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1. INTRODUCTION AND AIMS 

Recent developments in the world oil market have demonstrated clearly that security of 

supply risks, the growing need for energy in developing countries and price volatility 

constitute a constantly increasing problem for the energy supply of transport. Many 

prominent technologies including bioethanol production have been introduced in order 

to substitute oil at least partially and thus decrease the associated risks. However, many 

of these technologies are currently not mature for the market, mainly due to high 

production costs creating technical challenges in order to decrease them. Hence, more 

efforts should be put into research and development of these technologies. 

Bioethanol when taking into account sustainability criteria can be an outstanding 

energy carrier instead of petrol. While first generation ethanol is based on starch (e.g. 

corn or wheat) or sucrose (e.g. sugar cane juice) containing feedstocks, second 

generation fuel ethanol production technologies process lignocellulosic residues. 

Lignocellulosic materials, in the form of agricultural and forestry residues, are 

produced in abundant amounts worldwide. Moreover, the amount can be further 

expanded by cultivating dedicated energy crops.  

In my PhD thesis many aspects of the biomass-to-ethanol process are investigated: 

1. Construction and evaluation of a new device that is capable to monitor ethanol 

fermentation on parallel channels in real time.  

2. Ethanol production based on Hungarian sweet sorghum varieties. 

3. Cellulase production using byproduct streams of the lignocellulose to ethanol 

process.  

4. Study of enzyme production by T. reesei mutants – modified in elements of 

signaling pathways – in laboratory scale fermenter.  
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2. BACKGROUND 

Basis of ethanol production is the fermentation of glucose and fructose to ethanol 

usually by baker’s yeast (Saccharomyces cerevisiae), in a process well-known for many 

of thousand years. The glucose can be obtained from a variety of raw materials: sugar 

feedstocks, grains and biomass. This last one in general has it in the form of cellulose 

and in less extent of hemicellulose – the structural polymers of plant cell wall. 

Depending on raw materials different processes are used to liberate glucose and 

produce ethanol. Despite many process designs have been suggested for the biomass-

to-ethanol process (Figure 1.), the second generation technology is currently in pilot 

scale.  

 

Figure 1. – Process design of the biomass-to-ethanol process (Gírio et al., 2010
1
) 

SHF: separate hydrolysis (of cellulose) and fermentation (of glucose) 

SHCF: separate hydrolysis (of cellulose) and co-fermentation (of pentoses and hexoses) 

SSF: simultaneous saccharification and fermentation (of glucose) 

SSCF: simultaneous saccharification and co-fermentation (of pentoses and hexoses) 

CBP: consolidated bioprocessing (enzyme production, hydrolysis and fermentation of all 

sugars in a single step) 

 

Wheat straw, available in abundant amount both globally and in Hungary, could be a 

proper feedstock for biomass based ethanol. Another lignocellulosic residue, studied in 

my thesis, is sweet sorghum bagasse, the leftover of squeezing the stem. The juice 

extracted this way contains large amount of sucrose which is readily fermentable to 

                                                 
1
 Gírio, FM. et al (2010) Hemicelluloses for fuel ethanol: A review. Bioresource Technology 

101(13):4775-4800 
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ethanol by baker’s yeast. Under moderate climate the technological difficulty of sweet 

sorghum processing is the short harvest period making the juice available only for 1-2 

months annually: the juice cannot be stored because the microbes including its natural 

microbial flora degrade the easily fermentable sugar content. The utilization of bagasse 

and any other lignocellulosic residues could balance the annual short availability of the 

juice meaning also a great opportunity for integration of first and second generation 

technologies. 

However, because of the more resistant structure of lignocellulosic materials enzymatic 

hydrolysis must be preceded by pretreatment (e.g. steam pretreatment) in order to set 

cellulose chains free to be available for enzymes. After pretreatment the slurry is either 

used without separation or separated to cellulose containing fiber fraction further 

exposed to enzymatic hydrolysis and liquid fraction containing soluble sugars and other 

compounds. These soluble compounds, however, exert possible inhibitory effect on 

microbial growth which makes further utilization difficult. The reason for this is that 

because of the harsh conditions applied during pretreatment, some components are 

removed from the lignocellulose matrix and even further degraded. Nevertheless, based 

on the high sugar content (mainly pentoses) of liquid fraction many possible uses have 

been investigated (ethanol and xylitol fermentation, biogas and biohydrogen formation, 

enzyme production). But the matrix of inhibitors present in the liquid fraction often 

exceeds the tolerance level of microbes. Therefore, a number of methods have been 

proposed either to decrease the concentration of inhibitors or adapt the used microbes 

gradually to the toxic environment.  

For the hydrolysis of pretreated material cellulase enzymes are used liberating glucose 

of accessible cellulose chains. Since lignocellulosic materials in form of decaying plant 

materials are an abundant source of energy and carbon, many organisms, mostly 

microbes are able to decompose the structural plant cell wall carbohydrates. The 

filamentous fungus Trichoderma reesei is one of the most powerful, also in industrial 

scale applied cellulase producing microorganisms. Today numerous hypercellulolytic 

T. reesei strains are available that have been developed from the original isolate, QM6a. 

The initial aim of strain selection based on utilization mutagen agents and subsequent 

screening on special media, was to improve cellulase yields and create catabolite 

derepressive mutants. With the improvement of laboratory methods and genetic 

engineering tools it had became possible to modify the genome and thus optimize 

cellulase secretion in site-directed mutagenesis, for what a strategy can be the 

exploitation of signal transduction processes. Signaling mechanisms and pathways 

convey signals indicating changes from surrounding nature, e.g. in light conditions, into 

the nucleus and thus influencing gene expression by targeting different downstream 

gene elements. Light, especially blue light affects or initiates a number of physiological 

processes in fungi in general and also in Trichoderma, e.g. growth, conidiation and 

metabolic pathways. Cellulase expression in T. reesei has also been observed to be 

influenced by light: protein ENVOY and the two photoreceptors BLR1 and BLR2 

modulate cellulase transcription in a light dependent manner. 
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3. MATERIALS AND METHODS 

Raw materials 

Two Hungarian sweet sorghum varieties were used ‘Monori Édes’ and ‘Berény’. While 

the juice of ‘Monori Édes’ was directly fermented to ethanol, bagasse was pretreated on 

eight different ways with combining the following parameters: type of base (NaOH 

versus KOH), concentration of base (1% versus 2%) and temperature – time 

combination (25ºC, 3 days versus 121ºC, 1 hour).  

Bagasse of ‘Berény’ was steam pretreated at the Department of Chemical Engineering, 

Lund University, Sweden. Slurry was washed with triple amount of warm distilled 

water, then the liquid and fiber fractions were separated by vacuum-filtration. These 

ones, as carbon sources were applied in enzyme production experiments, in case of 

liquid fraction after further dilutions. 

Wheat grain and straw were also applied in experiments. Steam explosion of wheat 

straw was performed in CIEMAT (Madrid, Spain). Separation of the slurry was similar 

than above except a major difference: the solid fraction was only washed after 

separation of liquid fraction. This liquid fraction was detoxified in a two step process 

(evaporation and overliming), and used for enzyme production after dilutions. 

T. reesei strains 

For shake flasks enzyme production experiments with the above liquid fractions T. 

reesei RUT C30 was used. The adaptation possibility of T. reesei to liquid fraction was 

investigated, firstly, by pre-adaptation on agar plates containing liquid fraction in 

different dilutions with sequential subculturing.   

For the comparative enzyme production experiments carried out in laboratory fermenter 

on Solka Floc carbon source T. reesei QM9414 and the following descendents 

defective in light sensing pathways were used: Δenv1, Δblr1 and Δblr2, missing the 

open reading frames of respective genes.  

Fermentation supernatants were analyzed for different enzyme activities, residual 

reducing sugar and extracellular protein content. Fermentation broths from fermenter 

experiments were analyzed for cell mass concentration.  

Hydrolyses 

For hydrolysis experiments (pH 4.8, 2% dry mass) produced enzymes and commercial 

enzyme preparations were used (Celluclast 1.5L and Novozym 188 (both Novozymes 

A/S, Denmark)) in a dosage of 20 FPU/g glucan or dry mass.  

Ethanol fermentation 

Batch ethanol fermentation with baker’s yeast was tracked by measuring CO2 

production by a novel online fermentation module device developed together with 

Stereo Vision Ltd.  
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4. RESULTS 

Novel fermentation monitoring device 

A novel device and software was developed that is suitable to follow ethanol 

fermentation or any other process with gas formation in real time and on parallel 

channels. Advantages of this approach are the immediate results, the possibility to 

study the kinetics and the impact of different experimental designs. Statistical 

evaluation of test measurements showed that the operation of the device is reliable. An 

equation was also formulated to calculate ethanol concentration from the gas volume 

produced, however, a growing discrepancy was found with the number of displacement 

event between HPLC measured and calculated concentrations. Nevertheless, based on 

the statistical evaluation, the device is suitable for monitoring of ethanol fermentation. 

Whole sweet sorghum plant as bioethanol feedstock 

Sweet sorghum whole plant can be effectively converted into ethanol with an overall 

potential of 8 300 L/ha of which 45% comes from the juice. As a result of juice 

fermentation a final ethanol concentration of 68.7±2.1 g/L was reached that is equal to 

a conversion value of 78.9% based on total initial sugar content. Pretreatments of 

bagasse resulted in an enhanced glucan (from 41% to 45-67%) and xylan (from 17% to 

23-29%) content. With increasing alkali concentration the glucan content increased, 

this effect was significant at 121°C. The largest increase in glucan content was 

observed after the application of 2% NaOH at 121°C.   

Pretreatment with alkalis was also found to be a proper method for good conversion 

values during the hydrolysis of pretreated, separated and washed bagasse. NaOH 

proved to be the most efficient (90.5% and 94.6% reducing sugar liberation after 

pretreatment with 1% and 2% NaOH, respectively) at 121°C in both concentrations. In 

the aspect of ethanol yields a room temperature pretreatment was the most effective 

(2% NaOH, 69.6%). 

Liquid fraction as carbon source for T. reesei 

Neither liquid fractions of steam pretreated sweet sorghum bagasse nor wheat straw 

could be applied directly as carbon source of T. reesei, since no enzyme production was 

observed. For successful enzyme production the adaptation possibility of T. reesei to 

liquid fraction of pretreated sweet sorghum bagasse was investigated. Pre-adaptation 

was carried out on solid media (agar plates), and the so gained adaptation ability could 

be transferred into shake flasks cultures (on diluted liquid fraction). With the 

application of these adapted strains not only the enzyme production started earlier but 

22.6% higher final FPA was also obtained compared to non-adapted cultures. Inhibitors 

usually affect microbial growth in the initial phase therefore it is noteworthy that 

adaptation of T. reesei lead to higher final FPA as well.  

The liquid fraction obtained after pretreatment of wheat straw was detoxified which 

after it could be used diluted in enzyme production. After seven days the reference 

broths (no liquid fraction) had already reached maximal FPA, while the other cultures 

(detoxified liquid fraction alone or supplemented with wheat grain or washed pretreated 

wheat straw) still showed increasing activities reaching 25-69% higher volumetric FPA 
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activities after day 11 than the control. Due to using liquid fraction as carbon source the 

amount of produced xylanases increased significantly and this enhanced the xylan 

conversion in the subsequent hydrolysis (70% in case of reference, while 81-85% in 

case of broths with liquid fraction). Moreover, when supplemented with wheat grain 

near optimal BGA/FPA ratio was produced by T. reesei.  

Up-scaled cellulase enzyme production by signaling pathway modified T. reesei 

mutants  

During the lab-scale fermenter enzyme production of different T. reesei mutants 

modified in elements of the light signaling pathways it was found that they can deliver 

enhanced enzyme production compared to wild type QM9414. However, effect of 

deletion of the different elements was different among the activities measured  

(Table 1).  

Table 1 – Comparison of strains by means of different enzyme activities. 0 – no 

significant difference to QM9414, + - higher (<30%) activity than that of QM9414, ++ 

- more than 30% difference compared to QM9414, -- - less activity than 70% of 

QM9414 produced 

 Δenv1 Δblr1 Δblr2 

EGA ++ 0 ++ 

FPA + -- + 

BGA + + ++ 

XYLA + + 0 

 

The biomass and protein specific activities showed that there are different reasons 

behind enhanced activities Deletion of env1 resulted in the secretion of a more effective 

enzyme mixture, while deletion of blr2 led to enhanced total protein secretion. Based 

on these findings it was assumed that the major components of the light response 

pathway (BLR1, BLR2 and ENV1) could be crucial regulators or checkpoints in (light 

dependent) production of extracellular plant cell wall degrading enzymes, even in the 

predominantly dark conditions of a steel fermenter.  



 8 

5. NEW SCIENTIFIC FINDINGS 

 

1. Together with Stereo Vision Ltd. a device was developed that is able to track gas 

formation reliably as tested on several raw materials. Statistical evaluation of test 

runs showed reliable operation. Based on the final gas volume, ethanol 

concentration can be estimated, however, a growing discrepancy appeared with the 

increase of the total gas volume. (Paper I) 

2. Dilute alkali pretreatment of sweet sorghum bagasse is an efficient method, 

considering both the hydrolysis by means of RS liberation and the whole SSF 

process as described by ethanol yield. However, the pretreatment parameters 

yielding the best results are different in the two processes. (Paper I) 

3. Adaptation of T. reesei to the liquid fraction of steam pretreated sweet sorghum 

bagasse can be a successful approach to enhance the cellulase production efficiency 

compared to non-adapted cultures. Adaptation ability of T. reesei gained during 

solid state pre-adaptation (on agar plates) could be transferred into submerged 

cultures where the adapted strains started producing enzymes earlier and also 

secreted higher final enzyme activities than non-adapted ones. (Paper II) 

4. The effectiveness of T. reesei cultivation on the liquid fraction cannot be 

preliminary defined based on measurement of the major inhibitors (acetic and 

formic acids, furfural and HMF). Possible other substances and/or interaction 

between inhibitors influence more the growth and enzyme production of fungus. 

(Paper II and III) 

5. Diluted and detoxified liquid fraction of steam pretreated wheat straw is an 

appropriate carbon source for T. reesei fermentation available onsite. Besides its 

availability, the main advantage of using the liquid fraction is the highly enhanced 

xylanase activity produced by T. reesei. (Paper III) 

6. Starch, as supplementary carbon source to liquid fraction (of steam pretreated wheat 

straw) can improve beta-glucosidase production significantly, thus optimizing the 

composition of enzyme mixture (close to a BGA/FPA ratio of 1), yet 

supplementation cannot facilitate overcoming the inhibition. (Paper III) 

7. It was demonstrated that modification of the light signaling pathways of T. reesei 

could be a fruitful approach in obtaining higher enzyme activities also in up-scaled 

fermentations (30 liters). However, different patterns of regulation could be 

suggested for the enhanced activities. While deletion of blr2 resulted in a 

significantly increased amount of secreted total protein content, deletion of env1 

leads to the secretion of a more efficient enzyme mixture. (Paper IV) 

 



 9 

6. CONCLUSIONS, POTENTIAL APPLICATIONS  

Lignocellulosic materials, in form of agricultural and forestry residues, are produced in 

abundant amounts worldwide. In addition, energy crops suitable to local conditions can 

be also viable options to obtain high ethanol potentials, as shown for sweet sorghum. 

Further researches can be made more effective and simple with the application of the 

online fermentation monitoring system.  

The liquid fraction that is an unavoidable byproduct available onsite, can be a proper 

substrate for cellulase production by T. reesei in industrial scale too decreasing the 

related costs. Besides this, the integration of first and second generation technologies 

could also facilitate the industrial scale spread of second generation technologies with 

having use of the already existing infrastructures of first generation factories processing 

starch or sugar based feedstocks.  

The results provided new insights into the regulatory machinery of T. reesei, which can 

be exploited to enhance biotechnological fermentation at different stages of regulation 

in fungi. Hence investigation of the light response machinery, and also of its 

downstream targets, with respect to industrial fermentations (i.e. likely in darkness), 

opens up a new strategy for strain improvement aimed at more efficient biofuel 

production. 
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