·Õ§∑‘«‘∑’µË”°«à“‡´≈≈Ÿ‚≈‚´¡ ·µàº≈‘µ‰¥â„πª√‘¡“≥ Ÿß

3. ‡´≈≈Ÿ‚≈‚´¡¡’§«“¡ “¡“√∂„π°“√¬àÕ¬ ≈“¬Õß§åª√–°Õ∫„π‡´≈≈åæ◊™‰¥âÀ≈“°À≈“¬¡“°
°«à“‡π◊ËÕß®“°‡ªìπ°“√∑”ß“π√à«¡°—π (synergistic action) √–À«à“ß°≈ÿà¡¢Õß‡Õπ‰´¡å¡“°°«à“°“√„™â‡Õπ‰´¡å
‡¥’Ë¬«Ê

4. ‡´≈≈Ÿ‚≈‚´¡¡’Àπà«¬¬÷¥‡°“– substrate ÷́Ëß‡ªìπ‡´≈≈Ÿ‚≈ ‚¥¬‡©æ“–∑’Ë‡√’¬°«à“ cellulose
binding-domain (CBD) ∑”„Àâ°“√‡¢â“®—∫°—∫ substrate ‡ªìπ‰ªÕ¬à“ß¡’ª√– ‘∑∏‘¿“æ

√Ÿª∑’Ë 6 A) · ¥ß¿“æ∑’Ë∂à“¬‚¥¬ scanning electron micrograph (SEM) ¢Õß‡´≈≈å·∫§∑’‡√’¬‡´≈≈å
‡¥’Ë¬«∑’Ë¡’ protubozyme µ‘¥∑’Ëº‘«‡´≈≈å ∑’Ë°”≈—ß¢¬“¬ x20,000

B) transmission electron micrograph (TEM) ¢Õß‡´≈≈å∑’Ëµ‘¥©≈“°¥â«¬·Õπ∑‘‡´≈≈Ÿ‚≈‚´¡
∑’Ë°”≈—ß¢¬“¬ x50,000

C) TEM ¢Õß‡´≈≈å·∫§∑’‡√’¬µ‘¥©≈“°∑’Ë‡¢â“®—∫°—∫‡´≈≈Ÿ‚≈  · ¥ß„Àâ‡ÀÁπ protubozyme ∑’Ë‡™◊ËÕ¡
√–À«à“ß‡´≈≈å°—∫‡´≈≈Ÿ‚≈  ∑’Ë°”≈—ß¢¬“¬ x50,000

D) ¿“æ· ¥ß‡´≈≈Ÿ‚≈‚´¡∑’Ëºà“π°“√∑”„Àâ∫√‘ ÿ∑∏‘Ï ∑’Ë°”≈—ß¢¬“¬ x220,000
E) ‡´≈≈Ÿ‚≈‚´¡∑’Ë®—∫°—∫‡´≈≈Ÿ‚≈  ∑’Ë°”≈—ß¢¬“¬ x220,000
F) Àπà«¬¬àÕ¬¢Õß‡´≈≈Ÿ‚≈‚´¡∑’Ë· ¥ß¥â«¬ sodium dodecyl sulphate polyacrylamide gel

electrophoresis (SDS-PAGE) [38]
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°“√‡æ‘Ë¡ª√– ‘∑∏‘¿“æ¢Õß‡´≈≈Ÿ‚≈‚´¡
°“√‡æ‘Ë¡ª√– ‘∑∏‘¿“æ¢Õß‡´≈≈Ÿ‚≈‚´¡ “¡“√∂∑”‰¥âÀ≈“¬«‘∏’ «‘∏’°“√∑’Ë “¡“√∂∑”‰¥â¡’∑—Èß·∫∫

°“√∑” in vitro construction ·≈– in vivo construction [4] „π à«π¢Õß«‘∏’ in vitro construction
 “¡“√∂∑”‰¥â§◊Õ °“√ÕÕ°·∫∫ mini-cellulosome [39,40,41] ´÷Ëß°“√ÕÕ°·∫∫ mini-cellulosome
‡À≈à“π’È¡’æ◊Èπ∞“π‡∫◊ÈÕßµâπ¡“®“°°“√»÷°…“°“√∑”ß“π√à«¡°—π√–À«à“ß scaffoldin, dockerin, cohesin ·≈–
catalytic domain ®“°°“√»÷°…“æ∫«à“  à«π ”§—≠∑’Ë ÿ¥µàÕ·Õ§∑‘«‘∑’®”‡æ“–‰¥â·°à à«π∑’Ë‡√’¬°«à“ catalytic
domain ´÷Ëß‡ªìπ à«π∑’Ë‡°’Ë¬«¢âÕß°—∫°“√¬àÕ¬‡´≈≈Ÿ‚≈  Õ’° à«πÀπ÷Ëß∑’Ë¡’§«“¡ ”§—≠‰¡à¬‘ËßÀ¬àÕπ‰ª°«à“°—π§◊Õ
 à«π CBD (cellulose binding domain) æ∫«à“ mini-cellulosome ∑’Ëª√–°Õ∫ CBD ‡¢â“‰ª√à«¡¥â«¬
¡’ª√– ‘∑∏‘¿“æ„π°“√¬àÕ¬ ≈“¬‡´≈≈Ÿ‚≈ ‡æ‘Ë¡¢÷ÈπÕ¬à“ß‡ÀÁπ‰¥â™—¥ ¡“°°«à“ mini-cellulosome ∑’Ë‰¡à¡’ CBD
[5]  à«π«‘∏’ in vivo construction ‡ªìπ§«“¡æ¬“¬“¡∑’Ë®–‚§≈π¬’π∑’Ë √â“ß‡´≈≈Ÿ‚≈‚´¡‡¢â“‰ª„π ‘Ëß¡’™’«‘µ
∑’Ë¡’°“√ √â“ßº≈º≈‘µ∑’Ëπà“ π„®·≈–¡’¡Ÿ≈§à“ ‡™àπ ‡Õ∑“πÕ≈ À√◊Õ°√¥Õ–¡‘‚π ‚¥¬¡’‡ªÑ“À¡“¬¢Õß°“√„™â
‡´≈≈Ÿ‚≈ À√◊Õ™’«¡«≈‡ªìπ “√µ—Èßµâπ ´÷Ëßª√–À¬—¥°«à“°“√„™âÕ“À“√‡≈’È¬ß‡™◊ÈÕ ®“°°“√»÷°…“°àÕπÀπâ“¢Õß
Sabathé ·≈– Soucai lle (2002) [42] ÷́Ëßæ¬“¬“¡‚§≈π¬’π∑’Ë √â“ß‡´≈≈Ÿ‚≈‚´¡ (¢π“¥ 85.9 kDa) ‡¢â“„π
C. acetobutylicum ´÷Ëßµ“¡∏√√¡™“µ‘ √â“ß‡´≈≈Ÿ‚≈‚´¡¢π“¥ 665 kDa ·µà‰¡à¡’ª√– ‘∑∏‘¿“æ„π°“√¬àÕ¬
 ≈“¬‡´≈≈Ÿ‚≈  æ∫«à“ À≈—ß®“°°“√‚§≈π·∫§∑’‡√’¬¡’°“√º≈‘µ√’§Õ¡∫‘·ππ∑å‚ª√µ’π¢÷Èπ ·µàÕ¬à“ß‰√°Áµ“¡
‚ª√µ’π∑’Ë·∫§∑’‡√’¬ √â“ß¢÷Èπ¬—ß‰¡à “¡“√∂¬àÕ¬ ≈“¬‡´≈≈Ÿ‚≈ §√‘ µ—≈≈’π‰¥â Mingardon ·≈–§≥– (2005)
[43] »÷°…“°“√π”¬’π man5K ́ ÷Ëß √â“ß‡Õπ‰´¡å mannanase „π C. cellulovorans ‡¢â“ Ÿà C. acetobutylicum
æ∫«à“‚ª√µ’π√’§Õ¡∫‘·ππ∑å¡’°“√º≈‘µÕ¬à“ß‰¡à§√∫ ¡∫Ÿ√≥å (truncated protein) ·µà¬—ß§ß¡’·Õ§∑‘«‘∑’µàÕ
°“·≈°‚µ·¡π·ππ

 √ÿª
·∫§∑’‡√’¬„π °ÿ≈ Clostridium ‡ªìπ∑’Ë√Ÿâ®—°°—π¡“™â“π“π ∑—Èß„π«ß°“√·æ∑¬å·≈–«ß°“√

Õÿµ “À°√√¡  “¬æ—π∏ÿå∑’Ë‰¡à°àÕ„Àâ‡°‘¥‚√§π—Èπ ‰¥â∂Ÿ°π”¡“„™â„π°“√º≈‘µµ—«∑”≈–≈“¬ ABE (Acetone-
Butanol-Ethanol) ‡æ◊ËÕ„™â„π°“√º≈‘µ¥‘πªóπ„π ¡—¬ ß§√“¡‚≈°§√—Èß∑’Ë 1 À≈—ß®“° ß§√“¡‚≈° ‘Èπ ÿ¥‰ª
®÷ß∑”„Àâ‚√ßß“πº≈‘µÕ–´‘‚∑π„π¬ÿ‚√ª°Áªî¥µ—«≈ß‰ª¥â«¬ Õ¬à“ß‰√°Áµ“¡ „πªí®®ÿ∫—π√“§“‡™◊ÈÕ‡æ≈‘ßªî‚µ√‡≈’¬¡„π
µ≈“¥‚≈° Ÿß¢÷Èπ·≈–‰¡à·πàπÕπ °“√º≈‘µ‡™◊ÈÕ‡æ≈‘ß™’«¿“æ®“°™’«¡«≈‡ªìπ∑’Ë π„®Õ¬à“ß¬‘Ëß ‡π◊ËÕß®“°™’«¡«≈
¡’ª√‘¡“≥¡“°¡“¬ √“§“∂Ÿ°·≈–∫“ß§√—Èß‰¡à¡’¡Ÿ≈§à“ ®π‡ªìπªí≠À“µàÕ ‘Ëß·«¥≈âÕ¡ ÷́Ëßæ∫«à“™’«¡«≈‡À≈à“π’È
 “¡“√∂π”¡“‡ªìπ “√µ—Èßµâπ„π°“√º≈‘µ‡™◊ÈÕ‡æ≈‘ß™’«¿“æ Õ¬à“ß‰√°Áµ“¡ §«“¡ ”‡√Á®„π°“√º≈‘µ‡™◊ÈÕ‡æ≈‘ß
™’«¿“æπ’ÈÕ¬Ÿà∑’Ë§«“¡ “¡“√∂„π°“√ª√—∫‡ª≈’Ë¬π™’«¡«≈‡À≈à“π’È„Àâ‡ªìπ “√µ—Èßµâπ‚¡‡≈°ÿ≈¢π“¥‡≈Á°°àÕπ ‡™àπ
ª√—∫‡ª≈’Ë¬π„Àâ‡ªìππÈ”µ“≈°≈Ÿ‚§  ‡ªìπµâπ ‚¥¬·∫§∑’‡√’¬„π °ÿ≈ Clostridium ‡Õß “¡“√∂º≈‘µ‡´≈≈Ÿ‡≈ 
§Õ¡‡æ≈Á°´å∑’Ë‡√’¬°«à“ ‡´≈≈Ÿ‚≈‚´¡ ÷́Ëß¡’§ÿ≥ ¡∫—µ‘·≈–¡’§«“¡ “¡“√∂„π°“√‡ª≈’Ë¬π·ª≈ß “√‚¡‡≈°ÿ≈
¢π“¥„À≠à¢Õß¡«≈™’«¿“æ„Àâ¡’¢π“¥‡≈Á°≈ß‡ªìππÈ”µ“≈‚¡‡≈°ÿ≈‡¥’Ë¬«´÷Ëß‡ªìπ “√µ—Èßµâπ ”§—≠„π°“√º≈‘µ‡™◊ÈÕ
‡æ≈‘ß‡À≈«µàÕ‰ª ®÷ßπ—∫‡ªìπ°ÿ≠·® ”§—≠‰¢ Ÿà§«“¡ ”‡√Á®„π°“√º≈‘µ‡™◊ÈÕ‡æ≈‘ß∑“ß™’«¿“æ®“°™’«¡«≈
®π “¡“√∂ √â“ßµ—«∑”≈–≈“¬∑—Èß “¡™π‘¥ §◊Õ Õ–´‘‚µπ ∫‘«∑“πÕ≈·≈–‡Õ∑“πÕ≈ ‰¥â Ÿß„π√–¬–‡«≈“Õ—π —Èπ
·≈–‡Õ∑“πÕ≈·≈–∫‘«∑“πÕ≈π’È‡Õß∑’Ë‡ªìπ‡™◊ÈÕ‡æ≈‘ß™’«¿“æ∑’Ë ”§—≠Õ¬à“ß¬‘Ëß
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