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Abstract 

Mycelial pellet formation by filamentous fungi is one of the most researched topics in fungal 

biotechnology research. Pellets are generally formed as a result of a complex interaction 

process through the influence of many cultivation factors such as inoculum size, pH, 

dissolved oxygen level, agitation system, nucleating agents, additives, trace metals, CO2, 

temperature, reactor types, carbon substrate, rheology, culture modes, fermenter geometry, 

nitrogen and phosphate levels etc. Each factor has varying effects on the growth morphologies 

of different fungal species. Fungal growths in the form of pellets have several advantages and 

pose a potential solution to overcome the problems associated with the filamentous fungal 

growth in large scale industrial bioreactors. The aim of the present work was to study pellet 

formation of edible filamentous fungus Neurospora intermedia, focusing on the molecular 

aspects of the fungal pellets with special interest to investigate the role of cell signaling 

second messenger cyclic 3', 5’-adenosine mono- phosphate (cAMP). It was found that 

Neurospora intermedia stimulate cAMP in the pellet form than filamentous form.  The 

industrial applications of fungal pellets for generating value added products were also studied 

and observed fermentation in individual and co fermented first and second-generation ethanol 

substrate, showed an ethanol yield maximum of 0.25 ± 0.05 g/g dry substrate. The growth of 

fungal pellets in presence of inhibitors (such as acetic acid, HMF and furfural) resulted in 

about 11% to 45% increase in ethanol production as compared to filamentous forms, at 

similar growth conditions in the liquid straw hydrolysate. 
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1. Introduction  

Filamentous fungi represent an incredibly rich and rather overlooked reservoir of natural 

products, which often show potent bioactivity and find applications in different fields. 

Filamentous fungi have been making an important contribution to the global economy via 

production of a plethora of commercially interesting products such as antibiotics, enzymes, 

organic acids, drugs, and food components [1]. Filamentous fungi, contrary to the unicellular 

yeasts, are multicellular organisms growing in the form of tubular, elongated, filamentous 

(thread form) structure composed of many individualized cells, by the extension of the hyphal 

tip. In the filamentous fungi, the two fungal groups, namely Ascomycetes and Zygomycetes, 

constitute the group of edible fungi. They have diverse applications, especially in 

fermentation technology and the present thesis mainly focuses on Ascomycetes.  

Ascomycetes 

Ascomycetes are one of the biggest members of the kingdom Fungi. Ascomycota possesses 

wide range of applications in the production of beverages, antibiotics and other commercial 

products. But some strains of ascomycota species causes infections to the plants such as rice 

blast, apple scab etc [2]. Several strains of ascomycetes have been used in the production of 

tasty fermentative foods mostly in Southeast Asian countries. Therefore, those are Generally 

Regarded as Safe (GRAS) by WHO (World Health Organization) and FDA (Food and Drug 

Administration).  

Neurospora intermedia 

Ascomycota species Neurospora intermedia, also called as orange bread mold, can usually be 

found on burnt plant matter and food source such as bread and other food products. So it can 

assimilate all carbohydrates and utilize as their energy sources. Moreover, no dangerous 

secondary metabolites are known to be produced by strains of any Neurospora species. 

Neurospora has been used for production of food and beverages [3]. Neurospora is used for 

production of the human food oncom, a highly nutritious soybean-based press-cake produced 

in a cottage industry in west Java, where it is distributed on a daily basis to marketplaces and 

shops It is also used for production of koji, an oriental food [4]. However, due to its 

filamentous growth, the cultivation of this filamentous fungus in large scale industrial 

bioreactors can be a challenge. A potential solution to overcome the problems associated with 

the filamentous growth is to obtain growth in the form of fungal pellets [5]. Externally 

pelletization occurs with different cultivation factors such as pH, aeration rate, carbon 
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sources, and reactor types etc. To study the pellet forming physiology of filamentous fungi, 

the present study focus on the molecular aspects of the pellet formation with special interest 

to investigate the role of cell signaling second messenger cyclic 3', 5’-adenosine mono- 

phosphate (cAMP). Industrial applications Neurospora pellets for generating value added 

products were also studied in detail. 

 Fungal pellets 1.1

Fungal pellets are spherical, or oval masses intertwined hyphae in shape. Pellets sizes usually 

range between hundred micrometers to several millimeters. In pellets there are smaller pellets 

with an average diameter of 2.38 ± 0.12 mm, medium pellets with an average diameter of 

2.86 ± 0.38 mm, and large pellets with an average diameter of 3.05 ± 0.91 mm [5]. Many 

studies have discussed the advantages and disadvantages of fungal growth morphologies in 

terms of producing different products. In bioreactors, the filamentous or clump mycelia can 

increase the viscosity of the medium, wrap around impellers, and block nutrient transport; all 

of which can lead to a decrease in production efficiency and bioreactor performance[6, 7]. 

Fungal growth in pellet form then becomes the desirable morphology for industrial 

fermentation process since it not only reduces the medium viscosity or the possibility of 

filaments wrapping around impellers, but also allows for fungal biomass reuse, improves 

culture rheology through enhanced mass and oxygen transfer and lowers energy consumption 

for aeration and agitation [8, 9]. 

1.1.1 Factors influencing pellet formation in filamentous fungi  

Pellets are formed because of the influence of many cultivation factors through a complex 

interaction process. These factors such as the; inoculum size, media pH, dissolved oxygen 

level, agitation system, medium nutrients, presence of nucleating agents, polymer additives, 

trace metals, CO2, temperature, reactor types, carbon substrate, rheology, culture modes, 

fermenter geometry, nitrogen and phosphate levels, biodegradable polymers and spore storage 

time[10] etc., are reported to influence the pellet formation process. Each factor has varying 

effects on the growth morphologies of different fungal species. 

1.1.2 Advantages of Pellets 

Fungal growth in the form of pellets have several potential advantages such as ease of 

biomass harvesting, the low viscosity of the fermentation medium, proper growth, improved 

oxygen diffusion, cleaning of reactors is easy, time less taken process, it reduces the 
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possibility wrapping around impellers, lowers energy consumption for aeration and agitation, 

reuse of fungal biomass, high yield of some proteins and high yield of products [9].  

 Second messenger cAMP (cyclic 3', 5’-adenosine mono- phosphate) and its role in 1.2

fungal pelletization 

Second messengers are intracellular signaling molecules released by the cell to change 

physiological characteristics such as proliferation, differentiation, migration, and survival. 

Second messengers are one of the initiating components of intracellular signal transduction. 

Earl Wilbur Sutherland, Jr., discovered second messengers, for which he won the 1971 Nobel 

Prize in Physiology or Medicine and mechanisms were worked out in detail by Martin 

Rodbell and Alfred G. Gilman, who won the 1994 Nobel prize. cAMP cyclic 3', 5’-adenosine 

mono- phosphate is a secondary messenger in prokaryotic and eukaryotic cells which are 

hydrophilic molecules [11, 12]. A well-characterized intracellular target of cAMP in 

eukaryotic cells is the regulatory subunit of protein kinase A [13]. PKA is a tetrameric 

holoenzyme that is composed of two regulatory subunits and two catalytic subunits. Binding 

of cAMP to the regulatory subunits releases the catalytic kinase subunits to phosphorylate 

target proteins involved in cAMP-regulated processes and mechanism[14] as shown in Figure 

1. In this thesis work we are studying the pellet formation of edible filamentous fungi 

Neurospora intermedia focusing on the molecular and genetic aspects of the fungal pellets 

with special interest to investigate the role of cell signaling second messenger cyclic 3', 5’-

adenosine mono- phosphate (cAMP) on the pellet growth.  

 

Figure 1: cAMP activation mechanism within the cell. Source reference: http://www.marccewagner.com/?page_id=4 

https://en.wikipedia.org/wiki/Earl_Wilbur_Sutherland,_Jr.
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 Applications of fungal pellets in bioethanol production  1.3

Biofuels by definition are fuels that are generated from biological material, a concept that has 

recently been narrowed down to renewable sources of carbon. Biofuels, in conjunction to 

their positive carbon balance with regards to fossil fuels, also represent a significant potential 

for sustainability [15, 16] and economic growth of industrialized countries because they can 

be generated from the locally available renewable material [17]. Biofuels are usually 

categorized as either First-generation biofuels that are directly related to a biomass that is 

generally edible, [18, 19] ; or Second-generation biofuels that are defined as fuels produced 

from a wide array of different waste feedstock, ranging from agricultural lignocellulose 

feedstocks to municipal solid wastes [20]. The Third-generation biofuels are or example those 

that utilize algal biomass as feedstock [21]. 

1.3.1 Integration of first and second generation of biofuels 

 

There is an alternative to the direct implementation of an industrial scale second generation 

bioethanol process into the existing first generation processes, with fungi. A feasible answer 

is to use all the current dry mills for the production of second generation alcohol and also to 

decrease the high risk of investment in a new second generation ethanol process is to integrate 

lignocellulosic ethanol into the current dry mills[22, 23]. A representation model of how this 

process integration could be carried out with two different planned solutions: (a) integration at 

the fermentation stage and (b) integration at the fungal cultivation stage which was 

demonstrated from previous studies [24] as seen in figure 2. One of the major challenges of 

the lignocellulose ethanol processes is obtaining sufficiently high sugar concentrations after 

the hydrolysis. To an extent, this is solved by integration of the first and second generation 

processes, since sufficiently high concentrations are easily reached in the first generation. 

Therefore, to change the concentrations of the lignocellulosic feedstock are required to mix 

with the slurry [24]. The hydrolysis will probably use enzymes and could either be carried out 

in a separate vessels or together with the fermentation, and would possible not affect the 

quality of the DDGS [24]. 
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Figure 2 : an integrated first and second generation ethanol process. The integration could 

occur at the fermentation step (top) or at the proposed fungal cultivation step (bottom). 

Reprinted with permission [24]  

1.3.2 Cultivation of fungi in integration process 

 

A proposed solution to the utilization of unfermented substrate without compromising the 

properties of the DDGS is to use food-related strains of Zygomycetes and Ascomycetes 

filamentous fungi. Cultivation of filamentous fungi is not without challenges. There are two 

executable ways to hold this phenomenon. One is to adjust the cultivation conditions and try 

to control the growth morphology. For instance, pellets can be formed if the conditions are 

controlled. Many studies have discussed the advantages and disadvantages of fungal growth 

morphologies in terms of producing different products. The other way to solve the problem is 

to adjust the cultivation vessel to fit the growth of the filamentous fungi. For instance, air-lift 

and bubble-column type reactors have been performing well for fungal cultivations on the 

thin stillage in aerobic conditions. The common factor between these two types of reactors is 

that they lack internal moving parts, and the mixing is achieved via the aeration process. This 

also has the benefit of a relatively low energy demand for the mixing [24]. 
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 Outline     1.4

The clear outline and flow chart of thesis is given in figure 3 and 4, were filamentous fungi 

grows at variable culture conditions such as pH, aeration rate, carbon sources, reactor types, 

temperature, and inoculum size determining the levels of cAMP in pellet form and 

filamentous form. The applications of fungal pellets in lignocellulosic or industrial wastes for 

value added products such as ethanol, glycerol, and fungal biomass were also studied.  

 

 

 

 

                                                                                                                      

 

 

 

                        

 

 

 

 

 

 

Figure 3: Outline of thesis 
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Figure 4: Flow chart of thesis. 
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 Ethical and social aspects 1.5

Currently, filamentous fungi based industrial process are important for bulk manufacturing of 

several value added products such as organic acids, proteins, enzymes, secondary metabolites 

and active pharmaceutical ingredients in white and red biotechnology [25, 26]. In comparison 

with bacteria and yeast, several strains of filamentous fungi, stands out on the superior side 

due to its versatility in robustness and metabolic activity in the multi-disciplinary action. 

Fungal biotechnology hence plays a central role for many industries including food and feed, 

pharma, paper and pulp, detergent, textile and bio-fuel [25-27]. Biofuel, especially bioethanol 

is one of the prominent metabolite being produced during the fermentation of various strains 

of filamentous fungi while growing on an array substrates [28, 29]. On a social stand-point, 

the production of bioethanol for a sustainable fossil-fuel free process is the need of the hour. 

Bioethanol production using the conventional yeast from the food grains or sugar based 

process, however faces several of the socio-ethical challenges. This opens up the scope of 

using alternate process with alternate fermentation microorganisms. In this present thesis, one 

such aspects of a sustainable and socio-ethically relevant bioethanol production using ethanol 

fermenting filamentous fungus, Neurospora intermedia, has been researched. While using 

lignocellulose agriculture waste, such as wheat straw for the ethanol fermentation, the thesis 

efficiently address the long discussed and debated food vs fuel context of the bioethanol 

process [30, 31]. The development of the fungal pellets described in the thesis, presents an 

indirect social benefit as it creates a more efficient and easy industrial process than the 

conventional process involving filamentous fungal mycelial growth. The process of 

pelletization being more efficient with the downstream processing, could possibly lead to a 

better economic benefits in the industrial process application. Additionally, the use of 

filamentous fungi that are edible in nature, also intend to open up a new socially relevant 

industrial process application. As there exists a need for ‘protein’ for feed application, the 

pressure on plant based (such as soy), or animal/ fish based (such as fish meal) protein is 

immensely increasing [32]. This also leads to the need to find alternate protein source that 

create less of the ethical or economic pressure on generating protein. The use of edible fungal 

biomass rich in protein, as discussed in this thesis, in that regard creates a socially and 

ethically sustainable protein production process. 
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2. Methods and Materials  

 Microorganisms 2.1

Microorganisms used in the present study are Neurospora intermedia CBS 131.92, 

Aspergillus oryzae CBS 819.72, and Rhizopus oryzae CBS 389.34 (Centraalbureau voor 

Schimmelcultures, The Netherlands) was maintained on potato dextrose agar (PDA) plates. 

PDA (potato dextrose agar) media was used for the standard fungal cultivation. Potato 

Dextrose Agar was composed of dehydrated Potato Infusion and Dextrose that supports 

abundant fungal growth. Agar was added as the solidifying agent. Composition for PDA was 

(in g/L): glucose 20, agar 15, and potato extract 4. For preparing spore suspension, N. 

intermedia plates were flooded with 20 mL sterile distilled water and the spores were released 

by gently agitating the mycelium with a disposable cell spreader. The N. intermedia were 

transferred to fresh PDA plates. The N. intermedia plates were then incubated aerobically for 

3–5 days at 30 °C. An inoculum of 50 mL spore suspension (with a spore concentration of 2 

to 6 × 10
5
 spores mL) per L of medium was used for the cultivations. 

 Commercial wheat straw 2.2

Commercial wheat straw (92.4% dry content) for the laboratory was supplied by Lantmännen 

Agroetanol (Norrköping, Sweden). Straw, with the composition (g/g, dry basis) arabinan 

0.048±0.013; galactan 0.0053±0.0015; glucan 0.315±0.061; mannan 0.0047±0.0011; and 

xylan 0.24±0.08, was milled (0.2- 0.25 mm) using a laboratory rotor beater mill before use. 

Cellulase enzyme Cellic CTec2 (Novozymes, Denmark) with 94 FPU/mL activity (Adney and 

Baker, 2008) was used for the hydrolysis.[33]. 

 Standard cultivation of filamentous fungi  2.3

PDB (potato dextrose broth) was prepared at required pH at 3.5 and 5.5 for all the fungal 

species. Cultivations were made in 100 ml volume in 250 ml Erlenmeyer flasks for 120 h in 

an orbital shaking water bath at 35 °C with Samples taken every 24 h. After the growth for 

120 h, biomasses were collected and washed and dried overnight to record the reading. 

 Screening the fungi for pelletization at different pH. 2.4

In this experiment, three species of edible fungi such as Neurospora intermedia, Aspergillus 

oryzae and Rhizopus oryzae were screened for the pelletization. Cultivation was carried out 
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aerobically in complex media 2% PDB (potato dextrose broth) in 100 ml volume in 250 ml 

Erlenmeyer flasks for 120 h in a shaking water bath at 35 °C and 150 rpm with samples taken 

every 24 h. pH was adjusted with 2 M HCl or 2 M NaOH. Glucose as carbon source and 

potato infusion as nitrogen source was used as substrate. 

 Screening for different pH and carbon source for N. intermedia pellet formation 2.5

N. intermedia was cultivated at different pH 3, 3.5, 4, 4.5, 5, 5.5, 6, and 6.5 with 2% PDB. 

Different carbon sources (2%) such as glucose, arabinose, galactose, mannose, maltose, 

fructose, and lactose - at pH 3.5 and 5.5 were also screened for pellet formation. Standard 

cultivation conditions as described in section 2.3 were followed. N. intermedia was also 

cultivated with 1% glucose, 1% mannose and combination with 1% glucose mannose at pH 

3.5 and 5.5 to determine the combinational effect of the carbon source on pellet formation. 

  Scaling up of pelletization in a bench scale airlift reactor. 2.6

The fungal pellet formation was scale up in a 4.5 L airlift bioreactor (Belach Bioteknik, 

Stockholm, Sweden) with a working volume of 3.5 L aerobically in complex media PDB 

(potato dextrose broth) and an aeration rate of 1 vvm (volumeair/volumemedia/min). An air-

sparger with a pore size of 90 µm was used for aeration in both airlift and bubble column 

cultures. Potato dextrose medium, with its pH initially adjusted to 3.5 using 2 M HCl or 2M 

NaOH was used for the cultivation. The temperature was maintained at 35.0 ± 0.5 °C 

throughout the cultivation and samples were collected every 4 h [34]). 

 Scaling up of pelletization process: Fed batch and semi-continuous fermentation in 2.7

airlift reactor 

N. intermedia was cultivated with 1% glucose at pH 3.5 for 3.5 L in airlift reactor (4.5 L) for 

fed batch and semi-continuous process. The cultivation was carried out aerobically in 

complex media PDB (potato dextrose broth) in 4.5 L airlift reactor, by adding glucose every 

24 h for consecutive 4 batches at 35 °C and 1vvm with samples taken every 4 h. The pH was 

adjusted with 2 M HCl or 2 M NaOH. 

  Effect of cAMP levels in N. intermedia pelletization with cAMP-Glo
TM 

Assay kit. 2.8

N. intermedia was cultivated at pH 3.5, and 5.5 with 1% PDB. The cultivation was carried out 

aerobically in complex media 1% PDB (potato dextrose broth) in 100 ml Erlenmeyer flasks 

for 120h in a shaking water bath at 35 °C and 150 rpm with samples taken every 24 h for 
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HPLC analysis and biomass for cAMP test. The pH was adjusted with 2 M HCl or 2 M 

NaOH. The test was done with two batches. 

In this study, cAMP-Glo
TM 

Assay kit was used; reactions were initiated with the indicated 

concentration of purified cAMP in a low volume.  

Generating cAMP standard curve 

cAMP standard curve was generated, following the method mentioned below-  

 Label Eppendorf’s as 1- 12 

 Added 100 µl of induction buffer (1X PBS buffer) to Eppendorf’s labelled 2 to 12. 

 Added 200 µl of the cAMP solution prepared (Induction buffer + 1mM cAMP) to 

Eppendorf 1.  

 Perform a serial twofold dilution by transferring 100 µl from Eppendorf 1 to 2 with a 

pipette, pipetting to mix. Transferred 100 µl to Eppendorf 3. Repeat for remaining 

Eppendorf’s 4 through 11 and discard the extra 100 µl from Eppendorf 11.  

 Do not add cAMP solution to the cAMP control reactions in Eppendorf 12 and 

proceed immediately to the assay protocol.  

 The samples are read using Nano drop equipment at required wave length.   

cAMP test with cell cultures 

 Biomass samples used for cAMP test was prepared by subjecting to sonication process 

for 10 minutes and equal amount of induction buffer (1X PBS) was added to samples 

in Eppendorf. 

 The samples are induced with induction buffer (1X PBS) for 15 minutes to modulate 

cAMP levels and sonication was carried out for 10 minutes. 

 After induction, 20 µl lysis buffer was added to samples and incubated for 15 minutes. 

The cells were lysed to release cAMP, with sonication carried out for 10 minutes. 

 40 µl cAMP detection solution, which contains protein kinase A, was added to 

samples and incubated for 15 minutes. 

 80 µl Kinase-Glo reagent was then added to samples and incubated for 15 minutes to 

terminate the PKA reaction.   

 The samples are read using Nano drop equipment at required wave length. 

Optimized cAMP-Glo
TM 

Assay kit protocol is described in Figure 5.  
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Figure 5: Modified cAMP-Glo
TM

 Assay kit protocol 

 

 

 Effect of cAMP levels in N. intermedia palletization: Calorimetric measurement assay  2.9

N. intermedia was cultivated at pH 3.5, and 5.5 with 1% PDB. The cultivation was carried out 

aerobically in complex media 1% PDB (potato dextrose broth) in 100 ml Erlenmeyer flasks 

for 120h in a shaking water bath at 35 °C and 150 rpm with samples taken every 24 h for 

HPLC analysis and biomass for cAMP test. The pH was adjusted with 2 M HCL or 2 M 

NaOH. The test was done with two batches. 

In this study, cAMP direct immunoassay kit (colorimetric)
 
as mentioned in the previous 

section. 

Generating cAMP standard curve 

The following modified protocol was used to generate the cAMP standard and assay 

 To generate cAMP standard curve, Eppendorf’s with concentrations 1.25, 0.625, 

0.3125, 0.156, 0.078, 0.039, 0, and blank were prepared. 

 Added 100 µl of 0.1M HCl to Eppendorf’s named 2 to 8. 

 Added 200 µl of the cAMP standard solution prepared (10 pmol/µl standard cAMP 

stock + 0.1M HCl) to Eppendorf 1.  

 Perform a serial twofold dilution by transferring 100 µl from Eppendorf 1 to 2 with a 

pipette, pipetting to mix. Transferred 100 µl to Eppendorf 3. Repeat for remaining 

Eppendorf’s 4 through 7 and discard the extra 100 µl from Eppendorf 7.  

 Do not add cAMP solution to the no cAMP control reactions in Eppendorf 8 and 

proceed immediately to the assay protocol.  

 The samples were read using luminometer equipment at OD 450 wave length  

 

cAMP test with cells 

 Biomass samples collected for cAMP test was subjected to sonication for 10 minutes 

with equal amount of 0.1M HCl added to samples in Eppendorf. 

 The samples are induced with 0.1M HCl for 15 minutes to modulate cAMP levels and 

sonication was done for 10 minutes. 
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 After induction, 50 µl neutralizing buffer was added to samples and incubated for 15 

minutes were lysed to release cAMP, and sonication was done for 10 minutes. 

 5 µl of acetylating reagent mix (from kit), was added to samples and standards 

incubated for 10 minutes to acetylate cAMP. 

 845 µl of 1X buffer was then added to samples and standards are ready for 

quantification. 

 Quantification of cAMP was done by added 50 µl of acetylated standard cAMP and 

test samples to the protein G coated 96 well plate. 

 Add 10 µl of the reconstituted cAMP antibody( from kit) to standards and test samples 

wells except blank well and incubated at room temperature for 1 hour with gently 

agitation.  

 Add 10 µl of cAMP- HRP (from kit) to each well and incubated for 1 hour with gently 

agitation.  

 Wash the plate with 200 µl 1X assay buffer for 5 times and completely empty the 

wells by tapping the plate. 

 Add 100 µl of HRP developer (from kit) and developed for 1 hour at room 

temperature with gentle agitation. 

 Stopped the reaction by added 100 µl of 1M HCl to each well so the samples colour 

changes from blue to yellow.  

 The plate was read using luminometer equipment at OD450 nm wave length. 

Customized cAMP direct immunoassay kit protocol is described in Figure 6.  
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Figure 6: cAMP direct immunoassay kit protocol. 

  Enzymatic hydrolysis for pretreated wheat straws.  2.10

To study the industrial applications of pellets, enzymatic hydrolysis was carried out for all 

three pretreated wheat straw samples P195, P201, and P190 [28, 29].  Pretreatment was carried out 

with dilute phosphoric acid as given below table 1. Enzymatic hydrolysis of the pretreated 

slurry (with the solid and liquid unseparated) was carried out with a solid loading of 3.5% and 

7.0% (working volume 250 mL) at pH 5.5±0.1. Enzyme loading of 10 FPU/g dry substrate 

initiated the hydrolysis under conditions of 35°C, 150 rpm for 48 h. 

Table 1: Characteristics of the dilute-phosphoric acid pretreated wheat straw pre-hydrolysate 

from the demonstration facility. 

 

Characteristics 

Pretreatment conditions 

 P201 P195 P190 

Acid concentration  0.7% (w/v) 1.2% (w/v) 1.75% 

Residence time  7 min 7 min  10 min  

Temperature  201 ± 4°C; 195 ± 2°C,  190 ± 2 °C  

Composition of pretreated slurry 

Sugars in liquid (g /L) and solid (g/g dry substrate) fraction 

Arabinan 

Liquid 5.04 ± 0.1 6.6 ± 0.2 15.02 ± 0.14 

Solid  0.031 ± 0.003 0.028 ± 0.001 0.022 ± 0.002 

Glucan 

Liquid 2.8 ± 0.2 4.6 ± 0.4 11.53 ± 0.06 

Solid  0.302 ± 0.010 0.246 ± 0.02 0.235 ± 0.01 

Xylan 

Liquid 15.8 ± 0.4 31.6 ± 0.1 16.1 ± 0.1 

Solid  0.016 ± 0.003 0.028 ± 0.007 0.037 ± 0.006 

Fermentation Inhibitors (g /L) in liquid fraction 

Acetic acid  2.1 ± 0.0 2.8 ± 0.1 1.82 ± 0.03 

Furfural  3.2 ± 0.3 5.6 ± 0.4 2.71 ± 0.12 
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HMF  0.39 ± 0.02 0.53 ± 0.02 0.89 ± 0.03 

 

  Fermentation of enzyme hydrolyzed pretreated wheat straw in shake flasks 2.11

Enzymatic hydrolysis of three pretreated wheat straw slury (P195, P201, and P190) was carried out 

as shown in section 2.12. The hydrolysed slurry was centrifuged and the liquid suoernated 

was seperated and stored. Cultivations were made in 100 ml volume in 250 ml Erlenmeyer 

flasks for 120 h in a shaking water bath at 35 °C and 150 rpm with samples taken every 24 h. 

The pH of the slurry and the liquid was adjusted to 5.5 using 2 M NaOH. The addition of N. 

intermedia pellets and filamentous was inoculated for fermentation at varying total solid 

(substrate) loading concentrations in percentages (3.5%, and 7.0%).   

  Integrated fermentation process for hydrolyzed wheat straw with thin stillage  2.12

The enzyme hydrolyzed pretreated straw slurry was centrifuged and seperated liquid and 

slurry then thin stillage (total solids 8%) was integrated at the ratio of 1:1. Cultivations were 

made in 100 ml volume in 250 ml Erlenmeyer flasks for 120 h in a shaking water bath at 35 

°C and 150 rpm with samples taken every 24 h. The pH of the slurry and the liquid was 

adjusted to 5.5 using 2 M NaOH. N. intermedia pellets and filamentous was inoculated to 

initiate the fermentation at varying solid (substrate) loading concentrations (3.5%, and 7.0%).    

  Batch process for N. intermedia pellets in airlift reactor with integrated 2.13

fermentation 

Enzymatic hydrolysis of the pretreated slurry was carried out with a solid loading of 7.0% 

total solids at pH 5.5±0.1 for 48 h. Hydrolysis slurry was centrifuged and seperated liquid 

from the slurry. Thin stillage was added to liquid hydrolysate with 1:1 ratio at pH 5.5 using 2 

M NaOH for 3.5 L in airlift reactor (4.5 L). The addition of N. intermedia pellets was 

inoculated for fermentation at solid loading concentration (7.0%). The cultivation was carried 

out aerobically for 120 h at 35°C with 1 vvm.    

  Inhibitors effecting fungal growth. 2.14

N. intermedia cultivation was carried out aerobically in complex media 2% PDB (potato 

dextrose broth) individually with acetic acid, furfural, and HMF (0.5, 1, 2, and 4 g/L) in 250 

ml Erlenmeyer flasks for 120 h in a shaking water bath at 35 °C and 150 rpm with samples 

taken every 24 h. pH was adjusted with 2 M HCl or 2 M NaOH.  
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 Acetic acid test 2.15

In this study, a method was optimized to neutralize the acetic acid, which inhibits fungi 

growth in the pretreated slurry of wheat straw. Enzymatic hydrolysis of the pretreated P190 

slurry was carried out with a solid loading of 7.0% total solids at pH 5.5±0.1 for 48 h. 

Hydrolysis slurry was centrifuged and liquid was separated. pH was increased to 8 with 2 M 

NaOH and again decreased with 2 M HCl to pH 5.5 and 3.5 then autoclaved. The addition of 

N. intermedia pellets was inoculated for fermentation and cultivations were made in 100 ml 

volume in 250 ml Erlenmeyer flasks for 120 h in a shaking water bath at 35 °C and 150 rpm 

with samples taken every 24 h. Optimized protocol for acetic acid test is described in figure 7. 

 

 

                

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Acetic acid test optimized protocol assay. 

Pretreated wheat straw 
slurry P190 7% TS 

Adjust pH 5.5 and autoclave 

Enzymatic hydrolysis 

 - Celic Ctec 2 -10 FPU/g 

Slurry Liquid 

Autoclave 
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Inoculation using fungal pellets 
  

Adjust pH from initial to 8 with 2 
M NaoH and decrease with 2 M 

HCL to pH 3.5 and 5.5 
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 Quantitative analysis of Nitrogen and Protein concentrations in biomass by 2.16

Kjeldhal 

Kjeldhal is a chemical method used to assess the total protein quantity from a given subject by 

estimating total ammonia from the amino acid sequence of the protein. A known amount (0.5 

g) of pre-dried biomass was added into Kjeldhal tubes along with 20 mL of 96% H2SO4, one 

Kjeldhal tablet and one antifoam tablet, both tablets from Thompsons and Capper LTD, UK. 

The tubes were then placed in a Kjeldhal unit (InKjel P digestor, Behr Labor-Technik, 

Germany) for digestion during 100 min. After digestion, 10.7 M NaOH solution was added to 

the samples and distilled to determine the total nitrogen content in the dry biomass. During 

distillation, the distillate (NH4OH + Na2SO4) was collected in a 250 mL Erlenmeyer flask, 

containing 50 mL of 4% (w/w) boric acid. Thereafter, the collected sample was titrated with 

0.1 M HCl to determine the total nitrogen content and protein concentration in the dry 

biomass. The chemicals and all the other reagents were purchased from Sigma-Aldrich Inc. 

(St. Louis, MO, USA) or Merck (Darmstadt, Germany).  

 

  HPLC (High pressure liquid chromatography) 2.17

 It is a chromatographic technique used for qualitative and quantitative analysis of unknown 

samples from a given mixture of samples. Like every chromatography technique it also has 

mobile and stationary phases, here mobile phase act as sample carrier and stationary phase act 

as separation phase. Solid adsorbents are placed in the stationary phase to separate the 

samples from a given mixture based on their partition coefficient between two phases. The 

test sample is injected in mobile phase then it passes through stationary phase by providing 

external pressure with a peristatic pump. HPLC contains detector to determine the analyte 

concentration from stationary phase and it exhibits these results on monitor by using of 

chromatogram. This method was very efficient for the analysis of unknown samples than the 

other chromatographic techniques and it also taking less period for the analysis. Many 

biological and biochemical industries prefer to use HPLC to analyze the quality control of 

products. In the current study, HPLC (Waters 2695, Waters Corporation, Milford, USA) was 

used to analyze all liquid fractions. A hydrogen-based ion-exchange column (Aminex HPX-

87H, Bio-Rad Hercules, CA, USA) at 60 °C with a Micro-Guard cation-H guard column 

(BioRad) and 0.6 mL/min 5 mM H2SO4, as eluent was used in HPLC for current study [34]).  
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In the present study, HPLC is used for sample analysis, to separate and quantify various 

components such as ethanol, organic acids, and glycerol etc, produced at each step of the 

fermentation. 

 

 Nanodrop 2000/2000c Spectrophotometer 2.18

Thermo Scientific Nanodrop™ 2000/2000c Spectrophotometers that a measure 0.5- 2 µl 

samples with high accuracy and reproducibility was used. The Nanodrop 2000c model offers 

the convenience of both the NanoDrop patented sample retention technology and a traditional 

cuvette for sample measurements. The sample retention system employs surface tension to 

hold the sample in place between two optical fibers. One of the main reasons to use this 

spectrophotometer is, this enables the measurement of very highly concentrated samples 

without the need for dilutions. Using this technology, the full spectrum (190 – 840 nm) 

NanoDrop 2000/2000c spectrophotometers have the capability to measure sample 

concentration up to 200 times more concentrated than samples measured using the standard 

cuvette. In the current study, to measure the sample concentration Nanodrop is used at 

wavelength 560 and 280. (http://rai.unam.mx/manuales/lgen_ND2000_user-manual.pdf) 
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3. RESULTS  

Fungal morphology can be categorized in three distinct forms, such as (a) thick mycelial 

filamentous aggregated form- as seen in the control conditions, (b) loose or fluffy mycelia 

pellets observed at lower (acidic) pH conditions, (c) pellets formed at the favorable acidic pH 

conditions. Accordingly, all the observations were categorized in the following sections based 

on the different morphological states of the fungal growth. 

 Fungal pellet formation and pH effect 3.1

Pellet formation of edible filamentous fungi of three different species such as Neurospora 

intermedia, Aspergillus oryzae, and Rhizopus oryzae were investigated to study the role of 

cell signaling second messenger cyclic 3', 5’-adenosine mono- phosphate (cAMP) on the 

pellet growth. 

From literature studies pellet formation for N. intermedia was generally reported to be at 

lower acidic pH 3- 4 [34]. However, no growth was observed at pH 3 in the initial screening 

study; filamentous growth was observed forms at pH 5.5, and 6.5. Glucose was used as the 

sole carbon source at 20 g/L and the substrate consumption rate by N. intermedia was 0.41 g/ 

h for pH 5.5. Ethanol production at 48 h was with the yield of 0.14 g/g glucose and dry 

biomass was 0.18 g/g glucose for filamentous form. Since there observed no pellet growth for 

N. intermedia at the pH 3 (chosen for this experiment) as seen in figure 8, a new experimental 

model was designed for screening pellet formation at varying pH conditions. 

A. oryzae fungal growth was observed as small fluffy pellets at pH 3 while large pellets were 

observed at pH 5.5, and 6.5. Substrate consumption by A. oryzae was 0.43 g/ h for pH 3 and 

0.25 g/ h for pH 5.5, and 0.31 g/ h for 6.5. Glucose consumption was 100% for cultures with 

pellets formed at pH 5.5 and 6.5. Ethanol production showed an increase at about 24 h for pH 

5.5 and 6.5. Ethanol production at 24 h was with the yield of 0.10 g/g glucose for pH 3 and 

0.14 and 0.15 g/g glucose for pH 5.5, and 6.5. Dry fungal biomass production at the end of the 

cultivation was observed to be 0.2 g/g glucose for pH 3 and 0.3 g/g glucose for pH 5.5 and 

0.45 g/g glucose for pH 6.5 as seen in figure 9. 

The major aim of the present study was to measure the levels of cAMP in both the pellets and 

the filamentous forms while growing them in different pH conditions whereby determining 

the effect of pH on the cAMP level and pellet formation. However from the experimental 

results, A. oryzae and R. oryzae were observed to grow only as pellets in all the pH conditions 
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tested. Hence in the later part of the thesis, the focus was made only to study the pellet 

formation of the edible filamentous fungi N. intermedia. 

 

 

 

Figure 8: N. intermedia growth at different pH conditions a) 5.5, and b) 6.5. 

 

 

 

Figure 9: A. oryzae growth at different pH conditions a) 3; b) 5.5 and c) 6.5 
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Figure 10: R. oryzae growth at different pH conditions a) 3; b) 5.5 and c) 6.5 

 Effect of pH and carbon sources on N. intermedia pellet formation   3.2

N. intermedia was screened for its pellet formation in different pH conditions such as 3 to 6.5, 

on 2% PDB for pellet and filamentous growth forms. No growth was observed at pH 3 while 

the fungal growth was observed as a) small-sized pellet forms in pH 3.5 and pH 4 b) fluffy 

pellets in pH 4.5 and c) filamentous form in pH 5, 5.5, 6 and 6.5. Substrate consumption by N. 

intermedia at 24 h was 0.16 g/ h for all the pH conditions. Comparing all the pH conditions, 

3.5 showed small pellets formed with ethanol production with the yield of 0.12 g/g glucose at 

48 h, while at pH 5.5 filamentous forms with ethanol yield of (0.14 g/g glucose) at 72 h was 

observed. Dry biomass production was 0.08 g/g glucose for pH 3.5 and 0.07 g/g glucose for 

pH 5.5 respectively. 

Similarly, N. intermedia was screened with different carbon sources such as glucose, 

mannose, maltose, arabinose, fructose, lactose and galactose. Fungal growth was observed in 

all the carbon sources as medium-sized fluffy pellets at pH 3.5 and as filamentous forms at 
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pH 5.5 (Figure 11). While fungal growth occurs in all the carbon sources, high ethanol yield 

was observed when either glucose or mannose were used as the sole carbon sources. So, 

glucose was used as the carbon source for screening for the cAMP levels in pellet and 

filamentous forms. While using glucose as the carbon source, ethanol yield at 48 h was 

observed to be 0.18 g/g glucose at pH 3.5 (with pellet forms) and 0.17 g/g glucose at pH 5.5 

(filamentous forms). While using mannose as carbon source, ethanol yield at 48 h was 0.10 

g/g mannose at pH 3.5 (pellet forms) and 0.07 g/g mannose at pH 5.5 (filamentous forms). 

The optimized fungal growth was observed to be as medium sized pellet form at pH 3.5 and 

filamentous at 5.5. So, a reduced amount of carbon source to cultivate the N. intermedia also 

gives growth in the form of pellets at lower pH and filamentous form at higher pH. 

Cultivation in the combination of mannose and glucose as substrate showed the consumption 

rate by N. intermedia as 0.29 g/ h.  Fungal growth occurs as pellet form at pH 3.5 and 

filamentous at 5.5 with high pigment production. Ethanol yield at 48h was 0.12 g/g carbon 

source for pH 3.5 and 0.08 g/g carbon source for pH 5.5. From these experimental results, the 

optimized conditions for N. intermedia pellet formation was chosen for the experiments as 

glucose as carbon source and potato infusion as nitrogen source at pH 3.5. 
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Figure 11: Fungal growth at different pH conditions with different carbon sources a) glucose 3.5; and 

b) glucose 5.5, c) mannose 3.5, and d) mannose 5.5. 

 Scaling up of pelletization process: Fed batch and semi-continuous fermentation in 3.3

airlift reactor 

Scaling up of N. intermedia pelletization in airlift reactor has resulted in medium sized pellets 

as seen in Figure 12. Glucose was used as the sole carbon source. The substrate consumption 

by N. intermedia was 0.20 g/ h at 24 h. Ethanol yield at 48 h was observed to be 0.19 g/g 

glucose. Pellet formation in fed batch cultivation for N. intermedia was carried in airlift 

reactor, with substrates fed continuously to the reactor until the end of the fermentation while 

the fungal biomass remains in the reactor up to end of the process. N. intermedia fungal 

growth was observed as medium sized pellet (with average diameter 2.1± 0.7 mm) in the fed 

batch cultivation with substrate consumption of 0.25 g/ h at 24 h by N. intermedia with 

ethanol yield of 0.21 g/g glucose at 24 h. To improve the pellet stability and glucose 

assimilation, a semi-continuous process for N. intermedia pellet formation was carried out in 

an airlift reactor. In semi-continuous process the fungal growth was observed as medium 

sized pellets (with average diameter 2.3 ± 0.9 mm). Substrate consumption by N. intermedia 

was 0.20 g/ h with ethanol yield of 0.09 g/g glucose at 24 h. At batch 2, the substrate 

consumption was 0.08 g/ h at 48 h by N. intermedia and ethanol yield was 0.15 g/g glucose at 

48 h. During batch 3 and 4 of the semi-continuous process, the substrate consumption was 

constant with a production of 0.09 g/g glucose dry fungal biomass was observed (Figure 13).   
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Figure 12: Pellet formation in airlift reactor. 

 

0

2

4

6

8

10

12

14

0 10 20 30 40 50

co
n

ce
n

tr
at

io
n

 g
/L

 

time (h) 

Batch 1 

ETOH glucose sugar mix

A 



27 

 

Figure 13: Graphs for semi-continuous process for pellet stability and glucose assimilation: A to C 

represents different serial batches 1 to 3. 

                                                                                                                    

 Effect of cAMP levels in N. intermedia pelletization  3.4

cAMP test was carried out using a commercial cAMP-Glo
TM

 Assay kit protocol. Cultivation 

conditions were optimized as glucose as carbon source with potato infusion extract as 

nitrogen source. Substrate consumption by N. intermedia was 0.20 g/ h at pH 3.5 for 24 h. 

Ethanol yield was 0.17 g/g glucose at 24 h for pH 3.5 and 0.09 g/g glucose at 24 h for pH 5.5. 

Dry fungal biomass observed was 0.18 g/g glucose for pellet forms and 0.21 g/g glucose for 

filamentous forms., The standards were optimized at two wave lengths, such as 560 nm and 

280 nm (Figure 14 a and b).  It was observed that the levels of cAMP were increased in pellet 

forms when compared with the filamentous forms and 560 nm is optimized wave length for 

this assay kit when compared with 280 nm. (Figure 15).    
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 Figure 14: Graphs for cAMP standard curve at a) 560 nm wave length with R
2
 = 0.9751 and; b) at 

280 nm wave length with R
2
 = 09286. Luminescence ΔRLU= untreated sample - treated sample.               
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Figure 15: Graphs represents cAMP level at the culture conditions at pH 3.5 and 5.5 with 560 nm 

wave length a) batch 1; b) batch 2; and at pH 3.5 and 5.5 with 280 nm wave length c) batch 1 and d) 

batch 2. 
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 Effect of cAMP levels in N. intermedia pelletization with cAMP direct immunoassay 3.5

kit  

cAMP test was carried out using a commercial cAMP direct immunoassay kit protocol. As 

seen from figure 16 and major observations could be summarized as, there observed a steady 

increase of cAMP concentration for cells at pH 5.5 for glucose as carbon source. Steep 

increase in cAMP concentration at 48 h for cells at pH 3.5 in glucose- indicating the fast 

growth of pellets (24 to 48 h). Results indicate the fast glucose consumption at 24 to 48 h by 

pellets in 3.5 pH. There observed small pellets at rpm 200 and glucose has lower cAMP 

concentration because indicating impact of pellet Shape and size. But with pH 5.5 filamentous 

– concentration remains the same for all rpm. Mannose at pH 3.5 and 120 rpm resulted in 

high cAMP concentration coinciding with the optimum pellet formation and hence max 

cAMP release. For the same conditions, cultivations using mannose showed filaments at all 

rpm conditions at pH 5.5, indicating that the mannose concentration influence pellet 

formation only at lower pH.  

 

Figure 16: Graph represents cAMP influence on pellet and filamentous form by using cAMP direct 

immunoassay kit with two different carbon sources glucose and mannose at pH 3.5 and 5.5 with 

aeration rates of 120,150, and 200 rpm. 
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 Fungal pellets application in individual and integrated fermentation process. 3.6

In the present study, enzymatic hydrolysis was done for three pretreated wheat straw slurry’s 

to break down the large sugar chains to small chains of glucose. A new design in this 

experiment was done with four process types with two total solids loading (3.5% and 7%) to 

cultivate pellet and filamentous fungi with integration also a) hydrolysis slurry, b) liquid 

(centrifuged hydrolysis slurry), c) hydrolysis slurry with thin stillage (1:1 form), d) liquid 

with thin stillage (1:1 form).  

 From all the three pretreated slurry’s P201 has high ethanol rate and good growth with two 

total solid loadings (3.5% and 7%). Inoculation with pellets in 7% slurry has ethanol 

production of 0.11±0.08 g/g glucose while with the integration of thin stillage to slurry was 

increased with 0.38±0.005 g/g glucose at 48 h.  Where in the hydrolysate slurry, solids are 

centrifuged and fermentation was done with clear hydrolysate with pellets as inoculation then 

the ethanol production was 0.17±0.05 g/g glucose while with the integration of thin stillage 

(THS) to liquid was increased with 0.45±0.01 g/g glucose at 48 h. Therefore, integration 

process has high ethanol production then individual fermentation process as seen in figure 

(18). While inoculation with pellets in clear hydrolysate (3.5%) gives growth in the form of 

pellets as we seen for the first time as shown in figure (17) and while solid loading increases 

(7%) the growth occurs into fluffy pellets. The same process was done for filamentous as 

inoculum. When compared with pellets, filamentous has equal or little bit high ethanol 

production and good growth rate. While in the slurry’s P195 and P190 had no growth in 7% 

total solids because of high acidic nature in the pretreated process. The results are given 

below in tables 2-7.     
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Table 2: P195 slurry results with 3.5% total solids and where THS is thin stillage. 

Substrate used Inoculation 

with 

Growth Dry Biomass 

(g/L) 

EtoH 

(g/L) 

Time 

(h) 

3.5% 

slurry+THS 

pellets filamentous 

form 

14.19 ± 0.1 

 

7.89 ± 0.3 

 
48 

3.5% 

slurry+THS 

filamentous filamentous 

form 

8.52 ± 0.2 

 

8.04 ± 0.1 

 
48 

 

3.5% slurry pellets pellet form 16.84 ± 0.05 

 

0.13 ± 0.1 

 
24 

3.5% slurry filamentous filamentous 

form 

20.48 ± 0.2 

 

0.31 ± 0.1 

 
48 

3.5% liquid + 

THS 

pellets filamentous 

form 

8.94 ± 0.1 

 

8.93 ± 0.04 

 

48 

 

3.5% liquid + 

THS 

filamentous filamentous 

form 

13.19 ± 0.3 

 

7.79 ± 1.1 

 
48 

 

3.5% liquid pellets pellet form 4.73 ± 0.1 

 

0.11 ± 0.01 48 

3.5% liquid filamentous filamentous 

form 

11.2 ± 0.1 

 

 

1.69 ± 0.1 72 

 

 

 

Table 3: P195 slurry results with 7% total solids and where THS is thin stillage. 

Substrate 

used 

Inoculation 

with 

Growth Dry Biomass 

(g/L) 

EtoH (g/L) Time (h) 

7% 

slurry+THS 

Pellets filamentous 

form 

21.49 ± 0.3 

 

7.12 ± 0.1 72 

7% 

slurry+THS 

filamentous filamentous 

form 

17.78 ± 0.35 

 

8.04 ± 0.2 48 

 

7% slurry pellets No growth - - - 

7% slurry filamentous No Growth - - - 

7% liquid + 

THS 

pellets filamentous 

form 

13.61 ± 0.2 

 

6.92 ± 0.5 

 
72 

7% liquid + 

THS 

filamentous filamentous 

form 

6.62 ± 0.25 

 

 

8.45 ± 0.1 

 
48 

 

7% liquid pellets No Growth - - - 

7% liquid filamentous No Growth - - - 
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Table 4: P201 slurry results with 3.5% total solids and where THS is thin stillage. 

 

Substrate 

used 

Inoculation 

with 

Growth Dry Biomass 

(g/L) 

EtoH (g/L) Time (h) 

3.5% 

slurry+THS 

pellets filamentous form 14.01 ± 0.2 

 

6.59 ± 0.1 

 
48 

3.5% 

slurry+THS 

filamentous filamentous form 8.52 ± 0.1 

 

6.9 ± 0.3 

 
24 

3.5% slurry pellets pellet form 14.14 ± 0.3 

 

0.18 ± 0.02 

 
48 

3.5% slurry filamentous filamentous form 15.63 ± 0.2 

 

0.07 ± 0.02 

 
24 

3.5% liquid 

+ THS 

pellets filamentous form 10.46 ± 0.15 

 

7.35 ± 0.10 

 
48 

3.5% liquid 

+ THS 

filamentous filamentous form 9.7 ± 0.2 

 

8.34 ± 0.15 

 
48 

3.5% liquid pellets pellet form 3.52 ± 0.1 

 

0.49 ± 0.01 

 
48 

3.5% liquid filamentous filamentous form 2.64 ± 0.1 

 

1.87 ± 0.04 

 
48 

 

 

 

Table 5: P201 slurry results with 7% total solids and where THS is thin stillage. 

Substrate 

used 

Inoculation 

with 

Growth Dry Biomass 

(g/L) 

EtoH (g/L) Time (h) 

7% 

slurry+THS 

pellets filamentous form 16.84 ± 0.25 

 

7.76 ± 0.01 

 
48 

7% 

slurry+THS 

filamentous filamentous form 18.61 ± 0.2 

 

9.73 ± 0.3 

 
48 

7% slurry pellets No growth - - - 

7% slurry filamentous filamentous form 29.27 ± 0.15 

 

0.32 ± 0.15 

 
48 

7% liquid + 

THS 

pellets filamentous form 10.78 ± 0.12 

 

10.28 ± 0.1 

 
48 

7% liquid + 

THS 

filamentous filamentous form 11.19 ± 0.3 

 

10.06± 0.6 

 
48 

7% liquid pellets pellet form 3.84 ± 0.12 

 

0.18 ± 0.05 

 
72 

7% liquid filamentous filamentous form 3.44 ± 0.1 

 

0.44 ± 0.10 

 
48 
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Table 6: P190 slurry results with 3.5% total solids and where THS is thin stillage. 

Substrate 

used 

Inoculation 

with 

Growth Dry Biomass 

(g/L) 

EtoH (g/L) Time (h) 

3.5% 

slurry+THS 

pellets No Growth - - - 

3.5% 

slurry+THS 

filamentous filamentous form 6.87 ± 0.1 

 

6.57 ± 0.4 

 
72 

 

3.5% slurry pellets No Growth - - - 
3.5% slurry filamentous No Growth - - - 
3.5% liquid 

+ THS 

pellets filamentous form 7.37 ± 0.1 5.96 ± 0.10 

 
72 

 

3.5% liquid 

+ THS 

filamentous filamentous form 10.95 ± 0.2 

 

6.47 ± 0.7 

 

 

72 

 

3.5% liquid pellets pellet form 3.9 ± 0.15 

 

0.11 ± 0.06 

 
48 

3.5% liquid filamentous filamentous form 3.01 ± 0.1 

 

0.14 ± 0.02 

 

 

72 

 

 

 

 

 

Table 7: P190 slurry results with 7% total solids and where THS is thin stillage. 

Substrate 

used 

Inoculation 

with 

Growth Dry Biomass 

(g/L) 

EtoH (g/L) Time (h) 

7% 

slurry+THS 

pellets No Growth - - - 

7% 

slurry+THS 

filamentous filamentous form 7.88 ± 0.3 

 

6.25 ± 1.6 

 
72 

 

7% slurry pellets No growth - - - 

7% slurry filamentous No Growth - - - 
7% liquid + 

THS 

pellets No Growth - - - 

7% liquid + 

THS 

filamentous filamentous form 6.25 ± 0.25 

 

9.21 ± 1.3 72 

 

7% liquid pellets No Growth - - - 
7% liquid filamentous No Growth - - - 
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Figure 17:  Growth occurs as pellet form in clear hydrolysate (P201) slurry conditions are 0.7 

% (w/v) acid conc. at 201 ± 4°C for 7 min. 
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Figure 18:A) 7% total solids P201 slurry with THS (1:1 form), Pellets as inoculation, B)7% total 

solids P201 clear hydrolysate with pellets as inoculation and C)7% total solids P201 clear hydrolysate 

with THS, Pellets as inoculation. 

 

 Scaling up of N. intermedia pellets in airlift reactor: Rheological studies on the 3.7

fungal fermentation  

To scale up the fungal fermentation in the integrated fermentation media and to study the 

rheological aspects, N. intermedia pellets fungal growth in batch cultivation was carried in 

airlift reactor (4.5 L), with 7% total solid loading. Hydrolyzed P201 slurry was integrated with 

thin stillage (1:1 form) into the reactor until the end of the fermentation. The fungal biomass 

remains in the reactor up to end of the process and was collected at 120h. N. intermedia 

fungal growth was observed as a filamentous form in the batch cultivation. Substrate 

consumption by N. intermedia was 0.14 g/ h at 96 h with ethanol yield of 0.22 g/g glucose (at 

96 h). A rheological study was carried out with individual and integration fermentation of P201 

hydrolysate and thin stillage in shake flasks level and scale up in airlift reactor. Fungal growth 

in shake flasks was carried out in slurry with 7% total solid loading, at three different 

conditions such as a) slurry hydrolysate b) clear hydrolysate c) integration media using thin 

stillage. N. intermedia pellets were inoculated and samples were taken every 24 h for HPLC 

and dry biomass weight. From all three processes, integration media using thin stillage has 

high ethanol yield of 0.28 g/g glucose at 48 h and biomass production of 0.27 g/g glucose. 

From the results of flask level test, due to high fungal growth in integration media leads to 

high viscocity in media and for more viscous there should be a proper mixing. So, in scale up 

process aeration was optimized at 1.4 vvm for 1:1 integration process and 1.2 vvm for 

hydrolysed slurry. With different reactors, integration process performed well in airlift reactor 
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has ethanol yield of 0.21 g/g glucose and biomass of 0.42 g/g glucose when compared with 

bubble column reactor has ethanol yield of 0.16 g/g glucose and biomass of 0.28 g/g glucose. 

While individual fermentation process was well performed in bubble column reactor has 

ethanol yield of 0.12 g/g glucose and biomass production of 0.45 g/g glucose when compared 

with airlift reactor of ethanol rate 0.10 g/g glucose and biomass of 0.31 g/g glucose. During 

scaling up process there are some problems with in reactors as observed are high foaming, 

(which was controlled by adding anti foam), high viscous media, media evaporation due to 

high aeration, and high biomass growth leading to problem with proper mixing.  

 Inhibitors that effects fungal growth. 3.8

In pretreated slurry P190 there is more of acetic acid, furfural, and HMF which inhibits the 

growth of fungi. To analysis that, inhibitors test was done with PDB (potato dextrose broth) 

with acetic acid, furfural, and HMF at concentrations (0.5, 1, 2, and 4 g/L) for pH 3.5 and 5.5. 

considering the inhibitor concentration from previous study [34] it was generally reported as 

the growth of fungi inhibits at given above conditions. So, to analysis the inhibition of fungi 

experiment was done individually with all three acids in complex media. Acetic acid inhibits 

fungi growth at 2 g/l for pH 5.5 and ethanol yield was 0.15 g/g glucose at 96 h of 1 g/L acetic 

acid concentration in figure (19). There was no growth at pH 3.5 for acetic acid. For furfural, 

test growth inhibits at 4 g/L for pH 5.5 and 2 g/L for pH 3.5. Ethanol yield for pH 3.5 was 

0.23 g/g glucose at 72 h and for pH 5.5 was 0.28 g/g glucose at 24 h of 2 g/L furfural 

concentration figure (19). For HMF test growth inhibits at 1 g/L for pH 3.5 and 5.5. Ethanol 

yield for pH 3.5 was 0.17 g/g glucose at 48 h and for pH 5.5 was 0.16 g/g glucose at 72 h of 

0.5 g/L HMF concentration (figure 19).   
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Figure 19:  graph for A) acetic acid 1 g/L concentration at pH 5.5, B) furfural 1 g/L concentration at 

pH 3.5, C) furfural 2 g/L concentration at pH 5.5, D) HMF 0.5 g/L concentration at pH 3.5, and E) 

HMF 0.5 g/L concentration at pH 5.5. 

 

 Acetic acid test  3.9

The experiment was performed with two pH 3.5 and 5.5 with P190 7% TS slurry and liquid as 

media. Where in this test we increase pH level acidic nature to basic nature and bring back to 

required pH to neutralize the acetic nature in media and finally fungi grows at that nature.  

There was no growth at pH 3.5 for slurry and liquid media, but at pH 5.5 growths occurs as 

filamentous form.  Slurry pH 5.5 growths occurs as filamentous form with ethanol yield of 

0.25 g/ g glucose at 144 h and dry biomass of 0.91 g/g glucose  as seen in figure 20. Liquid 

pH 5.5 growths occur as filamentous form with ethanol yield of 0.10 g/g glucose at 144 h and 

dry biomass of 0.28 g/g glucose as seen in figure 30. There is no growth at control conditions 
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i.e., the media with high acidic nature which inhibits fungi growth. Acetic acid concentration 

before and after enzymatic hydrolysis remains same and while fermentation it decreases to 

0.314g/L at 144h from 2.73g/L initial.  

 

 

 

Figure 20: Graph for A) acetic acid test with P190 slurry at pH 5.5, B) acetic acid test with P190 liquid 

at pH 5.5. 

 

  Quantitative analysis of Nitrogen and Protein concentrations in total biomass by 3.10

Kjeldhal 
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dried at 70°C) was subjected for the analysis in triplicates to minimize the error. As per this 

analysis nitrogen and protein concentrations in the total biomass (solids and fungi) were 

determined as P195 0.016 g/g nitrogen and 0.10 g/g protein (6.25*0.016= 0.103) (10.3%), for 

P201 0.0345 g/g nitrogen and 0.215 g/g protein (6.25*0.0345= 0.215) (21.5%), and for P190 

0.0588 g/g nitrogen and 0.367 g/g protein (6.25*0.0588= 0.367) (36.7%), respectively. So, the 

concentrations of nitrogen and protein are different in slurry’s sample is eventually considered 

it due to the total biomass which (solids and fungi) together was used for analysis.  
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4. Discussion 

The aim of the current research was to investigate the role of cell signaling second messenger 

cyclic 3', 5’-adenosine mono- phosphate (cAMP) on the pellet growth; and the relevant 

industrial applications of pellet morphology in producing value-added products. 

 Neurospora intermedia pellet morphology 4.1

According to the results from pilot scale cultivations of fungi, Neurospora intermedia pellet 

growth was observed at pH 3 and filamentous growth was resulted at pH 5.5 and 6.5. 

Interestingly, fungi acquired thick orange color at pH 6.5 due to changes occurred in 

biological pathways of fungi at stress conditions (Rebecca et al. 2017).  Therefore, these 

results revealed that strong acidic (usually pH 3-3.5) conditions are more favorable for pellet 

growth of Neurospora intermedia. Similar results on pH impact mycelial pellet formation in 

N. intermedia were previously reported. The pH effect on pellet formation was studied for 

other fungal strains such as Aspergillus oryzae and Rhizopus oryzae, and reported small fluffy 

pellets at pH 3 and large spherical pellets at pH 5.5 and 6.5 for both fungal strains. The 

species (A. oryzae and R. oryzae) doesn’t showed significant difference in the morphology 

with in the tested pH range (3-6.5), and these results were quite contrast to the results 

obtained for N. intermedia.  Nevertheless, the major focus of the current thesis was to 

measure the levels of cAMP in both the pellets and filamentous forms while growing them in 

different culture conditions (e.g. pH), to determine the effect of pH on the cAMP level and 

pellet formation. Thus, regarding to results the later part of the thesis hence focused on the 

study of N. intermedia pellet morphology and its industrial applications. Regarding to the 

results from cultivations of fungi (N. intermedia) in different carbon sources (incl. glucose, 

mannose, maltose, arabinose, fructose, lactose and galactose), this study demonstrated as type 

of carbon sources was not much influenced in the growth form of fungi. The growth of 

N.itermedia observed as small pellets at pH 3.5 and filamentous at pH 5.5 with in all culture 

conditions of tested carbon sources. Eventually, for standard culture conditions this study 

used D-glucose and mannose as a carbon sources for screening of fungi towards the cyclic-

AMP analysis (Dogaris, Gkounta [35]). According to Fontana, Polidoro [36], compared to the 

batch process, fed batch or semi continuous process is more favorable for microorganisms’ 

growth, due to its long span during substrate consumption which leads to improvement in the 

overall yield production. Thus, in this current approach fed batch and semi-continuous 

process was adopted to scale up cultivation of N.intermedia using 4.5 L air lift bioreactors. In 
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the fed batch cultivation fungal growth was obtained in the form of pellets; medium sized 

pellet (with average diameter 2.1± 0.7 mm) was observed. Furthermore, a semi-continuous 

run was carried to improve the glucose assimilation, the growth has been observed in medium 

sized pellets (with average diameter 2.3 ± 0.9 mm) [37].  Additionally better glucose 

assimilation also was observed by the fed batch cultivation of N.intermedia in 4.5 L air lift 

bioreactor. Early of the thesis described that reporting a novelty first time, cAMP levels 

analysis proceeded for N. intermedia pellets also compared with filamentous. Cyclic-

Adenosine mono phosphate (cAMP) is a derivative of Adenosine try phosphate (ATP) and 

called as second messenger of cell. Cyclic-AMP was facultative as intra cellular signal 

transductor and regulates function of kinases (a class of enzymes which has imperative role in 

cellular path ways) in several biochemical processes [38]. In terms of that cyclic-AMP was as 

an essential factor in many biological activities in all kinds of cellular organisms [39]. In this 

current approach Cyclic-AMP was considered as an inducer for growth of fungi, and the 

conditions like pH and carbon source are used to influence the organism to stimulate cAMP 

concentration in the cell. According to the results from cyclic-AMP analysis N.intermedia 

stimulate cAMP in the pellet form than filamentous form. Thus, this study reported cAMP 

concentration in the cell was one of the major factors for style of growth in N.intermedia.          

 Industrial applications of N. intermedia pellets         4.2

The morphological study of pelletization of fungi have a wide industrial applications and pose 

a potential solution to overcome the problems that are associated with the fungal growth in 

large scale industrial bioreactors [5]. The industrial application part of N. intermedia pellets in 

first and second generation of bioethanol production was also studied in this thesis. The 

fungal strain N. intermedia was further cultivated using three different pretreated wheat straw 

slurry (table 1) and also co-fermented with thin stillage (first generation ethanol industry 

waste stream) to produce value added products. From all the three hydrolysates used, the 

slurry obtained from the pretreatment at conditions 0.7 % (w/v) acid conc. at 201 ± 4°C for 7 

min (P201), showed the highest ethanol and fungal biomass production in all the cultivations, 

both individually and in combination with thin stillage. With the integration of thin stillage 

and with the inoculation using pellets, 0.188 ± 0.005 g ethanol /g dry substrate was obtained 

from enzymatically hydrolyzed straw slurry- (P201) (3.5% total solids), with a reduced 

fermentation period to 24 h. However, the cultivation using only the hydrolysate slurry, 

resulted in an ethanol production as low as only 0.01 ± 0.08 g/g dry substrate straw. Similar 

results were also obtained with clear liquid hydrolysate. With the filamentous mycelial forms 
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as inoculum and with the integration of thin stillage to liquid hydrolysate, the ethanol 

production was increased from 0.054 ± 0.002 g/g substrate to about 0.23 ± 0.05 g/g dry 

substrate straw. The overall fermentation results suggest that while using the hydrolysate from 

different pretreatment conditions (P195, P201, and P190), an improved fermentation process with 

high ethanol and fungal biomass production was observed only with the integrated media 

using thin stillage. N. intermedia growth in the form of pellets achieved in the liquid wheat 

straw hydrolysate showed improved ethanol and inhibitor tolerance (Table 2 to 7). 

Fermentation using N. intermedia pellets in the liquid straw hydrolysate, resulted in 31% 

increase in the ethanol yield, with an improved glucose assimilation by the pellets (82% 

reduction in initial glucose) as opposed to filamentous forms (51% reduction in initial 

glucose), under similar culture conditions. Considering the ethanol productivity, the 

concentration was always higher in the integrated media than only the hydrolyzed media. A 

possible explanation for this is the presence of sufficient nutrients in thin stillage needed for 

the fungi to produce ethanol [40]. Though the fungal biomass concentration was higher in 

substrates containing higher initial total solids especially for hydrolysate P201 (Table 1), the 

trend was not observed for other substrates hydrolysates. This could be attributed to the 

presence of higher amount of fermentation inhibitors, especially acetic acid at higher solid 

loading conditions. Similar observations on the production of fungal biomass and ethanol 

using acid-pretreated wheat straw slurry were obtained in a previous study while using 

zygomycetes strains of filamentous fungus, Rhizopus sp.; however the biomass yields obtained 

was only up to 0.34 g biomass/g consumed monomeric sugars and acetic acid [41]. Usually 

high concentrations of contaminants such as acetic acid, lactic acid will reduce the overall 

fungal performance, which has been previously reported by [42]. Moreover, inoculating with 

pellets in liquid hydrolysate (3.5%) total solids growth was obtained in the form of pellets 

figure 17. However, fast glucose assimilation was observed with pellets while compared with 

filamentous; due to its structural arrangement. It has been previously reported by Nair et. al., 

[5] that the pellet form improve the oxygen transfer to a better growth.  

 Effect of inhibitors and acetic acid assimilation 4.3

The presence of fermentation inhibitors (mainly HMF, Furfural and acetic acid) from the 

pretreatment process had posed severe challenges in N. intermedia growth during previous 

studies [28, 29]. Hence, in this study, the addition of fungal pellets capable of an improved 

fermentation and inhibitor tolerance [5, 43] was used as the starting inoculum for the 

cultivation. The growth of fungal pellets in presence of inhibitors (at different concentrations 



44 

of acetic acid, HMF and furfural) resulted in about 11% to 45% increase in ethanol production 

as compared to filamentous forms, at similar growth conditions in liquid straw hydrolysate. In 

this study, the major detrimental effect on the fungal growth was observed with acetic acid, 

the effect of which was reduced by maintaining it in its dissociated form, unavailable for cell-

membrane diffusion [44, 45]. This was achieved by a custom-made neutralization step where 

the extracellular media pH was increased to pH above 8.0 ± 0.5 (almost double the pKa value 

of acetic acid) using CaCl2 (100 mM) and then decreasing the pH to 3.5 ± 0.3 or 5.5 ± 0.2, 

using 1M HCl, prior to pellets or filamentous cultivations, respectively. The results showed 

improved acetic acid assimilation by the fungal cells, with the decrease in its concentration by 

about 36 to 48%. However, the fungal biomass and ethanol yields decreased considerably 

with the increase in acetic acid concentration as compared to other fermentation inhibitors 

(figure 19). The presence of acetic acid in the fermentation media generally leads to a 

significant decrease in the maximum cell biomass concentration in most cultivation [45, 46].  

 

5. Conclusions 

The use of N. Intermedia mycelial pellets can overcome the challenges previously faced by 

the filamentous fungi in fermentation process with wheat straw (dilute acid pretreated and 

hydrolyzed) and co fermentation media with thin stillage (from first generation ethanol 

facility). The use of N. intermedia mycelial pellets as fermentation inoculum resulted in about 

94% theoretical yield in ethanol production with fast growth with total glucose consumption 

in 48 h and inhibitor tolerance, with acetic assimilation by about 36 to 48% (decreasing initial 

acid concentration). 
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