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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 created, 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 
          

 

1. Introduction 
 

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]. 

Plant biomass is one of the most abundant 

renewable resources on 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 [3, 5]. Usually, lignocellulosic biomass is 

obtained from four major sources that include agricultural 

residues, forest residues, energy crops, and cellulosic 

waste, such as solid and food waste [1, 4]. 

 

 

 

The composition of lignocellulosic biomass is 

typically cellulose (30-45% of biomass weight), 

hemicellulose (15-30%), and lignin (12-25%) [6, 7]. In 

comparison to traditional fossilized sources, plant biomass 

presents a major challenge for downstream 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. Biological processing is a promising technology 

option for achieving the conversion of biomass, but still 

poses great challenges [8]. 

Consolidated bioprocessing (CBP) is an alternative 

process where cellulose production, hydrolysis of cellulose 

and hemicellulose and fermentation of hexoses and 

pentoses occur in a single step by microorganisms that 

express cellulolytic and hemicellulolytic enzymes [1, 2, 5, 

9]. CBP has potential to decrease the cost of biomass 

processing and energy inputs, and increase the conversion 

efficiencies compared to SSF based processes [2, 3]. 

Clostridia are anaerobic, gram-positive, rod-shaped, 

endospore-forming bacteria. They are largely saphrotrophic 

organisms and live in virtually all anaerobic habitats 
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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 [10]. 

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]. 

The present work intends to develop a new CBP 

approach using lignocellulosic biomass as substrate and a 

microbial consortium in order to obtain ethanol and other 

solvents (such as butanol) that can have an important role 

in the biorefinary industry. 
 

2. Materials and Methods 
 

2.1. 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, 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. 
 

2.2. Media 
 

If not mentioned, the supplier of the reagent is 

lach:ner 

 

2.2.1. TYA medium composition 
 

TYA media (1L) for Clostridium consortium growth 

was constructed by adding the following reagents to distilled 

water.  

 Yeast extract (Merck), 2g 

 Tryptone (Fluka analytical), 6g 

 KH2PO4, 0.5g 

 Ammonium acetate 3g 

 MgSO4.7H2O, 0.3g 

 FeSO4.7H2O, 0.01g 
 

The pH (WTW pH330 pH meter, Germany) was set 

to 6.8 using a 1M NaOH solution. The media was then 

sterilized by autoclave (Tuttnauer 3870 ELV, Tuttnauer 

Company, USA) at 121 ℃ for 20 minutes. 

.  

2.2.2. 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 1. 

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.  
 

Table 1- Composition of the four solutions that comprised P2 

medium 

Solution 1 Solution 2 Solution 3 Solution 4 

Yeast 

extract 1g 

K2HPO4 

(Penta), 0.5g 

MgSO4.7H2O, 2 

g 

P-aminobenzoic 

acid (Sigma-

Aldrich), 100 mg 

___ KH2PO4, 0.5 g 
MnSO4 · 

H2O,0.1g 

Thiamine 

(Sigma-Aldrich), 

100 mg 

___ 
CH3COONH4, 

2.2 g 
NaCl, 0.1g 

Biotin (Sigma-

Aldrich), 1 mg 

___ ___ 
FeSO4 · 7H2O, 

0.1 g 
___ 

790 mL 

distilled 

water 

100 mL distilled 

water 

10 mL distilled 

water 

1 mL distilled 

water 

 

2.2.3. MV, MM-L and Wheat straw media 

composition 
 

For the growth of Nonomuraea gerenzanensis and 

S.coelicolor, the following media were constructed, by 

mixing the reagents in 1L 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. 
 

Table 2- Composition, in g/L 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), 24g 

Lignin (Sigma-Aldrich), 
0.8g 

(NH4)2SO4, 1.4g 

Glucose, 1g K2HPO4, 1.6g KH2PO4, 2g 
Meat extract 
(Merck), 3g 

KH2PO4, 0.5g 
Urea (Sigma-Aldrich), 

0.3g 

Yeast extract, 5g MgSO4.7H2O, 0.58g CaCl2, 0.3g 

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

 CaCl2, 0.013g 
ZnSO4.7H2O 

(Chemapol Lachema), 
0.0014g 

 
(NH4)2SO4 (Penta), 

1.25g 
FeSO4.7H2O, 0.009g 

 
NH4NO3 (Chemapol 

Lachema), 1g 
MnSO4 (Chemapol 

Lachema), 1.4g 

 FeCl3, 0.0025g Peptone (Roth), 0.75g 

 
CuCl2 (Chemapol 

Lachema), 0.0025g 
Pretreated wheat 

straw, 10g 

 
MnCl2 (Chemapol 

Lachema), 0.0025g 
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2.3. 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 in an HPLC. Products yields were calculated as 

maximum concentration of product attained divided by the 

total substrate added. For acetic acid, the initial 

concentration in the medium was subtracted to the 

maximum value obtained of acetate. 
 

2.4. Growth of clostridia strain in pretreated 

wheat straw  
 

2.4.1. Pretreatment and characterization of the 

biomass 
 

The optimized process of pretreatment of cellulosic 

biomass was described elsewhere [11] 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 [12] 

and the contents are indicated in Table 3. 
 

2.4.2. 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. 
 

Table 3-Percentage, in dry matter, of the major contents of the 

pretreated biomass. 

Composition analysis % in dry matter 

Cellulose 55.0 

Xylose 4.5 

Arabinose 0.8 

Lignin 16.0 

Ash 0.82 
 

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 and 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 

3). For acetic acid, the initial concentration in the medium 

was subtracted to the maximum value obtained. 
 

2.5. 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 [13] 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, 3 g/L meat extract, 5 g/L yeast 

extract, 5 g/L triptose, 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 with pH 7.2, at which the 

following components were added: 6 g/L yeast extract and 

2 mM CuSO4. 
 

2.6.   Use of non-purified broths as “dilution 

water” for the fermentation of cellulose degrading 

isolate 
 

The non-purified broths were obtained by 

Nonomuraea gerenzanensis and Streptomyces coelicolor 

A3 (2) cultivations grown in the three media previous 

indicated. 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 supplemented with 10 g/L of wheat 

straw. 

Then, 5 mL of clostridia consortium 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, thus diluting 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 Erlenmeyers flasks 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 
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amount of cellulose and hemicellulose present in the wheat 

straw.  

2.7.  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. 

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 prior to the analysis.  
 

3. Results and Discussion 
 

3.1.  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. The products identified were ethanol, butyric 

and acetic acid. In Table 4, 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 4- 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 

 
Figure 1- 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. 
 

Solventogenic clostridia are able to produce both 

butyric and acetic acid during acidogenesis phase, and 

these products are after consumed during the 

solventogenesis, where solvents such as ethanol, butanol 

and acetone are produced. 

The production of butanol, the product resulting from 

butyrate assimilation by solventogenic strains was, 

however, not observed. This assimilation of the acids 

occurs, normally, when the pH declines to values around 

4.5-5 [14].  

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 

0,00

2,00

4,00

6,00

8,00

10,00

12,00

0,00

0,20

0,40

0,60

0,80

1,00

0 5 10 15 20 25 30 35 40 45 50

A
ce

ti
c 

ac
id

 (
g/

L)

B
u

ty
ri

c 
ac

id
 a

n
d

 e
th

an
o

l 
(g

/L
)

Fermentation time (days)
Butyric acid Etanol Acetic Acid

A 

0,00

2,00

4,00

6,00

8,00

10,00

12,00

0,00

0,20

0,40

0,60

0,80

1,00

0 5 10 15 20 25 30 35 40 45 50

A
ce

ti
c 

A
ci

d
 (

g/
L)

B
u

ty
ri

c 
ac

id
 a

n
d

 E
th

an
o

l 
(g

/L
)

Fermentation time (days)

Etanol Butyric acid Acetic acid

B 



5 
 

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. However, only the first phase of 

acidogenesis was identified, with little amounts of butanol 

produced and no acetone [15].  

In a more recent study, Salimi and Mahadevan [16], 

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. 

Besides this low sugars availability, this 

performance of solventogenic clostridia can also be linked 

to pyruvate consumption. Janati-Idrissi et al. [17] 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. 

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 on 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 [18]. 

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 [16, 19]. 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 [20]. 

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. 

Still, the growth of the cellulolytic strain is very slow, 

and acetate can also present an inhibitory effect when 

accumulated in certain amounts [21]. 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 products is also a characteristic of this type 

of co-cultures, where acetic acid is always the product 

formed in higher quantities [15, 16].  

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, 

comparing with 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.  
 

3.2.  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 2 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 
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g/g) respectively. 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 2. 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 by the cellulolytic strain 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. 

 
 

Figure 2- Evolution of the concentration, in g/L, of cellobiose, 

Butyric and Acetic acid and ethanol with time after 15 days of 

fermentation in P2 media with 4 g of pretreated wheat straw at 

37 ℃. 

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 [22]. 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 [23, 24], 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 [25]. 

Once again, no butanol was detected, as in the 

previous bioreactors assays, and there was no acid uptake, 

as it is common in the co-cultures of cellulolytic and 

solventogenic Clostridium. 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. Also, it appears that by the 

8th day, the growth of the solventogenic strain starts to slow 

down as had happened in the previous section. 

  

 
Figure 3- Production of Ethanol, Butyric Acid, Cellobiose, Glucose 

and Acetic Acid during clostridia fermentation for 23 days in P2 

medium with 10 g/L of wheat straw at 37 ℃. 

3.3.  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 3 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 and 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.   
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3.3.1.  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 4 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 4 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 4 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, 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 [22].  

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 

ethanol was detected in these media and not in wheat straw 

where the solventogenic strain appears to have prevailed.  

 

3.3.2.  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. 

 
 

 
Figure 4- 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). 

In MM-L there were no relevant products resulted as 

a result of clostridia fermentation. Even in the first sample, 

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 5 A, acetic acid and 

ethanol were identified, as well as glucose and cellobiose. 

It is interesting to notice 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 
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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 [26]. 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 (1.323 

g/g). 

As ethanol and glucose concentration 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 bioreactor 2 at the 

end of fermentation, it is possible that only spores of this 

strain were present in the inoculum and the medium was 

not favorable to their germination. In this sense, 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 5 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 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.  

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. 

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.  

 

 
Figure 5- 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). 

 

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 [27-30]. 

Once again, the possibility of other microorganisms 

presence should not be totally discarded. A summary of the 

results obtained in this experiment is presented on Table 5. 

A clear improvement of the products yields compared to the 

control is observed. 
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4. Conclusions and Future Work 
 

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 produce 

desired products. A new process to improve lignocellulosic 

biomass utilization by addition of fermentation broths of 

Nonomuraea gerenzanensis, Streptomyces coelicolor A3 

(2) as dilution water to the Clostridium media was tested 

In conclusion, the work demonstrated that the 

isolated consortium is indeed capable of degrading 

cellulolytic substrates and produce valuable products, such 

as ethanol, butyric and acetic acids. A process was 

developed using lignocellulolytic enzymes produced from 

different microorganisms to enhance the utilization of wheat 

straw by clostridia. By doing this, a higher degradation and 

utilization of the substrate was noticed, besides the poor 

growth, which is a good first step for the creation of a more 

effective and sustainable process for the production of 

biofuels and other products from lignocellulosic substrates. 

Further experiments are required, to establish the 

optimum fermentation conditions. 
 

Table 5 – 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 Concentrations (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;  

16 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) 
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