Saccharification of Cellulose

Objectives and Specific Aims
The overall goal of this project is to develop the technology for using anaerobic, thermophilic SSC cultures directly in the enzymatic saccharification of insoluble substrates under aerobic and/or mesophilic conditions for ethanol production.  This goal is based on preliminary data which show that SSC of anaerobic, thermophilic bacteria produce low-cost thermostable cellulases from agricultural, forestry, and municipal waste residues.  We will develop two model configurations in the following specific aims:

A) Develop a two step process where the cellulose undergoes enzymatic conversion to glucose followed by a subsequent yeast fermentation step.

B) Develop the simultaneous saccharification of the cellulose and fermentation by yeast.

Methods

In the first section of the Research Methods we discuss our preliminary and on-going experiments, then discuss methods common to both specific aims.  The methods used for each specific aim are then presented.

General strategy We are presently  developing methods for producing bacterial biomass using anaerobic solid-state cultivation techniques at high temperatures.  This entails screening organism/substrate combinations and selecting those that show the most potential for cultivation on solid-substrates.  Nine strains have been grown on four substrates (sugarcane bagasse, wheat bran, rice bran, and paper pulp waste) in liquid culture.  A full-factorial experimental design with three replications of each combination was used.  In addition, selected combinations have been tested to determine the relationship of substrate water activity, nutrient supplementation, and length of fermentation on biomass growth.  The experimental information was used to optimize the growth conditions and maximize microbial biomass formation.  We assume that biomass is correlated with cellulase production and maximum biomass will yield maximum cellulase activity, since the production of cellulases is associated with microbial growth.  The results of this screening demonstrated which of the substrates supported the most microbial activity for each bacterial strain.  Our preliminary data have shown significant growth and end-product formation (lactate, acetate, and ethanol) with several of the organism/substrate combinations.


Bacterial strains and culture conditions  All of the bacterial strains used for this project have been obtained from the American Type Culture Collection (ATCC).  A total of nine strains have been initially screened and include: Clostridium thermocellum (strains 27405, LQRI, and JW20; ATCC 27405, 35609, and 31549, respectively); Thermoanaerobacter ethanolicus (strains JW200, 39E; ATCC 31550, 33223, respectively); Clostridium thermolacticum TC21 (ATCC 43738); Thermoanaerobacter  thermocopriae JT3-3 (ATCC 51646); Thermoanaerobacter thermohydrosulfuricus E100-69 (ATCC 35045); and Thermotoga neapolitana NS-E (ATCC 49049).  Stock cultures of all strains are maintained at -80°C in storage media as recommended by ATCC.


Media preparation and composition  All media will be prepared using standard anaerobic techniques39,40 that are routinely used in our laboratories.  The medium that support the growth of  each organism differ and are based on compositions derived from the scientific literature.  Preliminary experiments have shown that these media reliably support growth of each strain.


Inoculum preparation.  Stock cultures will be transferred into liquid medium (typically 10 to 80 ml) supplemented with soluble carbohydrates that are shown to support growth.  An additional transfer will be performed and this culture will be used for experiments.

 
Sample analyses.  Fermentation end products in cell-free culture fluid will be analyzed using well-established methods involving gas chromatography and enzymatic techniques.  Volatile fatty acids and ethanol will be determined by gas chromatography with a Supelco SP-1000 column (1% H3PO4, 100/120 mesh).  Lactate will be determined using an enzymatic method.  Soluble reducing sugars will be measured using either non-specific chemical methods or, when specifically needed, high pressure liquid chromatography.


Previous studies have shown that hydrolysis yields obtained with C. thermocellum cellulase, acting either in vitro or in vivo, were comparable to T. reesei on the same substrates47 where both organisms were grown in SmF.  Evidence in the literature suggests enzyme yields will increase moving from SmF to SSC for fungi.1,20 The one study available which used anaerobic thermophilic bacteria (Clostridium thermosulfurogenes SV2) in SSC reported a 33% and 15% increase in (-amylase and pullulanase respectively over cultivation in SmF.23 We anticipate obtaining cellulase activities in SSC equal or greater than those in SmF.   The enzymes produced by the thermoanaerobes are more thermostable than similar enzymes produced by fungi in SSC.  Ng and Zeikus48 compared the thermostability of cellulases produced in SmF by both Clostridium thermocellum LQRI and Trichoderma reesei QM9414 and found that the T. reesei cellulase lost 70% of its cellulase activity after only 30 min at 60 (C.  In contrast, the C. thermocellum cellulase lost no activity at 60 (C.

MAJOR OBJECTIVE.  The objective focuses on the saccharification of cellulose in preparation for a yeast ethanol fermentation as a model system.  We will develop the technology for two model configurations: A) a two step process where the cellulose undergoes enzymatic conversion to glucose followed by a subsequent yeast fermentation step and B) simultaneous saccharification of the cellulose and fermentation by yeast.  Configuration A will allow us to quantify bacterial metabolism in the enzyme step and then subsequently demonstrate that no bacterial metabolism occurs in the yeast fermentation due to a more nutrient-rich fermentation environment.  Configuration B will allow enzyme catalysis in an environment where low glucose concentrations are less likely to inhibit enzyme performance than in Configuration A.

Specific Aim A.  Four treatments will be compared in this configuration (Table 1).  Each treatment will be followed by a yeast fermentation.  We will compare the saccharification ability of the SSC cellulase complex with a commercial preparation of cellulase at 37 (C and 60 (C.  A 20% solids solution of filter paper and buffer will be prepared in sterile 250 ml flasks (2 g cellulose; 10 ml buffer).  Three replications will be performed for each treatment.  Two treatments will receive the equivalent of 15 filter paper units (FPU) cellulase per gram of cellulose.  This is the cellulose loading used by the National Renewable Energy Lab in their evaluations of biomass conversion of lignocellulosic material.  We will quantify the enzyme activity/g fermented substrate from the SSC.  This information will give the required weight of fermented bran to achieve 15 FPU/gram cellulose from the SSC-derived enzyme.  We expect to achieve on the order of 40 FPU/g fermented bran, so approximately 0.5 g of fermented bran will be required to achieve this loading.  We will assay the commercial cellulase49 (Genencor CL cellulase from Genencor Inc., San Francisco and Novozyme 188 (-glucosidase from NOVO Laboratories Inc., Wilton CT) preparation to verify activity reported on the package, and this enzyme activity will be known in FPU/g dried enzyme preparation.  We will use Clostridium thermocellum 27405 on paper sludge and avicel combinations.  The addition of (-glucosidase (6 U (-glucosidase/U cellulase) to the cellulase increases the specific activity of the raw cellulase solution by reducing cellobiose inhibition.50 The (-glucosidase activity will be measured, and adjusted in both treatments so that each treatment has at least 6 U/U cellulase.  Commercial enzyme preparations will be filter sterilized before adding to the substrate.

Preliminary Experiment  We anticipate that the commercial cellulase and the SSC cellulase complex will saccharify the cellulose at different rates.  We also expect that the cellulose degradation curves will approximate rectangular hyperbolas.  In the preliminary experiment, the four treatment combinations will be run and samples will be analyzed for glucose and other soluble sugars.  The earliest time at which the glucose concentration approaches the maximum in each system is the time we will use in Configuration A as the time for saccharification.  Each treatment combination could conceivably have its own optimal enzyme contact time.  

Main Experiment  The saccharification step in Configuration A will be performed in two environmental shakers.  One shaker will be set to 37 (C and one to 60 (C.  Both shakers will operate at 150 rpm to gently stir the samples.  Each treatment combination will incubate for the optimal contact time determined in the preliminary experiment.  At the optimal enzyme contact time, 0.5 ml samples will be taken and analyzed for glucose and possible fermentation end-products.

Saccharomyces cerevisiae ATCC 412651 obtained from American Type Culture Collection, Rockville, MD will be used for all ethanol fermentations (5% inoculum grown on 20 g glucose/L feedstock ) along with 10 g/L yeast extract and 20 g/L peptone.  The medium components will be sterilized separately and aseptically mixed, along with the yeast, with the saccharified substrate in 250 ml Erlenmeyer flasks.  The fermentation will be conducted in a temperature controlled chamber (37 (C) and shaken at 250 rpm. Fermentation will proceed for 7 days, and end-products will be quantified every 24 hours.
Subsequent to the lab scale experiment, the technology will be scaled up to a pilot-scale with sufficient enzyme produced to saccharify 10 kg of substrate, in order to demonstrate proof-of-concept.
Specific Aim B.  This configuration will quantify ethanol production using simultaneous saccharification and fermentation (SSF).  Configuration A (treatments at 37 (C only since 60 (C would deactivate the yeast) will be repeated except both steps will be combined into one.  The commercial enzymes will be filter sterilized and added to the autoclaved substrate (20% w/v filter paper in buffer), the yeast extract and peptone.  The SSC enzyme preparations will be added aseptically.  A 5% inoculum of yeast will be added.  Three replications of each treatment (SSC-derived enzymes and the control using commercial enzymes) will be placed in a 37 (C environmental shaker at 250 rpm.  Every 24 hours a 2 ml sample will be removed and analyzed for end-products of fermentation.
Subsequent to the lab scale experiment, the technology will be modified to a continuous production process if possible, in order to demonstrate proof-of-concept

Data Analysis  Glucose concentrations will be compared between the four treatments in Configuration A using a two-way ANOVA to determine if significant effects exist due to the enzyme source and/or operating temperature.  In step two, the SSF, end-product concentrations will be statistically evaluated to determine if they are significantly different than zero.  The end–product concentrations will also be compared between treatments to determine if saccharification  has a significant effect on ethanol yields.


In Configuration B, the glucose and end-product concentrations will be statistically compared to zero, and compared between treatments.  This will determine if significant amounts of the compound are present, and also whether or not the enzyme production technique had a measurable effect on fermentation performance.

Expected Results  In Configuration A, the two-step saccharification fermentation process, we expect the commercial enzyme and SSC enzyme to ultimately produce similar amounts of glucose at 37 (C, however we anticipate that the SSC enzyme may require a longer time to achieve this level.  At 60 (C we do not expect to see much activity from the commercial cellulase, however the SSC enzyme should produce glucose more quickly than at 37 (C.  Also, no end-products from the SSC organism are expected to be found in the saccharification step.  In the fermentation step, we anticipate that the only product will be ethanol, indicating that the SSC organism is not metabolizing in this aerobic, mesophilic situation.

In the SSF experiment (Configuration B) it is anticipated that the SSC cellulase will have a higher % conversion of the cellulose than the commercial cellulase, and also a higher % conversion than the SSC enzyme demonstrated in Configuration A.  This higher % conversion is expected because of reduced enzyme inhibition due to lower glucose levels in the broth.

Potential Pitfalls and Limitations.  One potential limitation of this technique is that for high density cultivation of anaerobes, it is necessary to limit the accumulation of end products such as acids.  If the concentration of these products becomes high, this can result in feedback inhibition of the process.61 However this is also true in liquid culture too.  The production of hydrolytic enzymes is often repressed in liquid culture, but there is evidence of less repression in SSC.16 A limitation of the project is that we only propose to test the saccharification ability of the enzymes from SSC on cellulose.  We realize that substrate selection and pretreatment is a complex issue for biofuel production, however we are attempting to prove the concept.  Complex substrates will be addressed in subsequent projects. 
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Table 1:Treatment combinations for Experiment A.
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