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ABSTRACT 

 

Ultrasound has been vastly applied in different areas such as medical imaging and the food 

industry, but not much attempt has been made to investigate its influence on microorganisms 

and its potential to be applied in microbial biotechnology. Previous studies show the potential 

of acoustic waves to increase biomass yield, production of secondary metabolites and enhanced 

enzyme-catalyzed reactions, probably due to improved mass transfer and cell retention. The 

influence of audible waves, however, is not properly elucidated, and more studies are needed 

to understand how audible waves affect living cells. As most of the applied equipment in 

biological fields are originally designed for other purposes, there has been limited control of 

frequency, input power and pressure distribution in biological reactor system. So far, the lack 

of well-defined sono(bio)reactors that uniformly distribute sound waves has prevented more 

systematic studies on how acoustics affect biological systems. To obtain in-depth knowledge 

in this specific field, a sonobioreactor was designed that enables control of the pressure 

distribution. The viability of a model lignocellulose degrading fungus, Fusarium oxysporum, 

was studied at different intensities of resonance frequency. The online growth measurement 

showed that sonication did not adversely affect the cells up to 6 W and the best growth was 

recorded at 4W. In addition, SEM analysis showed that sound waves can disrupt the mycelium 

and the higher the applied input power, the greater the number of these breaks. Therefore, in 

the next parts of the thesis, the influence of sonication on production of lignocellulose degrading 

enzymes was studied. Prior to studying the effect of ultrasound on lignocellulose enzyme 

activity, a series of experiments were conducted to identify effective cellulase and xylanase 

inducers. In these trials, inducers such as cellooligosaccharides, xylooligosacharides, sophorose 

and lactose were tested and the induced enzymatic activities were measured. Besides, the 

influence of consumed carbon source (sucrose vs glycerol) for biomass production on cellulase 

activity was also investigated. The obtained result showed that the efficiency of the inducer 

depends on the carbon source. Specifically, when using sucrose for the production of fungal 

biomass, cellooligosaccharides with a higher degree of polymerization (cellotetraose) were 

better inducers of endoglucanase, exoglucanase, cell-bound and extracellular β-glucosidase, 

while when using glycerol, cellobiose resulted in an enhanced induction of endoglucanase and 

exoglucanase, while cellohexaose promoted both β-glucosidases. When it comes to xylanase 

induction, it was found that the chain size of xylooligosacharides plays an important role with 



the highest induction occurring with xylotetraose. Finally, transcriptomics analysis was done 

for both cellulases and xylanases induction, by using cellobiose and xylotetraose respectively, 

to understand the mechanism of induction of biomass degrading enzymes by revealing 

differentially expressed genes or transcription factors. The bioinformatics analysis showed that 

by adding each inducer, a series of carbohydrate degrading enzymes, transcription factors, 

transporters, as well as genes necessary for translation are differentially expressed. 

In the final part, the effect of ultrasound and audible sound on the induction of cellulase was 

studied by using cellobiose as inducer. Prior to this, the effect of different sonication 

parameters, specifically the time, on the enzyme induction was investigated, and it could be 

concluded that continuous sonication had a negative effect on enzyme induction. As such, 

sonication for 2, 8, and 20 hours were compared where 8 hours sonication were selected for 

further studies. The impact of three different frequencies, namely 40000 kHz and its resonance 

frequencies in audible sound and higher ultrasound frequencies, on the cellobiose induction of 

cellulase was studied by using 4W input power and 8-hour sonication. To acquire detailed 

information on the mechanism of sound influence on the microbial cell, enzyme activity results 

were used in combination with transcriptomics, metabolomics, proteomics, and secretomics 

and phosphoproteomics analyses. The OMICs analysis showed that based on the applied 

frequency, the cell responds differently by activating different metabolic pathways, resulting in 

the production of different proteins and phosphoproteins. The OMICs profiles of the audible 

sound and low frequency ultrasound treated samples had some similarities while showing 

significant differences with the high frequency ultrasound treated samples. 
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1. INTRODUCTION

1.1.  Acoustics: Principles and Application 

Sound is a kind of mechanical energy that is travelling as pressure waves through a solid, liquid, 

or gas medium, carries energy, and creates back-and-forth displacement in particles [1]. The 

fast back-and-forth vibration of the objects in the medium leading to compression and 

rarefaction of the molecules, differentiates sound from other types of energies [1,2]. A wave is 

a synchronized disturbance that travels with a specific speed and carries energy through a 

medium without moving molecules/particles of the medium. Any source of energy that can 

vibrate the objects, such as musical instrument or piezoelectric transducer in medical 

ultrasonography, can produce sound. In a piezoelectric transducer, an electrical impulse vibrates 

a piston-like object that produces sound waves in the tissue [1]. 

The strength of acoustic waves is defined by acoustic pressure and the maximum pressure is 

called “pressure amplitude”. So the pressure amplitude is defined as the maximum increase or 

decrease in the sound pressure compared to the condition with no sound waves. The definition 

of high amplitude in the audible sound is loudness. The pressure distribution is continuously 

changing by traveling of the sound waves [1]. In acoustics, the supplied power by the electrical 

fields defines the acoustic power and therefore the amplitude of vibration. Depending on the 

density and viscosity of the surrounding fluid, traveling sound waves gradually lose their power 

and therefore intensity. By applying high-power sonication (10-10 000 W/cm2) and by the 

fluctuation of the pressure in the liquid medium, the pressure can drop below the vapor pressure 

of the liquid, which creates very small and mostly invisible bubbles (cavities) that are mainly 

composed of the dissolved air and to a lesser extent of water vapor (Fig 1). This phenomenon 

is called “cavitation”, and the function of acoustics in sonoprocessing and sono-chemical 

applications depends on that. These bubbles can either grow without collapsing  (stable 

cavitation) or grow and collapse to smaller bubbles in a dramatic implosion (transient 

cavitation) that creates free radicals, localized pressure and temperature that consequently 

increase heat (can reach up to 5500 °C in a moderate pressure of 50MPa), mass transfer rate 

and induce chemical reactions [3]. Therefore, cavitation can be applied for physicochemical 

changes of materials, microbial inactivation, or disrupting the cell and releasing the intracellular 

material [4,5]. 
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Fig 1. Ultrasound cavitation [6]. Small bubbles grow due to acoustic excitation and evaporation. 

When it reaches to critical size, it will collapse violently  
 

One of the most important features of the sound waves is frequency. Frequency is the number 

of oscillations of particles (waves) per second around their resting points [1]. Sound waves are 

categorized into different groups based on their frequency (Fig 2). Infrasound is the lowest in 

the acoustic spectrum with a frequency range below 20 Hz, followed by audible sound with 

frequencies between 2 Hz and 20 kHz. Above 20 kHz is known as ultrasound (US) that is 

divided into high- (1-10 MHz) and low-frequency (0.1-1MHz) ultrasound [2]. Both of these 

frequency ranges have low energy and do not change the physicochemical properties of the 

material that they interact with. The frequencies of 1-10 MHz are applied for diagnostic medical 

imaging, and 0.1-1MHz frequencies are routinely used in the food industry for different 

purposes, such as monitoring crystallization and to characterize suspensions [7]. Frequencies 

in the range of 20-40 kHz generate significant shear fields in the surrounding fluid and are 

known as “power ultrasound”. These frequencies are commonly used in the food industry for 

emulsification and microbial inactivation [3]. In frequencies between 300 and 600 kHz, the 

production of free radicals reaches the maximum which is desirable for sonochemistry [3,8–

10]. Besides these common areas of applications, there is an increasing number of applications 

of acoustics (mainly ultrasound waves) in different areas, for example, to decrease the algal 

bloom of a lake or river [11], and lignocellulose and waste material pretreatment as an eco-

friendly method [12,13].  
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Fig 2. Graphical illustration of sound ranges.  

 

1.2.  Microbial response to acoustic waves 

In the concept of microbial communication, much of the research is focused on chemical 

signaling such as quorum sensing. Quorum sensing is a kind of microbial conversation that is 

adjusted based on the cell density and production of low molecular weight compounds named 

autoinducer [14]. However, in any environment, microorganisms are receiving a mixture of 

different physical stresses such as electromagnetic radiation, electric currents, and sound waves 

that can also influence microbial cell to cell communication [15]. The importance of physical 

signals is that unlike chemical signals, they can propagate through a wider area of the media 

compared to chemical signals that are subjected to diffusion [15]. Similar to quorum sensing, 

the sound waves will be diluted progressively, however, they can stimulate the cellular response 

faster [15] and define the utmost distance for efficacious communication [16].  

Physical signaling can be important in communities such as microbial colonies and biofilms, 

where microorganisms can sense even the lowest intensities of sound waves, cooperate, and 

amplify the sound signal from an individual cell [15]. However, in situations such as stress 

condition or high cell density, the signals carry high energy that exceeds the threshold and act 

as an alarm, which induces cells dispersal (enabling travel and colonization of less stressful 

niches) or reprogrammed cell death [15,17]. Microbial cells may even use some frequencies to 

destroy sensitive cells and use the released nutrients [15].  

Earthquake 
Acoustic 

 Microscopy 

Infrasonics Acoustic Ultrasonics 
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The result of some studies support the idea that cellular interactions are not necessarily based 

on molecular signals and molecule-receptor recognition [15]. For example, in a study of 

Escherichia coli populations grown in a glass cylinder and separated with a glass window, only 

the population that were separated by a clear window allowing light to pass through had 

comparable growth with the control sample without separating glass [18]. Also, nanowire-like 

structures in Shewanella oneidensis, a metal-reducing bacteria, transmit information between 

the cells by the appearance of electrical potentials that support chemical reactions [15,19]. 

Interestingly, under stress conditions, bacterial cells emit physical signals that enhance the 

proliferation of neighboring cells [20]. For example, it was found that Bacillus subtilis bacteria 

emit frequencies between 8 and 43 kHz which have been shown to promote colony formation 

by Bacillus carboniphilus in stress conditions caused by a high KCl concentration [20], 

suggesting that some microorganisms might communicate by sounds in nature. Moreover, the 

emitted sound frequency from a cell varies depending on the cell type (yeast cells (0.9–1.6 

kHz)) [21] vs B. subtilis (8–43 kHz)[20]) and temperature that affects the intracellular 

vibrations and therefore emitted sound frequency, without changing the sound intensity [21]. It 

was shown that the amount of the absorbed sound energy by a cell reaches the highest when the 

frequency of the sound waves matches the natural frequency of the microbes vibration, 

suggesting that the cells would receive more energy from the sound generated by cells from the 

same species [15]. It is worth mentioning, that the combination of the intensity and frequency 

of sound signals, as well as the metabolic status of the target cell, determine the response of the 

cell to the incoming signal.  

As mentioned earlier, the basis of sound is the vibration of objects. On a molecular scale, 

cellular metabolism including molecular motors and cytoskeleton, chromosome replication, 

transcription, translation, protein folding, and unfolding and enzymatic reactions creates forces 

that results in intracellular motions [22–29] and consequently vibration of the cell components. 

Pelling et al used atomic force microscope (AFM) to show that the cells of Saccharomyces 

cerevisiae have local, periodic nanoscale motions that depending on the temperature have 

frequencies in the range 0.9-1.6 KHz with similar (but variable) average amplitude (3.0 ± 0.5 

nm) [21]. This means that the intracellular motions have enough power to propagate across the 

cell-wall and produce acoustic signals [15]. These motions disappeared when using metabolic 

inhibitors, proving that they originated from cellular metabolism [21]. Therefore, the 

transformation of intracellular motion to extracellular vibration and therefore sound supports 

the idea that probably the cells use sound waves as a signaling device to transfer information 

about their metabolic status, representing the integral energy of the cell [15]. Based on these 
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points, it can be deduced that physical communication is more energy-efficient than the 

chemical equivalent. The reason is that cells mainly use the released energy from the cellular 

processes, and in turn need to spend less energy compared to the chemical interactions in which 

cells use energy to synthesize receptors and enough signal molecules to be detectable by the 

cognate receptor [15]. The intensity of the cell’s vibration depends on the amplitude of the 

sound waves. The amplitude shows how much energy sound waves are carrying and how far 

they can travel. Therefore, under the appropriate frequency and adequate intensity, the released 

sound waves can reach and vibrate other cells, and therefore modulates the receiver’s cellular 

metabolism. In the above-mentioned example of S.cerevisiae, the activation energy of 58 

KJ/mol that was needed to oscillate the cell and activate or deactivate DNA regulatory proteins 

[21,30]. Moreover, studies showed that hydration of DNA and counter-ion binding cause low-

frequency conformational vibrations that influence the structure of promoters and DNA-protein 

interactions and therefore gene expression [31,32]. Based on these observations, it is predictable 

that any kind of external energy that triggers intracellular motions and cell polarization may 

affect gene expression and cell growth [33–35], enzymatic activity [36], and metabolism [37]. 

Furthermore, ion channels and membrane receptors can also aid the signal transduction of the 

sound waves. The mechanism of reception and transduction of sound waves by ion channels is 

through the influx of the ions and internal polarization due to the stretch forces in the lipid 

bilayer [38].  

Studies have shown that different microorganisms do not respond equally to different sound 

frequencies, intensities, and duration of sonication. Low power ultrasound can increase the 

growth of microorganisms while increasing the power can destroy the cell [39]. Intermittent 

sonication (5 min/day, 20 kHz, 50W pulse) of the cyanobacterium Anabaena flos-aquae 

increased the biomass yield up to 46% [40,41] but decreased the growth of the microalgae 

Selenastrum capricornutum [17]. In a study on E. coli and Staphylococcus aureus, music 

(audible sound frequencies) not only affected the growth of these bacteria, but different genres 

of music also had different influence on growth rate. This concept was suggested to be useful 

in wastewater treatment where there is a need to inoculate sewage-degrading bacteria in the 

sewage [42]. In some studies, ultrasonication increased the fermentation yield of astaxanthin 

by Phaffia rhodozyma MTCC 7536 [43]. In S. cerevisiae, low-intensity ultrasound (24 kHz, 2 

W, 29 °C) increased the permeability of the cell wall, changed the potential of the surface and 

accelerated transportation of Ca2+ into the cell that led to a three times higher concentration of 

Ca2+, shortened logarithmic phase, and increased biomass [44]. In addition, low frequency (low-
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freq) and low energy ultrasound decreased the fermentation time and increased the production 

of riboflavin by five times in Ecemothecium ashbyii [45]. 

 

1.3. Application of acoustic waves 

Sound waves also affect the rate of enzymatic reactions depending on the sonication parameters 

and enzyme preparation [39,46]. Energy provided by low power ultrasound does not damage 

the enzyme structure and can positively influence the enzymatic reaction [39]. In another study 

on alpha-chymotrypsin, aldolase, trypsin, lactate dehydrogenase, and ribonuclease, it was 

shown that cavitation was responsible for enzyme deactivation [47]. Sonication can also alter 

microbial enzyme expression. As an example, five minutes of ultrasonication has been shown 

to increase the production of lipase enzyme 2.7 times [48]. The activity and release of invertase 

from Aspergillus niger increased in the presence of ultrasound, which is useful in the food 

industry to produce sweet foods [49]. In another study, similar results were observed for 

invertase and hydrolysis of starch and glycogen by amylase and amyloglucosidase [50]. In this 

study, a 60 W ultrasonic bath increased the rate of the activity and decreased enzyme inhibition 

at high substrate concentrations, possibly due to improved mixing [50]. In the textile industry, 

ultrasound improved the performance of cellulase and pectinase enzymes which is of economic 

importance due to the reduced volume of consumed enzymes, and shorter processing time with 

less damage to fibers [51]. In the food industry, ultrasonication (20 kHz; 60 W; 0 °C)  was used 

to produce lactose-free products by depleting 71–74% of the initial lactose compared to non-

sonicated milk with 39–51% lactose hydrolysis [52]. Also, ultrasonication (20 kHz, 30 °C - 40 

°C) decreased the fermentation time of four strains of Bifidobacterium in milk [53]. Sonication 

is also a tool to sterilize the food preventing overheating and changing the structure of food 

ingredients, like proteins denaturation [54]. 

Ultrasound also has the potential as a green technology in environmental remediation of water, 

air and land [39,54]. In the presence of polyvinyl alcohol as enzyme stabilizer, ultrasound-

treated laccase was successfully used to decolorize 65% of the colors in a dye solution, 

compared to the non-sonicated counterparts with 20% efficiency [55]. In the waste water 

treatment industry, sonication is applied to treat the waters [54]. For example, even though 40 

kHz frequency ultrasound slightly affected alkaline protease of Bacillus licheniformis, it 

accelerated the enzymatic hydrolysis of the untanned solid leather waste by 25% [56]. 

Enzymatic hydrolysis of biopolymers and enhancement of anaerobic digestion are other 

industrial applications of ultrasound [39].  
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There is a limited amount of available studies about the influence of audible sound on 

microorganisms, however, based on studies employing organisms, mainly plant cells, it is 

suggested that there might be an influence of this type of sound on the microbial cell.. For 

example, audible sound affected the metabolism and physical state of the plasma membrane of 

Dendranthema morifolium callus [57]. Furthermore, it was shown that the sound waves increase 

the amount of soluble protein and sugar in the callus of the plant [58]. In addition, there is a 

report showing that audible sound considerably increased the colony forming units of E.coli in 

normal growth conditions, and also deceased the inhibitory effect of osmotic stress caused by 

sugar [59].  

To summarize, it is not yet fully elucidated how sound waves induce the above-mentioned 

influences in microbial cells but it is assumed that they weaken the cell wall/membrane and 

increase the permeability of microbial cells for nutrients and oxygen that improves mass 

transfer inside and outside of the cells [17]. Sound waves can alter the morphology of 

filamentous fungi and therefore the produced metabolite without influencing the growth rate 

[39]. As mentioned before, sonication can alter the potential of the cell surface that activates 

the Ca2+ channels. Sound waves decrease the unstirred diffusion layer, reduce the size of the 

particles in the medium, improve emulsification, induce microstreaming, and help the process 

of mixing [39]. It is known that depending on the applied substrate, the effect of the sound 

waves varies in microorganisms [39]. Inactivation of microbial cells by sonication occurs 

through acoustic cavitation [54]. This is done by damaging the cell wall; pressure gradient-

induced mechanical forces around the cell that lead to the collapse of the cavitation bubbles; 

free radicals production during the cavitation that disintegrates the cell-wall; microbicidal effect 

of the produced hydrogen peroxide, and also the induced microstreaming within the cell [60]. 

In the case of enzymes, low power waves do not change the secondary structure of the enzymes 

but it can perturb the microenvironments and tertiary structure of the enzyme. For enzymatic 

reactions, the outcome of discontinuous sonication is better than continuous irradiation due to 

less chance of the enzymes to rebind to the substrates in the latter case [39]. 

1.4. Lignocellulosic Biomass and its degradation 

Solar energy is captured via photosynthesis as carbon dioxide is incorporated as fixed carbon 

during the growth stage of all biomass. Lignocellulose is the building material of plant biomass. 

and gives structural stability and protection from microbial pathogens and physical stresses 

[61]. The annual unusable part of lignocellulosic biomass remains very interesting (≈ 1011 

metric tons) and could be considered as a cheap resource for many potential applications within 
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the biorefinery concept. The polysaccharide fractions are of particular interest for 

biotechnological applications through biochemical conversion of sugars such as glucose and 

xylose. Lignocellulose is composed of cellulose, hemicellulose and lignin where fibers of 

cellulose that are made of glucose are attached to each other by covalent and non-covalent 

bonds [62]. Hemicelluloses are mainly composed of xylans, mannans and xyloglucans which 

are linked to cellulosic fibrils and are chemically attached to lignin [63].Structural units of 

lignin are phenylpropanoid aryl-C3 units that are connected to each other through ether and C–

C bonds and produce an aromatic heteropolymer [63]. Depending on the source of 

lignocellulose, the portion of each component can vary. Cellulose is the main part of the 

lignocellulose (35-45%) followed by hemicellulose (20.40%) and lignin (15-35%) [61]. 

Besides these major components, lignocellulose is also associated also with non-structural 

components such as organic extractives like phenolics, terpenes, and alkaloids that highly affect 

their resistance to biodegradation [61].  

Cellulose is the main constituent of plants biomass [64,65], and is produced through 

photosynthesis. It can also be synthesized by algae and some non-photosynthetic organisms 

such as some fungi and bacteria, amoebae, marine invertebrates and slime molds [66]. It is 

composed of repeating units of anhydrocellobiose [67] connected by β-glycosidic bonds, and 

long chains and sheets of cellulose are attached to each other by hydrogen bonds and van der 

Waal's forces [67]. At 25 °C, the β-glycosidic bonds of the cellulose have a half-life of 5–8 

million years [67,68] which makes it a recalcitrant material for industrial applications. 

Degradation of cellulose at an industrial scale for various applications is done either chemically 

in harsh conditions by using dilute mineral acids to release products such as glucose used as 

substrates of fermentation [69,70], or by using enzymes in milder conditions with higher yields 

of released glucose [71]. The group of enzymes that are responsible for cellulose degradation 

are called cellulases. They account for 20% of the enzyme market and are the third most 

consumed enzymes after amylases and proteases [72–74]. The main hindrance of applying 

cellulases, is their costly production [67]. Based on estimations, around 100 gram of cellulase 

is needed to produce a gallon of ethanol [67,75] and 25 cents per dollar spent for bioethanol 

production is for the enzyme production [76,77]. Cellulases have various applications in 

different areas such as pulp and paper, detergents, textiles and bioethanol [72]. Industrial 

production of these enzymes is through microorganisms and they can be either cell-bound or 

free [78]. Cellulase classification is based on their crystal structure and similarities of amino 

acid sequences categorizing them in 13 glycoside hydrolases (1, 3, 5, 6, 7, 8, 9, 12, 26, 44, 45, 

51, and 48) [78,79]. The three main groups of cellulases are endoglucanase (EC 3.2.1.4) that 



10 | P a g e  
 

randomly hydrolyzes β-1,4-glycosidic bonds and produce chain ends; exoglucanase (EC 

3.2.1.91) that releases glucose or cellobiose from the produced chain ends; and β-glycosidase 

(EC 3.2.1.21) that degrades cellobiose and prevent the end-product inhibition of 

Cellobiohydrolases (CBHs) [67,80]. Different groups of microorganisms such yeast, bacteria, 

fungi, and protozoa are able to produce cellulases [78]. Bacteria and fungi are thus applied for 

industrial production of these enzymes [81], however, fungi are the preferred candidate due to 

their advanced cellulase systems [82]. Fungal species such as Penicillium, Aspergillus, 

Trichoderma, Fusarium, Cladosporium, and Humicola are known as efficient cellulases 

producers [72,83]. 

Unlike cellulose, hemicellulose contains both hexose and pentose monosaccharides such as 

glucose, galactose, mannose, xylose and arabinose. It is a complex material composed of 

several linear or branched polysaccharides. The nomenclature of hemicellulose is based on the 

main sugar units and is divided to general classes of polysaccharides with different structures 

such as xylans, mannans and xyloglucans [84]. Xylan makes around 1/3 of the plant biomass 

[85] and is placed  mostly in the secondary cell walls of softwoods, hardwoods as well as annual 

plants [86]. Depending on the plant, its composition and structure may vary. For example, 

hemicellulose of hardwoods is mainly glucuronoxylan while in softwoods it is glucomannan 

and smaller amounts of glucuronoxylan [87]. Interaction of xylan with the other components of 

the plant biomass is through hydrogen bonds with the other polysaccharides, and covalent 

linkages with arabinofuranosyl side chains to ferulic and coumaric acid units of lignin [88]. In 

some marine algae [89] and plants such as esparto grass [90], and tobacco [91], xylan has a 

linear unsubstituted structure. In other plants and depending on the plant species, it exist mainly 

as heteropolysaccharides composed of chains of xylopyranosyl units with different side groups 

like acetyl, arabinofuranosyl, methyl-D-glucuronopyranosyl, feruloyl and/or p-coumaroyl that 

can be linked to them. Hardwood xylan is mainly available as O-acetyl-4-O-

methylglucuronoxylan but in annual plants and softwoods, it is found as arabinoglucuronoxylan 

and arabino-4-O-methylglucuronoxylan respectively [92].  

Different glycosyl-hydrolases that are called xylanases collaborate to completely degrade the 

xylan polymer. They include endo-β-1,4-xylanases (EC 3.2.1.8) that hydrolyze  the glycosidic 

bonds of xylan to produce xylooligosacharides, β-D-xylosidases (EC 3.2.1.37) that hydrolyze 

the produced xylooligosacharides, and a group of GH30 enzymes that were recently reported 

to have xylobiohydrolase activity [93,94]. β-D-xylosidases are of significant importance to 

prevent end-product inhibition by either degrading xylobiose to xylose, or releasing monomers 
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by attacking the non-reducing ends of  xylooligosacharides with lower degree of polymerization 

[92,95,96]. Depending on the composition and structure of xylan (chain length, the existence 

of side substituents and degree of branching), accessory enzymes are often required [92,97,98]. 

The function of endoxylanases is influenced by the presence of the neighboring substituents, 

kind of linkage, type of branched sugar as well as degree of branching of the xylan [99]. Fungal 

xylanases mostly belong to GH families 10 and 11 [88] where members of  the GH10 family 

are known to produce lower molecular weight products compared to the GH11 family xylanases 

[88]. 

Xylanases have a growing market and are used as starting material to produce xylitol from 

wood residues, for wastewater treatment, production of single cell proteins as well as in food 

and pulp and paper industries [62,87]. Various living beings from microorganisms, like fungi 

and bacteria, to protozoa, insects and seeds of land plants are able to produce these enzymes 

[100–103], but filamentous fungi such as Trichoderma, Aspergillus, Fusarium, and 

Thermomyces are considered as the best candidates for their industrial production [96,104,105]. 

Fusarium oxysporum is a soil-born fungus and one of the most important plant pathogens, 

which is responsible for huge economic losses. It affects human and animal health by inducing 

mycotoxin contamination of food, and cause crops loses by causing vascular wilt disease in 

more than 100 plant species [106,107]. It is a well-known lignocellulose degrading fungus and 

industrially important owing to its ability to hydrolyze both cellulose [108] and hemicellulose 

[107,109]. This fungus has attracted focus due to its application in consolidated bioprocessing 

in which enzyme production, biomass hydrolysis and fermentation of the produced monomers 

to ethanol can be achieved in a single step [109–111]. Studies on the F. oxysporum strain 11C 

showed that the efficiency of ethanol production is determined by protein and sugar transport 

[112]. Currently, there are at least four xylanases, and three known endoglucanases for this 

fungus and one of the endoglucanases has a molecular weight as low as 23.2 kDa and it is 

believed that it enhances cellulases permeation into the cellulose fibers [113,114].  

The cellulolytic and xylanolytic systems of filamentous fungi are regulated by induction and 

repression [115,116]. However, the process of substrate sensing and enzyme 

induction/inhibition is still unclear. A majority of the studies focus on cellulose/hemicellulose 

degradation by insoluble complex plant material such as wheat bran [117] and corn cobs [118] 

as a good inducer of CAZymes [119], and there are few investigations on pure inducers to 

illustrate the reaction of the enzymatic machinery of the fungus to each inducer. These complex 

substrates are unable to be transported into the mycelia and induce the cellulase and xylanase 

genes. So, they should first be degraded to smaller cellooligosaccharides and 
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xylooligosacharides or their derivatives like sophorose (that is produced through 

transglycosylation during the hydrolysis of cellulose by extracellular β-glycosidase) [119], and 

then transported into the cells and induce cellulose/xylose degrading enzymes [120,121]. The 

question is, which one of the produced oligomers are responsible for the process of induction 

and what is the correlation between the size of oligomers and their induction capability.  

The most well-known industrially used producer of cellulases is Trichoderma reesei, which 

efficiency is affected by the substrate type [122–125]. Sophorose induce the highest amount of 

cellulases in this fungus [126] while it does not induce cellulase in Aspergillus niger [127] or 

Phanerochaete chrysosporium [128]. Cellobiose triggers cellulolytic enzyme production in 

Neurospora crassa, T. reesei, and Aspergillus species but not in P. chrysosporium [123,129–

131] instead, cellotriose and cellotetraose are more efficient stimulants [132]. Besides 

induction, cellulases genes are also controlled by repression. For example, cellopentaose induce 

production of cellulases in Polyporus arcularius, but glucose, cellobiose, cellotriose, and 

cellotetraose repress this system. The same varying result can also be observed for xylanase 

production. Xylanases production by Trichoderma asperellum, grown on oil palm empty fruit 

bunches is negatively controlled by addition of glucose, xylose, sucrose, fructose, and xylan 

which all activate catabolic repression of xylanase genes [133]. In this study, monosaccharides 

had the strongest, and xylan had the weakest inhibitory effect on xylanase genes [134]. Unlike 

T. asperellum, xylan has shown to be an inducer of xylanases in A. niger B03 [135,136]. In 

addition, xylan was an inducer of F. oxysporum; and xylose and arabinose were inducers of A. 

niger [137,138]. Inefficiency of xylose as an inducer of F. oxysporum was shown in another 

study where xylose stimulated enzyme production of Trichoderma longibrachiatum and 

Aspergillus fischeri [139,140], but was ineffective in F. oxysporum [118]. Another investigation 

on F. oxysporum F3 illustrated that it produces two low-molecular weight endoxylanases (I and 

II) that are also unable to bind to insoluble xylan, but can attach to crystalline cellulose [141]. 

Since both xylose and xylan were inhibitors of xylanases in most of the filamentous fungi, it is 

possible that xylan hydrolysates, such as xylobiose and xylotriose have induction performance.  

The concentration of the inducer is an important factor in induction studies. For example, in a 

study on xylanases production by A. niger, lower concentrations of xylose resulted in induction 

while higher concentrations had an inhibitory effect [142]. Contradictory results of different 

cellulase and xylanase induction studies by various inducers and microorganisms confirm the 

absence of a universal explanation for induction/repression. These differences can be due to the 

physiological difference of the microorganisms as well as different experimental designs such 
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as the applied substrate that can be either a pure sugar or a complex lignocellulosic substrate 

[87,134]. For example, applying xylose or xylan as a pure carbon source for enzyme production, 

give different results than adding them to media containing lignocellulosic substrate, as high 

concentrations of easily-metabolized sugars (more than 2 or 3%) will repress the enzyme 

producing genes [104,143].  

 

1.5. Theoretical framework 

The pressure vibrations produced by sonication have the potential to be applied as a noninvasive 

method to generate physical, chemical, and biological effects in different industries. Its 

advantage is the ability to be used at ambient temperatures that prevent damaging proteins and 

biologically active compounds. Even though ultrasound is a routine tool in different industries, 

the energy consumption to scale up new applications from lab scale to full-scale operation 

should be considered [144,145]. One of the main obstacles for the use of acoustics in 

(micro)biological fields, is the poor knowledge about the reaction of different cells to a variety 

of sound parameters, such as frequency, intensity, and duration of sonication. Based on selected 

sound parameters, the viability of the cell and the metabolites profile and their ratio and 

efficiency of production will vary. Sonication can be a new method to manipulate the cell 

toward the production of special products. However, one of the main bottlenecks in this field is 

the lack of a properly designed sonication device. The latter enables more reliable and 

repeatable results and to clearly follow the function of the sonobioreactor by using the applied 

parameters .Therefore, the first step in this thesis work was the design and development of a 

well-defined sonobioreactor. This controllable system in turn was applied for investigating the 

effect of different frequencies of sound waves on enzymatic induction of a lignocellulose 

degrading filamentous fungus, F. oxysporum. During this study, it was attempted to understand 

more about the mechanism of action of sonication on living cells. One of the main challenges 

of the sound-related biological studies is the repeatability because there is a limited control of 

the applied frequencies and input power in the currently applied equipments. Previous studies 

on the effect of sonication on microbial cells were based on equipment that is designed for other 

applications rather than biological studies. Therefore, the novel sonobioreactor constructed in 

this work was made by simulation of the pressure distribution, and optimization of the 

sonotrode to match the bottle frequency that later was compared to the measured results, to 

validate the accurateness of the simulation (i). Then, the viability of F. oxysporum in the 

resonance frequency, i.e. the most efficient frequency to convert electrical to acoustic energy 
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(~ 40000 kHz), was assessed at different input powers. The optimum input power was selected 

for further applications in the induction experiments under sonication. The aim of the sono-

induction was to understand how acoustic waves affect the production of lignocellulose 

degrading enzymes by F. oxysporum in a simple medium containing an effective inducer. 

Therefore, the focus of the second part of the thesis was to compare different potential inducers 

(with known efficiency in other microorganisms) for their ability to trigger the machinery of 

xylan- (ii) and cellulose-degrading (iii) enzymes. In addition, elucidation of the mechanism of 

sensing lignocellulosic substrates and enzyme production was of interest. Different 

concentrations of inducers such as cellooligosaccharides and xylooligosacharides with different 

degree of polymerization, lactose, and sophorose were selected. Applying different 

concentrations and different degrees of polymerization of the inducers gives the possibility to 

identify if there is any correlation between these factors and their induction power. Combined 

transcriptomics analysis of the samples with the highest activity helps to find the genes involved 

in this process (iv, v). Moreover, the influence of the carbon source used for biomass growth 

on the enzyme activity was studied, by comparing the results of sucrose- and glycerol-grown 

samples. 

In the last part of the thesis (vi), outcomes of the previous parts of the work were applied to 

study the effect of sonication on cellulases production. Glycerol and cellobiose were used as 

carbon source and inducer, respectively, and the enzyme activity was measured after applying 

different sonication parameters. The optimum parameters were selected to run the induction 

experiment under sonication by the low ultrasound frequency (low-freq US) obtained by 

modeling (~40 000 kHz) and its resonance frequencies in the high ultrasound frequency (high-

freq US) and audible sound range. All results were compared with a control sample without 

sonication. An initial estimation of the efficiency of different treatments was based on the 

comparison of the enzymatic activity. However, for a deeper understanding about how 

sonication influences the metabolic pathway of the enzyme induction, different OMICs 

analyses such as transcriptomics, metabolomics including lipid analysis, proteomics (including 

phosphoproteomics, secretomics, total intracellular proteomics) were run in parallel.  

The objective of the current thesis was to study the influences of sound waves on a microbial 

cell at the molecular level to elucidate a) if the microorganism reacts differently to different 

sound parameters b) the potential of sound waves to be applied for different biotechnological 

purposes. To reach these objectives, the following steps were pursued: 
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Paper (I): Design of a well-defined sonobioreactor, study of the lethality of different intensities 

of the sound waves and define an optimum power. Investigate the sound-induced morphological 

change of the fungus  

Paper (II): Investigate the effect of different inducers on xylanase activity of F. oxysporum; 

find the correlation between the degree of polymerization of inducers and their induction 

efficiency 

Paper (III): Investigate the effect of different inducers and carbon sources on cellulase activity 

of F. oxysporum; find the correlation between the degree of polymerization of inducers and 

their induction efficiency 

Paper (IV): Transcriptomics analysis of the xylanase induction by the selected inducer  

Paper (V):  Transcriptomics analysis of the cellulase induction by the selected inducer and 

carbon source 

Paper (VI):  Investigation of the influence of different sound frequencies on cellulase activity 

of the fungus, metabolic pathway analysis of cellulase induction by proteomics, 

transcriptomics, metabolomics and lipid analysis. 
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2.  RESULTS AND DISCUSSION 

2.1. Paper I: Sonobioreactor design and growth analysis 

2.1.1. Design of the sonobioreactor 

The design of the sonobioreactor was based on 250 mL glass bottle connected to the sound 

generating system [146]. The experimental design of the sonobioreactor followed these steps: 

i) Analysis of sound pressure distribution was showing that the bottle has a symmetric 

and centered pressure distribution at around 40 kHz 

ii) The accuracy of the model was assessed by filling the flask with 220 mL water and 

observing the pressure spectrum inside the flask by a pressure probe. The result 

showed that the response of the bottle is also at the target frequency, around 40 kHz, 

and that the model was accurate. 

iii) Design of the sonotrode to operate around 40 kHz.  

iv) The models of the bottle and sonotrode was combined to create a model of the 

sonobioreactor. This model visualizes the pressure distribution in the flask and 

determines the optimal location of the sonotrode in order to provide an even pressure 

distribution in the bottle.   

v) The sonotrode was glued to the bottle and powered by an amplifier (Fig 3). 

vi) Generation of the input-power by CLIO software and hardware  

 

Fig 3. Diagram of the sonobioreactor setup [146]. 
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2.1.2.  Effect of ultrasound on growth and morphology of F. oxysporum 

Online growth measurement by CGQ (Cell Growth Quantifier, Aquila Biolabs) and dry cell 

weight measurements were used to check the influence of ultrasound waves with the frequency 

of 40 kHz and different input powers. The result shows that besides the growth rate, ultrasound 

cause morphological changes in the fungus. The growth curve shows that, increasing the input 

power above a threshold (≥8 W) leads to reduction in growth (Fig 4).  

 

 

Fig 4. The growth curve of the fungus based on backscatter measurement by CGQ online 
growth measurement [146]. 

 
Ultrasound also changed the morphology of the biomass inside the bioreactor. The fungus grew 

as a filamentous clump in the control reactor while sound waves carrying enough power (≥4W) 

break the filaments into smaller pieces (Fig 5). It is assumed that the combination of thermal 

and mechanical effects are responsible for breaking hyphae and cause morphological changes 

of the biomass (Fig 6). Formation and collapse of small bubbles, release energy that causes 

increased temperature or shock waves [147]. Moreover, rapid changes of the spatial gradient of 

acoustic intensity produce radiation forces that helps the process of biomass disintegration 

[148]. Figure 7 shows the differences in the bioreactor temperature at different input powers 

where the temperature at 12 W is significantly higher than at lower input powers.  

Morphological changes, without decreasing the biomass yield, can be useful in some industries 

like submerged fermentation, where the morphology of the microorganism may interfere with 

the performance of the bioreactor. Fungi that are growing as big pellets have deficient internal 

mass transfer and therefore has lower production yield and higher autolysis in the central part 

of the pellet [149–152]. Therefore, ultrasound can reduce these unwanted consequences by 

decreasing the size of pellets and improving oxygen and nutrients transfer. There are several 

examples proving the importance of the morphological state of the productivity of fungus. For 
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example, one study showed that besides the amount of biomass, size of mycelium influences 

cellulase activity of T. reesei [153].  

Fig 5. Morphological changes of F. oxysporum cultures after sonication (4W, ~40 kHz) [146]. 

Fig 6. SEM images of F. oxysporum at different magnifications (a) untreated biomass (b) ultrasound-
treated biomass (4 W) [146].  
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Fig 7. Correlation of input power and temperature inside the bioreactor. 

2.1.3. Conclusion 

This study shows that the modeled and designed bioreactor is a successful example of a well-

defined and controllable sonobioreactor that can be efficiently applied for different biological 

purposes to obtain more repeatable results. The sonication of F. oxysporum around 40 kHz and 

different input powers, shows that the selected input power is a very important factor that can 

induce morphological changes or be lethal to the fungus. At the end of this part, an input power 

of 4W that had no lethality effect and was selected to induce changes in the microorganism. 
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2.2. Paper II: Investigation of the effect of oligosaccharides with different 

degree of polymerization on induction of xylan-degrading enzymes 

 

The aim of this part of the project was to understand more about the mechanism behind the 

induction of xylan-degrading enzymes and the correlation between the degree of 

polymerization (DP) of the inducers and the induction efficiency. Thus, linear inducers with 

different degrees of polymerization like 0.1% w/v sophorose, 0.2-0.3% lactose, 0.2-0.3% 

cellobiose and 0.1% xylooligosaccharides (xylobiose, xylotetraose, xylohexaose) were used. 

F.oxysporum was grown in a media containing sucrose and after harvesting and washing the 

biomass the fungus was transferred to the same medium with no carbon source, and inoculated 

by inducers. The sampling was performed for 4 days and culture filtrates and dried biomass 

were used to measure activities of extracellular and cell-bound enzymes respectively. 

2.2.1. Endo β-1,4-Xylanase 

Endoxylanase activity was higher in samples induced by xylooligosacharides where 

xylotetraose had the highest activity followed by xylohexaose and xylobiose. Similar to the 

control sample, no activity was observed for lactose, cellobiose, and cellohexaose. However, 

cellotetraose- and sophorose-induced samples showed some activities that indicates the 

importance of polymerization degree (cellotetraose vs cellobiose and cellohexaose) for the 

induction power.  

2.2.2. β-Xylosidase 

It is known that fungal β-xylosidase can be either free or cell-bound. Similar to endoxylanases, 

β-xylosidase activity was the highest when using xylooligosacharides. In the extracellular β-

xylosidase assay, xylohexaose showed the highest activity followed by xylotetraose and 

xylobiose, showing that oligomers with higher degree of polymerization were more efficient.  

All samples demonstrated cell-bound β-xylosidase activity. However, except for 

xylooligosacharides, the rest of inducers showed comparable activities with the control sample. 

Unlike secreted β-xylosidases, the degree of polymerization adversely regulated the enzymatic 

activity, and xylobiose induced the highest activity followed by xylotetraose and xylohexaose.   
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2.2.3. Uptake experiment  

Inducer uptake experiments were performed for all xylooligosacharides by analyzing their 

concentration in the medium and inside the cell. Xylooligosacharide analysis was 

performed by high-performance anion-exchange chromatography. The analysis of the 

medium showed that the gradual degradation of the inducers started from the beginning of 

the induction as the xylose peak was revealed after 1 hour. Xylotetraose and xylohexaose 

were not visible even after 1 hour, suggesting that they were immediately degraded to 

xylose, xylobiose, and xylotriose. Xylobiose degradation/uptake was slower and the related 

peak was detectable after 1 hour of induction but it disappeared in later samples.  

Analysis of cell extracts of all samples showed the presence of just xylose and xylobiose, 

suggesting that xylobiose is the final product that enters the cell and induces the genes 

responsible for xylan degradation (Fig 8). 

 

 

 

Fig 8. Composition of intracellular fractions after 1 hour of induction with different inducers 
(X1 = xylose, X2 = xylobiose). 
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2.2.4. Conclusion  

The aim of this part of the thesis was to investigate the potential of different known soluble 

inducers to induce xylan-degrading enzymes by F. oxysporum. It is known that products of 

xylan degradation behave as xylanases inducers; however, the larger sized products cannot 

enter the cell and should first be degraded to smaller units like xylose. These products can enter 

the cell matrix where they are degraded by intracellular β-xylosidase.  

Due to the complicated nature of the induction, linear inducers were used to increase the chance 

of finding a correlation between the degree of polymerization and induction ability of the 

substrates. The result showed that xylooligosacharides were more efficient inducers, and the 

presence of xylotetraose induced the higher endoxylanase activity.  
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2.3. Paper III. Investigation of the effect of carbon source and degree of 

polymerization of the inducers on induction of cellulose-degrading 

enzymes by Fusarium oxysporum f. sp. lycopersici 

This part of the thesis focused on the correlation between the induction power of different 

cellulase inducers, i.e. correlating their induction efficiency with their concentration, 

degrees of polymerization as well as the consumed carbon sources needed for cell growth. 

To start, a pre-culture of F.oxysporum was prepared by growing the fungus in a minimal 

media followed by collecting, washing, and transferring it to the new medium with no 

sugar. The induction was performed by adding inducers at different concentrations and of 

different degree of polymerization. Specifically, 0.2% and 0.3% w/v lactose; 0.1%, 0.2%, 

and 0.3% w/v cellobiose; 0.1% and 0.2% cellotetraose; 0.1% and 0.2% cellohexaose; 0.1% 

w/v xylobiose; 0.1% w/v xylotetraose; 0.1% w/v xylohexaose; and 0,1% w/v sophorose 

were used. Sampling was performed for up to 3 days where the samples first were filtered 

and filtrated medium and biomass were applied as source of enzyme to measure 

extracellular and cell-bound enzymes activity respectively. To analyze the influence of 

carbon source, the same experiments were repeated by using glycerol instead of sucrose, 

and cellooligosaccharides as only inducers. 

One of the questions about the machinery of enzyme production, is to find which one of 

the cellulose products that works as the inducer. Therefore, separation and detection of 

inducers (cellooligosaccharides) in the medium and inside the cell gives some clue about 

the action of the enzymes and the products that were transported inside the cell as inducers 

of cellulose degrading enzymes. Analysis of cellooligosaccharides was performed by high-

performance anion-exchange chromatography. The biomass was filtered, towel-dried and 

grounded by liquid nitrogen followed by boiling water extraction.  

The preliminary result obtained by sucrose as carbon source showed that 

cellooligosaccharides are considerably better inducers compared to the rest of inducers, 

therefore, the rest of the study (glycerol as carbon source and inducer uptake experiments), 

was conducted with cellooligosaccharides. 
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2.3.1.  Sucrose as carbon source 

2.3.1.1.  Endo-glucanase 

The endoglucanase assay showed that the concentration and degree of polymerization are 

both important factors for the induction capability of an inducer. In this experiment, 0.2% 

cellotetraose was more efficient than the rest of the inducers as well as 0.1% cellotetraose. 

Also, 0.3% cellobiose was more inefficient than concentrations of 0.2% and 0.1% 

respectively.  

2.3.1.2. Exoglucanase 

For exoglucanase activity, 0.2% cellotetraose also had the highest activity followed by 

0.1% cellobiose and 0.1% sophorose, further enhancing that concentration and DP is 

important. Unlike the endoglucanase result, sophorose, which is a known inducer of some 

fungi, considerably increased the exoglucanase activity.   

2.3.1.3. β-glucosidase 

Both secreted and cell-bound β-glucosidases were mainly induced by 0.2% cellotetraose, 

followed by 0.2% cellohexaose and 0.1% cellobiose showing the importance of 

concentration and DP. 

2.3.1.4. Uptake experiment 

The result of high-performance anion-exchange chromatography show that all 

concentrations of cellobiose are gradually degraded to glucose since the first hour of 

induction. Cellotetraose and cellohexaose are immediately degraded to smaller units of 

cellobiose and glucose and total degradation and uptake of the cellohexaose is faster than 

cellotetraose. Intracellular analysis of the samples after one hour of adding inducers gives 

no clue of the presence of the saccharides with DP more than 2 and the only peaks observed 

correspond to glucose and a very small amount of cellobiose (Fig 9). It is assumed that 

cellohexaose and cellotetraose are either degraded to smaller units and transported into the 

cell or are imported and degraded immediately to cellobiose and glucose. 



26 | P a g e

Fig 9. Concentration of cellooligosaccharides in the medium after 1 h of induction by 
cellobiose (pink), cellotetraose (black), and cellohexaose (blue) (C1= glucose, C2= 

cellobiose). 

2.3.2. Glycerol 

The enzyme induction was performed by replacing sucrose with glycerol, and applying the 

most efficient inducers of the previous sucrose experiment. Interestingly, in samples grown 

on glycerol, short chain oligosaccharides had better performance compared to the sucrose 

experiments, i.e. indicating the importance of carbon source in the process of enzyme 

induction and efficiency of the inducers. Same as for the sucrose samples, both 

concentration and DP were important for the efficiency of each inducer. 

2.3.2.1. Endoglucanase 

The efficiency of cellobiose on endoglucanase induction was higher than cellotetraose and 

cellohexaose. In addition, each inducer had its optimum concentration. For example, 0.2% 

cellobiose was a stronger inducer than 0.1 and 0.3% cellobiose while 0.1% was a better 

concentration for both cellotetraose and cellohexaose.  

2.3.2.2. Exoglucanase 

Exoglucanase activity was also highly influenced by DP where higher DP inversely affected 

the activity. Cellobiose was also a better inducer of exoglucanase followed by cellotetraose and 

cellohexaose. Besides, for all inducers, the higher the concentration, the more the exoglucanase 

activity. 
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2.3.2.3. β-glycosidase 

Cell-bound β-glycosidase activities of glycerol samples were lower than their sucrose 

counterparts while the extracellular β-glycosidase activities were slightly higher. Except for 

0.3% cellobiose and 0.2% cellohexaose, the rest of the inducers did not meaningfully change 

the cell-bound β-glycosidase activity compared to the control sample. Extracellular β-

glycosidases were also increased more by cellohexaose (0.2%), and cellobiose (0.2%). 

Inefficiency of 0.1% cellotetraose compared to 0.2% indicates the importance of concentration. 

2.3.2.4. Uptake experiment 

Uptake results shows the gradual degradation and uptake of the inducers. Cellobiose gradually 

disappeared and glucose was produced. The lower the concentrations, the faster the 

disappearance. The result of cellotetraose consumption shows the appearance of cellobiose and 

glucose that later were consumed while cellohexaose degradation also produced cellotetraose 

(Fig 10).  

Fig 10. Intracellular concentration of cellooligosaccharides after 1 hour of induction with   
(a) cellohexaose (b) cellotetraose (c) cellobiose 
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2.3.3. Conclusion 

This part of the thesis shows that the efficiency of the induction process relies on the structure 

of the inducer (DP), its concentration, as well as the applied carbon source used for fungus 

biomass production. Based on the result, cellooligosaccharides were more effective to induce 

cellulase activity. When F. oxysporum was grown on sucrose, cellotetraose was more efficient, 

while when using glycerol the best candidate was cellobiose.  
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2.4.  Paper IV & V: Transcriptomics analysis of xylanases and cellulases 

induction  

 

Transcriptomics analysis of the fungus inoculated with the most efficient inducers for xylanases 

and cellulases from paper II and III were performed to discover more about the genes involved 

in cellulases and xylanases induction by 0.3% cellobiose (grown on glycerol) and 0.2% 

cellotetraose (grown on sucrose) respectively. The experiment was repeated as described earlier 

for each enzyme and sampling was performed after 3, 8, 24, 48 hours of induction. All 

experiments were in four replicates and RNAs were extracted with a Plant/Fungi total RNA 

purification kit. The extracts were delivered to NGI (National Genomics Infrastructure, 

Uppsala, Sweden) and Sequentia Biotech SL (Barcelona, Spain) for library preparation and 

RNA-sequencing. NBIS (National Bioinformatics Infrastructure, Uppsala, Sweden) and 

Sequentia performed the bioinformatics analysis. 

IMPORTANT:  

The preliminary bioinformatics analysis by NBIS showed very low uniquely mapped sequences 

for all samples. Further analysis by Sequentia questioned the identity of the fungus to be F. 

oxysporum. They believed that most probably it was the phytopathogenic fungus Fusarium 

culmorum but DNA sequencing was needed to prove it. Like F. oxysporum, F.culmorum is a 

phytopathogenic fungus that produces xylanases and cellulases. Therefore, mycelia grown on 

PDA plates were collected, freeze-dried, and delivered to strain detection by Macrogen (Seoul, 

South Korea) (The result is not available yet). At the same time, bioinformatics analysis of 

samples after 3 hours of induction by cellobiose and xylotetraose was performed by Sequentia 

and by using the reference genome of F. culmorum UK 99. The alignments showed a high 

percentage of the uniquely mapped reads (~93%), which strengthens the possibility that it may 

be F. culmorum. Bioinformatics analysis of the rest of samples (different sampling hours) is 

ongoing by NBIS by using F.culmorum reference genome but the final proving will be after 

receiving DNA-seq result. If the fungus is not F.oxysporum or F.culmorum, all transcriptomics 

and proteomics data will be analyzed again.  

To interpret the transcriptomics results by using F.culmorum, principal component analysis 

(PCA) was used to analyze the overall quality of the experiment and statistically significant 

differences between groups. The plot shows that glycerol- and sucrose-grown samples treated 
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with 0.3% cellobiose and 0.2% cellotetraose, respectively, exhibit significant transcriptional 

differences between each other and the control samples (Fig 11). 

 

 

Fig PCA analysis 

 

 

 

 

 

 

 

 

Fig11. PCA scatter plot of the treated vs control samples. Four different groups indicate 
distinct separation 

2.4.1. Transcriptomics analysis of xylanases after 3 hours of induction by 

xylotetraose  

Transcriptomics analysis of samples with inducer added (0.2% xylotetraose) and the control 

was performed and genes with FDR ≤0.05 are considered statistically significant. The result 

showed a significant transcriptomics response of the fungus to the added inducer. Based on the 

Gene Ontology Enrichment Analysis (GOEA) of the significantly differentially expressed 

genes a variety of the biological process such as xylan catabolic process, glycolytic process, 

gluconeogenesis, tricarboxylic acid cycle, protein glycosylation, translation and transcription 

are upregulated by xylotetraose. The most enriched biological processes are related to 

ribosomal large subunit biogenesis, rRNA metabolic process and maturation of SSU-rRNA, 

5.8S rRNA, LSU-rRNA from tricistronic rRNA transcript. On the other hand, there are many 

other biological processes that are down-regulated such as carbohydrate metabolic process, 

carbohydrate phosphorylation, hexose metabolic process, fatty acid beta-oxidation, cellular 

glucose homeostasis and glucose mediated signaling pathway.  

Xylotetraose 

Sucrose‐control 

Glycerol‐control 
Cellobiose 
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Annotation of F. culmorum revealed that 6558 genes were differentially expressed and, 

according to the description provided for these genes, transcription factors were one of the 

major groups. There were many genes that were involved in protein production and 

modifications, transcription, production of enzymes, and transporters. Many of the enzymes 

were related to carbohydrate degradation that were up- or down-regulated. Predictably, a 

majority of the xylan degradaing enzymes were upregulated except two genes that were 

introduced as beta-xylosidase and xylosidase/glycosyl hydrolase. Endo-1,4-beta-xylanase A 

and B, Acetylxylan esterase A, Xylanase 1, and NADPH-dependent d-xylose reductase xyl1 

were some of the up-regulated xylanases (table 1). Also, some galactosidase and mannosidase 

genes were influenced in presence of xylotetraose and mainly down-regulated. Fusarium 

(culmorum) has the ability to produce both cellulases and xylanses [154]. Therefore, it is 

predictable that most of the cellulase genes were down-regulated in the absence of the 

appropriate substrate. However, biomass degrading enzymes like beta-endoglucanase, alpha-

glucuronidase, GPI anchored endo-1,3(4)-beta-glucanase, beta-1,3-endoglucanase and 

glycosyltransferase family 20 were upregulated while, many of the cellulose degrading genes 

such as several beta-glucosidases, Alpha-glucosidase b, Glycoside hydrolase family 2, 

Glycoside hydrolase family 55, and endo-beta-1,4-glucanase had decreased expression .  

A variety of transporters were differentially expressed in this experiment and sugar transporters 

are a major part of them (table 2). It is believed that transporters have utmost importance in 

lignocellulose degradation. T.reesei, which is the most important industrial lignocellulose 

degradaing fungus, has lower number of cellulases compared to many other plant pathogens. 

Its higher ability to degrade cellulose is due to its efficient nutrients transportation system as 

well as induction and secretion of enzymes [155]. Since most of the transcription factors are 

presented by a general and nonspecific name, the ones which are directly involved in xylan 

degradation cannot be defined easily. Two of the TFs that are upregulated and involved in 

carbohydrate degradation are NRG1(transcriptional repressor involved in regulation of glucose 

repression) and GAL4-like transcriptional activator (positive regulator for the gene expression 

of the galactose-induced genes). Also, there were some down-regulated TFs invoved in 

carbohydrate metaboslism such as L-arabinose-responsive transcription regulator ARA1, 

GAL4-like transcriptional activator, Transcription activator amyR, Transcription factor aceii 

that in T. reesei acts for positive regulation of the major cellulase and xylanase genes (cbh1, 

cbh2, egl2 and xyn2) and Glucose transport transcription regulator RGT1.   
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Table 1. Differentially expressed genes envolved in xylan degradation 

Locus  logFC PValue FDR Description 
Up-regulated     
FCUL_08951.1 16.97 4.77E-90 6.26E-88 Endo-1,4-beta-xylanase A 
FCUL_05727.1 9.02 1.69E-64 8.32E-63 Endo-1,4-beta-xylanase B 
FCUL_03801.1 7.89 1.14E-72 7.92E-71 Putative exo-1,4-beta-xylosidase 
FCUL_09445.1 6.35 7.57E-61 3.27E-59 Related to xylosidase/arabinosidase 
FCUL_09441.1 6.32 1.16E-28 1.19E-27 Beta-xylanase 

FCUL_01624.1 6.03 1.65E-106 3.48E-104 
NADPH-dependent d-xylose reductase 
xyl1 

FCUL_09192.1 5.96 7.50E-83 7.90E-81 Endo--beta-xylanase b 
FCUL_09242.1 5.93 2.09E-20 1.38E-19 Endo-1,4-beta-xylanase 6 
FCUL_10775.1 5.54 1.21E-25 1.07E-24 Related to xylosidase/arabinosidase 
FCUL_02074.1 4.66 1.03E-72 7.26E-71 Endo-1,4-beta-xylanase 
FCUL_08934.1 4.17 2.66E-69 1.57E-67 Probable beta-xylosidase 
FCUL_03488.1 3.54 6.58E-29 6.84E-28 Beta-xylanase 
FCUL_12321.1 2.83 1.33E-20 8.88E-20 Xylanase a 
FCUL_10832.1 1.59 7.41E-04 1.29E-03 Related to xylosidase/glycosyl hydrolase 
FCUL_00199.1 0.93 6.06E-05 1.20E-04 Xylanase 1 
FCUL_05619.1 0.65 2.05E-03 3.37E-03 NADPH-dependent d-xylose reductase 
 
Down-regulated  
FCUL_01306.1 -0.81 1.18E-07 3.06E-07 Beta-xylosidase 
FCUL_03965.1 -0.88 1.70E-03 2.82E-03 D-xylose-proton symporter 
FCUL_12390.1 -1.29 2.67E-07 6.75E-07 Xylosidase/glycosyl hydrolase 

 

Table 2. Differentially expressed sugar transporters 

Sugar Transporters 
Locus logFC PValue FDR Description 
Up-regulated     
FCUL_06809.1 8.70 1.55E-08 4.40E-08 MFS general substrate transporter 
FCUL_05215.1 7.84 4.93E-112 1.31E-109 Hexose transporter 
FCUL_08877.1 5.88 2.55E-48 6.82E-47 High-affinity glucose transporter 
FCUL_05036.1 4.79 1.91E-08 5.37E-08 Hexose transporter 
FCUL_05005.1 1.36 6.51E-08 1.74E-07 1,3-beta-glucanosyltransferase 
FCUL_09378.1 1.28 2.59E-05 5.36E-05 Related to monocarboxylate transporter 4 
FCUL_03008.1 1.12 9.85E-08 2.58E-07 1,3-beta-glucanosyltransferase 
FCUL_02887.1 0.91 3.78E-10 1.23E-09 Oligosaccharyltransferase, gamma subunit 
FCUL_02786.1 0.82 9.37E-07 2.24E-06 UDP-galactose transporter 
FCUL_11601.1 0.64 4.36E-05 8.76E-05 Mfs maltose permease 
FCUL_05309.1 0.51 3.10E-02 4.32E-02 Sugar transporter 
FCUL_10063.1 0.37 1.50E-02 2.19E-02 UDP-galactose transporter like protein 1 
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2.4.2. Transcriptomics analysis of cellulases induction by cellobiose 

As for the xylanase induction experiment, there were many statistically significant highly 

up/down regulated genes in samples induced by 0.3% cellobiose compared to the control 

sample. Gene Ontology Enrichment Analysis (GOEA) showed significantly differentially 

expressed genes after 3 hours of induction by cellobiose. Arginine biosynthetic process, rRNA 

maturation, initiation of translation and ATP biosynthetic process were some of the most 

enriched biological processes while positive regulation of transcription by galactose, glucose 

homeostasis, oxalate metabolic process, arginine catabolic process to proline via ornithine, and 

glucose mediated signaling pathway were some of the most down-regulated processes. In 

addition, genes that were differentially expressed were related to different processes such as 

carbohydrate degradation, transporters, translation and transcription factors. Same as for the 

xylanase experiment, most of the transcription factors are not well-defined but there were some 

upregulated TFs that are specific for sugar metabolism (table 3). Some of the upregulated TFs 

were arabinanolytic transcriptional activator araR, GAL4-like transcriptional activator, and 

transcriptional regulator NRG1 involved in regulation of glucose repression. Also, plenty of 

TFs were downregulated and some of them, like glucose transport transcription regulator 

RGT1, amylase cluster transcriptional regulator AmyR, L-arabinose-responsive transcription 

regulator ARA1, and GAL4-like transcriptional activator are related to carbohydrate 

metabolism.  

Around 29 carbohydrate degrading enzymes were induced that are mainly cellulases 

(Endoglucanase IV, Alpha/beta-hydrolase, Beta-glucosidase, Endoglucanase cel12C, Beta-1,3-

endoglucanase, etc ) and a galactose oxidase and one feruloyl esterase B (table 4). However 

most of the downregulated carbohydrate degrading enzymes were hemicellulases, some 

cellulases such as endoglucanase e and beta-glucosidases also had decreased expression.  

 

Table 3. Upregulated transcription factors related to metabolism of carbohydrates 

Sugar specific Transcription Factors 
Locus logFC PValue FDR Description 
FCUL_09211.1 1.88 2.24E-09 1.13E-08 Arabinanolytic transcriptional activator araR 
FCUL_00615.1 1.75 1.60E-21 2.37E-20 GAL4-like transcriptional activator 
FCUL_08999.1 -1.21 5.16E-04 1.23E-03 Glucose transport transcription regulator 

RGT1 
FCUL_00086.1 -2.64 1.24E-22 1.99E-21 Amylase cluster transcriptional regulator 

AmyR 
FCUL_01733.1 -3.28 4.46E-22 6.86E-21 L-arabinose-responsive transcription regulator 

ARA1 
FCUL_06943.1 -3.91 1.12E-24 2.08E-23 GAL4-like transcriptional activator 
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Table 4. Up -regulated carbohydrates degrading genes 

Locus logFC PValue FDR Description 
Up-regulated     
FCUL_05795.1 7.90 5.71E-71 1.29E-68 Endoglucanase IV 
FCUL_09017.1 4.57 4.98E-26 9.94E-25 Glycoside hydrolase, family 2, N-terminal 
FCUL_05416.1 4.31 1.39E-12 9.70E-12 Alpha/beta-hydrolase 
FCUL_03189.1 4.20 2.67E-15 2.34E-14 Beta-endoglucanase 
FCUL_02276.1 4.20 3.90E-21 5.60E-20 Endoglucanase-4 
FCUL_07043.1 3.49 1.33E-12 9.24E-12 Beta-glucosidase 

FCUL_08878.1 3.21 4.80E-31 1.28E-29 
Related to extracellular cellulase 
CelA/allergen Asp F7-like, putative 

FCUL_05092.1 2.79 1.19E-07 4.85E-07 Endoglucanase cel12C 
FCUL_04040.1 2.77 4.05E-30 1.03E-28 Endoglucanase type c 
FCUL_02719.1 2.77 1.29E-18 1.54E-17 Beta-glucosidase 
FCUL_02337.1 2.55 3.00E-05 8.75E-05 Related to endo-1,3-beta-glucanase 
FCUL_08977.1 2.23 8.61E-11 5.07E-10 Galactose oxidase 
FCUL_02738.1 1.74 2.13E-06 7.45E-06 Related to endo-1,3-beta-glucanase 
FCUL_11223.1 1.71 1.14E-06 4.13E-06 GPI anchored endo-1,3(4)-beta-glucanase 
FCUL_12519.1 1.51 4.52E-04 1.09E-03 Feruloyl esterase B 
FCUL_11635.1 1.43 1.21E-06 4.35E-06 Glucan-beta-glucosidase 
FCUL_10398.1 1.42 1.30E-07 5.28E-07 Probable beta-glucosidase 
FCUL_08710.1 1.29 1.66E-03 3.59E-03 Beta-1,3-endoglucanase 
FCUL_02074.1 1.18 3.25E-05 9.41E-05 Endo-1,4-beta-xylanase 
FCUL_02775.1 1.11 4.05E-08 1.76E-07 Putative glycosyl hydrolase 
FCUL_04438.1 1.04 4.22E-03 8.48E-03 Glucosidase II, alpha subunit 
FCUL_03135.1 1.01 5.68E-03 1.11E-02 Alpha/beta-hydrolase 
FCUL_11563.1 0.88 1.11E-03 2.49E-03 Alpha/beta-hydrolase 
FCUL_05629.1 0.81 5.11E-04 1.22E-03 Glucan 1,3-beta-glucosidase 
FCUL_02801.1 0.76 6.87E-04 1.60E-03 Alpha-1,2-mannosyltransferase Kre5 
FCUL_03177.1 0.74 2.24E-05 6.67E-05 Alpha/beta-hydrolase 
FCUL_02973.1 0.69 6.52E-04 1.53E-03 Glycosyltransferase family 31 
FCUL_11515.1 0.62 2.62E-02 4.40E-02 Glycoside hydrolase family 92 

FCUL_02576.1 0.60 9.16E-03 1.71E-02 
Glucose repression regulatory protein 
TUP1 

FCUL_09447.1 0.58 2.39E-02 4.06E-02 Extracellular cellulase 
FCUL_10174.1 0.55 6.59E-03 1.27E-02 Alpha/Beta hydrolase protein 
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Table 5. Differentially expressed Transporters 

Locus logFC PValue FDR Description 
sugar transporters       
FCUL_11601.1 0.94 1.39E-06 4.96E-06 Mfs maltose permease 
FCUL_05524.1 0.67 1.12E-02 2.05E-02 Lactose permease 
FCUL_02786.1 0.53 9.30E-03 1.73E-02 UDP-galactose transporter 
FCUL_02784.1 -0.62 2.59E-03 5.42E-03 Related to GDP-fucose transporter 
FCUL_05613.1 -0.69 7.62E-03 1.45E-02 Glucose transporter rco-3 
FCUL_08877.1 -1.14 9.98E-03 1.84E-02 High-affinity glucose transporter 
FCUL_02155.1 -2.10 3.73E-13 2.71E-12 HXT2-Hexose facilitator of 

moderately low affinity for glucose 
FCUL_05365.1 -2.18 1.54E-14 1.28E-13 Alpha-glucosides permease MPH3 
FCUL_01777.1 -2.23 2.42E-08 1.07E-07 Galactose-proton symport 
FCUL_10725.1 -2.40 1.16E-08 5.41E-08 High-affinity glucose transporter 

ght1 
FCUL_10755.1 -2.74 2.56E-11 1.60E-10 Lactose permease 
FCUL_09083.1 -2.94 3.61E-07 1.39E-06 Probable maltose permease 
FCUL_02728.1 -3.85 1.55E-38 6.40E-37 High-affinity glucose transporter 
FCUL_03727.1 -4.17 4.14E-33 1.23E-31 MFS maltose permease 
FCUL_10484.1 -4.51 1.52E-16 1.49E-15 Lactose permease 
FCUL_02368.1 -4.53 2.41E-27 5.17E-26 General alpha-glucoside permease 
FCUL_11634.1 -5.80 1.37E-46 8.78E-45 Alpha-glucosides permease mph2 3 
FCUL_06683.1 -6.37 3.82E-34 1.21E-32 Maltose permease 
FCUL_10826.1 -6.42 1.72E-22 2.74E-21 Hexose transporter 
FCUL_09326.1 -7.03 2.64E-34 8.46E-33 Lactose permease 
FCUL_00085.1 -8.75 1.25E-12 8.73E-12 Hexose transporter protein 
FCUL_06678.1 -10.11 1.41E-20 1.94E-19 Lactose permease 
FCUL_01692.1 -10.12 2.53E-88 1.76E-85 Mfs fhs l-fucose permease 
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2.5.  Paper VI: the effect of sound waves on metabolic pathway of cellulases 

production 

The last part of the thesis was to investigate the effect of different frequencies of sound waves 

on the cellulase activity of the fungus. The biomass was grown in a shaking incubator in the 

same medium and condition as described in previous parts and by using glycerol as a carbon 

source to avoid induction of cellulases and xylanases during the biomass production phase. The 

biomass was then collected, washed by saline solution, and incubated for a day in a shaking 

incubator. The final step was to transfer the collected biomass to the bioreactor, add inducer 

(0.3% cellobiose), and start sonication. As a control sample is a flask containing 0.3% 

cellobiose with no sound treatment was used.  

2.5.1. Enzymatic activity  

All enzyme assays were performed based on paper III. The preliminary experiments used 

different sonication parameters (duration of sonication, power, pure low-frequency ultrasound, 

or mixed with other frequencies). Comparison of the enzyme assays shows that none of the 

high-power sound waves, continuous sonication (up to 2 days), or mixed frequencies are 

increasing enzyme activities. Therefore, in the following experiments, sonication was 

performed for the shorter duration of 2, 8, and 20 hours at 4 W and focusing on just 

endoglucanase activity (Fig 12).  

Fig 12. Endoglucanase activity of biomass treated with 4W sound power with different frequencies 
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Based on the results, it is not possible to define an exact pattern about the efficiency of enzyme 

induction under different conditions, but 8 hours of sonication seems to induce relatively higher 

endoglucanase activity, especially if the experiment was run just up to the second day. 

Therefore, these parameters (4W input power, 8h) was selected for further investigation to see 

whether different frequencies change the metabolism of the fungus in different levels of 

transcriptomics, proteomics, and metabolomics.   

2.5.2. SEM analysis 

Metabolite production of fungi in a bioreactor is highly related to the morphological states of 

the fungus [156,157]. Therefore, morphological changes induced by each sound frequency were 

investigated by SEM. The obtained pictures of the sonicated samples for 2, 8, and 20 hours 

show that sound waves of all frequencies are capable of breaking the mycelium. Predictably, 

increasing the sonication time increases the number of these breaks. Growth of the fungus is 

through the extension at the apex [157]. Therefore, sonication can improve the growth rate by 

increasing the number of tips and the proteomics results (section 1.5.6) strengthen the 

assumption. During the growth phase, extracellular hydrolytic enzymes and cell-wall 

synthetizing proteins are packaged in vesicles at the Golgi apparatus, and guided to the apex by 

the aid of microtubule and actin cytoskeleton [158–161]. It is shown that the Ca2+ level 

oscillates at the tip of the fungus. The induced polarity due to the oscillation regulates actin 

assembly and fusion of the vesicles containing the cell-wall synthetizing proteins and 

extracellular hydrolytic enzymes [157,162]. In addition, the growth of the hyphae induce 

physical pressure in the new membrane and therefore the cell needs to improve the cell integrity. 

On the other hand, there is a correlation between the growth of the hyphae and secretion of 

extracellular enzyme to obtain nutrients. Based on the proteomics results, low-freq US increases 

chitin synthase (A0A2T4H9L2), production. Besides chitin synthase, audible frequencies 

increases two more proteins, A0A2T4H2H5 (Arp2/3 complex, involved in actin filament 

polymerization), and A0A2T4H0W8 (Store-operated calcium entry-associated regulatory 

factor) whereas high-freq US induce none of these changes. These results, shows audible 

frequencies, and low-freq US may improve the cell growth.  

2.5.3. Metabolomics 

Intracellular metabolomics analysis was performed by GC-MS analysis. Sampling was 

performed after 2, 8, 24, and 48 hours of the experiment in four biological replicates and two 
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technical replicates. The result was imported to SIMCA-P for multivariate statistical analyses 

and modeling. Principal Component Analysis (PCA) shows two groups separation based on the 

sampling hours (Fig 13). 

 

Fig 13. PCA score plot obtained from GC-MS result of the samples treated by acoustic waves with 
different frequencies. The colour map represent the sampling hours starting from shorter sampling 
time (dark blue) to longer sampling point (red). Separation along the X-axis represents separation 

between classes, and separation along y-axis shows variation between samples within a class. 

 

OPLS-DA driven S-plots were used to find the biochemically important metabolites that are 

more influenced by sonication. In samples treated with low-frequency US, octadecenoic acid-

9-(z)- was significantly increased while valine, erythritol, ribose, uracil, isoleucine, and 

panthetonic acid were decreased compared to the control sample. Applying the audible waves 

and the high-frequency US did not increase any metabolite significantly but the high-frequency 

US decreased the asparagine, ribitol, ribose, and pyroglutamic acid production and audible 

waves decreased ribitol and pyroglutamic acid compared to the control sample. 

Pathway analysis of differential metabolites between control and sonicated samples were 

performed by metaboanalyst (http://www.metaboanalyst.ca).  

The enriched pathway profile of high-freq US and audible/low-freq US had many similarities. 

The only difference was the absence of methane, and Nicotinate and nicotinamide metabolism 
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in audible/low-freq US, and more importance of arginine biosynthesis and alanine, aspartate 

and glutamate metabolism.in audible/low-freq US. Pathways that were enriched in high-freq 

US are mainly involved in carbohydrate metabolism, like citrate cycle, glyoxalate and 

dicarboxylate metabolism and amino acids metabolism which both are involved in the growth 

of the fungus. 

2.5.4. Lipid analysis 

The metabolomics results show enrichment of the fatty acids pathway after sonication. 

Fluorescence microscopy analysis of the biomass treated with audible sound and the control 

sample shows presence of storage lipids in both of them, especially in the treated biomass (Fig 

14). Total lipids (g/L) of biomass treated with different frequencies and the control were 

extracted and quantified [163]. Then, the lipid component was analyzed by thin layer 

chromatography (TLC) and a fatty acid profile was estimated by Gas chromatography- Mass 

spectrophotometry (GC-MS). 

Fig 14. Fluorescence microscopy pictures of the (a) untreated biomass (b) audible sound treated 

biomass 

The lipid content analysis of the fungus treated with different sound frequencies showed that 

the lipid production was always less than 20% of its cellular compartment. All treated samples 

had higher amount of lipids compared to the control and audible sound frequencies induced the 

highest amount of lipids (16,78%) followed by low-frequency ultrasound (13.52%), high-

frequency ultrasound (13.91%) and control (11.59% ) samples. It is known that environmental 

stresses lead to lipid accumulation in oleaginous microorganisms, therefore the stress 

conditions created by sonication can be the reason for higher lipid contents in the treated fungal 

samples.  
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Increasing the permeability of the cell membrane and enhancing/inhibiting essential enzyme 

compositions are two factors that are involved in increasing the microbial productivity by 

ultrasonication:   

TLC was used to detect all classes of lipids in samples. Extracted lipids from the control and 

audible sound treated sample were analyzed for its composition such as TAG (triacylglycerol), 

FFA (free fatty acid), DAG (diacylglycerol), MAG (monoacylglycerol), and sterol. Proteomics 

analysis (described below) showed overproduction of intracellular C-8 sterol isomerase that is 

involved in the sterol biosynthesis process in audible sound treated samples. To investigate the 

effect of sound waves on the fatty acid profile of the extracted lipids, GC-MS analysis was 

performed. Altogether, seven different types of fatty acids including saturated (SFA), 

monounsaturated (MUFA), and polyunsaturated (PUFA) were detected. Figure 15 shows that 

the major components of oils were C18:1 and C18:2 fatty acids (> 70%). All treatments and the 

control sample had similar profile of produced fatty acids, in different quantities, except C16:1 

(9-Hexadecenoic acid) that is produced just by ultrasound treatment. Moreover, compared to 

the rest of samples, high-freq US was more efficient to produce C24:0 (Tetracosanoic acid).     

 

 

Fig 15. fatty acid profile of extracted lipids changed with the treatment of sounds 
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2.5.5. Transcriptomics 

Sonication experiments of all three frequencies and the control (four replicates) were run for 2 

days and subjected to transcriptomics analysis. As mentioned in the previous sections, the 

bioinformatics analysis based on the reference genome of F. oxysporum was not satisfying due 

to very low uniquely mapped sequences. Further genomics analysis (DNA-seq) and 

bioinformatics analysis, based on F. culmorum, is ongoing to obtain reliable results by high 

mapping ratio. 

 

2.5.6. Proteomics 

All samples that were sonicated for 8 hours with different frequencies were collected at the end 

of the second day and proteome/phosphoproteome and secretome analysis of the fungus were 

performed by using biomass and cell filtrates respectively.  

2.5.6.1. Phosphoproteomics Analysis 

Sonication influenced phosphoprotein production in the treated samples. It seems by increasing 

the frequency from audible waves to high-freq US, the number of phosphoproteins that 

presented changes decreased and just two phosphoproteins were changed by high-freq US that 

have meaningful p-value but they did not decrease significantly (table 6). Production of all 

phosphoproteins, except two in low-freq treatment, decreased by sonication. Comparison of the 

phosphoprotein profile of treated samples shows it is influenced by sonication however; there 

are more similarity between audible sound and low-freq US.  

Table 6. Differentially produced Phosphoproteins by high-frequency ultrasound 

Master Protein 

Accessions 

Fold Change p-value Name 

A0A2T4H8U2 0.145 0.030 Translocation protein sec66 

A0A2T4GQW7 0.107 0.013 Phosphatidylethanolamine N-
methyltransferase 

 

Protein pim1 (Accession number :A0A2T4GFF4 ) that was highly expressed (Fold change 

2.115, A fold change 0.01-0.08 and ≥1.2 equals a fold change of 20%) by low-freq US increases 
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the maintenance of cell integrity which shows low-freq US can damage the cell seriously (table 

7).  

Table 7. Differentially produced Phosphoproteins by low-frequency ultrasound 

Master Protein 
Accessions 

Fold 
Change 

p-value Name 

A0A2T4GFF4 2.115 0.084 Protein pim1 
A0A2T4GXH0 0.098 0.075 UDP-glucose 6-dehydrogenase 
A0A2T4GLZ0 0.097 0.049 Uncharacterized protein (nucletide sugar 

transporter) 
A0A2T4GKD6 0.068 0.095 Pyridoxal 5'-phosphate synthase 
A0A2T4GUF7 0.052 0.046 Acetyltransferase component of pyruvate 

dehydrogenase complex 

Other phosphoproteins that were downregulated in both low-freq and audible sound are 

involved in nucleotide sugars production, translation, cofactor production, and the TCA cycle.  

Audible frequencies also influence DNA repair/replication, signal transduction, and more 

importantly, transcription factor Atf1 which decrease increases cellulasess activity (table 8). In 

a study on Penicillium oxalicum strain HP7-1, mutants with deleted atf1 had 25.1 to 209.3% 

higher cellulases (FPase, carboxymethylcellulase, p-nitrophenyl-cellobiosidase, p-nitrophenyl-

α-D-glucosidase), and xylanase activities [164]. 

Table 8. Differentially produced Phosphoproteins by audible sound 

Master Protein 
Accessions 

Fold 
Change 

p-value name (Uniprot) 

A0A2T4GSW7 0.113 0.055 Trehalose phosphorylase 
A0A2T4GUP9 0.112 0.005 Zuotin 
A0A2T4GGV0 0.104 0.029 Transcription factor atf1 
A0A2T4GLZ0 0.092 0.072 Uncharacterized protein 
A0A2T4GQK6 0.092 0.032 40S ribosomal protein S30 
A0A2T4GUF7 0.069 0.012 Acetyltransferase component of pyruvate 

dehydrogenase complex 
A0A2T4H7K3 0.065 0.061 FK506-binding protein 
A0A2T4GKD6 0.064 0.018 Pyridoxal 5'-phosphate synthase 
A0A2T4H928 0.047 0.086 PAS domain-containing protein 
A0A2T4H5E9 0.047 0.067 UPF0507 protein 
A0A2T4H7I6 0.046 0.038 Replication factor C subunit 1 

A0A2T4GQR6 0.031 0.082 Serine/threonine-protein kinase oca2 
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2.5.6.2. Secretomics Analysis 

The secretome profile of the fungus was also influenced by sonication and the higher the 

frequency, the more the differentially secreted proteins. A combination of proteomics, 

secretomics, and phosphoproteomics results show that by increasing the frequency from audible 

sound to high-freq US, less (phospho)proteins are involved in cell morphogenesis and 

development. Chitin synthase (A0A2T4H9L2) and chitin synthase export chaperone 

(A0A2T4GM38) showed increased production in audible and low-freq US treatment but not in 

high-freq US. GPI mannosyltransferase is involved in biosynthesis of 

glycosylphosphatidylinositol anchor, which is involved in glycolipid biosynthesis. They are 

needed for cell-wall integrity of the fungus and are overproduced just in audible sound 

treatment. Also, audible sound (and in less amount low-freq US) causes production of more 

proteins related to pathogenicity, virulence and cell-growth. Some proteins that are related to 

the virulence of the fungus, like A0A2T4GJM7 (CFEM domain-containing protein) decreased 

by high-freq US. Besides, biomass treated by high-freq US produced less amount of 

A0A2T4GQW7 (Phosphatidylethanolamine N-methyltransferase), that is involved in 

phospholipid biosynthesis. Phospholipids are important parts of the cell-membrane however, 

their role is not clearly-defined in filamentous fungi, especially plant pathogens [165]. There 

are four groups of phospholipids namely: phosphatidylcholine (PC), phosphatidylethanolamine 

(PE), phosphatidylinositol (PI) and phosphatidylserine (PS) [165]. The study on Fusarium 

graminearum showed that PE and PC are vital for its vegetative growth where their biosynthesis 

is by de novo pathway of phospholipid biosynthesis. Interestingly, de novo pathway of 

phospholipid biosynthesis is needed for mycotoxin production and virulence of plant pathogens 

[165]. By combination of all these data, it can be concluded that high-freq US decreases the 

phospholipids biosynthesis and consequently plant pathogenicity while by decreasing the 

frequency towards audible sound; cell undergoes some changes to increase toxins production 

and pathogenicity. Therefore, it seems in nature, plant pathogens get help of sound waves, 

especially audible waves, to adjust their virulence. 

Two of the secreted proteins, Fasciclin-like protein arabinogalactan protein, and 3-phytase, 

were common in all three treatments. Also, 3-oxoacyl-[acyl-carrier-protein] reductase that was 

highly increased in audible and low-freq samples is involved in the long-chain fatty acid 

biosynthetic process, which is compatible with the metabolomics results showing the 

enrichment of fatty acid production in these two treatments. Thioredoxin reductase that is 

involved in the removal of superoxide radicals was increased in audible sound-treated samples. 
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The process of cavitation and production of free radicals are features of ultrasound frequencies. 

In higher frequencies cavitation occurs to a lesser extent than in lower frequencies because they 

have shorter rarefaction phase and therefore less negative pressure that is needed to creates a 

bubble [166]. Therefore, increased level of superoxide radicals in the medium cannot be due to 

the sonication. Superoxide production can also have microbial source. It is proven that both 

bacteria and eukaryotes like fungi produce intracellular and extracellular superoxide [167]. 

Intracellular production of superoxide is through photosynthesis and respiration while 

extracellular production is by transmembrane enzymes (mainly the reduced form of 

nicotinamide adenine dinucleotide phosphate (NAD(P)H) oxidases) or secreted enzymes 

(peroxidases) [167–172]. The proteomics results show an increased production of NADH 

oxidase by low-freq US treatment. This molecule can be detrimental for the cell. It can react 

with metals like iron, and biomolecules and cause oxidative stress that can lead to apoptosis 

[173]. Therefore, cells are equipped with antioxidants like superoxide dismutase (SOD) to 

neutralize the extra amount of superoxide and keep it balanced [174]. On the other hand, there 

are increasing amount of data about the importance of superoxide in cell-signaling, defense, 

cell differentiation (fungi) and stimulation of growth [169,173]. In Roseobacter, the growth was 

prevented by removing extracellular superoxide [175]. It is also shown that there is an inverse 

relationship between the cell-number and extracellular superoxide production to keep the level 

constant during the growth [167]. Therefore, it seems audible frequencies induced increased 

superoxide production and secretion to the medium that participate in signaling. The 

accumulation of superoxide in the medium is fatal for the fungus and therefore it increased 

superoxide-neutralizing products such as thioredoxin reductase.   

There is no over-secreted protein with this function in low-freq US. In high-freq US samples, 

Glutathione reductase, that maintain high levels of reduced glutathione (GSH), is reduced. 

Reduced glutathione levels protect the cell from oxidative stress therefore, it seems that 

oxidative stress in high-freq US is lower than in low-freq US and audible sound. 

2.5.6.3. Proteomics Analysis 

Intracellular proteins of the fungus differ in three groups of treated samples. Similar to the 

phosphoproteomics result, the number of differentially produced proteins drastically decreases 

by increasing the frequency. Moreover, all of the proteins in all treatments showed increased 

production. These proteins are involved in different processes from the stress response, 

signaling, and transcription to translation and enzymatic activity. 
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Increased proteins by the high-freq US are involved in gluconeogenesis, transportation, 

transcription, translation and post-translational modification, and lipid metabolic processes. 

Synaptobrevin 2 that is an integral membrane protein of the secretory vesicles is increased in 

this treatment, which can be involved in the higher number of secreted proteins in this treatment. 

Some of the transporters are for sugars (Glucose/galactose transporter, Sugar transporter STL1) 

and amino acid transporters. Proteins that are for lipid metabolism are Malonamoyl-CoA 

synthetase vrtB, Patatin-like phospholipase domain-containing protein, and elongation of fatty 

acids protein. 

Differentially produced proteins in low-freq treatment are for processes such as signaling, 

transcription, translation, transportation, lipid metabolic process. The number of proteins 

involved in the lipid processes is higher than for the high-freq US treatment. In addition, there 

is no sugar-specific transporter. Another difference between high- and low-freq US was 

proteins related to carbohydrates and chitin metabolism. Three proteins that are specific for the 

carbohydrate metabolic processes are putative glycosidase crf1 (A0A2T4GXN9), putative 

secreted beta-glucosidase adg3 (A0A2T4GLG5), and an uncharacterized protein that can be 

beta-endoglucanase (A0A2T4GHU2). 

The highest number of differentially changed proteins are by the audible sound that participates 

in a variety of pathways like signaling and stress response, transcription, translation, 

metabolism of sugars and lipids, and transportation. A large number of these proteins are for 

translation and many of the proteins are uncharacterized. Several proteins are for lipid metabolic 

process that some of them are common with low-freq US treatment (A0A2T4GQG2: Delta (12) 

fatty acid desaturase; A0A2T4GL94: CDP-diacylglycerol-inositol 3-phosphatidyltransferase; 

A0A2T4GUH4: Phosphatidate cytidylyltransferase). Moreover, Chitin synthase 

(A0A2T4H9L2) which is overproduced in low-freq US treatment was also increased by this 

treatment which can be due to the damaging of the cell wall by sonication. Importantly, some 

of the proteins are involved in cellulose degradation, which is different from the enzymes 

produced by the low-freq US. These enzymes are Putative glucan endo-1,3-beta-glucosidase 

eglC (A0A2T4GE78), Putative beta-glucosidase C (A0A2T4GE46), Beta-glucosidase 

(A0A2T4GML8), Putative glycosyl hydrolase (A0A2T4H5K8), and Putative glycosidase crf1 

(A0A2T4GXN9). Also, one of the increased biomass-degrading enzymes is alpha-1,2-

Mannosidase (A0A2T4H9U8). Some of the increased transporters are specific for sugars like 

sugar transporter STL1 (A0A2T4GLQ4) and High-affinity glucose transporter ght5 

(A0A2T4GNT9) or amino acids transportation.  
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2.5.7. Conclusion: 

This part of the thesis demonstrates that all frequencies of acoustic waves alter the cellulase 

activity of the fungus, Fusarium (culmorum). Higher plant biomass-degrading enzyme activity 

of the fungus treated with audible and high-freq US is justified by proteomics data. Besides, 

decreased production of one phosphoprotein in audible sound treatment could have also 

participate in higher cellulase activity. It is believed that many of the changes in this experiment 

like chitin synthesis, production of proteins related to cell-wall integrity, and removing 

superoxide radicals, are related to the amount of energy each sound frequency is carrying. The 

metabolomics and proteomics results show that there are more similarities between the low-

freq US and audible sound. In addition, there is a direct relationship between frequency and the 

number of significantly differentially expressed proteins/phosphoproteins. Increasing 

frequency from sound to high-freq US decreases the number of intracellular proteins and 

phosphoproteins while it increases the number of secreted proteins. 

Metabolomics analysis of the samples indicates that lipid metabolic pathways are more enriched 

in audible and low-freq US samples  which is also confirmed by the increased number of 

proteins involved in these pathways. 
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3. CONCLUSIONS AND 
RECOMMENDATIONS FOR 
FUTURE WORK 

 

The aim of this thesis was to study the interaction of different frequencies of sound waves and 

microbial cells. Fusarium (oxysporum) which is a plant pathogen was selected as a model 

organism and its cellulase activity was chosen as an indicator to study the effect of sonication. 

This study is based on the design of the first well-defined and controllable sonobioreactor in 

order to apply sonication on the fungus by defined frequency and intensity. The growth analysis 

of the fungus at different frequencies showed there is a limitation on applied input power and 

increasing the power above a specific threshold will destroy the fungus. Moreover, sound waves 

make considerable morphological changes in the bioreactor by dispersing fungal pellets and 

breaking the hyphae that were observed by SEM analysis. 

Another prerequisite of the study was to select a pure soluble inducer in a minimal medium to 

minimize disturbing factors in the interpretation of the sonication results. Therefore, different 

linear inducers with different degrees of polymerization were selected, to investigate their 

induction power in this fungus. Besides, the influence of the carbon source on the efficiency of 

each inducer was investigated focusing on cellulases as a model. The results showed there is a 

close correlation between the degree of polymerization, concentration, and carbon source for 

the process of induction. It was shown that biomass grown on glycerol and sucrose, as two 

different carbon sources, had different preferred inducers for higher enzyme induction. When 

the fungus was grown on sucrose, cellooligosaccharides with higher degrees of polymerization 

were more efficient while in glycerol-grown samples cellobiose was a more favorable inducer. 

In addition, xylotetraose (0.2%w/v) and cellobiose (0.3% w/v) (in glycerol-grown samples) 

were the most efficient inducers of xylanases and cellulases respectively. Inducer uptake results 

suggested that probably cellobiose and xylobiose are the final products that enter the cell and 

induce the cellulases and xylanases genes respectively. 

Transcriptomics analysis of the biomass grown on sucrose and induced by xylotetraose and 

glycerol-grown samples after 3h of induction by 0.3% cellobiose showed that a series of 

different genes such as lignocellulose degrading enzymes, transporters, and transcription 

factors are up/down-regulated. There are ongoing investigations by transcriptomics analysis of 
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the fungus at different time intervals to have a better overview of the process of 

cellulases/xylanases induction. 

The main question of the thesis is discussed in the last part of the thesis where the outcome of 

the previous parts was applied to run the sonobioreactor by using the glycerol-grown biomass, 

and 0.3% cellobiose as the inducer. The work started with trial attempts and by using different 

sound parameters to select the optimum conditions. It was revealed that high-intensity sound 

waves adversely affect enzyme activity and the optimum input power should be 4W. In 

addition, continuous sonication and applying a mixed frequency decrease the activity. 

Therefore, three different frequencies in the audible sound, low-frequency ultrasound, and high-

frequency ultrasound range were selected and 2, 8, and 20 hours of sonication were performed. 

The results showed that all sound-treated samples had improved cellulase activity compared to 

the control sample and 8 hours sonication gave relatively better results. OMICs tools such as 

transcriptomics, proteomics, metabolomics, and lipid analysis were combined with enzyme 

activity results to understand more about the mechanism of the sound-microorganism 

interaction. The OMICs results showed that audible sound and low-freq US have more 

similarities regarding how they influence the fungus compared to the high-freq US. This can be 

due to the energy-carrying by each frequency. By increasing the frequency from audible to the 

high-freq US the energy decreases so in lower frequencies the cell receives more energy and 

feels more stress. Metabolomics analysis did not show any direct influences on the cellulase 

activity however, it showed that audible sound and the low-freq US induce the enrichment of 

fatty acids production. This was also demonstrated by lipid and proteomics analyses. Moreover, 

proteomics (intracellular proteins, phosphoproteins, and secreted proteins) results showed that 

different frequencies have different effects on the fungus. By increasing the frequency from 

audible sound toward the high-freq US, there was an increased number of differentially secreted 

proteins and a reduced number of differentially produced phosphoproteins and intracellular 

proteins. The protein profile of the fungus after different treatments gives some explanations 

for the higher cellulase activity of audible and low-freq US treated samples. It was shown that 

these frequencies induce more proteins related to biomass degradation, transporters, cell 

morphogenesis, and development as well as pathogenicity. 

This thesis is one of the few in-depth studies of the effect of sound waves and especially audible 

frequencies, on microbial cells. The newly stablished system allow the future studies to 

investigate the potential of acoustics in different (micro)biological fields. Future investigations 

can be in a variety of aspects from upgrading the bioreactor to focusing on a variety of 

microorganisms with the potential to produce different metabolites. Microorganisms may react 
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differently to sound frequencies. Therefore, a systematic investigation is needed to examine the 

effect of different frequencies, intensities, and duration of sonication on the desired purpose. 

Moreover, this thesis has the potential to be continued for example, bioinformatics analysis is 

needed to reveal more number of the uncharacterized genes/proteins because many of them 

especially in the case of Fusarium culmorum are not defined. Further optimization of the 

cellulase induction by different sonication parameters and cellulase/xylanase induction 

experiment in sonobioreactor by using more complex lignocellulosic substrates are other 

suggestions. Combining the transcriptomics data with the rest of the OMICs result is also of 

utmost importance. 

Sonication can be applied directly in a bioreactor, which requires the design of a new 

sonoreactor, or can be used to discover different controlling agents, like transcription factors, 

genes, or phosphoproteins that are important in a specific pathway. Such comprehensive 

information, in turn makes it possible to design new microorganisms to make new cell factories 

with no need to invest in larger sonobioreactors that can be energy-intensive and costly. 
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