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ABSTRACT 

Lignocellulosic biomass is a very abundant and renewable resource than can be used for the 

production of renewable fossil fuels substitutes. 

The present work aimed to study the behavior and production of acids and alcohols by a 

Clostridium consortium, previous isolated from manure, in the presence of two lignocellulosic 

substrates, filter paper and pretreated wheat straw, and to develop a two stage process to improve 

the utilization  of this type of biomass.  

The fermentation with filter paper was carried out in two bioreactors with 2L of medium and 10 

g/L of filter paper, with or without pH control. In both, acetic acid, butyric acid and ethanol were 

produced, with maximum concentrations of 11 g/L, 0.35 g/L and 0.50 g/L respectively, for the 

bioreactor without pH control, and 8.5 g/L, 0.30 g/L and 0.77 g/L for the bioreactor with pH control. 

In the presence of wheat straw and using as dilution water the broths resulting from the 

fermentation of ligninolytic enzymes producing microorganisms, Nonomureae gerenzanensis and 

Streptomyces coelicolor A3 (2), the results showed an improvement of the biomass utilization and 

of the acetic acid, ethanol and butyric acid production as of 2.3%, 42% and 90%, respectively. 

Overall, the first step for a new consolidated bioprocessing was taken, leaving space for future 

improvements and adaptations that can lead to a higher biomass utilization and a possible scale-

up of the process. 

 

Key-words: CBP, Clostridium fermentations, Nonomuraea gerenzanensis, Streptomyces 

coelicolor A3 (2), lignocellulosic biomass, ABE production 
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RESUMO 

A biomassa lenhocelulósica é um recurso abundante e renovável que pode ser utilizado para a 

produção de combustíveis renováveis. 

O presente trabalho teve como objetivo estudar o comportamento e produção de ácidos e álcoois 

por um consórcio de bactérias Clostridium, anteriormente isolado de estrume, na presença de 

dois tipos de biomassa lenho-celulósica, papel de filtro e palha de trigo, e desenvolver um 

processo de duas fases para melhorar a utilização deste tipo de biomassa. 

A fermentação com papel de filtro foi realizada em dois biorreactores com 2L de meio e 10 g/L 

de papel de filtro, com ou sem controlo de pH. Em ambos, ácido acético, ácido butírico e etanol 

foram produzidos, com concentrações máximas de 11 g/L, 0.35 g/L e 0.50 g/L, respectivamente, 

para o biorreactor sem controlo de pH, e 8.5 g/L, 0.30 g/L e 0.77 g/L para o biorreactor com 

controlo de pH. 

Na presença de palha de trigo e utilizando como água de diluição os sobrenadantes provenientes 

da fermentação com microrganismos produtores de enzimas ligninoliticas, Nonomuraea 

gerenzanensis e Streptomyces coelicolor A3 (2), os resultados demonstraram uma melhoria na 

utilização da biomassa e na produção de ácido acético, etanol e ácido butírico desde 2.3%, 42% 

e 90%, respectivamente. 

No geral, o primeiro passo para um novo bioprocesso consolidado foi tomado, deixando espaço 

para futuros aperfeiçoamentos e adaptações que podem levar a um melhor aproveitamento da 

biomassa, e ao scale-up do processo. 

 

Palavras-chave: CBP, fermentações com Clostridium, Nonomuraea gerenzanensis, 

Streptomyces coelicolor A3 (2), biomassa lenhocelulósica, produção de ABE. 
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1. INTRODUCTION 

1.1. GENERAL 

With the world energy consumption and demand for petroleum increasing, primarily due to the emerging 

economies, together with the declining of the petroleum sources and the rapid rise in awareness 

concerning environmental threats, considerable focus has been directed towards the development of 

sustainable and carbon neutral energy sources, for the production of fuels and chemicals [1-4]. 

Biofuels are an attractive alternative to current petroleum-based fuels since they can be used as 

transportation fuels with little change to current technologies and have significant potential to improve 

sustainability and reduce greenhouse gas (GHG) emissions [2]. Biofuels generate significantly less 

GHG than fossil fuels and can even be GHG neutral if efficient methods for biofuels production are 

developed [3]. On the other hand, the combustion of fossil fuels is by far the largest contributor to the 

increase CO2, and in general accounts for approximately 60% of greenhouse warming resulting from 

anthropogenic sources. Moreover, the extraction, processing and combustion of fossil fuels contributes 

to the pollution of soil, air and water and thus is hazardous to the environment and to public health [2].  

Thus, the development of new strategies to produce biofuels capable of substitute fossil fuel is 

necessary. Plant biomass is one of the most abundant renewable resource on the earth which is 

produced at an approximate rate of 150-170 x 109 tons annually [1]. Among forms of plant biomass, 

lignocellulosic biomass is particularly well-suited for energy applications because of its large-scale 

availability, low cost and environmentally benign production [5]. Usually, lignocellulosic biomass is 

obtained from four major sources that include agricultural residues, forest residues, energy crops, and 

cellulosic waste, such as solid waste and food waste [1, 6]. 

Research efforts directed towards the conversion of biomass into a liquid transportation fuel go back to 

the first US energy crisis of October 1973, as a consequence of the Yom Kippur war and the OPEC oil 

embargo. Subsequently, the 1979 Iranian revolution combining with the recent concerns about the 

security of the imported petroleum and the contribution to the global warming, have led to renewed 

efforts to pursue the purpose of providing a CO2 neutral supply of transportation fuels [7]. 

The carbohydrate content of biomass can be converted to alcohols, like ethanol and butanol, fatty acid 

esters, long chain and cyclic hydrocarbons, using both well-known fermentation pathways and newly 

methods of synthetic biology [7]. 

The primary obstacle delaying the extensive production of energy from biomass feedstocks is the 

general absence of low cost technology for overcoming the recalcitrance of these materials [5]. In 

comparison to traditional fossilized sources, plant biomass presents a major challenge for downstream 
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processing as the majority of the carbon is derived from the plant cell wall in the form of recalcitrant 

structural biopolymers rather than residing in the more easily accessible sugar, starch, and oil fractions 

[8]. Biological processing is a promising technology option for achieving the conversion of biomass, but 

still poses great challenges [9].  

Conventional production of ethanol or H2 from cellulosic biomass via fermentation involves a complex 

process of pre-treatment including cellulase production, hydrolysis of cellulose and hemicellulose, in the 

case of lignocellulosic biomass, fermentation of hexose sugars generated by cellulose hydrolysis and 

pentose sugars generated by hemicellulose hydrolysis [2, 5]. The current strategies to produce ethanol 

from cellulose make use of simultaneous saccharification and fermentation (SSF) or simultaneous 

saccharification and co-fermentation (SSCF). Both these techniques require extensive pre-treatment by 

steam explosion or acid treatment, followed by the addition of an exogenously produced cocktail of 

cellulolytic enzymes [2]. 

Consolidated bioprocessing (CBP) is an alternative process where the four transformations mentioned 

occur in a single step by microorganisms that express cellulolytic and hemicellulolytic enzymes [1, 2, 5, 

9]. CBP has potential to lower the cost of biomass processing, lower energy inputs, and higher 

conversion efficiencies than SSF based processes [2, 5]. 

1.2. BIOFUELS 

According to the European Commission, “Biofuels are liquid or gaseous transport fuels such as biodiesel 

and bioethanol which are made from biomass” [10]. Biofuels can be classified as first, second and third 

generation biofuels, depending on the origin and processing of the original biomass. 

First generation biofuels are produced from food crops, as corn, sugarcane, palm, rapeseed, soy, beets 

and cereals [11-13]. This generation of biofuels has achieved already an economic level of production, 

but their impacts towards meeting the overall energy demand remains a challenge, mainly due to the 

competition with food and fiber production for the use of arable land, regionally constrained market 

structures, lack of well managed agricultural practices in emerging economies, high water and fertilizer 

requirements, and a need for conservation of bio-diversity [11, 13]. All of this limitations have raised 

pertinent questions on their potential to replace fossil fuels and sustainability of their production [14]. 

In 2015 a new directive was approved by the European Commission that sets a new target regime to 

limit the amount of crop-generated biofuels used in the transport sector. This amend has the goal of 

reducing the risk of indirect land use change and to prepare the transition towards advanced biofuels. 

Indirect land use change is the process where an agricultural production is partly displaced to previously 

non-cropland, such as grasslands and forest, as a result of biofuel production on cropland previously 

used for agricultural plantations [15, 16]. 
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The new directive “limits the share of biofuels from crops grown on agricultural land, that can be counted 

towards the 2020 renewable energy targets, to 7%” and “sets an indicative 0.5% target for advanced 

biofuels as a reference for national targets which will be set by EU countries in 2017” [15, 16]. 

It also requires that new installations producers of biofuels emit at least 60% less greenhouse gases 

than fossil fuels and “harmonizes the list of feedstocks for biofuels across the EU whose contribution 

would count double towards the 2020 target of 10% for renewable energy in transport” [15]. 

This directive pretends to diminish the problems of first generation biofuels and their competition with 

food crops. 

Second generation biofuels are produced from biomass which origin is not related with food crops [13]. 

The only situation in which the food crops can act as second generation biofuels is when all their 

interesting features for human consumption have been used, for example, vegetable oils. Other 

feedstocks used are switch grass, jathropha, Miscanthus, etc.. However, the technology for conversion 

in the most part has not reached the technological readiness for commercial exploitation [11]. 

Finally, third generation biofuels are algae-based fuels, resulting from their metabolism [17]. This kind 

of processes are still under development and have still a long way to go until they achieve a sustainable 

production and utilization [11]. 

Overall, second and third generation biofuels are better than first generation biofuels for sustainable 

development as they are carbon neutral, or reduce CO2 emissions. For example, for each ton of 

microalgae biomass produced, some authors estimate that 1.8 tons of CO2 would be consumed [13]. 

2. FROM LIGNOCELLULOSIC BIOMASS TO BIOFUELS 

2.1. STRUCTURE AND COMPOSITION OF LIGNOCELLULOSIC BIOMASS 

The composition of lignocellulosic biomass is typically cellulose (30-45% of biomass weight), 

hemicellulose (15-30% of biomass weight), and lignin (12-25% of biomass weight) [6, 18]. 

Cellulose, the most abundant polymer on earth, is found primarly in plant cell walls, and it is a linear, 

insoluble biopolymer composed of repeating β-D-glucopyranose residues linked by β-1,4 glycosidic 

bonds [2, 19, 20]. The repeating unit of cellulose is not glucose, as in other glucan polymers, but instead 

cellobiose, a disaccharide. This polymer exhibits a high degree of polymerization; produced by plants, 

is composed of both highly amorphous regions, easily hydrolyzed by cellulases, as well as tightly packed 

crystalline regions [2, 19].  In crystalline regions, cellulose exists in the form of microfibrils, where 

individual polysaccharides are connected in parallel by hydrogen and other intermolecular interactions 

[20]. Because of this hydrogen bonds, the crystalline region of cellulose becomes more recalcitrant to 

enzyme and microbial attack than the amorphous region [19, 20]. 
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Hemicellulose is a diverse group of short-chain branched substituted polymer of pentose and hexose 

sugars, and is usually characterized as the heterogeneous polysaccharide being soluble in strong alkali. 

It has a backbone composed of 1,4-linked β-D-hexosyl residues and may contain pentoses, hexoses, 

and/or uronic acids. Other sugars, such as α-L-rhamnose and α-L-fucose, may also be present in small 

amounts and the hydroxyl groups of sugars can be partially substituted with acetyl groups [19, 20]. The 

most common hemicelluloses are xylan, mannan and arabinofuranosyl, which differ in their composition 

and arrangement, but primarily consist of xylose, arabinose and glucose [20]. 

Lignin is by far the most abundant substance composed of aromatic moieties in nature, and has an 

important role in protecting the plants against invasion by pathogens and insects. The three basic 

monomeric units of lignin are p-hydroxycinamyl percursors: p-coumaryl alcohol, coniferyl alcohol and 

sinapyl alcohol, which vary depending on the type of biomass (Figure 1) [19, 20]. It is an important factor 

limiting the rate and extent of enzymatic hydrolysis of biomass, acting like a physical barrier to restrict 

the access of cellulases to cellulose and it is embedded in the spaces of the cell wall by covalently 

linking to hemicelluloses, binding all the different components of lignocellulosic biomass together, 

conferring mechanical strength to the cell wall and making it insoluble in water. Thus, pre-treatment to 

remove lignin, in order to increase the specific area and accessibility of cellulose to enzymes, is a 

necessary step in the processing of lignocellulosic biomass [19, 21].  

 

Figure 1- Lignin structure. Lignin is composed of three major hydroxycinnamyl alcohol monomer units, p-coumaryl 

alcohol, coniferyl alcohol and sinapyl alcohol, which are crosslinked to form the corresponding units in lignin (left). 

The process of lignification involves oxidation of the monomer to the phenoxyl radical, followed by various radical-

radical coupling reactions with the growing polymer, resulting in a broad range of lignin crosslinks (right). (Source: 

[8] )  

Figure 2 shows the molecular structure of lignocellulosic biomass. 
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Figure 2- Structure of lignocellulosic biomass containing cellulose (composed of a β-1,4-linked chain of glucose 

molecules ), hemicellulose (composed of various 5- and 6-carbon sugars such as arabinose, galactose, glucose, 

mannose and xylose) and lignin (composed of three major phenolic components, namely p-coumaryl alcohol (H), 

coniferyl alcohol (G) and sinapyl alcohol (S)) (Source: [1]) 

2.2. PRETREATMENT OF LIGNOCELLULOSIC BIOMASS 

The main goal of the pretreatment of lignocellulosic biomass is to remove lignin and hemicellulose, 

reduce the crystallinity of cellulose and increase the porosity of the lignocellulosic material, and, in this 

way, enhance enzyme accessibility [1, 22]. 

There are four categories for pretreatment technologies: chemical pretreatment, mechanical or physical 

pretreatment, physico-chemical pretreatment and biological pretreatment [1]. 

The first one includes processes like alkali or acid hydrolysis, ozonolysis, organosolv and ionic liquids. 

In the acid hydrolysis, concentrated or dilute acids, such as H2SO4 or HCl are added. However, this 

process leads to the formation of cellulose degradation products, such as furfural, that can compromise 

the fermentation process, acting as inhibitors to the microrganisms. The alkali hydrolysis, comparing 

with acid hydrolysis, leads to lower levels of sugar degradation, and it is possible to work at ambient 

conditions [22, 23]. 

Ozone treatment (ozonolysis) enables the reduction of the lignin content, and the reaction conditions 

are carried out at normal pressure and temperature. However, large amounts of ozone are required, 

making the process expensive. Finally, in organosolv, an organic or aqueous organic solvent mixture 
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with inorganic acid catalysts like H2SO4 or HCl, is used to break the internal lignin and hemicellulose 

bonds. The common solvents used are methanol, ethanol, acetone, ethylene glycol, triethylene glycol, 

and tetrahydrofurfuryl alcohol. Essentially, the organosolv process involves simultaneous prehydrolysis 

and delignification of lignocellulosic biomass supported by organic solvents and, usually, dilute aqueous 

acid solutions [22]. 

The physical pretreatment englobes grinding and milling, microwave and extrusion. The objective of 

these techniques is the reduction of particle size and crystallinity. The reduction in particle size leads to 

an increase of available specific surface and a reduction of the degree of polymerization [24]. 

In physico-chemical processes, techniques such as steam explosion, liquid hot water, ammonia fiber 

explosion (AFEX), wet oxidation and CO2 explosion are applied.  

Steam explosion is one of the most used techniques for the pretreatment of lignocellulosic biomass. The 

biomass is treated with high-pressure saturated steam, and then the pressure is suddenly reduced, 

which makes the materials undergo an explosive decompression. The process causes hemicellulose 

degradation and lignin transformation due to high temperature, thus increasing the potential of cellulose 

hydrolysis [22]. 

In the case of liquid hot water, liquid hot water is used instead of steam. The objective is to solubilize 

mainly the hemicellulose to make the cellulose better accessible and to avoid the formation of inhibitors 

[24]. 

Ammonia fiber explosion, is a physicochemical pretreatment process in which lignocellulosic biomass 

is exposed to liquid ammonia at high temperature and pressure for a period of time, and then the 

pressure is suddenly reduced [22]. 

Wet-oxidation is another oxidative pretreatment method, which uses oxygen as oxidant. The soluble 

sugars produced during wet-oxidation pretreatment of wheat straw are mainly polymers, opposite to the 

monomers produced during steaming or acid hydrolysis as pretreatment. Phenolic monomers are no 

end products during wet-oxidation but are further degraded to carboxylic acids [24]. 

Carbon dioxide pretreatment is conducted with high-pressure carbon dioxide at high temperatures of up 

to 200 ℃ with a duration of several minutes. Explosive steam pretreatment with high pressure carbon 

dioxide causes the liquid to be acidic and this acid hydrolyses especially the hemicellulose content [24]. 

Finally, in biological pretreatment, microorganisms such as brown, white, and soft-rot fungi are used to 

degrade lignin and hemicellulose in waste materials. Brown rots mainly attack cellulose, whereas white 

and soft rots attack both cellulose and lignin. Lignin degradation by white-rot fungi occurs through the 

action of lignin-degrading enzymes such as peroxidases and laccase. These enzymes are regulated by 

carbon and nitrogen sources. White-rot fungi are the most effective for biological pretreatment of 

lignocellulosic materials [22].  
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2.3. SIMULTANEOUS SACCHARIFICATION AND FERMENTATION, CO- 

FERMENTATION AND SEPARATE HYDROLYSIS AND FERMENTATION  

Currently, the three most used techniques for the processing of lignocellulosic biomass are 

Simultaneous saccharification and fermentation (SSF), simultaneous saccharification and co-

fermentation (SSCF) and separate hydrolysis and fermentation (SHF). 

SSF combines the enzymatic hydrolysis and fermentation of sugars. It overcomes the inhibition of 

cellulase by hydrolysis products such as glucose and short cellulose oligomers, because these products 

can be fermented immediately. However, the optimum temperature for enzymatic hydrolysis, 45-60℃ 

exceeds compatible temperatures for yeast and many bacterial biofuels fermentations [25]. Another 

disadvantage is that the fermentation is performed only using hexoses, and pentose sugars are not used 

[1, 26]. 

SSCF is a process similar to the previous one except that the hexose and pentose fermentations occur 

in one step, reducing the total costs of alcohol production, as pentoses are also consumed during the 

process and the inhibitory effects of xylose are reduced [1]. 

SHF consists of performing the hydrolysis of the biomass and sugar fermentation separately. The main 

advantage is that both these steps can be performed at their own optimum conditions, as temperature 

and pH. However, there is inhibition of cellulase activity by the sugars released during the hydrolysis 

step. It is also a time consuming and costly process [1].  

Despite the fact that several studies have reported good results with these techniques [1], they still 

require the addition of exogenous enzymes and extensive pre-treatment of the biomass, which largely 

increases the total costs [2]. 

2.4. CONSOLIDATED BIOPROCESSING 

Lignocellulosic biochemical conversion processes require pretreatment and hydrolysis before 

fermentation, as stated before. Pretreatment largely serves to release cellulose from lignin, such that 

hydrolysis agents can access this material. Hydrolysis then breaks down the cellulose and hemicellulose 

into their constitutive monomeric sugars. Both processes add unit operations to the overall biochemical 

conversion process, but hydrolysis in particular requires costly cellulolytic enzyme and/or chemical 

supplementation and large amount of energy input. Therefore, there are many bioprocessing and 

economic advantages to integrating hydrolysis and substrate fermentation into an efficient, integrated 

process termed Consolidated Bioprocessing (CBP) [27].  

CBP has been known as the most promising fermentation approach for bioethanol production from 

lignocellulosic biomass and has been investigated increasingly in recent years [1]. 
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It is suggested that with the implementation of CBP, it will be possible to avoid the cost and restrictions 

of conventional workflow for biofuel production from lignocellulosic biomass [1, 5, 9]. The combination 

of the enzyme production, hydrolysis and fermentation in just one step, using a single organism or a 

consortium of microorganism, may enhance processing efficiencies, eliminating the need to add 

exogenous hydrolytic enzymes and reducing the sugar inhibition of cellulases [1, 9]. Usually, the final 

simple sugars inhibit saccharification process in the conventional systems, whereas, in CBP, 

fermentation transforms these products to biofuel before they become inhibiting to hydrolysis [1]. CBP 

systems significantly reduce the number of units operation, therefore, reducing the maintenance and 

capital costs [1, 28, 29]. 

CBP is distinctive because it does not contain a separate and dedicated process step for cellulase 

production. This factor alone helps lower the costs of converting lignocellulosic to ethanol that is not yet 

economical due to high costs of biomass pretreatment and enzymatic saccharification [29].  

Since the concept of CBP was proposed in 1996, CBP research has been focused on the development 

of new and increasingly effective CBP microorganisms [29].This type of process requires a microbial 

culture that combines properties related to both substrate utilization and product formation [18]. An ideal 

microorganism for CBP should simultaneously and with high efficiency produce required hydrolases and 

transform simple sugars to target alcohols. These organisms should have special features, including 

expression and secretion of several glycoside hydrolase enzymes for rapid depolymerization of 

lignocellulose, simultaneous utilization and conversion of multiple sugars like cellobiose, glucose and 

xylose to biofuels and tolerance to both toxic compounds derived from lignin and the final end product 

[6, 25]. 

There are two main strategies to generate ideal microorganisms for CBP: the native strategy, that 

focuses on studying natural cellulolytic microbes with an aim to improve biofuels yield, to satisfy the 

requirements of an industrial process, and the recombinant strategy that focuses on directed 

mutagenesis, genetic and metabolic engineering of cellulolytic microbes to be alcohologenic or 

alcohologenic microbes to be cellulolytic [5, 6, 18, 30].  

In Figure 3 there is a summary of the costs saving obtained when employing a CBP approach, 

comparing with SSCF. The Simulations were carried out by Lynd et al. using ASPEN-based models 

based on the modeling framework developed at the National Renewable Energy Laboratory  [5].  
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Figure 3- The comparative cost of ethanol production by consolidated bioprocessing (CBP) and by simultaneous 

saccharification and co-fermentation (SSCF) with cellulase production. Cellulase production: yield, 400 FPU (filter 

paper unit)/g carbohydrate; productivity, 400 FPU/L/h. Hydrolysis and fermentation yields are set at 95% of the 

theoretical value for both CBP and SSCF. Lost yields in cellulose production are related with production, isolation 

and purification techniques.  The SSCF reaction time is 7 days. Savings in the SSCF reactor accompanying reaction 

times less than 7 days are completely offset by the increased enzyme costs associated with higher cellulase 

loadings required to achieve shorter reaction times. The CBP reaction time is set at 1.5 days, consistent with the 

expectation of higher hydrolysis rates. If the reaction time were increased to 3 days, the cost of CBP increases from 

4.4 ¢/gallon (cents per gallon) to 5.5 ¢/gal. (Source: [5]) 

2.5. CLOSTRIDIA BACTERIA 

Clostridia are anaerobic, gram-positive, rod-shaped, endospore-forming bacteria. They do not grow 

under aerobic conditions, and most vegetative cells are killed by O2 exposure. They are largely 

saprotrophic organisms and live in virtually all anaerobic habitats containing organic matter, including 

soils, aquatic sediments and anaerobic tissues. As such, they have developed an exceptionally broad 

capability to ferment organic compounds, including many simple and complex carbohydrates. As soil 

organisms, clostridia have also developed useful catabolic capabilities in degrading toxic organic 

molecules [27]. 

Clostridia have a long history of being employed in several biotechnological processes, for instance, C. 

acetobutylicum in the conversion of renewable biomass for acetone/butanol production [31]. The 

production of organic acids, alcohols and other neutral solvents by the degradation of a wide range of 

polysaccharides by many species of clostridia has already been reported [31]. However, saccharolytic 

mesophilic species, like C. acetobutylicum, that are able to form butyrate, are the only species that are 

capable of producing butanol along with different amounts of acetone, isopropanol and ethanol. In 

addition to C. acetobutylicum, other clostridia that are known to produce butanol as a major fermentation 

product are C. aurantibutylicum, C. beijerinckii and C. tetanomorphum [31].   
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Cellulolytic clostridia are able to degrade cellulolytic substrates via an exocellular complex named 

cellulosome, converting cellulose in a variety of metabolites. Among the cellulolytic bacteria, C. 

thermocellum and C. cellulolyticum are the most studied.  

2.5.1. CELLULOSOME 

For microorganisms to hydrolyze and metabolize insoluble cellulose, extracellular cellulases must be 

produced that are either free or cell associated [18]. The cellulosome, which was first described within 

C. thermocellum, is a multi-component cellulolytic exocellular complex of proteins that mediates 

cellulose binding and degradation [2, 32]. This structure hydrolyzes the biopolymer to its building block 

(cellobiose and cellodextrins in case of cellulose). On the cell surface, they appear as polycellulosomal 

aggregates promoting the adherence of the bacterium to the cellulose fiber. Cellulosomes are able to 

hydrolyze both amorphous, and highly ordered crystalline cellulose. This degradation is achieved by the 

action of enzymes, that include endo-1,4-β-glucanases and exo-1,4-β-glucanases (cellobiohydrolases) 

[2].  

Endoglucanases are able to hydrolyze amorphous cellulose, carboxymethylcellulose (CMC), and 

phosphoric acid-swollen cellulose, producing soluble oligosaccharides that are subsequently degraded 

into cellobiose and glucose through the action of β-glucosidase [2].  

 

Figure 4- Representation of the cellulosome of Clostridium Thermocellum ATCC 27405. The scaffoldin protein, 

CipA, is linked to the cell wall by an anchoring protein. Cohesion domains, C, located on the scaffoldin protein 

mediate attachment to dockerin domains, D, of various enzymatic components. Binding to cellulose is accomplished 

by cellulose binding motifs (CBM) associated with both the scaffoldin protein and some enzymatic components 

(source: [2]) 

A major component of the cellulosome is a large non-enzymatic polypeptide that binds and supports the 

enzymatic subunits of the cellulosome to the cell. The complex attaches to lignocellulosic substrates via 

carbohydrate-binding modules or polypeptide regions on each enzyme with an affinity for 
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polysaccharides. The saccharolytic enzymes are anchored to scaffolding proteins, the scaffoldins 

(CipA), by the dockerin domains on each enzyme This protein, named scaffoldin or CipA, has no 

catalytic activity and is modularly organized with several distinct cohesion domains and cellulose binding 

motifs [2, 20]. Some cohesion domains enable specific binding to the dockerin domains of the various 

enzymatic components of the cellulosome. Other cohesion domains mediate cell attachment via cell-

surface attached dockerin domains. Cellulose attachment can be mediated by cellulose binding motifs 

present on the scaffoldin protein or from motifs present on the various enzymatic components (Figure 

4) [2] . 

2.5.2. MECHANISMS OF CELLULOSE DEGRADATION 

The specific and direct attachment to the substrate permits efficient competition with other non-

cellulosome utilizing cellulose degrading bacteria. The close proximity of the cellulose to the cell aids in 

minimizing the diffusion of soluble cello-oligosaccharides into the extracellular environment, insuring an 

efficient uptake into the cell [2]. 

The action of endo-1,4-β-glucanases produce novel non-reducing ends for enzymatic attack by 

cellobiohydrolases yielding cellobiose residues. The subsequent hydrolytic action of β-glucosidase or 

phosphorolytic activity of cellobiose phosphorylase then converts cellobiose into glucose exclusively or 

both glucose and glucose-1-P residues respectively [2].  

Cellulosomes are typically more complete in their hydrolysis of polyssacharides than free enzymes 

because enzymes contained within cellulosomes are synergistic. As the endoglucanases create new 

termini, the exoglucanases have more substrate to cleave. In contrast to free enzymes, cellulosomes 

fixed to cells concentrate hydrolysis products near the cell, which is favorable for fermentation of the 

resulting sugars [20]. 

2.5.3. METABOLISM OF CELLULOLYTIC CLOSTRIDIA 

The metabolism of cellulolytic clostridia has best been studied within Clostridium cellulolyticum. C. 

cellulolyticum is a mesophilic, cellulolytic bacterium that was originally isolated from decaying grass. 

This bacterium degrades cellulose via a cellulosome, producing glucose and cellodextrins. The uptake 

of these sugars is a highly efficient process that utilizes an ATP-binding Cassete transport system. 

Following uptake, sugars are processed within the cytosol by β-glucosidase or cellobiose phosphorylase 

and cellodextrin phosphorylase proteins, producing glucose-6-phosphate (G6P) residues ready to enter 

into the glycolytic pathway [2]. 

Clostridia generate their ATP through the phosphorylation of the carbon substrate and the final electron 

acceptors are organic molecules. During glycolysis, NADH is generated during the conversion of 

glyceraldehyde-3-phosphate to 1,3-diphosphoglycerate and afterwards, a second oxidation occurs 

when pyruvate is converted to acetyl-CoA by pyruvate-ferredoxin oxidoreductase (POR). NADH 

generated during the Emdben-Meyerhorf-Parnas (EMP) pathway can be oxidized by NADH ferredoxin 
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reductase to generate fresh reducing equivalents for the catabolic process. In conditions of high carbon 

flux, pyruvate overflow necessitates the oxidation of reducing equivalents through the generation of less-

reduced metabolites such as ethanol and lactate (Figure 5) [2].  

Regarding the limiting step in the glycolytic pathway, a study carried by Guedon et al. [33], demonstrated 

that metabolite yield in C. cellulolyticum strongly depends on the initial cellulose concentration and that 

early growth arrest was linked to pyruvate overflow, and so, pyruvate consumption via POR was the 

limiting step in glycolysis. 

 

Figure 5- The catabolic pathway of cellobiose in C. cellulolyticum.1: pyruvate-ferredoxin oxidoreductase; 2: 

hydrogenase; 3:NADH-ferredoxin oxidoreductase; 4: lactate dehydrogenase; 5: acetaldehyde dehydrogenase; 6: 

alcohol dehydrogenase; 7: phosphotransacetylase; 8: acetate kinase. (source: [2]) 
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2.5.4. METABOLISM OF SOLVENTOGENIC CLOSTRIDIA 

Acids and solvents can be produced by solventogenic clostridia, using sugars such as hexoses and 

pentoses. Hexoses are metabolized by glycolysis and EMP and pentoses from a glycolysis-independent 

pathway, the phosphoketolase pathway (PKP). This pathway has been extensively studied in C. 

acetobutylicum. The PKP involves cleavage of xylulose-5-phosphate (Xu5P) into glyceraldehyde-3-

phosphate (GAP) and acetyl-phosphate (Ac-P) and, to a lesser extent, cleavage of fructose-6-

phosphate (F6P) into erythrose-4-phosphate (E4P) and Ac-P. The metabolite Ac-P is a direct precursor 

to either acetate or acetyl coenzyme A (acetyl-CoA), which are both involved in clostridial production of 

acids and solvents (Figure 6) [34].  

Solventogenic clostridia possess two distinct characteristic phases in energy acquiring pathway, 

specifically acidogenesis and solventogenesis. Typically, during acidogenesis, cell growth is exponential 

and products are acetic acid and butyric acid with ATP formation. Accumulation of these organic acids 

results in a decrease in the pH of the broth. During solventogenesis, cell growth enters the stationary 

phase and the above organic acids are reutilized and acetone, butanol and ethanol are produced. This 

reutilization of organic acids results in a pH increase of the broth [35]. 

Previous studies have shown however that in some species of clostridia, the uptake of pentoses is 

inhibited through a carbon catabolite repression (CCR) mechanism, and thus, they metabolize hexose 

sugars preferentially over pentose sugars [27, 34].  



14 

 

   

Figure 6- Schematic of the central carbon metabolism of C. acetobutylicum showing the point of entry of the different 

sugars and the major catabolic pathways in black, including glycolysis, the pentose phosphate pathway and the 

phosphoketolase pathway, with the anabolic pathways toward biomass production shown in blue. Glucose-6-

phosphate, G6P; fructose-6-phosphate, F6P; fructose-1,6-bisphosphate, FBP; dihydroxyacetone-phosphate, 

DHAP; glyceraldehyde-3-phosphate, GAP; xylulose-5-phosphate, Xu5P; ribose-5-phosphate, R5P; sedoheptulose-

7-phosphate, S7P; erythrose-4-phosphate, E4P; acetyl-P, Ac-P; IMP; UMP; 1,3-bisphosphoglycerate, 1,3-BisPG; 

3-phosphoglycerate, 3-PG; 2-phosphoglycerate, 2-PG; phosphoenolpyruvate, PEP; pyruvate, Pyr; acetyl-CoA, Ac-

CoA; acetoacetyl-CoA, AcetoAc-CoA; butyryl-CoA, Butyr-CoA; and amino acids are shown as their 3-letter codes. 

(Adapted from: [34]). 
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2.6. LIGNOCELLULOSIC ENZYMES  

Despite the naturally evolved recalcitrance of lignin, some microbes have discovered enzymatic 

approaches to its depolymerization. Lignin peroxidase (LiP) was the first ligninolytic enzyme to be 

isolated from the fungi Phanerochaete chrysosporium, a white rot basidiomycete that produces the 

enzyme under nitrogen limitation and was found to contain a heme cofactor that is competent to oxidize 

unusually high potential sites, such as aromatic rings [36-38]. In addition to LiP, fungi also utilize other 

secreted metalloenzymes to break down lignin, including the heme-containing manganese peroxidase 

(MnP) and versatile peroxidases (VP) as well as multicopper-dependent laccases. Taken together, the 

current model for microbial lignin degradation invokes the oxidative combustion of lignin mediated by a 

broad range of small molecule oxidants produced by these metalloenzymes, such as the vetratryl 

alcohol cation radical and various Mn(III) coordination complexes (Figure 7 a) [8]. 

 

Figure 7- Microbial degradation of lignin. (a) Various small molecules generated directly from LiP, MnP and 

laccases, as well as secondary oxidants produced by radical cascades. Oxidizing species are represented in red. 

(b) the current model for lignin degradation involves enzymatic generation of the radical mediator, which can then 

diffuse to the lignin substrate and transfer the oxidizing equivalent to the polymer. Upon formation of a lignin-based 

radical, bond scission reaction will ensue that lead to depolymerization. (c) Proposed reactions of model dimers 

leading to formation of observed products in fungal ligniases. (Source: [8]) 

These diffusible mediators, rather than the enzymes themselves, are thought to react directly with lignin 

to generate radical sites within the substrate and initiate a cascade of bond scission reactions that he 

ultimately leads to its decomposition to smaller aromatic compounds, CO2, and water (Figure 7 b, c) 

[8]. 

Although the study of lignocellulosic enzymes has been focused mainly on fungi, lignocellulose 

degrading bacteria are beginning to receive more attention, since large-scale cultivation and genetic 

manipulation are more easily achieved in prokaryotes, and the actinomycetes are no exception, since 
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their growth as branching hyphae is well adapted to the penetration and degradation of insoluble 

substrates such as lignocellulose [39].  

Numerous species of actinomycetes have already been identified as producers of lignocellulose-

degrading enzymes, like Streptomyces viridosporus T7A and Streptomyces coelicolor that produce 

several extracellular peroxidases as LiP and MnP [40]. 

There are also reports of bacterial laccases, which are copper containing enzymes that utilize oxygen 

to oxidize a range of phenolic compounds [40]. The lignin depolymerisation products formed using LiP 

are phenolic compounds which are prone to re-polymerise, but MnP or laccases can convert the 

phenolic products to form quinones and finally reduction of the quinones to the corresponding 

hydroquinones (aromatic organic compounds) [41].  

This shows that, although currently there is little evidence that actinobacteria can depolymerize lignin 

on a scale comparable to fungi, there is still a significant potential for the discovery of novel 

actinomycetes with greater lignin-degrading potential and different active parameters [40]. 

2.7. FINAL PRODUCTS 

2.7.1. ETHANOL 

Ethanol has a variety of favorable qualities as an alternative fuel to gasoline. Combustion of ethanol in 

a conventional gasoline engine results in lower emissions of harmful air pollutants including fine 

particulates, ozone-forming carbon monoxide, and benzene, but volatile organic compound emissions 

are increased by ethanol combustion [20]. Despite its lower energy content than gasoline, ethanol high 

octane rate reduces engine knock, improving engine performance, enabling combustion engines to run 

at higher compression ratios, even in dilute ethanol-gasoline blends [2, 20]. Ethanol also exhibits higher 

vapor pressure and heat of vaporization than gasoline, therefore, is more stable than gasoline and 

increased power outputs are observed [2]. 

There are already several studies regarding the production of ethanol by bacteria with CBP capabilities.  

Yee et al. achieved a maximum ethanol yield of 0.33 g/L using C. thermocellum and hot water-extracted 

biomass [1, 42]. Kumagi et al. combined steam treatment with wet disk milling of two types of biomass, 

Hinoki cypress and Eucalyptus, and after CBP fermentation with C. thermocellum achieved a maximum 

ethanol production of 79 mg/g-celullose from Hinoki cypress and 73 mg/g-celullose Eucalyptus [25]. 

With C. phytofermentans, Jin et al. were able to produce 2.8 g/L of ethanol from AFEX-treated corn 

stover. The strain was also able to hydrolyze 76% and 89% of glucan and xylan, respectively in 10 days 

[43]. In another study from the same authors, the AFEX-treated corn stover was used as sole carbon 

source, and glucan and xylan conversions of 49% and 78% were obtained, respectively, as well as an 

ethanol concentration of 7.0 g/L after 240h [43]. 

https://en.wikipedia.org/wiki/Aromatic
https://en.wikipedia.org/wiki/Organic_compound


17 

 

2.7.2. BUTANOL 

Butanol is a good candidate as a biofuel for its interesting features: lower vapour pressure, being safer 

during transport and use in car engines, blending with either gasoline or diesel at any fraction, energy 

content close to that of gasoline, and it can be fed to current configuration of engines without any 

retrofitting [1, 44]. It is produced by solventogenic Clostridia and, compared with ethanol, biobutanol 

energy content is closer to that of gasoline, and it can be used in higher blend concentrations than 

ethanol without requiring specially adapted vehicles [45]. 

Table 1- List of microorganisms and CBP strategies used for butanol production from lignocellulosic biomass. The 

butanol concentration yield is also represented. (Adapted from: [1]) 

Biomass Microorganisms CBP strategy Pretreatment 
Butanol 

concentration/yield 

Operation 

conditions 
Reference 

Xylan and 

Xylose 
Clostridium strain BOH3 Single native strain, batch --- 16 g/L 

Shake flask, 30 mL 

working volume 
[46] 

Cellulose 

C. Thermocellum and C. 

saccharoperbutylacetoni

cum 

Co-culture, batch --- 7,9 g/L 
Test tubes, 6 mL 

working volume  
[47] 

Cellulose 
C. acetobutylicum and 

C. cellulolyticum 

Batch Co-culture 

fermentation 
--- 350 mg/L 

5L bioreactor, 2L 

working volume, 

batch 

[48] 

Birch wood 

xylan 

Clostridium strain BOH3 

and Kluyvera strain OM3 

Batch Co-culture, with first 

inoculation of Kluyvera 

strain OM3 and after 72h, 

inoculation of Clostridium 

strain BOH3 

--- 1,2 g/L 
Shake flask, 50 mL 

working volume 
[49] 

Corn cobs 

C. cellulovorans strain 

743B and C. beijerinckii 

strain NCIMB 8052 

Fed-batch Co-culture in a 

two-stage pH control 
Alkali 8,30 g/L 

500 mL shake flasks, 

400 mL working 

volume, fed-batch 

[50] 

Cassava 

starch 
C. acetobutylicum 

Batch fermentation of 

Mutant strain 
--- 15,8 ± 0,8 g/L 

15 L bioreactor, 9L 

working volume, 

batch 

[51] 

Cassava 

starch 

C. beijerinckii and C. 

tyrobutyricum 

Continuous Co-culture in 

fibrous bed reactor 
--- 

6,66 g/L (yield: 0,18 

g/g) 

5L bioreactor 

connected to 500-mL 

fibrous-bed 

bioreactor (FBB), 2 L 

working volume, 

Continuous 

[52] 

Cellulose C. cellulolyticum 

Recombinant technology: 

expressing enzymes that 

direct the conversion of 

pyruvate to isobutanol 

--- 660 mg/L 
Shake flask, 50 mL 

working volume 
[30] 

Cellulose and 

lichenan 

C. beijerinckii NCIMB 

8052 

Recombinant technology: 

transfering genes encoding 

glycoside hydrolases (celA 

and celD) 

--- 4,9 g solventes/L Shake flask [53] 
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Biomass Microorganisms CBP strategy Pretreatment 
Butanol 

concentration/yield 

Operation 

conditions 
Reference 

Cellobiose 
C. 

thermosaccharolyticum 

Recombinant technology: 

overexpression of bcs 

operon 

--- 5,1 mM Shake flask,  [54] 

Switch grass E. coli 

Recombinant technology: 

expression of hydrolase and 

butanol pathway genes 

Ionic liquid-

pretreatment 
28 mg/L 

Shake flask, 5 mL 

working volume 
[55] 

Corn stover C. cellulolyticum 

Metabolic engineering: 

sporulation abolishment and 

carbon overload alleviation 

--- 0,42 g/L 
Shake flask, 100 mL 

working volume 
[56] 

Corn stover T. reesei and E. coli 
Batch Co-culture 

fermentation 
AFEX 

1,88 g/L and 62% 

theoretical 

Bioreactor, 3L 

working volume, 

Batch 

[57] 

Cellulose 
Klebsiella oxytoca 

mutant , ME-UD-3 

Batch Mutant strain 

fermentation 
--- 

7,8% more 2,3-

butanediol than wild 

type 

3L bioreactor, 2L 

working volume, 

Batch 

[58] 

In Table 1, is represented a list of the microorganisms and CBP strategies used for butanol production 

from lignocellulosic biomass, as well as the butanol concentration yield. 

2.7.3. ACIDS AND SOLVENTS 

Besides ethanol, clostridia bacteria can also produce a variety of other products such as hydrogen, 

acetate, butyrate, glycerol and more recently even antibiotics. Hydrogen can be employed as a biofuel, 

since it has a high energy content and combination of hydrogen with fuel cells confers energy saving 

because of the inherent high conversion efficiency [59].  

Glycerol, acetate and butyrate are high value products that can be sold in order to have a more 

sustainable process. These can be used as precursors in several chemical synthesis processes. 

Abubackar et al. were able to produce acetic acid with a concentration of 2.1 g/L using Clostridium 

autoethanogenum in a bioreactor with continuous carbon monoxide supply and 1g/L of yeast extract, at 

a pH of 5.75 [60]. In another study, Rabemanolontsoa et al. produced acetic acid with a carbon efficiency 

of 85%, having achieved concentrations of 0.90 g/L after 72h, by co-fermentation of C. thermoaceticum 

and C. thermocellum on Japanese cedar after hot-compressed water treatment [61]. 

For the production of butyric acid, a study indicates the production of the acid by C. tyrobutyricum  with 

a concentration of 37.2 ± 0.8 g/L, a productivity of 0.86 ± 0.02 g/(Lh) and a yield of 0.39 ± 0.02 g/g using 

liquefied sweet sorghum and  butyrate concentration of 58.8 g/L, a productivity of 1.9 g/L h, and yield of 

0.52 g/g using fed-batch cultivation and a constant feed of 64% sorghum hydrolysate juice and 36% 

beet molasses [62].  
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Co-culturing the strain Bacillus sp. SGP1 with C. tyrobutyricum, using sucrose, Dwidar et al. obtained 

a final butyrate concentration of 34.2±1.8 g/L with yields of 0.35±0.03 g butyrate/g sucrose and maximum 

productivity of 0.3±0.04 g/L/h [63]. 

Recently, closthiomide was the first antibiotic ever identified as a product of clostridia metabolism, being 

a secondary metabolite resulting from the metabolism of C. cellulolyticum [27, 64]. 
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3. AIM OF STUDIES 

The aim of this thesis is to study the behavior of a Clostridium consortium, previous isolated from 

manure, in the presence of cellulosic substrates, and to create a new CBP process for the utilization of 

lignocellulosic biomass, with wheat straw as model substrate. In this sense, the work is divided in two 

main parts. 

The first one consists on the study of the growth of the consortium in bioreactors with filter paper, and 

the analysis of the products resulting from the metabolism.  The impact of pH control in the clostridia 

fermentation was assessed. Once it was established that the consortium was able to grow on cellulose, 

we proceeded to studies with pretreated wheat straw. 

In order to develop a 2 stage process, the lignolytic activities of two actinomycetes, Nonomuraea 

gerenzanensis and Streptomyces coelicolor A3 (2) were studied in three different media, and upon 

confirmation of the production of these enzymes, the fermentation broths were used as dilution water in 

clostridia fermentation of wheat straw. This experiment intended to comprehend if the lignolytic enzymes 

produced could enhance straw degradation and lead to a better utilization of the cellulosic and 

hemicellulosic fractions of the biomass. 
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4. MATERIAL AND METHODS 

4.1. MICROORGANISMS 

For the present experimental work, several microorganisms were used. A Clostridium strain consortium 

isolated from manure and able to degrade cellulosic substrates was preserved in glycerol and stored at 

−80 ℃ in 2 mL vials. Phanerochaete chrysosporium CCM 8074 (Czech Culture Collection of 

Microorganism, Masarykova Universita, Brno, Czech Republic), a white-rot fungi, was cultured in Malt 

extract agar petri dishes at 30℃. Finally, Nonomuraea gerenzanensis ATCC 39727 and Streptomyces 

coelicolor A3 (2) (provided by Prof. M. Bibb, John Innes Centre, UK) working cells bank (WCB) were 

stored in 1.5 mL cryo-vials at −80°C. 

4.2. MATERIALS 

4.2.1. MEDIA 

4.2.1.1. TYA medium composition  

TYA media (1L) for Clostridium consortium growth was made by adding the following reagents to distilled 

water. 

 Yeast extract (Merck, Germany), 2g 

 Tryptone (Fluka analytical, Spain), 6g 

 KH2PO4 (lach: ner, Czech Republic), 0.5g 

 Ammonium acetate (lach: ner, Czech Republic) 3g 

 MgSO4.7H2O (lach: ner, Czech Republic), 0.3g 

 FeSO4.7H2O (lach: ner, Czech Republic), 0.01g 

The pH (WTW pH330 pH meter, Germany) was set to 6.8 using a 1M NaOH solution. The medium was 

then sterilized by autoclave (Tuttnauer 3870 ELV, Tuttnauer Company, USA) at 121 ℃ for 20 minutes. 

4.2.1.2. P2 medium composition  

P2 medium for Clostridium consortium growth is composed by four solutions. Each solution is prepared 

by adding the volume indicated of distilled water to the reagents as described in Table 2. 
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Table 2- Composition of the four solutions that comprised P2 medium 

Solution 1 Solution 2 Solution 3 Solution 4 

Yeast extract 

1g 

K2HPO4 (Penta, 

Czech Republic), 

0.5g 

MgSO4.7H2O, 2 g 

P-aminobenzoic acid 

(Sigma-Aldrich, USA), 

100 mg 

___ KH2PO4, 0.5 g 

MnSO4 · H2O 

(lach:ner, Czech 

Republic),0.1g 

Thiamine (Sigma-

Aldrich, USA), 100 mg 

___ 
CH3COONH4, 2.2 

g 

NaCl (lach: ner, 

Czech Republic), 

0.1g 

Biotin (Sigma-Aldrich, 

USA), 1 mg 

___ ___ 
FeSO4 · 7H2O, 0.1 

g 
___ 

790 mL distilled 

water 

100 mL distilled 

water 

10 mL distilled 

water 
1 mL distilled water 

Solutions 1 and 2 are sterilized in the autoclave at 121 ℃ for 20 minutes, whereas solutions 3 and 4 are 

sterilized by microfiltration through a filter of pore size 0.2 microns. The solutions are then mixed with 

each other, in the volumetric proportions indicated, in a laminar flow box. 

4.2.1.3. MV, MM-L and Wheat Straw media composition  

For the growth of P. chrysosporium, Nonomuraea gerenzanensis and S.coelicolor, the following media 

were constructed (Table 3), by mixing the reagents in 1 L of distilled water. Moreover, to MV medium, 

0.8 g/L of lignin plus 2 mM of CuSO4 were added, as well as 6 g/L of Yeast extract and 2 mM of CuSO4 

to MM-L medium.  

The media were then sterilized by autoclave at 121 ℃ for 20 minutes, and the pH was set at 7.2 using 

1M of NaOH or 1M of H2SO4 solutions. 
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Table 3-Composition of the MV, MM-L and Wheat straw media (1L) 

MV medium composition  MM-L medium composition  
Wheat straw medium 

composition  

Soluble starch (Chemapol 
Lachema, Czech Republic), 

24g 

Lignin (Sigma-Aldrich, USA), 
0.8g 

(NH4)2SO4, 1.4g 

Glucose (lach: ner, Czech 
Republic), 1g 

K2HPO4, 1.6g KH2PO4, 2g 

Meat extract (Merck, 
Germany), 3g 

KH2PO4, 0.5g 
Urea (Sigma-Aldrich, USA), 

0.3g 

Yeast extract, 5g MgSO4.7H2O, 0.58g 
CaCl2 (lach: ner, Czech 

Republic), 0.3g 

Triptone, 5g NaCl, 0.25g MgSO4.7H2O, 0.6g 

 
CaCl2 (lach: ner, Czech 

Republic), 0.013g 

ZnSO4.7H2O (Chemapol 
Lachema, Czech Republic), 

0.0014g 

 
(NH4)2SO4 (Penta, Czech 

Republic), 1.25g 
FeSO4.7H2O, 0.009g 

 
NH4NO3 (Chemapol 

Lachema, Czech Republic), 
1g 

MnSO4 (Chemapol Lachema, 
Czech Republic), 1.4g 

 FeCl3, 0.0025g 
Peptone (Roth, Germany), 

0.75g 

 
CuCl2 (Chemapol Lachema, 
Czech Republic), 0.0025g 

Pretreated wheat straw, 10g 

 
MnCl2 (Chemapol Lachema, 
Czech Republic), 0.0025g 

 

4.2.1.4. Other chemicals 

Throughout the entire experimental work, several other reagents were used and are indicated in Table 

4. 

Table 4-List of other chemicals used during the course of the experimental work. 

Other chemicals used during the experimental work 

CMC, Sigma-Aldrich, USA Xylose, Roth, Germany 
Sulfuric acid, lach: ner, 

Czech Republic 

Glycerol, Penta, Czech 

Republic 

Mannitol, lach: ner, Czech 

Republic 

NaOH, Penta, Czech 

Republic 

Cellobiose, Sigma-Aldrich, 

USA 
Maltose, Roth, Germany 

Bacteriological Agar, 

Roth, Germany 

Acetic acid, Penta, Czech 

Republic 

Galactose, Sigma-Aldrich, 

USA 

Malt extract agar, Fluka 

analytical, Spain 
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Other chemicals used during the experimental work 

Butyric acid, Sigma-

Aldrich, Germany 

Fructose, lach: ner, Czech 

Republic 

Reinforced Clostridial 

Agar, Merck, Germany 

Lactic acid, Fluka 

analytical, Spain 

Formic acid, Penta, Czech 

Republic 

Hydrogen Peroxide, 

Penta, Czech Republic 

Butanol, Penta, Czech 

Republic 

Isopropanol, Sigma-

Aldrich, USA 

Sodium Acetate, Penta, 

Czech Republic 

Sucrose, Penta, Czech 

Republic 

Ethanol, Penta, Czech 

Republic 

Sodium Citrate, lach: ner, 

Czech Republic 

4.3. METHODS 

4.3.1. GROWTH CONDITIONS FOR CLOSTRIDIA CONSORTIUM IN VARIOUS 

CARBON SOURCES 

As pre-inoculum, the microbial consortium was first inoculated in test tubes with filter paper and P2 

media at 37 ℃ for 4 days. Afterwards, 15 µl of inoculum were transferred in a laminar flow box (Hotte 

MSC.9 STD Gaz, Jouan, France) to sterile 50 mL TYA medium in 100 mL Erlenmeyers flasks. Different 

carbon sources were tested, namely: CMC, sucrose, glucose, glycerol, cellobiose, mannitol, maltose, 

xylose, fructose and galactose at a concentration of 5 g/L. After ten days in the anaerobic chamber 

(Concept 400, Ruskinn, UK, stuffed with the mixture HYDROSTAR (blend consists of 95% N2 and 5% 

H2, Siad Czech Republic) and N2 in the airlock (Siad Czech Republic)), at 37 ℃, cell growth was 

observed. The samples were subsequently analyzed by HPLC (Agilent 1200 Series, Agilent 

Technologies, USA).  

The same inoculum was also transferred in aseptic conditions to four 100 mL Erlenmeyer with 50 mL of 

TYA medium supplemented with 20 g/L of glycerol, 40 g/L of glycerol, 20 g/L of CMC and 40 g/L of 

glucose, and to a 500 mL Erlenmeyer containing 200 mL of TYA medium and 6 g/L of filter paper. All 

cultures were maintained at 37 ℃ for 11 days in an anaerobic chamber. The samples were subsequently 

analyzed by HPLC. 

Growth of clostridia was also tested in 200 mL P2 medium supplemented with 20 g/L of CMC, 20 g/L 

glucose, 20 g/L cellobiose and 20 g/L glycerol and inoculated with 15 µL of inoculum using 500 mL 

Erlenmeyers. The cultures were incubated in the anaerobic chamber at 37 ℃ for 6 days. The results 

were analyzed by HPLC. 
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4.3.2. BIOREACTOR BATCH FERMENTATIONS 

The bioreactors (3.6 L Labfors bioreactor, Infors, Schwitzerland) were filled with 2000 mL TYA medium 

without glucose and grinded standard filter paper (P-LAB, Czech Republic) with a concentration of 10 

g/L. The closed bioreactor was then inserted into the autoclave and sterilized at 121 °C for 20 min. After 

cooling, the sterile probes were inserted into the bioreactor (pH meter, thermometer), the stirring was 

set at 200 rpm and the temperature at 37 °C. Finally, 200 mL of inoculum that grew in TYA medium and 

filter paper for 14 days were added and the bioreactor was sparged with N2 to guarantee anaerobiosis. 

This approach was used in both bioreactors. The only difference was that bioreactor 2 had pH control 

whereas bioreactor 1 did not. The pH was set at 6.5, and the control was carried out using a 20% 

sterilized solution of sodium hydroxide. 

Samples were collected during 48 days, and analyzed by HPLC. Products yields were calculated as 

maximum concentration of product obtained divided by the total substrate added. In the case of acetic 

acid, the initial concentration in the medium was subtracted to the maximum value obtained. 

4.3.3. GROWTH OF CLOSTRIDIA CONSORTIUM IN PRETREATED WHEAT STRAW  

4.3.3.1. Pretreatment and characterization of the biomass 

The optimized process of pretreatment of cellulosic biomass was described elsewhere [65] and 

performed by laboratory personnel. The wheat straw was milled (Retch-GRINDOMIX, Germany) to size 

of particles up to 2 mm in diameter and 100 g of milled straw was mixed up with 18 g NaOH, 6 g Ca(OH)2, 

filled up to 1 L with water and subjected to heating and mixing at 80 °C, for 40 min. Afterwards, it was 

cooled down, filtered, to separate the solid and liquid phases, washed with deionized water (Millipore, 

Merck, USA) and finally neutralized by several washings with hot water and with 1% sulfuric acid 

solution. The pH was measured continuously using a pH meter and at a pH of 7 the neutralization was 

terminated. The neutralized solution was subsequently filtered (Sartorius Stedim Biotech, Germany) and 

the solid component was placed in the oven (Memmert, Germany). Drying was carried out for 48 hours 

at 105 °C. The dried material was then milled once more in a cutting mill. Grinding took place during 

seven seconds at 5000 rpm. 

The composition of the pretreated biomass was determined, according to the procedure described in 

[66] and the contents percentage is indicated in Table 5. 
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Table 5-Percentage, in dry matter, of the pretreated biomass. 

Composition 

analysis 
% in dry matter 

Cellulose 55.0 

Xylose 4.5 

Arabinose 0.8 

Lignin 16.0 

Ash 0.8 

 4.3.3.2. Culture preparation 

200 mL of P2 medium with 4 g of pretreated wheat straw were inoculated in a 500 mL Erlenmeyer with 

250 µL of inoculum from bioreactor 2. The growth was studied for a period of 15 days, in which samples 

were taken daily. The results were analyzed in HPLC. 

 The same inoculum was also transferred to 200 mL of water with 8 g/L of pretreated straw and 200 mL 

of TYA media with 8 g/L of pretreated straw. After 21 days of fermentation, the results were analyzed 

by HPLC. 

Products yields were calculated as maximum concentration of product obtained divided by the total 

amount of cellulose and xylose and arabinose present in the wheat straw (Table 5). In the case of acetic 

acid, the amount of acetate present in the P2 medium was subtracted to the maximum value obtained. 

4.3.4. GROWTH CONDITIONS OF PHANEROCHAETE CHRYSOSPORIUM CCM 
8074 

A culture of Phanerochaete chrysosporium CCM 8074 was first re-inoculated in petri dishes with Malt 

extract agar. The inoculation was performed by transferring the spores into new agar petri dish using a 

sterile loop. The culture was grown at 28 °C until the appearance of a white coat. Then, the petri dishes 

with grown culture were washed with 1 mL of physiologic solution (0.9 % Sodium Chloride), previously 

autoclaved, and transfered into 500 mL Erlenmayer flasks with 100 mL of different liquid basal media, 

(Table 3), with a pH of 6.0. Addition of 6 g/L yeast extract, 2 mM CuSO4 and 0.8 g/L Lignin took place. 

Flasks cultures were incubated on a rotary shaker at 200 rpm at 28 °C. Every 48 hours, 2 mL of cultures 

were collected and centrifuged (Hettich centrifuge Zentrifugen MICRO 220R, Germany) at 4000 rpm at 

4 °C for 10 min to separate the pellet from the extracellular fraction. 

4.3.5. GROWTH CONDITIONS OF NONOMURAEA GERENZANENSIS AND 
STREPTOMYCES COELICOLOR A3 (2) 

Nonomuraea gerenzanensis ATCC 39727 and Streptomyces coelicolor A3 (2) working cell bank (WCB) 

were prepared as previously described in [67] and stored at -80 °C in criotubes. Pre-inoculum cultures 

were set up transferring one criotube (0.75 mL)  into 15 mL of MV (24 g/L soluble starch, 1 g/L glucose, 
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3 g/L meat extract, 5 g/L yeast extract, 5 g/L triptone, pH 7.2) in 100 mL Erlenmeyer flasks. The cultures 

were grown at 28 °C at 200 rpm for 72 hours. Then, 3.6 mL of these cultures were transferred into 500 

mL baffled Erlenmeyer flasks containing 100 mL of three different liquid basal media (Table 3) with pH 

7.2, at which the following components were added: 6 g/L yeast extract and 2 mM CuSO4 to MM-L 

media and 0.8 g/L of lignin plus 2 mM of CuSO4 to MV media. 

4.3.6. ENZYMATIC ASSAY  

The enzymatic assay followed the procedure described in [68]. 

Laccase and MnP activities were assayed by monitoring for five minutes the oxidation of 2,2’–azino–

bis–[3– ethyl benzothiazoline–6–sulphonic acid] (ABTS) at 420 nm (Spectrophotometer Cary® 50 UV-

Vis, Agilent Technologies, USA). All substrates were purchased from Sigma-Aldrich. 

 Laccase activity was measured at 25 °C and reaction mixtures (1.1 mL) contained 500 μL of 100 mM 

sodium acetate (45 mM final concentration, pH 5.0), 50 μL of 10 mM ABTS (0.45 mM final 

concentration), 450 μL distilled water and 100 μL of sample. Calculation of enzyme activity used an 

extinction coefficient of 36,000 M-1 cm-1. One unit is defined as the amount of enzyme that oxidizes 1 

μmol of ABTS per minute at pH 5 at 25 °C. This assay was validated by commercial laccase from 

Trametes versicolor (Sigma-Aldrich, USA).  

MnP activity was measured at 25 °C and reaction mixtures (1 mL) contained 800 μL of 50 mM sodium 

citrate buffer (40 mM, pH 4.5) with 0.2 mM MnCl2 (0.16 mM), 50 μL of 10 mM ABTS (0.5 mM), 50 μL of 

1 mM H2O2 (50 μM) and 100 μL of sample. Calculation of enzyme activity used an extinction coefficient 

of 36,000 M-1 cm-1. One unit is defined as the amount of enzyme that oxidizes 1 μmol of ABTS per 

minute at pH 4.5 at 25 °C. This assay was validated by commercial manganese peroxidase from 

Phanerochaete chrysosporium (Sigma-Aldrich, USA).  

LiP activity was assayed with 2,4–dichlorophenol (2,4–DCP) as the substrate. A total volume of 1.0 mL 

of reaction mixture contained 200 μL each of 0.1 M potassium phosphate buffer (20 mM final 

concentration, pH 7.0), 25 mM 2,4–DCP (diluted in ethanol, final concentration 5 mM), 16 mM 4–amino 

antipyrine (final concentration 3.2 mM) and sample. The reaction was initiated by the addition of 200 μL 

of 50 mM H2O2 (10 mM final concentration) and the reaction was monitored for 5 min at a wavelength 

of 510 nm. Calculation of enzyme activity used an extinction coefficient of 21,647 M-1 cm-1. 
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4.3.6.1. Calculation of the enzymatic activity 

To determine the enzymatic activity from the monitoring of the reactions, the following equation was 

used: 

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (
𝑈

𝑚𝐿
) =

∆𝐴𝑏𝑠×𝐷𝑓×𝑉𝑐𝑜𝑢𝑣𝑒𝑡𝑡𝑒

𝜀×𝑉𝑠𝑎𝑚𝑝𝑙𝑒×𝑑
     (4.1) 

where: ∆𝐴𝑏𝑠 is the slope obtained after constructing a tangential line to the exponential part of the        

Abs vs. Time graph, min-1; 

 𝐷𝑓 is the dilution factor of the sample; 

 𝑉𝑐𝑜𝑢𝑣𝑒𝑡𝑡𝑒 is the total volume of the reaction mixture in the couvette, mL 

 𝜀 is the extinction coefficient in M-1 cm-1 ; 

             𝑉𝑠𝑎𝑚𝑝𝑙𝑒 is the volume of the sample, mL; 

 𝑑 is the thickness of the cuvette, cm. In all the assays, the value of the thickness was 1 cm. 

4.3.7. CELLULOLYTIC ACTIVITY1 

The determination of the cellulolytic activity was adapted according to the procedure described 

elsewhere [69]. The detection of glycosidic bond cleavage by this method involves the parallel and 

identical treatment of three categories of experimental tubes (assay mixtures, blanks and glucose 

standards), prepared as detailed below. The substrate is a 50 mg filter paper strip (1.0 x 6.0 cm). The 

paper strip is placed in test tubes, prior to the addition of 1.0 mL of 0.05 M Na-citrate (pH 4.8) buffer that 

should saturate the paper strip. 

To the assay tubes was added 0.5 mL of supernatant from centrifuged samples, diluted 1:10 in citrate 

buffer; the blank corresponds to 1.5 mL of citrate buffer. For the glucose standards, a solution of 10 g/L 

of glucose was prepared and several dilutions were made. 

All the tubes were then incubated at 50 °C for exactly 60 min. At the end of the incubation period, the 

tubes were removed from the bath and the enzyme reaction was stopped by adding immediately 3.0 mL 

of Dinitrosalicylic acid (DNS) reagent and mixing. Afterwards, all the tubes were boiled for 5 minutes in 

a vigorously boiling water bath containing sufficient water to cover the portions of the tubes occupied by 

the reaction mixture. All samples, blanks, and glucose standards were boiled together. After boiling, the 

tubes were transferred to a cold ice-water bath for another 5 minutes and led to sit. 

Finally, all tubes were diluted in water (0.200 mL of color-developed reaction mixture plus 2.5 mL of 

distilled water) in a spectrophotometer cuvette and the determination of color formation was done by 

measuring the absorbance against the blank at 540 nm. 

                                                      
1 This assay was performed two times, and only on the second trial, positive results were obtained. Thus, a third 
test should have been performed to confirm the veracity of the results. 
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4.3.7.1. Calculation of cellulolytic enzyme activity 

To calculate the cellulolytic activity we report to equation (4.2) 

𝑣 (ℎ−1) =
𝐶𝑔𝑙𝑢𝑐𝑜𝑠𝑒

𝐶𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒
×

1

𝑡
         (4.2) 

where: 𝐶𝑔𝑙𝑢𝑐𝑜𝑠𝑒 is the glucose concentration released in the sample, obtained by the calibration curve 

(see attachment 9.3), g/L; 

 𝐶𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 is the initial concentration of cellulose in the sample, g/L; 

 𝑡 is the reaction time, 1h in all trials; 

 𝑣 is the rate of glucose released from the filter paper, h-1; 

The cellulose concentration in a sample: a strip of paper weighted 50 mg, which corresponds to 0.05g 

of cellulose in 1.5 mL of sample that leads to a concentration of 33.3 g/L. 

4.3.8. DETERMINATION OF PROTEIN CONCENTRATION 

To determine the protein concentration techniques such as the biuret assay and the bicinchoninic acid 

assay can be carried out. The bicinchoninic acid (BCA) assay is similar to the Lowry procedure: both 

rely on the formation of a Cu2+-protein complex under alkaline conditions, followed by reduction of the 

Cu2+ to Cu1+. The amount of reduction is proportional to the protein present.  

The reaction results in the development of an intense purple colour with an absorbance maximum at 

562 nm. Since the production of Cu+ in this assay is a function of protein concentration and incubation 

time, the protein content of unknown samples may be determined spectrophotometrically by comparison 

with known protein standards; in this case, bovine serum albumin (BSA; 0.1 – 10 g/L) diluted in distilled 

water was used.  

For this, 0.1 mL of sample were mixed with 1.9 mL of standard working solution (Table 6) and incubated 

at 37°C for 30 min. The absorbance was then measured at 562 nm. 

 

 

 

 

 

 



32 

 

Table 6-Reagents for the preparation of the standard working solution (SWR) used in the Bicinchoninic acid assay. 

BICINCHONINIC ACID REAGENTS (50 mL) 

REAGENT A REAGENT B 

Sodium bicinchoninate 

(BCA) 
0.05 g 

Cupric sulphate 

(5 x hydrated) 

0.2 g 

Sodium carbonate 1 g 

Bring to 5 ml distilled water 

Sodium tartrate 0.08 g 

NaOH 0.2 g 

Sodium bicarbonate 0.475 g 

Bring to 50 ml with distilled water 

Adjust the pH to 11.25 with 10 M NaOH 

STANDARD WORKING SOLUTION (SWR) 

Mix 100 volumes reagent A with 2 volumes reagent B. The working solution is stable for 1 week and 

should be green. 

4.3.9. USE OF ACTINOMYCETES FERMENTATION BROTHS AS “DILUTION 
WATER” FOR THE FERMENTATION OF CELLULOSE DEGRADING ISOLATE 

The fermentation broths were obtained by Nonomuraea gerenzanensis and Streptomyces coelicolor A3 

(2) cultivations grown in the three media listed in Table 3. The cultures were collected and centrifuged 

at 4000 rpm for 10 min at 4 °C to separate the biomass from the extracellular fractions. Extracellular 

fractions were added to P2 medium (Table 2) supplemented with 10 g/L of wheat straw. 

Then, 5 mL of clostridia inoculum from bioreactor 2 was transferred into 250 mL Erlenmeyer flasks 

containing 100 mL of different non-purified broths and 100 mL of P2 medium with wheat straw, and 

grown at 37 °C. The non-purified broths were used as dilution water, diluting thus the components of P2 

media. Every 48 hours, 2 mL of culture were collected to be analyzed by HPLC. 

As control, 5mL of inoculum were transferred into 250 mL Erlenmeyer flask containing only 100 mL of 

P2 media and 10 g/L of wheat straw. 

Products yields were calculated as maximum concentration of product obtained divided by the total 

amount of cellulose and xylose and arabinose present in the wheat straw.  

4.3.10. HPLC ANALYSIS 

Released sugars and organic acids were analysed on HPLC using a Polymer IEX H+ column (Watrex, 

Czech Republic) equipped with RI detection. All the samples were first centrifuged for 5 minutes at 

10000 rpm. The supernatant was then filtrated using a nitrocellulose filter of porosity 0.2 um to a vial of 

2mL. 
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The mobile phase used was a 5 mM H2SO4 degassed solution (Ultrasound bath Elmasonic E 120H, 

Elma, Germany), pumped at a flow rate of 0.5 mL/min and the column was kept at 60°C. The injection 

volume of the samples was set up at 20 µL, and the samples were stored in the auto sampler at 4°C 

until analysis.  

4.3.11. CELLULOLYTIC CLOSTRIDIUM STRAIN ISOLATION FROM THE 
CONSORTIUM 

The inoculum from bioreactor 2 was firstly inoculated in agar petri dishes with Reinforced clostridial 

agar, P2 medium with 5 g/L of CMC and with 5 g/L of cellobiose. After eleven days, colonies that grew 

in P2 + cellobiose were re-inoculated again in petri dishes with P2 medium and 5 g/L of CMC and test 

tubes with P2 medium and a strip of filter paper. After 20 days, filter paper degradation was observed 

and so, 200 µL of sample was transferred to 500 mL Erlenmeyers with 200 mL of P2 medium with 3 g 

of grinded filter paper, and left to grow for 11 days. After, the inoculum was consecutively re-inoculated 

3 times in agar petri dishes with P2 medium with 5 g/L of CMC and P2 medium with 5 g/L of cellobiose.   

Afterwards, it was again re-inoculated in test tubes with P2 medium and paper strips, and after 

observation of paper degradation, re-inoculated in agar petri dishes with P2 medium with 5 g/L of CMC 

and with 5 g/L of cellobiose.  As final step, the identification of the colonies was carried out by MALDI 

identification. 

All inoculations and cultivations were performed anaerobically and colonies in the petri dishes with P2+ 

cellobiose were observed. 

4.3.12. MALDI IDENTIFICATION 

The analysis of isolates was performed by Autoflex speed MALDI-TOF mass spectrometer (Bruker 

Daltonik GmbH, Germany). Bacterial samples were prepared from the fresh, overnight cultures using 

direct transfer procedure and mixed with HCCA (α-Cyano-4-hydroxycinnamic acid) matrix, both 

according to the manufacturer instructions. 4 colonies were tested, each one twice, and as control it was 

used E. coli. Spectra were measured automatically by the Real Time Classification software (Bruker 

Daltonik GmbH, Germany) and processed by the MALDI Biotyper standard preprocessing method. To 

identify the microorganisms in Biotyper software version 2.0 (Bruker Daltonik GmbH, Germany) MALDI 

Biotyper standard identification method was used. The database was composed of strains identified in 

a hospital environment. 

This procedure was performed by specialized technicians. 

4.3.13. LIGHT MICROSCOPY 

To observe the cells from selected colonies in the microscope (BX51 microscope, Olympus, Japan and 

Digital camera Camedia C-5050ZOOM, Olympus, Japan), a single colony was transferred to a crank 

slide with a drop of sterile physiologic solution (0.9% sodium chloride), using a sterile loop in a laminar 

http://www.sigmaaldrich.com/catalog/product/sial/70990
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flow box. It was then covered with a slide and compressed to remove the excess of water. Before the 

observation in the microscope, a drop of immersion oil was placed in the slide. Microscope magnification 

used was 1000x and phase contrast was used. 
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5. RESULTS AND DISCUSSION 

5.1. GROWTH CONDITIONS FOR CLOSTRIDIA CONSORTIUM IN 

VARIOUS CARBON SOURCES 

To study the growth of clostridia in several carbon sources, TYA media with different sugars at a 

concentration of 5 g/L were tested, and the results after 10 days of growth, are presented in Table 7. 

Table 7- Concentration of the products obtained after 10 days of fermentation of Clostridia in TYA medium with 

different sugars (5 g/L) at 37 ℃. 

Sugar  Concentration of products (g/L) 

 
Acetic 

acid 

Butyric 

acid 

Lactic 

acid 
Ethanol 

Cellobiose 4.6 0.75 0.00 0.34 

CMC 4.1 0.41 0.030 0.00 

Frutose 6.7 0.46 0.080 0.36 

Galactose 4.9 0.58 0.00 0.00 

Glucose 5.0 0.94 0.120 0.32 

Glycerol 3.8 0.41 0.030 0.27 

Maltose 4.5 1.4 0.030 0.39 

Mannitol 8.5 0.77 0.13 0.00 

Saccharose 4.9 0.33 0.030 0.00 

Xylose 2.5 1.5 0.010 0.00 

It is possible to conclude that the consortium is able to grow in the presence of all the sugars tested, 

producing acetic acid, butyric acid, lactic acid and ethanol. The ability to utilize a wide variety of carbon 

sources could be an indicative of a mix culture, with several microorganisms.  

The maximum acetic acid production was obtained for the growth on mannitol, whereas for the 

production of butyric acid the preferable carbon source was xylose. The consortium is also able to 

produce ethanol and lactic acid, but only in low concentrations and in the presence of few carbon 

sources. 

Regarding the growth in both TYA and P2 media, as shown in Table 8, and comparing the growth in 

CMC and glycerol in both media, it is clear that the TYA media is preferable, once it allowed higher 

product concentrations.  

The major result is the presence of butanol, in some cultures, that, despite appearing in low 

concentrations, brings up the possible contribution of the consortium in the production of biobutanol. 

The fact that in the presence of filter paper the concentration is only 0.05 g/L, one of the lowest 
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concentrations obtained, can indicate that this product is produced mainly by the solventogenic strains 

present. Indeed, the best culture to produce butanol appears to be P2 medium supplemented with 20 

g/L of glucose, which is favorable to the growth of the solvent-producing strains.  

Overall, clostridia was able to grow in all the media tested, but it is clear that the growth is slow, since, 

after 11 days of fermentation, only a small part of carbon source was consumed.  

In the presence of CMC, very low concentrations of product were detected. It is not possible to construct 

a calibration curve for CMC due to the fact that CMC is not soluble in water, and therefore, it can only 

be supposed that what is “lacking” is residual CMC. 

The fact that the uptake of the sugars is a fast and highly efficient process can justify the fact that in the 

presence of filter paper (cellulose) no cellobiose or glucose were detected. This assay served also to 

confirm that the isolated consortium could grow using a cellulolytic substrate as carbon source, 

indicating the presence of cellulolytic bacteria. The production of butyric acid can be an indicative of the 

presence of solvent-producing clostridia strains. Furthermore, in all the cultures, it was observed the 

appearance of gas bubbles in the media, resulted from the production of hydrogen and/or carbon 

dioxide. 

Table 8- Concentration of products obtained after 11 days of fermentation at 37 ℃ in P2 and TYA media with 

different carbon sources and residual carbon source concentration. 

Media 
Carbon 

source 
Products concentration (g/L) 

Residual carbon 

source 

concentration (g/L) 

  Butanol 
Butyric 

acid 

Acetic 

acid 
Ethanol  

P2 

20 g/L 

glucose 
1.5 1.4 3.3 0.24 13 

20 g/L 

cellobiose 
0.48 1.2 3.5 0.00 12 

20 g/L CMC 0.11 0.060 4.1 0.27 Not determined 

TYA 

20 g/L CMC 0.050 0.23 4.3 0.18 Not determined 

6 g/L filter 

paper 
0.050 0.36 4.7 0.00 Not determined 
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5.2. BIOREACTOR BATCH FERMENTATIONS 

Once it was proved in the shake flask assays, that the consortium could grow in the presence of filter 

paper, batch fermentations were carried out in the bioreactors using TYA medium and 10 g/L of filter 

paper as the only carbon source. As in the previous assays, the products identified were ethanol, butyric 

and acetic acid. In Table 9, there is a summary of the maximum concentrations for each product in both 

bioreactors, as well as the respective yield and time they were achieved. 

Table 9- Maximum concentrations obtained of acetic acid, butyric acid and ethanol on bioreactor 1 (BR1) and 

bioreactor 2 (BR2) as well as the respective yield and the fermentation time those concentrations were achieved. 

  

Maximum 

concentration 

of product (g/L) 

Yield (g/g) Time (days) 

BR1 

Acetic acid 11 0.80 3 

Butyric acid 0.35 0.039 3 

Ethanol 0.50 0.055 7 

BR2 

Acetic acid 8.5 0.51 3 

Butyric acid 0.77 0.030 3 

Ethanol 0.30 0.085 7 
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As stated before in section 2.5.4., solventogenic clostridia are able to produce both butyric and acetic 

acid during acidogenesis phase, and these products are afterwards consumed during the 

solventogenesis, where solvents such as ethanol, butanol and acetone are produced.  

This butyrate production could justify the evolution of the concentration of this acid during the 

fermentation period. In both experiments, butyric acid concentration has a rise in the first days, to then 

decline rapidly until there is no butyric acid in the media by the day 15. This rise is a characteristic of 

solvent producing clostridia when in the acidogenesis phase: the growth is exponential, thus the rapid 
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Figure 8- Production of Butyric acid, acetic acid and ethanol in Bioreactor 1 (A) and Bioreactor 2 (B). Both 

bioreactors were filled with 2 L of TYA medium without sugar and 10 g/L of milled filter paper. Bioreactor 1 had no 

pH control whereas in Bioreactor 2 the pH control was pursued using a 20% NaOH solution. Both reactors worked 

at 37 ℃ and 200 rpm for 48 days, time where the fermentations were ceased. 
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increase in butyrate concentration; in the solventogenic phase, the growth slows down and there is 

consumption of the acids produced in the previous phase.  

However, there was no production of butanol, the product resulting from butyrate assimilation by 

solventogenic strains. This assimilation of the acids occurs, normally, when the pH declines to values 

around 4.5-5 [70]. By maintaining the pH at 6.5 in bioreactor 2, the induction of the solventogenic phase 

may not occur, although it seems to be a butyrate depletion, by the rapid elimination of this compound 

from the media. Still, on bioreactor 1, the pH never dropped to those values, and, nevertheless, a 

butyrate depletion was observed as well. It is possible that, due to the low butyrate concentrations, the 

butanol produced was present in very small amounts, undetectable by the HPLC.  

The co-culture of cellulolytic and solventogenic clostridia is not a recent phenomenon. In fact, in 1983, 

Petitdemange et al performed the fermentation of Solka Floc (powdered cellulose) with Clostridium H10 

(commonly known as Clostridium cellulolyticum) and C. acetobutylicum. They observed that cellulolysis 

was the dominant step and a high level of substrate degradation was achieved. Also, in the co-culture 

system, the solventogenic strain determined the fermentation pattern, showing that most of the 

cellulolysis products were used by C. acetobutylicum. By removing reducing sugars, that inhibit C. 

cellulolyticum growth, higher substrate degradation was possible. However, only the first phase of 

acidogenesis was identified, with little amounts of butanol produced and no acetone [71].  

In a more recent study, Salimi and Mahadevan [72], in 2013 conducted an experiment by co-culturing 

the same species, C. acetobutylicum and C. cellulolyticum,  and analyzed the behavior when growing 

on cellulose. The findings were concordant with Petitdemange et al, namely the synergetic relationship 

between the strains. C. acetobutylicum consumed the sugars and pyruvate that resulted from C. 

cellulolyticum metabolism, reducing the inhibitory effect of these compounds to the cellulolytic strain. 

Also, low butyrate productions were achieved and, once again, neither acetate nor butyrate were 

assimilated. The slow growth of the solventogenic strain observed was related to the slow release of 

sugars by C. cellulolyticum. 

This performance of solventogenic clostridia can also be linked to pyruvate consumption, besides the 

low sugars availability. Janati-Idrissi et al. [73] proved that, when growing on pyruvate, C. acetobutylicum 

produced mainly acetate and butyrate, without acids uptake or butanol production. Small amounts of 

ethanol were detected. Also, the production of acetate was much higher than butyrate. This behavior 

was related to the incapability of C. acetobutylicum to produce ATP via glycolysis in the presence of 

pyruvate, leaving the formation of acids as the sole way to produce ATP. As pyruvate is more oxidized 

than glucose, bacteria growing on this substrate produce high levels of acetic acid and low ones of 

butyric acid. A decrease in the activity of acetoacetate decarboxylase and an increase in the activities 

of acetate and butyrate kinase after pyruvate addition in the medium were detected which can explain 

why C. acetobutylicum on pyruvate does not exhibit a usual fermentation pattern. 
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Comparing these findings with our data, we can see they are very similar to what is described. Low 

butyrate concentrations were obtained and there was no detection of solvents resulting from 

solventogenesis, a typical behavior of solventogenic growth in pyruvate. Thus, it is possible to assume 

the presence of at least a cellulolytic and solventogenic strains that act like the model cellulolytic and 

solventogenic clostridia (C. cellulolyticum and C. acetobutylicum respectively), and a possible pyruvate 

release in the first days of fermentation. Also, after 15 days of cultivation, it appears that the cellulolytic 

clostridia outgrew the solventogenic one. This outgrow can be corroborated by stating that starting after 

day 15, there is no more production of butyric acid and the evolution of the concentrations of both ethanol 

and acetic acid are very similar, especially in bioreactor 2, suggesting that just one strain type is 

responsible for this.  

In both bioreactors, there was no gas production observed. This can be linked to the initial cellulose 

concentration, since studies in pH controlled batch cultures suggest that with initial concentrations higher 

than 6.7 g/L, the production of H2 and CO2 by C. cellulolyticum decreases, and we started with 10 g/L 

of cellulose [74]. Thus, it is possible that only small amounts of gaseous products were produced and 

were simply not detected. In these conditions, there is usually an overflow of pyruvate and frequently 

the main products are lactate, ethanol and acetate [72, 75]. The fact that we did not detect lactate, 

whose production coincides mainly with the peak of pyruvate indicates that, although an overflow 

appeared to have occurred in the first days (the solventogenic clostridia behavior suggests growth in 

pyruvate), the total amount of pyruvate excreted may have not been enough to trigger the production of 

lactate or it was produced in undetectable amounts. Actually, in the presence of  cellulose it has already 

been demonstrated that the amounts of pyruvate and lactate released remain low [76]. 

This possible low pyruvate release, coupled with slow sugars release can thus be responsible for the 

outgrowth of the cellulolytic strain over the solventogenic one. Also, it is possible that this pyruvate 

overflow resulted from the initial adaptation of the cellulolytic clostridia to the new conditions, and once 

it was adapted, the excretion of pyruvate ceased. This may explain why we see the production of acids 

by the solventogenic strain increase in the first days. Afterwards it appears that butyrate is being 

consumed, although no butanol was detected, as already discussed. So it is likely that after pyruvate 

excretion ended, solventogenic clostridia started to consume the acids, but the solvents produced were 

present in very low concentrations. 

Additionally, it is known that in natural environments where microbial communities grow in cellulosic 

materials, cellulolytic strains have an advantage by adhering to the substrate, limiting the growth of the 

solventogenic strains [5], which can also explain the restrictive growth of the butyrate-producer strain in 

our bioreactors. 

Still, the growth of the cellulolytic strain is very slow, and acetate can also present an inhibitory effect 

when accumulated in certain amounts [77]. It is also interesting to perceive that the maximum ethanol 

concentrations were obtained when both strains were active, enhancing the role of the symbiotic 

relationship between these microorganisms. The higher amounts of acetate, compared with the other 
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products is also a characteristic of this type of co-cultures where acetic acid is always the product formed 

in higher quantities [71, 72].  

In both bioreactors a decrease in the ethanol concentration is observable. Since ethanol is a very volatile 

compound, it is possible that, at 37 °C and with the stirring, ethanol was evaporated. Also, in bioreactor 

1, acetic acid appears to be consumed, probably for growth and maintenance of the consortium. 

In bioreactor 1 that had no pH control it was observed an increase in the pH, until pH 8 (data not shown), 

probably as a result of the acids consumption that we can observe in this bioreactor. This high value 

can be responsible for the lower duration of the fermentation, compared to bioreactor 2.  

Lastly, it is important to bear in mind the possibility of other strains being present in the consortium that 

can have affected the fermentations.  

Zuroff et al. [78] in 2013 were capable of producing 22 g/L of ethanol from 100 g/L α-cellulose, using a 

consortium comprising C.phytofermentans, a cellulolytic mesophilic bacterium, and Candida molishiana 

or S. cerevisiae cdt-1, as cellodextrin fermenting yeasts with partially added endoglucanase. Although 

this study presents a much higher ethanol yield that the one obtained by our consortium, it is important 

to notice that external endoglucanases were added to the media, which improved cellulose degradation. 

In another study, by using a microbial consortium containing C. thermosuccinogene, C. straminisolvens 

and C. isatidis, Du et al. [79] were able to completely degrade 0.5 g of filter paper and produce 1.5g/L 

of ethanol in just 3 days. 

In the studies already mentioned, 1.05 g/L of ethanol were produced from 20 g/L of Solka Floc [71], and 

around 2g/L of ethanol from 7.5 g/L of cellulose [72]. 

Despite the fact that the yields obtained in this experimental work were much lower than what is 

described in the literature with microbial consortium as well, the fact that ethanol was produced 

highlights the possible use of this consortium in CBP processes. Moreover, it is possible that the 

conditions applied in the fermentation were not appropriate to all the microorganisms present, which 

would lead to lower products concentrations. 

As final remark, in both experiments, by the end time of fermentation, it was detected a decrease in the 

concentration of all the products. This can be related with pH, in bioreactor 1, and production of toxic 

metabolites that can lead to a decay of the inoculum. Furthermore, cellobiose was detected in the broth 

in the last days (data not shown), specifically starting at the 23rd and 34th days, in bioreactor 1 and 2 

respectively, which can indicate that the inoculum entered the stationary phase. Indeed studies in a 

model cellulolytic clostridium, C. cellulolyticum, have demonstrated that cellobiose accumulation in the 

media occurs only when this cellulolytic clostridia enters the stationary phase [80].   
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5.3. GROWTH OF CLOSTRIDIA CONSORTIUM ON PRETREATED WHEAT 

STRAW 

To assess if the consortium was able to grow on a lignocellulosic material, the growth in P2 medium 

with pretreated wheat straw was studied during 15 days. As shown in Figure 9, the consortium did grow 

and was able to produce butyric and acetic acids and ethanol to a maximum concentration of 0.20 g/L 

(corresponding to a yield of 0.017 g/g), 6.3 g/L (a yield of 0.22) and 0.091 g/L (a yield of 0.0076 g/g) 

respectively.  

The pretreatment of the wheat straw using NaOH was chosen due to its simplicity, as well as the 

elimination of the formation of toxic compounds that can inhibit the fermentation, that are common in 

acid pretreatment [22, 23]. 

 

Figure 9- Evolution of the concentration, in g/L, of cellobiose, butyric and acetic acid and ethanol with time during 

15 days of fermentation in P2 medium with 0.8 g/L of pretreated wheat straw at 37 ℃. 

The observation that the inoculum was able to grow in straw, strengthens the conclusion that there is a 

cellulolytic strain present in the consortium, able to degrade cellulose. 

It is clear that the production of both acids is correlated, as can be observed in Figure 9. This correlation 

may indicate that these products are only being produced by one strain type, as occurred in the 

bioreactor fermentations. Because butyric acid is mainly produced by solventogenic clostridia, it appears 

that this strain type is consuming glucose and/or cellobiose, released from cellulose or pyruvate, from 

cellulolytic metabolism, at a high rate, growing faster than the cellulolytic strain. The evolution of the 

acids seems to follow the presence of cellobiose in the media as well. The production of ethanol seems 

to be also correlated with the evolution of cellobiose in the medium, being that a decrease in cellobiose 

concentration equals an increase of ethanol production.  
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As stated before, cellobiose accumulation in the broth occurs when cellulolytic strains enter the 

stationary phase. Likewise, cellobiose is a direct inhibitor of cell growth and cellulase production [80]. 

These facts together can explain the low concentrations of ethanol obtained.  

The fact that in pretreated wheat straw, the growth of the cellulolytic strain appears to be lower than in 

the bioreactors experiment, may be due to a more complex substrate, because, despite the fact that the  

wheat straw was pretreated, lignin and hemicellulose fractions are still present and can present an 

obstacle for the cellulolytic strain to reach cellulose. Moreover, solventogenic strains are known to be 

able to co-ferment hexoses and pentoses better than the cellulolytic strains [81, 82], so it is possible 

that some pentoses from the hemicellulose fraction were released and that solventogenic clostridia 

metabolized these sugars, overcoming the dependence of hexoses release by the cellulolytic strain. In 

fact, a study with C. cellulolyticum revealed that in the presence of wheat straw, enzymes that can 

degrade hemicellulose were detected and pentoses were released [83]. 

However, once again, no butanol was detected, as in the bioreactors, and it seems that there was no 

acid uptake, as it is common in the co-cultures of cellulolytic and solventogenic Clostridium and was 

already discussed in the previous section. The fermentation pattern here described is practically 

identical to the one obtained in the bioreactors experiment, so it seems that the same symbiotic 

relationship is being established.  

As a comparative test, two other experiments were carried out by inoculating TYA medium with 8 g/L of 

wheat straw and water with 8 g/L of straw as well.  

Table 10- Product concentration after 21 days of fermentation in TYA media and water with 8 g/L of straw. 

Media Product concentration (g/L) 

 Acetic acid Ethanol Butyric acid 

TYA+8 g/L wheat 

straw 
9.6 0.10 0.70 

H2O+8 g/L  wheat 

straw 
3.9 0.00 0.23 

The fact that in a media with just straw and water (meaning that the only carbon source has is origin in 

straw) acetate was present in a reasonable concentration is an argument favoring the statement that a 

cellulolytic strain is present. In TYA media, that contains yeast extract, solventogenic clostridia have 

better conditions to grow (nitrogen source), thus the higher concentrations of products. Also, just only in 

TYA medium we could observe, although in low concentrations, the production of ethanol. The fact that 

this only happened in a medium that was also favorable to solventogenic strains strengthens the 

interactions typical of a symbioses relationship between the consortium: the metabolites resulting from 

cellulose degradation are used by solventogenic strains as carbon sources. This enables a higher 

production of cellulases that are inhibited by cellobiose and glucose. Furthermore, due to the presence 

of butyric acid in the second medium, with only water and straw, it is obvious that solventogenic clostridia 
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are using the sugars released from the straw by the cellulolytic clostridium. This symbiotic relationship 

has been described and discussed in the previous section.  

5.4. PRODUCTION OF LIGNINOLYTIC AND CELLULOLYTIC ACTIVITIES IN 

NONOMURAEA GERENZANENSIS  

To study the production of ligninolytic enzymes by Nonomuraea gerenzanensis, the growth in three 

different media (Table 3) was studied. Nonomuraea gerenzanensis presented lignin peroxidase activity 

in MV medium supplemented with 0.8 g/L lignin and 2mM copper sulfate after 11 days of fermentation, 

reaching a maximum value of 28 U/L after 20 days of growth, establishing that the presence of lignin 

leads to the production of ligninolytic enzymes. 

In wheat straw medium, Nonomuraea gerenzanensis showed lignin and manganese peroxidase activity 

after 8 days of fermentation, reaching a maximum value of 23 U/L and 18 U/L after 22 and 10 days 

respectively. In terms of protein concentration, these values correspond to 11 and 12 U/gprot tot (Figure 

10). 
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Figure 10- MnP (A) and LiP (B) production by Nonomuraea gerenzanensis in wheat straw medium. The growth in 

the medium was followed for 24 days. 

Finally, in MM-L medium supplemented with 6 g/L yeast extract and 2 mM copper sulfate, Nonomuraea 

gerenzanensis showed lignin and manganese peroxidase activities. The maximum values obtained 

were 5.3 U/L and 9.4 U/L for lignin and manganese peroxidase after 12 days. Referring to protein 

content, however, the maximum content was found to be after 5 and 7 days for LiP and MnP with the 

values of 1.2 and 7.4 U/gprot tot. respectively (Figure 11 A and B). These results are lower than the ones 

obtained for wheat straw medium, but occur earlier. Thus, despite the fact that the wheat straw medium 

enables higher activities, these occur later in time, suggesting that a more complex substrate delays the 

activity of these enzymes.  

No laccase activity was observed in the three media, and cellulolytic activity was tested in MM-L and 

wheat straw media and it was only detected in MM-L medium, with a maximum value of 0.096 h-1 after 
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7 days of fermentation (Figure 11 C). Nonetheless, as previous explained, this assay may not mimic 

the real conditions, and at least another assay should have been done, since in MM-L media there is no 

substrate to induce the production of these enzymes.  

 

Figure 11-LiP (A), MnP (B) and cellulolytic activities (C) for Nonomuraea gerenzanensis growing in MM-L 

medium supplemented with 6 g/L yeast extract and 2mM copper sulfate for 12 days. 
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For the growth in wheat straw medium, the presence of sugars and other metabolites were analyzed on 

HPLC. The presence of glucose was identified as well as of other higher saccharides that could not be 

identified, resulting from cellulose decomposition. The evolution of the concentration of glucose is 

presented in Figure 12. The maximum value was obtained after 8 days which had a glucose 

concentration of 0.59 g/L, with a yield of 0.011 gglucose/gcellulose. The fact that there was glucose release 

in wheat straw media may indicate that in fact, cellulolytic enzymes were present, despite the fact that 

this activity was not confirmed by the cellulolytic assay. 

 

Figure 12- Evolution of the production of glucose by Nonomuraea gerenzanensis in wheat straw medium for 24 

days. 

5.5. PRODUCTION OF LIGNINOLYTIC AND CELLULOLYTIC ACTIVITIES 

IN STREPTOMYCES COELICOLOR A3 (2) 

As with Nonomuraea, the production of ligninolytic and cellulolytic enzymes in S. coelicolor A3 (2) was 

studied in the same three media. 

In both wheat straw medium and MV medium supplemented with 0.8 g/L lignin and 2 mM copper sulfate, 

only lignin peroxidase activity was observed, reaching its maximum at 3.4 U/L and 1.7 U/gprottot after 22 

days of fermentation and 0.70 U/L and 0.35 U/gprottot after 7 days of fermentation respectively. Once 

again, the values of the activity were higher in wheat straw medium.  

In MML medium supplemented with 0.8 g/L lignin and 2mM copper sulfate, S. coelicolor A3 (2) grew for 

6 days and  it was only identified lignin peroxidase activity in the end time of the fermentation with a 

value of 3.8 U/L. This indicates a low activity and growth in this medium. 

Also, cellulolytic activity was tested in MV and wheat straw media. Only in MV medium was detected 

cellulolytic activity, with its maximum of 0.17 h-1 on the 12º day.  
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Figure 13- LiP activity in wheat straw medium (A) and in MV medium supplemented with 0.8 g/L lignin and 2mM 

copper sulfate (B) for S. coelicolor A3 (2) growing for 24 and 12 days respectively. Cellulolytic activity in MV medium 

(C). 

No laccase or manganese peroxidase were observed with Streptomyces coelicolor A3 (2) in the media. 
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not be identified, which indicates the possibility of cellulolytic enzymes being present. The results are 

expressed in Figure 14. 

The maximum production was 0.63 g/L, resulting in a yield of 0.012 gglucose/gcellulose obtained after 15 

days. Comparing with the results obtained for Nonomuraea, in the latter, almost the same concentration 

was obtained in half the time, indicating that Nonomuraea might be more efficient than S. coelicolor 

degrading wheat straw. Also, the activities obtained by Nonomuraea were higher, which corroborates 

the hypothesis. 

 

Figure 14- Evolution of the production of glucose by S. coelicolor A3 (2) in wheat straw medium for 24 days. 

It is also interesting that no cellulolytic activity was ever detected in wheat straw medium for both 

microorganisms. Besides not being a very trustworthy assay, as mentioned, it is possible that cellulolytic 

enzymes were produced in small amounts, and not detected by the assay.  
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5.7. USE OF NON-PURIFIED BROTHS AS “DILUTION WATER” FOR THE 

FERMENTATION OF CELLULOSE DEGRADING ISOLATE 

In the attempt to study if the ligninolytic enzymes produced by Nonomuraea and S. coelicolor A3 (2) 

could lead to a better degradation and fermentation of wheat straw by the clostridia isolates, the broths 

from the cultivation of Nonomuraea and S. coelicolor A3 (2) in all three media were filtrated and used 

as dilution water for clostridia fermentation. 

As control, clostridia was inoculated in a medium only with P2 and pretreated wheat straw. As it was 

expected, based on the previous fermentations, and as can be seen in Figure 15, the products obtained 

were acetic acid, butyric acid, ethanol, and glucose and cellobiose were detected in the broths. On the 

16th day it is curious to notice that with a decrease of glucose concentration comes an increase on the 

concentration of butyric and acetic acid, which suggests that glucose is being consumed by 

solventogenic strains in order to produce these products. In turn, the rise of cellobiose concentration 

can be caused by an increase of cellulose degradation by the cellulolytic microorganisms at the same 

time, indicating that different strains are active. 

Nevertheless, it is important to notice that the difference between the initial and final concentrations of 

products in the analyzed samples is almost irrelevant. This can be caused by an inoculum still in 

adaptation, the medium itself may not be adequate for the growth of the consortium. The presence of 

compounds in the broths that could have affected the fermentation should also be considered. 

 

Figure 15- Production of Ethanol, Butyric Acid, Cellobiose, Glucose and Acetic Acid during clostridia fermentation 

for 23 days in P2 medium with 10 g/L of pretreated wheat straw at 37 ℃. 
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5.7.1. NONOMURAEA GERENZANENSIS BROTHS 

The broths of Nonomuraea gerenzanensis from cultivation with MM-L medium supplemented with 6 g/L 

yeast extract and 2mM copper sulfate, MV medium supplemented with 0.8 g/L lignin and 2mM copper 

sulfate and wheat straw medium were used as dilution water for clostridia fermentation in P2 medium 

with pretreated wheat straw. In all three media, acetic acid and glucose were identified in the 

supernatant. This was already expected since the media already contains acetate, and glucose results 

from the degradation of the substrate. 

In MM-L media, Figure 16 A the production of ethanol was observed. However, this appears to be in 

very low concentrations and does not vary significantly in time, suffering just a small decrease in the 

end of the fermentation. In MV medium, Figure 16 B it was also identified the presence of cellobiose, 

also in small concentration and not varying significantly in time. This medium registered the highest 

ligninolytic activity and also ethanol concentration, so it is possible that the high lignin degradation made 

possible for cellulose to be more available to clostridia, thus the increase in ethanol concentration. 

Finally, in wheat straw media, Figure 16 C, no ethanol was produced, but the presence of butyric acid 

was identified, indicating solventogenic clostridia activity. Moreover, there is a decrease in all products 

concentration in the end of the fermentation, due probably to the decay of the inoculum and consequent 

sporulation. 

The fact that neither cellobiose nor ethanol were detected, leads to the assumption that the cellulolytic 

strain could not grow properly in these conditions, probably due to secondary compounds present in the 

Nonomuraea broth that affected the growth. Also, in the previous experiment, glucose was identified in 

the supernatant of Nonomuraea growing in wheat straw media, with an end concentration of 0.57 g/L. 

and  in the presence of glucose, there is a competition with the solventogenic strain to use the sugar, 

and it is possible that the solventogenic strain had an advantage, since solventogenic clostridia are more 

prepared to consume simple sugars than cellulolytic strains [80].  

The lack of butyric acid in the MM-L and MV media suggests that the solventogenic strain did not grow 

properly in these conditions. This could also be the reason why we detected ethanol in these media and 

not in wheat straw where the solventogenic strain appears to have prevailed. 
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Figure 16- Acetic acid, Butyric acid, Ethanol, Glucose and cellobiose concentrations obtained after clostridia 

fermentation in P2 media with 5 g/L of wheat straw at 37 ℃ and the broths from Nonomuraea fermentation in MM-

L medium supplemented with 6 g/L yeast extract and 2mM copper sulfate (A), MV medium supplemented with 0.8 

g/L lignin and 2mM copper sulfate (B) and wheat straw medium (C). 
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5.7.2. S. COELICOLOR A3 (2) BROTHS 

The broths of S. coelicolor A3 (2) from cultivation in MM-L medium supplemented with 6 g/L yeast extract 

and 2mM copper sulfate, MV medium supplemented with 0.8 g/L lignin and 2mM copper sulfate and 

wheat straw medium were used as dilution water for clostridia fermentation in P2 medium with pretreated 

wheat straw. 

In MM-L there were no relevant products resulted as a result of clostridia fermentation samples. Even 

in the first, no acetate was observed, which is not possible because the medium itself has acetate in the 

form of ammonium acetate. 

However, since from the enzyme assay it was concluded that S. coelicolor had low activity in this 

medium, it was not expected a great improvement of the degradation of wheat straw by clostridia 

isolates. 

Referring to MV medium, Figure 17 A, acetic acid and ethanol were identified, as well as glucose and 

cellobiose. It is interesting to notice, first of all, the high concentrations of ethanol obtained (almost 4 

g/L), and how correlated it is with an increase of the concentration of the glucose. In MV media, S. 

coelicolor has carbon source (starch) more available. Therefore, it is possible that some glucose, derived 

from starch breakdown, or pyruvate resulting from glucose metabolism were present in the broth in 

enough amounts to be metabolized by clostridia and to produce more ethanol. In fact, studies on S. 

coelicolor A3 (2) glucose metabolism demonstrated that in the first growth phase, pyruvate and 2-

oxoglutarate, an amino acid precursor, were released [84]. These compounds can thus have promoted 

cellulolytic clostridia growth and metabolism, which would have caused the better wheat straw 

degradation that is visible in this medium. These facts together may explain why after 48h the ethanol 

concentration is high and so is the yield obtained (1.3 g/g). 

As ethanol and glucose concentrations increase, there is a decrease of both acetic acid and cellobiose. 

Also, in this medium, high cellulolytic activity was identified, and only here the presence of cellobiose is 

observed, suggesting a correlation between cellulolytic activity and cellobiose release, as well as the 

high product concentrations. 

Because no butyric acid was detected, it appears that solventogenic clostridia was not able to thrive in 

this medium. Since the inoculum comes from the end of fermentation that took place in bioreactor 2, it 

is possible that there were only spores of this strain in the inoculum and the medium was not favorable 

to their germination. In this sense, only cellulolytic clostridia had the opportunity to grow, and that is why 

we only detected ethanol and acetic acid in the broth. 

In wheat straw medium, Figure 17 B, instead of cellobiose, butyric acid was observed since day 16. 

Ethanol concentrations seem almost steady in time, while a decrease in acetic acid and glucose is 

observed when butyric acid starts to be produced, suggesting that glucose is being directed to the 

production of butyric acid. In this medium, the behavior of both cellulolytic and solventogenic strains was 
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observed. The delay in the butyric acid production may be related with adaptation and germination of 

solventogenic clostridia spores which only happens when the medium is favorable again. 

  

Figure 17- Acetic acid, Butyric acid, Ethanol, Glucose and cellobiose concentrations obtained after clostridia 

fermentation in P2 media with 5 g/L of wheat straw at 37 ℃ and the broths from S.coelicolor A3 (2) fermentation in, 

MV medium supplemented with 0.8 g/L lignin and 2mM copper sulfate (A) and wheat straw medium (B). 

Overall, an increase of glucose concentration was obtained, comparing with the control. The production 

of cellobiose in some of the assays also confirms the improvement of the degradation of cellulose in 

wheat straw. 

In almost all the experiments, also better concentrations of ethanol and butyric acid were obtained. The 

only exception is the broth from S.coelicolor A3 (2) in wheat straw, where a decrease in product 

concentrations occurred. There was also no evidence of gas production in all the experiments. 
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Likewise, comparing to the control, the concentration of acetic acid suffered a decrease right in the 

beginning of the fermentations (since P2 has initially 2g/L of acetate). These results may have some 

experimental error associated, since there were problems with the HPLC equipment whilst analyzing 

the samples. Some overlapping in the peaks may have occurred, which would also explain why with the 

broth from S. coelicolor in MV, a yield higher than 1 was obtained for ethanol and no butyric acid was 

detected (the peaks may have overlapped). Moreover, the RI detection is not as adequate to detect 

acids as UV would be. Nonetheless, the samples were analyzed together so it is conceivable to compare 

the results of the broths with the control.  

Altogether, these results advocate that lignocellulolytic enzymes can be used to enhance lignocellulosic 

biomass degradation and can be added to clostridia fermentation media in order to increase product 

concentrations. However, as referred before, only slight alterations in the concentrations were 

perceived. This might have been caused by the slow adaptation of clostridia to the medium as the 

inoculum came from bioreactor 2, and the results show that cells were already entering in a stationary 

phase and sporulation. 

Moreover, it is important to consider the production of secondary metabolites, such as phenolic 

compounds from lignin degradation or antibiotics by S. coelicolor A3 (2) and Nonomuraea gerenzanesis 

that can have caused an additional inhibitory effect on the clostridia consortium. In fact, the production 

of antibiotics by microorganisms of this genus has already been proved [85-88]. 

The different behaviors observed in this experiment result from the presence of several microorganisms 

in the inoculum whose response differs in the several situations/environments tested, and that is why 

there is no reproducibility of the results. Once again, the possibility of other microorganism’s presence 

should not be totally discarded. 

A summary of the results obtained in this experiment is presented on Table 11. A clear improvement of 

the products yields compared to the control is observed. 
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Table 11 – Maximum product concentrations, product yields and respective cultivation time, (days), for the 

fermentations using as dilution water the broths resulting from the fermentations indicated. Products yields are 

presented in g/gcellulose+hemicellulose. 

Fermentation 

Broths 

Product Concentration (g/L), respective yields (g/g) and cultivation time 

(days) 

 Ethanol Acetic Acid Butyric Acid 

Control 
0.30  

(yield:0.052; 12 days) 

4.2 

(yield:0.74; 23 days) 

0.17  

(yield:0.030; 23 days) 

Nonomuraea 

MM-L 

0.22  

(yield:0.077; 7 days) 

1.8  

(yield:0.61; 23 days) 
------ 

Nonomuraea 

MV 

0.42 

 (yield:0.14; 7 days) 

0.99  

(yield:0.34; 16 days) 
------ 

Nonomuraea 

WS 
------ 

1.9 

 (yield:0.67; 12 days) 

0.23  

(yield:0.080; 7 days) 

S.coelicolor 

MV 

3.6 

 (yield:1.2; 23 days) 

1.4  

(yield:0.66; 12 days) 
------ 

S.coelicolor 

WS 

0.22 

 (yield:0.074; 12 days) 

2.6  

(yield:0.90; 12 days) 

0.17 

 (yield:0.057; 23 days) 

By analyzing similar results in the literature that used microbial consortia as well, the yields obtained 

are, in general, quite low. In fact, Brethauer et al. [89] achieved an ethanol concentration of 10 g/L, 67% 

yield, from dilute acid pretreated wheat straw, using a consortium comprised of three cellulolytic and 

ethanol producing fungi and yeast, including Trichoderma reesei, S. cerevisiae and P. stipitis.  

Using alkali pretreated corn cob as substrate and a consortium comprising C. cellulovorans 743B and 

C. beijerinckii NCIMB 8052, Wen et al. [90] achieved a maximum ABE production of 12 g/L solvents, in 

which 0.87 g/L were ethanol, from 69 g/L of degraded corn cobs. In another work with the same substrate 

but with co-culture of C. beijerinckii NCIMB 8052 and C. thermocellum ATCC 27405, they were able to 

improve ABE production to a total concentration of 20 g/L in which 5.04 g/L were ethanol from 89 g/L of 

alkali extracted corn cobs [91]. 

Comparing our results with the ones describe in the literature, it is clear that further optimization is 

required, and the identification of the strains present in the consortium is of the utmost importance to 

understand which are the better fermentation conditions. Also, a thorough analysis of the broths should 

have been performed to determine the substances present that can have exerted an impact in the 

fermentation process. 
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5.8. STRAIN ISOLATION AND MALDI IDENTIFICATION 

In order to isolate and identify the cellulolytic strain present in the consortium, successive re-inoculations 

in agar plates with cellobiose and CMC were performed. 

Only the plates with Cellobiose presented colonies after short periods of time. After a re-inoculation of 

one of these colonies in test tubes with filter paper, where paper degradation was observed, a last 

inoculation in petri dishes with CMC and cellobiose was performed, and once again, only the dishes 

with cellobiose presented colonies. 

Four of these colonies were extracted and analyzed by MALDI with the purpose of identifying the strain. 

The results showed that the colonies belonged to Clostridium beijerinckii, a common solventogenic 

clostridia. 

The fact that it was not possible to successfully identify the cellulolytic strain may be due to the fact that 

clostridia bacteria are endospore-forming bacteria. Hence, even though in the presence of filter paper, 

the cellulolytic strain prevails, spores form the solventogenic strain can survive for long periods of time 

until the media is favorable again, like agar with cellobiose. The solventogenic strain also appears to 

have a faster growth, since in the same amount of time, no colonies of cellulolytic clostridium were 

observed in CMC plates that are favorable to this strain, and in cellobiose plates, where C.beijerinckii 

appears to have outgrown the cellullolytic strain. 

Overall, it was proved that at least a solventogenic strain type of clostridia is coexisting with at least one 

cellulolytic strain, enhancing the symbiotic hypothesis presented above.  
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Figure 18- Results of the Maldi identification. All the 4 colonies tested were a match to Clostridium beijerinckii. The 

plus signes are related with the score values, being that (++) stands for secure genus identification, probable 

species identification and (+++) stands for highly probable species identification. A-Species consistency; B-Genus 

consistency. 
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5.9. COLONIES OBSERVATION 

Colonies that appeared in the cellobiose petri dishes were transferred to a slide with physiological 

solution in order to observe on the microscope. 

It was possible to identify cells in different growth stages and morphologies as shown in Figure 19. 

A B 

C 

A 

D 

E 

Figure 19-Microscopy observation of clostridial colonies. A-spores; B-Spores and cells with unreleased spores; C,D,E- 

Cells before sporulation. 
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In Figure 19 A, it is possible to observe spores, typical of clostridia strains, as well in Figure 19 B, 

where it is also visible cells with unreleased spores (the spore is still inside the cell). The next 3 figures 

show cell with different sizes. This heterogeneity (lot of spores and cells in different growth stages) can 

be an indicative of the presence of more than one strain. Also, in this figures we can see cells before 

sporulation. 

Overall, it is not possible to distinguish the strains by the microscope observation, but it is noticeable the 

different types of cells that constitute the consortium. 
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6. CONCLUSIONS 

The main goal of this experimental work was to test if a previous isolated clostridia consortium was able 

to use cellulolytic substrates as main carbon source and to produce the acetone/butanol/ethanol mixture 

in a consolidated bioprocess. The behavior and composition of the consortium was also studied. 

Overall, it was concluded that the consortium, composed of a solventogenic strain identified as 

Clostridium beijerinckii, as well as at least one cellulolytic strain, was able to use cellulolytic substrates, 

producing mainly acetic acid, butyric acid and ethanol. 

Bioreactor assays revealed the importance of controlling the pH on the growth and metabolism of this 

consortium. A pH value of 8 was attained in the fermentations without pH control after 20 days, inhibiting 

cell growth and production. The best results were obtained in the bioreactor with pH control, where the 

ethanol concentrations as well as the duration of the fermentation were higher. The behavior of the 

consortium resembled that of co-culture of model cellulolytic and solventogenic Clostridium strains that 

develop symbiotic relationships. 

 In the presence of only wheat straw as carbon source, the same behavior was observed, although it 

seemed that the cellulolytic strain had more difficulty to adapt the medium, probably due to the 

complexity of the substrate. 

Two bacterial strains, Nonomureae gerenzanensis and S.coelicolor A3 (2), were tested for their capacity 

to produce ligninolytic enzymes when growing in different media. Both strains showed ligninolytic 

activities, however Nonomureae presented slightly higher values especially when growing in wheat 

straw medium. 

When the broths from the fermentation of Nonomureae gerenzanensis and S.coelicolor A3 (2) were 

used as dilution water for clostridia fermentation, an improvement of the wheat straw utilization was 

shown compared to the control trial. However, the growth and variations of product concentrations in all 

experiments were not relevant, indicating that the inoculum did not grow in the best of conditions. There 

are two possible explanations for the poor growth of the clostridia: the inoculum did not adapt to the 

medium and/or the growth can have been inhibited by secondary metabolites present in the broths. 

However this experiment proved that lignocellulolytic enzymes can be used to enhance lignocellulosic 

biomass degradation and can be added to clostridia fermentation media in order to increase product 

concentrations. 

In conclusion, the work demonstrated that the consortium isolated is indeed capable of degrading 

cellulolytic substrates and produce valuable products, such as ethanol, butyric and acetic acids. It was 

also developed a process using lignocellulolyitic enzymes produced from different microorganisms to 

enhance the utilization of wheat straw by clostridia. By doing this, it was noticeable a higher degradation 

and utilization of the substrate, besides the poor growth, which is a good first step for the creation of a 
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more sustainable process for the production of biofuels and other products from lignocellulosic 

substrates. 
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7. FUTURE PERSPECTIVES 

The present work here described was the first step of a project developed in UCT Prague which aims 

to create a consolidated bioprocessing for the production of high value products from lignocellulosic 

biomass. However, some work still needs to be developed in order to achieve the main goal, such as: 

 Test different substrates, such as switchgrass, oat straw, rice straw, sunflower stalks, 

among others, to emphasize the capacity of the process to utilize lignocellulosic biomass, 

as well as to compare and define the best substrate. Perform the fermentations with other 

substrates concentration, to understand the influence that this might produce in the final 

products concentration, namely to the performance of cellulolytic strains; 

 Study other microorganisms capable of producing ligninolytic enzymes and use those 

enzymes to enhance lignocellulosic biomass utilization; 

 The experiment using the fermentation broths as dilution water should be performed again, 

using a fresh inoculum instead of one that had already been subjected to a long 

fermentation process. Moreover the characterization of the broths should be performed to 

better assess the presence of compounds that can influence the fermentation; 

 The presence of pyruvate should also be tested to confirm if it is indeed being release and 

affecting the fermentation pattern of solventogenic clostridia; 

 To detect the acids, an HPLC with an UV detector should be used, since it is more sensitive 

to the presence of acids; 

 Test the same CBP process without pretreating the wheat straw, to see if this step is 

possible to remove from the process; 

 Study the influence of other parameters in the fermentations, like acetic acid concentration 

in the medium, temperature, pH and stirring, to establish the optimum fermentation 

conditions; 

After the optimum fermentation conditions are established, a scale-up of the process should be carried 

out to adapt this consolidated bioprocess in a biorefinary installation. 
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9. ATTACHMENTS 

9.1. CALIBRATION CURVES FOR HPLC 

For the analysis of the results, standards of several possible products were first analyzed in HPLC in 

order to obtain a calibration curve, area versus concentration, for each one of the sugars. For this, 

solutions of 0.1, 1, 2, 5 and 7 g/L of each compound were prepared. The equations of the curves, as 

well as the retention time are displayed in Table 12.  

Table 12- Equations of the calibration curves obtained for each standard sugar and organic acid solution, as well 

as the correlation and respective retention time. y=pick area; x=concentration. 

CHEMICALS CALIBRATION 

CURVE 

CORRELATION R² RETENTION TIME 

Acetic acid y = 61814x 0.9965 16.70 

Butanol y = 281867x 0.9933 48.18 

Butyric acid y = 203346x 0.9944 27.03 

Cellobiose y = 267121x 0.9936 8.22 

Ethanol 96 % y = 148480x 0.9976 24.30 

Formic acid 22,5% y = 101750x 0.9966 15.05 

Fructose y = 195115x 0.9911 10.74 

Galactose y = 157093x 0.9909 10.53 

Glucose y = 158292x 0.9944 9.94 

Glycerol y = 145682 0.9953 14.34 

Isopropanol y = 214444x 0.9996 27.98 

Lactic acid y = 209276x 0.9937 14.14 

Maltose y = 162107x 0.9981 8.37 

Manitol y = 188409x 0.9933 10.94 

Saccharose y = 145424x 0.9967 9.82 

Xylose y = 199371x 0.9903 10.58 
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9.2. DNS REAGENT SOLUTION COMPOSITION 

The composition and preparation of the DNS solution used to perform the cellulolytic activity assay is 

present in Table 13. 

Table 13- Composition of the DNS solution used in the cellulolytic activity assay 

 

9.3. CALIBRATION CURVE OF GLUCOSE FOR THE CELLULOLYTIC 

ACTIVITY ASSAY 

The calibration curve obtained by measuring the absorbance at 540 nm of the several glucose standards 

is represented on Figure 20. With the equation of this curve is possible to determine the rate of glucose 

released from each sample. 

 

Figure 20- Calibration curve of glucose for the cellulolytic activity assay. The curve was obtained by measuring the 

absorbance of glucose standards at 540 nm with different concentrations. The equation obtained was y = 0.1103x 

+ 0.0043 with a correlation of R² = 0.9915 

0

0,2

0,4

0,6

0,8

1

1,2

0 2 4 6 8 10 12

A
b
s

Glucose concentration (g/L)

DINITROSALICYLIC ACID REAGENT SOLUTION 

3,5 Dinitrosalicylic acid 3.74 g 

Sodium hydroxide 6.99 g 

Dissolved in 500 ml of distilled water, then the following reagents are added: 

Potassium sodium tartrate 108 g 

Phenol: 2.7 ml (crystals melt at 50°C - in water bath) 

Sodium metabisulphate 2.9 g 

Add distilled water to 1 L. 
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9.4. CALIBRATION CURVE OF OF BOVINE SERUM ALBUMIN (BSA) FOR 

PROTEIN CONCENTRATION DETERMINATION 

The calibration curve obtained by measuring the absorbance at 562 nm of standard Bovine Serum 

albumin diluted in distilled water is represented on Figure 21. With the equation of the curve, it is 

possible to determine the concentration of proteins in the samples. 

 

Figure 21- Calibration curve of BSA for the bicinchoninic acid assay. The curve was obtained by measuring the 

absorbance of BSA standards at 562 nm with different concentrations. The equation obtained was y = 0.2558x + 

0.1155 with a correlation of R² = 0.9975 
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