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Summary 

 The global shift away from fossil resources, driven by climate change and the pursuit of 

sustainability, has significantly altered resource maps and supply chains. As a result, the demand 

for renewable raw materials to replace fossil-based fuels, chemicals, and plastics has surged. A 

key political and scientific response to these challenges is the promotion of a circular bioeconomy, 

which relies on renewable resources. While renewable energy addresses the energy demand, 

biomass has emerged as a primary resource for the chemical industry, giving rise to the 

interdisciplinary field of multiproduct biorefineries. Lignocellulosic biomass from agriculture and 

forestry has been extensively researched, but microalgal and cyanobacterial biomass present a 

highly promising, yet underutilized, alternative due to high cultivation and investment costs. 

This thesis contributes to the development of biorefinery concepts through the 

investigation of biomass composition, fermentative processes, multiproduct extraction strategies, 

and life cycle sustainability assessment (LCSA). Specifically, the biomass of seven Nostoc strains 

was examined, with a detailed analysis of their complex heteroglycan saccharide profiles. These 

profiles revealed a range of components, including neutral sugars, uronic acids, amino sugars, and 

various methylated sugars. In addition, the biocomposition of three key Nostoc strains — Nostoc 

sp. De1, Nostoc sp. Cc3, and Nostoc muscorum I—was assessed, quantifying moisture, ash, 

lipids, starch, structural saccharides, and protein content. Industrial enzymes were tested for their 

ability to saccharify and solubilize the biomass, highlighting both the complexity of Nostoc 

heteroglycans and the challenges of their industrial utilization. Nonetheless, sufficient biomass 

solubilization was achieved, paving the way for potential biorefinery applications. 

Further, this work addressed the challenge of optimizing enzyme production strains and 

determining favorable conditions for enzyme expression. The production of enzymes itself 

presents difficulties, such as the need to use secondary feedstocks. By employing a holistic and 

integrative bioprocess development approach, this research rapidly identified improved 

conditions for enzyme expression and secretion, using cyanobacterial waste biomass to support 

Pichia pastoris fermentation. This was demonstrated through the production of phytase, secreted 

by P. pastoris grown on cyanobacterium hydrolysate and buffered glycerol-complex (BMGY) 

medium, with genetic expression conditions optimized via high-throughput screening of a 

randomized secretion library. 

In addition, a multiproduct biorefinery concept was developed, centered on the 

cyanobacterial strain Cylindrospermum alatosporum CCALA 988, known for producing high-

value cyclic lipopeptides such as puwainaphycins (PUWs) and minutisamides (MINs). A 

sequential extraction strategy was explored, followed by enzymatic hydrolysis of residual 

biomass for its use as a medium supplement in P. pastoris fermentations expressing E. coli 
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phytase. A bench-scale mass balance was conducted, and key products including PUWs, MINs, 

phycobiliproteins, and pigments were proposed. The results from a 1L fermentation system 

supported the further development of this biorefinery concept. 

Finally, an LCSA was performed for the proposed biorefinery using C. alatosporum 

CCALA 988, involving four key steps: gathering assumptions from literature data, synthesizing 

an industrial-scale process, evaluating environmental impacts, and assessing economic feasibility. 

Future research should focus on scaling up the biorefinery concept and enhancing the 

solubilization of residual biomass. Additionally, optimization of the P. pastoris fermentation 

process in larger-scale systems will be essential for commercial application.
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1. Introduction 

1.1. Towards UN’s sustainable development goals 

1.1.1. A paradigm-shift – the circular bioeconomy 

Our global society has seen tremendous growth in wealth and prosperity in the last 

century1,2. Especially in the emerging economies in the last 30 - 40 years, gross national incomes 

have grown tremendously, bringing hundreds of millions of people out of poverty but also 

resulting in a dangerous worsening of the world’s ecosphere3,4. Unprecedented environmental 

pollution and a global increase in greenhouse gas (GHG) emissions have been seen as the root 

causes5,6. In the last decades, warning voices have become louder for governments to take 

imminent action. In 2015, the world’s governments have thus committed to two core sets of goals 

for the future: the Sustainable Development Goals (SDG’s) and the Paris Agreement on Climate 

Change, which essentially aims to phase out fossil fuels by 2100 and 80 % by 20507–9. These sets 

of goals were lined out to be reached by a paradigm shift of transforming our linear fossil fuel 

driven economy, society and biosphere (Figure 1)10.  

Figure 1: The layers of the Sustainable Development Goals and their impact levels (Hetemäki et al.10). 
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This transformation of our European and global economy poses a challenge to all fibers 

of our society11–14. It requires the merging of two novel concepts equally – to renew the old value 

chains and replace fossil industry feedstocks. The 2012 put out concept by the European 

Commision for a “bioeconomy” and the concept for a “circular economy”, the second appearing 

first a few years later15. The merging of these two concepts has led to the term “circular 

bioeconomy”, which appeared increasingly in scientific publications since 2016. The circular 

bioeconomy can be separated into two cycles: the technical cycle and the biological cycle (Figure 

2). The biological cycle relys on the switch to renewable energy sources and focuses on the 

sustainable, resource-efficient valorization of biomass in integrated, multi-output production 

chains (e.g. biorefineries) while also making use of residues and waste streams16. Additionaly, the 

value of biomass is increased over time via cascading. The technical cycle relies on recycling, 

maintenace, reusing, remanufacturing, and sharing11. Both cycles are closely connected, as the 

bio-based products also enter the technical cycle13,14.  

“European Bioeconomy needs to have sustainability and circularity at its heart.” 

European Commission17. 

Figure 2: Flowchart of the Circular Bioeconomy (Soldal13). 
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New concepts have developed within the circular bioeconomy in recent years. Yet, some 

limitations still need to be overcome. Cascading use usually increases the efficient use of 

resources, thereby reducing GHG emission18. But net emissions only decrease if the emissions 

for collection, separation, and processing of waste streams are lower than for sourcing and 

producing a competitor product. So, to comprehensively assess the sustainability of a cascade, a 

full life cycle assessment is crucial. One element to improving the life cycle assessment is the 

implementation of renewable energy sources. Using renewable energy, including bioenergy from 

biomass, has the potential to make more cascading steps justifiable from a GHG footprint 

perspective. This highlights the importance of the energy transition, away from fossil sources to 

renewable sources, as we have seen historically inversely before.  

1.1.2. The next energy transition 

Fossil fuels have allowed our global society to grow and prosper tremendously. The 

hydrocarbons have given us a feedstock for products in all industry segments. A society without 

fossil hydrocarbons is hardly imaginable. Yet, the need for the next transition from our current 

global energy system is of paramount importance19. Adverse effects are causing our climate to 

change by frightening pace. Global warming cannot be stopped or inversed, only limiting the 

combustion of fossil fuels can keep us away from 20 % to 65 % adverse effects. The International 

Renewable Energy Agency (IRENA), which is an intergovernmental organization that supports 

countries in their transition to a sustainable energy future, regularly publishes new outlooks for 

the world to achieve the Paris agreement goals. Key findings are that net zero energy technologies 

already exist today, a combination of technologies is needed to keep us on a 1.5 °C pathway, 

fossil fuel investments are already diverted into sustainable sources, and energy transition 

investments will have to increase by 30 % over planned investment to a total of 131 trillion € 

between now and 2050, corresponding to 4.4 trillion € on average every year20. 

A next energy transition from mainly fossil fuels to renewable energy does not arise from 

depletion of fossil fuels21. Despite increasing demand and many parties claiming peak oil and the 

world running out of oil soon, oil reserves have risen from 2003 to 2013 by 27 %22. Fossil fuels 

use have increased tremendously in the last 70 years and supply 80 % of our 13.7 giga tons of oil 

equivalent or over 160 Petawatt hours energy demand (Figure 2). Yet, proven oil reserves are 

rather to double by 2050. The numbers show the complete dependency of our society on these 

resources. Nevertheless, no more than 33 % of proven fossil fuel reserves may be used before 

2050, if we are to achieve a 2 °C climate goal.  
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Figure 3: Global energy consumption from 1800 to 2008 differentiated by source (World Energy Transition 

Outlook20). 

 

Taking from history, energy transitions take time. It has usually taken from 50 to 70 years 

for a new energy source to take a large share overall (Figure 3)19. For coal as an energy source, 

it took 70 years from 1830 to 1900 to go from 5 % to over 50 %. It took oil the time span from 

1900 to 1970 to reach almost 50 % of the global energy supply. For around the last 85 years, gas 

rose to replace wood as a traditional energy source even further but took only a small share below 

25 %19. It was similar with other sources such as nuclear, hydro, or solar. So, it seems impossible 

to replace our global fossil fuel system in a short time but rather it might take decades. 

Nevertheless, there is no need for one system to replace it but rather we will see a sustainable 

energy mix of different sources, which might in the future power a global hydrogen economy23. 
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Figure 4: Relative share of energy supply by sources from 1800 to 2017  (Sovacol19). 

The next energy transition will require a holistic innovation approach tailored to the needs 

of each renewable energy and energy efficiency technology since a wide range of approaches will 

be required across all sectors of the energy system20. While aiming at increasing investment in 

R&D for low-carbon technologies benefits the energy transition, more attention can be paid to 

monitoring and verifying that those investments have the desired impact and that R&D budgets, 

and priorities are impact-driven24. Among all sources, biomass needs to fulfill more than just the 

role of an energy feedstock. It also needs to fulfill the important purpose of replacing oil as 

feedstock for the chemical industry25. 

 

1.1.3. Biomass – Phasing out oil 

Biomass offers a source of carbon from the biosphere as an alternative to fossilized carbon 

laid down tens of millions of years ago26. The range of possible biomass feedstocks available is 

very wide, it only needs to be refined. Projections show that by 2050 biofuels could satisfy around 

one-third of worldwide primary energy demand27. Therefore, refining biomass solely for biofuels 

as a future strategy, has been found to be a dead end. This becomes clearer when looking at a 

barrel of crude oil. The distribution of a whole barrel of crude oil is shown in Figure 4. About 15 

% - 20 % of crude oil yields in chemicals, whereas 80 % - 85 % are converted into liquid fuels. 

The around 80 % - 85 % liquid fuels from 1 kg of crude oil have a caloric content of 32 MJ28. In 

contrast, if biomass is diverted to liquid fuels, yields from 1 kg reach no higher than 6 MJ. But 

when diverting biomass to chemicals, a yield of up to 80 % can be reached. This fact and the 
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strongly growing case for a hydrogen economy with a clean energy mix allows biomass being 

used more towards feedstock for chemicals29,30. 

For the United States alone, the biomass feedstock potential is one billion tons, global 

potentials are at least four times higher coming from aquatic and green  terrestrial sources24. 

Biomass will play an important role in shaping the future 

of the chemical industry like crude oil and shale gas, as 

synthetic catalytic chemistry matures, and synthetic 

biology emerges further26. However, unlike biorefining, 

wherein it is treated as a renewable surrogate for crude oil, 

biomass should be viewed as a complement to crude oil 

and shale gas and advocate its thermochemical, chemical, 

or biological conversion to chemicals and materials, not 

fuels. Yet, until the whole barrel of oil can be replaced, 

biomass should also be used as feedstock for biofuels. This 

has not been achieved until now. Many specialty 

chemicals or pharmaceuticals still need to be made from 

fossil sources31. An additional approach is to find new 

natural compounds from natural sources such as fungi 

or microalgae and cyanobacteria32  

 

1.2. The biorefinery concept  

1.2.1. Generations of biomass 

There are several routes to create clean energy from wind, sun, and water. Yet, the use of 

biomass is highly important because unlike the other energy sources, it provides liquid fuels and 

chemicals33. Based on feedstocks and method of production, biofuels and other bioproducts are 

classified in different groups named after their generation of feedstock, namely first, second, third, 

and fourth generation biomass or biofuels34,35. The four generations of biomass including their 

sources are depicted in Figure 5. The first-generation biomass uses edible crops as source for 

starch and sugar36. The use of crops for biofuel harms the environment more than petrol, the cost 

of production and causes inefficient utilization of resources and energy spent in cultivating crops. 

Yet, it has helped to articulate sustainability issues and challenges that need to be considered in 

implementing the utilization for the second generation of biomass. The second generation of 

biomass is based on more sustainable renewable feedstocks37. It includes utilizing inedible 

lignocellulosic biomass such as switchgrass, sawdust, low-priced woods, crop wastes, and 

Figure 5: Use of a barrel of crude 
oil (percentage) (U.S. Department 
of Energy1). 
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municipal wastes. Even though this generation of biomass allowed to overcome the drawbacks of 

the first generation, more steps are required to produce adequate biofuels and bioproducts at 

competitive pricing38. The recent years have seen tremendous progress in overcoming these 

obstacles for commercialization of the utilization of the second-generation biomass39. 

 

Figure 6: Overview of the four generations of biomass (Hyder et al.34). 

 

Aquatic feedstocks such as algae and cyanobacteria are used as the third-generation 

biomass40–42. Algae such as seaweed or microalgae and cyanobacteria, which are unicellular 

phytoplankton and bacteria, capture high quantities of CO2 and generate O2 as well as high 

amounts of biomass43–46. This generation of biomass is promising due to its high biomass 

formation rate and low need of arable land. Until now, this generation of biomass has had some 

disadvantages such as its high costs45. The fourth-generation biomass, which is still in an early 

developmental stage, uses bioengineered microorganisms such as algae or cyanobacteria to 

consume more CO2 from the environment than they emit when they are consumed (burning) or 

secrete valuable products47. Yet, the price pressure makes it difficult for biomass to compete with 

fossil fuels and their economy of scale. This urges the importance of integrating different feed 

streams coupled to generating multiple products in biorefinery concepts. Thus, in the future 

development to obtain bioproducts in a bioeconomy, the biorefinery concept plays an important 

role33,36,48,49. 
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1.2.2. First and second-generation biorefinery 

Biorefineries can be classified according to the implementation status of applied 

technology such as conventional and advanced, or first‐ and second‐generation35,38,50. The 

classifications of a biorefinery, its technological implementation status, and type of feedstock are 

related. Types of biomass feedstock for first and second generation biorefineries are crops and 

lignocellulosic residues35. Platforms can be syngas or sugar. Products are fuels and chemicals, 

and conversion processes are thermochemical and biotechnological. First‐generation feedstocks 

comprise oil and high-sugar crops, such as sugar beet and sugarcane, which are generally edible 

(Figure 6). As of 2020, 224 working biorefineries are registered in Europe, and a significant 

number is based on sugar/starch (63) and oil/fat (64). Twenty‐four are wood‐based biorefineries, 

and food waste is processed in 13 biorefineries. Five use non‐wood lignocellulose. As such, a vast 

potential exists for second‐generation biorefineries processing food waste and agricultural 

residues18,51. Cumulatively, biobased products account for more than 2 trillion € annual turnover 

in Europe, and market demand in the EU is expected to double by 203052. 

Figure 7: Overview of first- and second-generation biomass biorefinery concepts adapted from Balan et 

al.52.  

The S2Biom project has estimated that under sustainable practices 1,049 - 1,372 million 

tons of biomass can be made available within Europe by 203053. The market for bio-based 

products was expected to be worth 40 million € by 2020, increasing to about 50 billion € by 2030. 
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Research in industry and academia have been galvanized to address the twin challenges of 

lignocellulosic breakdown and conversion into viable products: between 130–150 patents are 

filed annually in the lignocellulosic biofuel area, and this is expected to reach 200 annual filings54. 

Such indigestible biological wastes are the most promising source of biomass for producing bulk 

chemicals and fuels. It is an abundantly available lignocellulosic byproduct from agricultural and 

forestry industries. Lignocellulose is present as microfibrils in the cell walls of plants and trees. 

It consists mainly of the two polysaccharides hemicellulose (ca. 20 – 30 %) and cellulose (35 – 

50 %) and lignin (ca. 10 – 25 %). Lignin is a highly cross-linked polymer made up of substituted 

phenols. These components can be used to produce several platform chemicals, which are 

essential for our industry (Figure 7)54. 
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Figure 8: Overview of platform chemicals derived from biomass with selected reaction pathways, adapted 

from Hommes et al54. Grey boxes indicate the most promising biobased platform chemicals. 

 

1.2.3. Microalgae and Cyanobacteria biorefineries  

The third generation of biorefineries, which is based on the biomass of macroalgae, 

microlage and cyanobacteria, is technologocially not as advanced as the first and second 

generation biorefineries55–57. The big advantages of third generation biorefineries are the GHG 

reduction potential, due to the high CO2 absorption rate and a high biomass production rate 

resulting in a high areal productivity58. This and the controled cultivation make especially 

microalgae and cyanobacteria a promising renewable feedstock for future bulk commodities. A 
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flow scheme of a microalgae or cyanobacteria biorefinery concept can be seen in Figure 8. 

However, the production of microalgae for low-value products, such as proteins for food/feed 

applications, bulk chemicals, or even biofuels, is economically not yet feasible59–62.  

Figure 9: Flow scheme of a microalgae & cyanobacteria biomass biorefinery concept adapted from Kit 

Wayne et al.60. 

 

A systematic approach for integrated biorefineries need to be developed for the design 

and evaluation of cyanobacteria biorefineries63. Specifically, a superstructure model that includes 

supply, production, and purification subsystems64. Such a superstructure approach can be found 

in Figure 10. The supply subsystem includes flue/exhaust gases from industrial processes 

generally consisting of NOx, CO, CO2, and SOx, which can be won for the cultivation of 

microalgae or cyanobacteria. Also, water and nutrient supply from a wastewater treatment plant 

should be considered. The production subsystem receives CO2, water, and nutrients from the 

supply subsystem and grows cyanobacteria to produce biomass. In the production subsystem, two 

strain specific properties, productivity and residence time allow to determine a continuous flow 

from production subsystem to the purification subsystem. A system-wide optimization to dentify 

the optimal biorefinery configuration requires a holisitc life cycle sustaibility assessment64. 
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Figure 10: Superstructure approach of an integrated microalgae biorefinery concept divided into three 

subsystems adopted from Fasahati et al.64. 

 

1.2.4. Cyanobacterial products  

Cyanobacteria (blue-green-algae) belong to an ancient group of photosynthetic 

prokaryotes that present a very wide range of cellular strategies, physiological capacities, and 

adaptations that support their colonization of very diverse microenvironments worldwide43,65–67. 

Therefore, cyanobacteria occur in varied and often extreme habitats and are then able to settle in 

diverse biotopes (e.g., marine, terrestrial, freshwater, thermal springs). Cyanobacteria have gained 

considerable attention in recent years for their possible use in many fields like agriculture, 

nutraceuticals, effluent treatment, food products, and the production of biofuels, various 

secondary metabolites including vitamins, toxins, and enzymes (Figure 10)68–71. They are also 

well known to produce a wide variety of bioactive natural products, including some potent toxins 

(e.g., microcystins, anatoxins, and saxitoxins). Due to the remarkable capability of cyanobacteria 

to proliferate and form toxic blooms that induce potential human health consequences, numerous 

studies have been conducted to develop tools for the monitoring of such blooms or effective 

strategies for the mitigation of their overgrowth. On the contrary, certain cyanotoxins could also 

constitute a promising opportunity for drug development such as certain cancer therapies66,69,71,72.  
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Figure 11: Overview of potential products from cyanobacterial biomass73. 

 

The bioactive compounds from cyanobacteria have been identified as high-value 

products, which could make cyanobacteria biorefineries possible. 260 families of compounds 

were classified by their chemical classes, and 10 different classes were listed: alkaloids, 

depsipeptides, lipopeptides, macrolides/lactones, peptides, terpenes, polysaccharides, lipids, 

polyketides, and others69. This is not surprising, regarding the diversity of biosynthetic pathways 

described in cyanobacteria: NRPS (non-ribosomal peptide synthase), PKS (polyketide synthase), 

and RiPPs (ribosomally synthesized and post-translationally modified peptides) with the ability 

to produce a wide range of metabolites and notable peptides. Fourteen major activities have been 

listed from the literature: lethality, neurotoxicity, hepatotoxicity, dermal toxicity and cytotoxicity, 

anti-inflammatory, antioxidant, antiviral, anti-microalgal, antibacterial, antifungal, and 

antiprotozoal activities as well as protease and enzyme inhibition activities (Figure 11)69. 

Cytotoxic activity against various cell lines is the most frequently detected type of bioactivity 

with up to 110 families of the 260 listed. On the other hand, lethality and the antibacterial activities 

have been detected for 54 and 43 compound families, respectively. 



23 

Figure 12: The reported 14 types of compounds and their bioactivities as products from cyanobacterial 

biomass adapted, Demay et al.69. 

 

These high-value compounds are reportedly the lever to make cyanobacteria biorefinery 

concepts economically feasible65,74. The global market for microalgae and cyanobacteria based 

products was estimated at 32.60 billion USD and is projected to reach approximately 53.43 billion 

USD by 202675. Currently, more than 75 % of the production of microalgae-derived products is 

dedicated to food, feed, or nutraceutical applications. But other potential markets have emerged. 

As such, it is estimated that in 2020, dyeing agents were still the leading microalgae product on 

the market (800 million USD), closely followed by pharmaceuticals/ chemicals (500 million 

USD), nutraceuticals (300 million USD) and finally cosmetics (30 million USD). Yet, after the 

extraction of high value compounds, the residual biomass often is left as waste. The valorization 

of such residual biomass is economically also important75.  
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1.2.5. Residual biomass utilization 

Extracted high value compounds from cyanobacterial biomass makes up only minor 

fractions of the total biomass but give the main products for economic viabilty. Yet, the residual 

biomass can also be valorized and can serve as an alternative feedstock for biofuels or bioproducts 

employing different methods depending on the targeted products. The residual biomass needs 

adequate pre-treatment before valorization is possible. These different methods include 

thermochemical (combustion, torrefaction, pyrolysis, gasification, hydrothermal liquefaction, 

etc.), mechanical/physicochemical (ball milling, microwave, ultrasound, electric pulse, etc.) and 

biochemical (acid, alkali, enzymatic, etc.) processes (Figure 12). The methods need to be chosen 

depending on the subsequent valorization concept. 

Figure 13: Flow chart of a microalgae biorefinery illustrating possible biomass treatment methods for 

relevant products adapted from Venkata et al.76 . 

 

Thermochemical conversion 

Thermochemical conversion is employed to produce liquid/gaseous fuels and 

biocharcoal. Pyrolysis operated at a temperature between 200 and 750 °C in absence of oxygen 

produces solids (bio-char), liquids (bio-oil) and gaseous (bio-gas) products of interest. In slow 

pyrolysis, biomass is heated stepwise (10 °C/min) to the desired final temperature. Fast pyrolysis 

is used when the output required is liquid or gas (heating rate, 1–200 °C/s; particle size < 1 mm). 

For the production of only liquids, flash pyrolysis is used with rapid heating (temperature > 1000 

°C/s; particle size < 0.2 mm) for few seconds. Hydrothermal liquefaction (HTL), which is suitable 

for treating wet algal biomass is usually performed at a temperature (250–450 °C) and pressures 

(100–350 bar) to facilitate depolymerization reactions (hydrolysis, dehydration and 

decarboxylation) and re-polymerization reactions (condensation) to form both water-soluble 

intermediates (HTL-AW) and water-insoluble products including bio-oil, biocrude and biochar 

along with gas rich in CO2. HTL yields in bio-oil composed of furan, phenol, acid, and ester 
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derivatives with high percentage of aliphatic, phenolic, alcoholic, carboxylic and hydroxyl 

groups. The effect of pH modifiers, water medium, catalyst, temperature and heating rate regulate 

the product profile and efficiency of HTL process. Alkaline assisted HTL generates NH3 and 

nitrogenous compounds during hydrolysis and deamination of microalgal protein wherein 80 % 

can be recovered as struvite. 

Physicochemical conversion 

Mechanical, microwave, ultrasound, electric pulse, osmotic shock, etc were used in 

different combinations to enhance the efficiency of cell wall disruption, sugar recovery and 

fermentation. Mechanical pretreatment processes such as bead milling were used for cellular 

disruption. Freezing and thawing method generates ice crystals that mechanically break the cell 

wall to release water-soluble intracellular compounds. Low frequency ultrasound with different 

solvents was used to extract carbohydrates, lipids, proteins and pigments. Ultrasound treatment is 

additionally reported to enhance enzymatic hydrolysis of the carbohydrates for fermentation by 

structural modification of the crystalline regions for which water uptake of the starch granules 

improved. Microwave pretreatment is considered to be a rapid process to carry out 80 % of cell 

lysis. Pulse electric field pretreatment for the extraction of different compounds can be applied in 

a broad range of pH. High pressure homogenization (HPH) of microalgal cell suspension showed 

higher yields of intracellular compounds. HPH can effectively function with slurries (~20 % 

solids) with higher cell disruption efficiency than mechanical methods.  

Biochemical conversion 

The cell wall of microalgae or cyanobacteria is composed of complex and structurally 

robust low biodegradable substances (e. g. algaenan and sporopollenin) that complicate the 

biological transformation into feedstock. Cell wall hydrolysis using acid and base due to harsh 

conditions is not regularly applied. Usually, enzymatic treatment is utilized to release fermentable 

sugars for the use in a secondary process such as fermentation. Enzymes such as serine proteases, 

trypsin and chymotrypsin were applied to release amino acid from algal protein by cell lysis. 

Additionally, endo-β-(1,4)- D-glucanase, exo-β-(1,4)- D-glucanase and β - glucosidase enzymes 

were combined to break cellulose to glucose and maltose. Different enzymatic cocktails for the 

hydrolysis (e.g., cellulases, amyloglucosidases, amylases, proteases and alkaline proteases) were 

found to be most effective compared to hydrothermal pretreatment. Multiple steps such as 

enzymatic hydrolysis with other mechanical treatment methods can be integrated for maximizing 

sugar and amino acid yield. 
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1.3. Pichia pastoris fermentation 

1.3.1. Pichia pastoris bioprocess development 

In the last years, the demand for protein in a broad range of industrial applications has 

increased strongly. The global biopharmaceutical market was expected to hit 400 billion € in 2020 

with an annual growth rate (CAGR) of over 10 %. Industrial enzymes were estimated to 

accumulate to 6.3 billion € in 2021 with a CAGR of 4.7 %77. Further increasing demand and 

evolving production platforms allow for further reduction in costs and development of novel 

proteins. The quest for the development of new or improved bioprocess designs begins with the 

choice of a suitable cell factory. Production parameters such as yield, productivity, scale up 

capacity and downstream processes are here the dictating parameters. Product requirements also 

play a role in host considerations. In this regards, bacteria, yeast, or mammalian cells are chosen 

as cell factories. Yeasts as intermediate host with the best from both worlds have gotten more 

interest lately. Especially the yeast Pichia pastoris (Komagataella phaffi) with its many 

advantages has not only been used in lab scale more often but also in industry. The many 

advantages of P. pastoris in genetic, protein, and bioprocess engineering that make this organism 

so interesting can be found in Table 1. Yet, so far the fermentation technology has not reached 

the same maturity as for other organisms such as E. coli77. 

Table 1: Summary of the main advantages of P. pastoris as a recombinant protein expression platform 

adapted from Garcia-Ortega et al.77. (GRAS: generally recognized as safe, DCW: dry cell weight). 

Genetic engineering Protein processing Bioprocess engineering 

Simple and stable genetic 

manipulation 

Eukaryotic capacity for folding, assembling, 

and performing post-translational 

modifications 

GRAS organism lacks 

detectable endotoxins 

Numerous tools available for 

genetic manipulation including 

CRISPR/Cas9 system 

Protein processing and secreting pathway 

similar to higher eukaryotes 

Non-fermentative growth on 

glucose 

Different strong and efficient 

promoters 

Ability to efficiently secrete target proteins 

combined with low levels of secretion for 

native proteins 

Growth in chemically defined 

medium up to 120 g/L 

(DCW) 

Reported high yield and stable 

producing strains 

Reduced hyper glycosylation and reported 

human-like glycoengineered strains 

Well-established large-scale 

production and downstream 

processing 

 

The development of a bioprocess with P. pastoris is a multi-step process. On the way 

towards industrial implementation, there are several critical factors that can cost bioprocess 

efficiency. The two tasks of strain development and process strategy need to collaboratively 

determine the specific production rate of a producer strain. Going back and forth to improve the 

strain once an optimized bioprocess was designed. Yet, scaling up from lab scale to pilot or 

industrial scale holds many challenges as process parameters are difficult to be maintained78. 
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Based on volumetric productivity, the space time yield (STY) and product yield optimization 

criteria need to be identified and regulated to improve the bioprocess efficiency. Improving the 

efficiency for a bioprocess means identifying optimum conditions for biomass growth and product 

formation, including pH, temperature, oxygen, and nutrient supply. Essential to identifying the 

physiological constraints of P. pastoris is the development of a suitable mode of adding carbon, 

which means developing an energy substrate feed profile or feeding strategy. Culture conditions 

and feeding strategies vary but can be determined for each individual product. Succeeding in 

doing so will allow to bring a bioprocess towards industrial production79.  

 

Figure 14: Overview of a Pichia pastoris bioprocess development towards industrial implementation 

adapted from Garcia-Ortega et al.77. 

 

There are different commercial protocols available (e. g. Invitrogen) for recombinant 

protein production with P. pastoris but recent developments have gone a different direction80. 

Concepts that allow for the development of a specific process strategy, which are tailored to both 

a particular product/genetic construct combination and the characteristics and limitations of a 

specific bioreactor equipment81. Originally there were two operational strategies for P. pastoris 

processes derived from the most widely used promoters: inducible AOX1 (alcohol oxidase 1) or 

constitutive GAP (glyceraldehyde-3- phosphate dehydrogenase)82. The major disadvantage of the 

mostly favored AOX1 over GAP is that methanol is required83. Methanol, added as a carbon and 

energy source is principally required for AOX1 induction for product formation. In a co-feeding 
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strategy, some sugars such as sorbitol can be added for biomass growth. Different other promotor 

variants have recently been developed but they are mostly derived or similar to the named two. 

For obvious disadvantages including having to deal with methanol on industrial scale and heavily 

increased oxidative stress, constitutive promoters seem advantages. Yet, it always depends on the 

enzyme if growth kinetics and product formation are strong for certain constructs. This has to be 

determined. 

 

1.3.2. Growth kinetics and product formation 

During batch cultivation, in which substrate is available in excess, biomass growth is 

unrestricted, and growth characteristics can be determined directly. The choice of carbon-

substrate and, therefore, the feasible operational range with respect to specific growth rate (μ) and 

optimum productivity (qp in mg product built per g cell dry weight and per hour) is dependent on 

the chosen promoter. With glycerol or glucose, P. pastoris grows significantly faster (e. g., 1.7–

8.5 times faster) than with methanol. Values of the growth characteristics are crucial since they 

give a direct indication of whether the strain is physiologically impaired due to the introduction 

and expression of a foreign gene. Decreased maximum specific growth rates are most probably 

related to genetic burdens introduced by strain engineering and/or metabolic burdens of 

recombinant protein production. During batch growth with glucose, μmax varied from 0.28 h− 1 to 

0.16 h− 1 for strains differing with respect to productivity, whereas the best-producer strains grew 

slower. Hence, μ is a critical factor in enhancing product formation. 
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        Figure 15: Calculation of growth titer and specific productivity adapted from Looser et al81 . 
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The relationship between qp and μ 

reflects the equilibrium between various 

processes in a cell until the product is secreted 

(i.e., induction of gene expression, translation, 

protein folding and degradation in the 

endoplasmic reticulum, flux of folded protein out 

of the ER, and trafficking through the secretory 

machinery). This relationship, also termed 

‘production kinetics’ is essential for the design of 

production strategies in which growth is retained 

at a certain optimum μ-value by the controlled 

addition of carbon-substrate in fed batch mode. 

For AOX1-controlled production, methanol is 

typically pulsed repeatedly after complete 

depletion of the pulsed glucose substrate in order 

to maintain a residual substrate concentration 

within predetermined upper and lower 

concentration limits. During phases of substrate 

excess (which occur immediately after pulsing of 

the substrate), biomass grows with a specific 

growth rate close to its maximum (μmax). Between 

subsequent pulses, i.e., after substrate depletion, 

biomass growth typically declines to 0 h−1 and 

biomass concentration stagnates. Unlike pulsed 

strategies applied in screening, in a bioreactor, 

the specific growth rate is controlled by the rate 

of substrate addition at a defined value lower than or equal to its maximum (μmax). The optimum 

for AOX1-controlled product formation, according to current literature on kinetics, is often 

considerably below μmax. However, for GAP-controlled product formation, the optimum specific 

growth rate is often near to μmax, which is also reached during screening. The consequence may 

be a serious failure to identify clones that will become true ‘top producers’ under large-scale 

cultivation conditions. However, identifying a clone able to express large amounts of the desired 

product does not merely entail selecting the ‘best producer’ that is appropriate for the final 

production/ manufacturing scale. 

 

 

Figure 16: Relation of specific growth rate 
and specific productivity adapted from 
Looser et al81. 

 



31 

1.3.3. Strategy development – feed profile  

Historically, the strong and tightly regulated AOX1-promoter (pAOX1) has been mainly 

used for recombinant protein expression in P. pastoris. Using the AOX1-promoter, methanol acts 

as an inducer for recombinant protein production and, at the same time, as a carbon and energy 

source. Thus, induction and production of heterologous protein are interconnected with substrate 

utilization and biomass growth. Moreover, purpose-engineered AOX1-phenotypes that relate to 

the efficiency of methanol utilization represent an additional opportunity in strain/process design. 

In this respect, the P. pastoris expression system can be differentiated from, for example, E. coli, 

in which promoters can be induced by an independent, non-metabolizable agent. Consequently, 

P. pastoris production processes are more complex to control as oxidative stress is quite high for 

AOX1 systems. The typical P. pastoris cultivation process, therefore, follows a three-stage 

strategy: 1) a batch phase for biomass growth with glycerol or glucose, 2) a fed-batch phase for 

further biomass enhancement with glycerol or glucose and 3) an optional methanol-induced 

adaptation (transition) phase, which is followed by a production phase in fed-batch mode. 

Generally, numerous laborious and time-consuming fed-batch or continuous cultivations are 

performed at several different pre-set μ-values to establish the desired qp(μ)-relationship. Fed-

batch strategies for continuous addition of an organic carbon and energy source are usually based 

on mathematical functions describing time dependency on the rate of substrate addition. In such 

strategies, substrate is added at predefined rates that increase or decrease following linear or 

exponential functions, or by equivalent stepwise approximations as shown in Figure 16. Unlike 

pulsed strategies the specific growth rate is controlled by the rate of substrate addition at a defined 

value lower than or equal to its maximum (μmax). The added substrate is immediately utilized and 

therefore cells can only grow as fast as the rate of substrate supply. In order to maintain a constant 

specific growth rate over the entire course of a fed-batch process, the feed rate must be increased 

exponentially (the biomass also grows exponentially) providing a constant amount of substrate 

CDW− 1 h− 1. Establishing production kinetics with fed-batch cultivations at several different pre-

set μ-values is laborious and time-consuming, and, therefore, alternative approaches are being 

sought.  
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Figure 17: Calculations for initial feed rate and linear and exponential feed profiles adapted from Looser 

et al81.  

 

In recent years, protocol design has shifted from classical ‘recipes’ to more conceptual 

attempts. Considering the maximum specific growth rate (μmax) as the upper limit and the 

production kinetics qp(μ) as an indicator of the optimum production range of μ, design of a 

customized fed-batch feed profile to maximize product titer is possible. A thorough 

characterization is needed in every fermentation system before production can start as shown in 

the flow chart in Figure 17. For first characterization batch and pulsed batch fermentation are 

fundamental to find μmax. Although, dynamic fed-batch approaches are reported support finding 

μopt or qp(μ)max. Yet, for all systems oxygen and/or heat transfer are most often the limiting factors 

in high cell density P. pastoris cultivations irrespective of the substrate used. However, heat 
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evolution and oxygen uptake strongly depend on specific growth rates and, therefore, the process 

must be designed within the technical limitations of the available equipment.  

Figure 18: Flow chart for the development of a Pichia pastoris bioprocess strategy, adapted from Looser 

et al81. 

 

1.3.4. Industry enzyme – Phytase  

Phytate (myo-inositol hexakisphosphate) is the main storage form of phosphorus in plant-

derived feed84–87. It is an inositol ring with one phosphate group attached to each carbon atom. It 

mainly accumulates in protein storage vacuoles in grains (e.g., rape, wheat, maize, or sesame) and 

plant seeds. It can account for up to 80 % of the total phosphorus in seeds88. The phosphate groups 

in phytate are negatively charged and strongly bind to positively charged species like metallic 

cations or charged proteins. Especially divalent cations like calcium, iron, and zinc are chelated 

reducing their bioavailability. Phytate is stable but phytases (myo-inositol hexakisphosphate 

phosphohydrolases) can hydrolyze the phosphoester bonds and release the phosphate groups and 

therefore the chelated ions (Figure 18). Monogastric animals, such as pigs, poultry, and fish are 

lacking enzymes with phytase activity in their gastrointestinal tracts, therefore they utilize dietary 

phosphorus inefficiently. Hence, phytases have significant value as animal feed additives87.  
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Figure 19: Reaction scheme of phytate conversion to inositol and free phosphate by phytase89. 

Phytases can be classified based on their optimal pH, the catalytic mechanism, or the 

initiation site of dephosphorylation. Considering the reaction mechanism, three groups can be 

defined: (1) histidine acid phosphatases or acid phosphatases (EC 3.1.3.2), (2) β-propeller 

phytases (EC 3.1.3.8), and (3) purple acid phosphatases or cysteine phytases (EC 3.1.3.2). The 

phytase market has exceeded 300 million €, growing about 10 % per year. Besides in the animal 

feed industry, there have been many new discoveries for phytase applications lately90. Different 

applications in food processing for human nutrition and industrial non-food products are 

emerging89. Therefore, there is tremendous interest in improving catalytic efficiency, substrate 

specificity, thermostability, modification of the pH profile, and reduction in production cost. 

Despite the many applications and market interest, it is not trivial to compare published activities. 

Different assays for the determination of phytase activity are out there and different reaction 

conditions are used for each assay. So, one must be cautious comparing reported values. Yet, it 

has become apparent that the appA E. coli phytase is regarded as the one with the highest specific 

activity85.  

 

1.4. Scope of this work 

The general aim of this thesis is the development of a biorefinery concept for cyanobacterial 

biomass with the focus on the fermentative utilization of the residual biomass after the extraction 

of multiple high-value compounds. Biomass from the promising genera Nostoc and 

Cylindrospermum were investigated throughout this thesis. 

In order to accomplish the realization of such a concept, analytical methods for primary 

metabolites of cyanobacterial biomass need to be utilized for biocompositional analysis. The 

saccharide, protein, and lipids content of Nostoc biomass need to be quantified. Moreover, the 

divers saccharide fingerprint needs to be elucidated to be able to evaluate the potential utilization 

of the storage or structural sugars fermentatively. Especially substituted saccharides such as 

deoxy, methyl-, amino-, and sulfated sugars, or uronic acids pose difficulties to enzymatically 
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hydrolyze such biomass. The HT-PMP method for fingerprinting algal carbohydrates that is 

available for this work allows to investigate the broad range of saccharides present in promising 

strains91. Furthermore, different industrial enzymes have to be investigated on their hydrolysis 

efficiency on cyanobacterial biomass.  

Enzymatically produced hydrolysate from cyanobacterial biomass needs to be investigated as 

growth medium and it needs to be decided, which product ought to be aimed for fermentatively. 

After identifying a producer strain, a proof of concept in a bench scale reactor system needs to be 

conducted. In a multi-field research approach, we can use the P. pastoris enzyme production 

platform and use cyanobacterial biomass as feedstock. Developing a fed-batch strategy for 

AppA E. coli phytase expression and demonstrating the utilization of Nostoc sp. De1 biomass 

hydrolysate. Show a relevant producer strain can emerge from the extended P. pastoris toolkit 

and the enzyme expression with cyanobacterial biomass as feedstock may be an industrially 

relevant and more sustainable alternative to currently used sources. 

Once the proof of concept for the fermentative utilization with the identified producer strain 

of the cyanobacterial biomass hydrolysate has been done, a fermentation strategy can be 

developed. The development of such a bioprocess should focus on the specific process mode as 

at this point the producer strain and the biomass hydrolysate as medium supplement are already 

identified. 

The most vital point for the development of a biorefinery concept is the identification of 

specific cyanobacterial strains, which produce high-value compounds from the genus Nostoc or 

Cylindrospermum. The Cylindrospermum strain C. alatosporum CCALA988 had shown 

promising with several interesting compounds such as cyclic lipopeptides92. A sequential 

extraction of multiple high-value compounds needs to be verified as feasible before the residual 

biomass ought to be utilized in a determined way. The residual biomass should be converted into 

a hydrolysate and utilized as fermentation medium again. Such a multi high-value product 

biorefinery concept should also be evaluated by a techno-economic analysis or a life cycle 

sustainability assessment (LCSA), which will allow to draw sophisticated conclusions about 

potential social, environmental, and economic impacts. 
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2. Material  

The material employed was either available at the chair or bought from listed manufacturers. 

2.1.1. Equipment 

Table 2: Overview of used devices. 

Device Model Manufacturer 

1 L parallel bioreactor DASGIP SSL 1000 DASGIP GmbH, Jülich, Germany 

Gas mixing  MX4/4 DASGIP GmbH, Jülich, Germany 

Off-gas analysis  GA4 DASGIP GmbH, Jülich, Germany 

Pumps  MP8 DASGIP GmbH, Jülich, Germany 

Sensors  PH4PO4RD4 DASGIP GmbH, Jülich, Germany 

Temperature, agitation TC4SC4B DASGIP GmbH, Jülich, Germany 

Analytical balance Entris Sartorius AG, Göttingen, Germany 

Analytical balance AW320 
Shimadzu Deutschland GmbH, Duisburg, 

Germany 

Autoclave 
Varioclav S135 with S2 

filter 
Thermo Fisher Scientific, Waltham, USA 

Balance TE 1502, TE6101 Sartorius AG, Göttingen, Germany 

Centrifuge Sorvall RC6+ Thermo Fisher Scientific, Waltham, USA 

Rotors 
SS-34, SH-3000 and F9-

4x 1000y 
Thermo Fisher Scientific, Waltham, USA 

Centrifuge Heraeus Pico 17 Thermo Fisher Scientific, Waltham, USA 

Rotors Bioflex HC, A27-8x 50 Thermo Fisher Scientific, Waltham, USA 

Clean bench MSC Advantage Thermo Fisher Scientific, Waltham, USA 

Drying oven 
Heraeus Function Line 

T12 
Thermo Fisher Scientific, Waltham, USA 

Elemental Analyser Euro EA Hekatech GmbH, Wegberg, Germany 

Freezer -20 °C Mediline Lgex 3410 
Liebherr-Hausgeräte GmbH, 

Ochsenhausen, Germany 

Freezer -80 °C Forma 906 -86 °C ULT Thermo Fisher Scientific, Waltham, USA 

Gas chromatograph 
Trace GC 2000 with Ultra 

Trace 
Thermo Fisher Scientific, Waltham, USA 

Autosampler TriPlus Autosampler Thermo Fisher Scientific, Waltham, USA 

Column 

Rxi®-5Sil-MS column 

(30 m by 0.53 mm, 20 µm 

film) 

Restek GmbH, Bad Homburg, Germany 

Mass-spectrometer Ultra-Trace DSQ II Thermo Fisher Scientific, Waltham, USA 

Gel electrophoresis  

Mini-PROTEAN®-Tetra 

Cell, Mini-

Protean®3Multi-Casting 

Chamber 

Bio-Rad Laboratories, Munich, Germany 

Power supply PowerPAC Basic Bio-Rad Laboratories, Munich, Germany 

Documentation (camera) Gel iX imager 
Intas Science Imaging Instruments 

GmbH, Göttingen, Germany 

Documentation 

(Transilluminator) 
Transiluminator DR-46B MoBiTec GmbH, Göttingen, Germany 

Heating block Tmix Jenaanalytik GmbH, Jena, Germany  

Heating block EC-1V-210 VLM GmbH, Bielefeld, Germany  

Heating block Starfish plate 
Heidolph Instruments GmbH & Co. KG, 

Schwabach, Germany 

Ice machine Flockeneisbereiter AF 80 Scotsman, Milano, Italy 

Incubator HAT Minitron Infors AG, Basel, Switzerland 

Lyophylle Alpha2-4 LD plus 
Martin Christ Gefriertrocknungsanlagen 

GmbH, Osterode am Harz, Germany 

Magnetic stirrer Variomag Telesystem Thermo Fisher Scientific, Waltham, USA 

Microwave MH 25 ED ECG, Prague, Czech Republic 
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Mixer Mill MM400 Retch GmbH, Haan, Germany 

Muffle furnace LM 312.27 
Linn High Term GmbH, Eschenfelden, 

Germany 

Multichannel pipette 
S-8, adjustable, CE-IVD, 

DE-M 

Brand GmbH & Co. KG, Wertheim, 

Germany 

pH meter, electrode 
Five Easy and InLab Epert 

Pro 

Mettler-Toledo GmbH, Giessen, 

Germany 

Pipettes Transferpettes 
Brand GmbH & Co. KG, Wertheim, 

Germany 

Repetitive pipette HandyStep 
Brand GmbH & Co. KG, Wertheim, 

Germany 

Rotary vacuum evaporator Büchi Rotavapor R-210 Thermo Fisher Scientific, Waltham, USA 

Pump Membranpump V-700 Thermo Fisher Scientific, Waltham, USA 

Vacuum controller Vakuumcontroller V-850 Thermo Fisher Scientific, Waltham, USA 

Scanning electron microscope DSM 940A Carl Zeiss AG, Overkochem, Germany 

Shakers MaxQ 2000 Thermo Fisher Scientific, Waltham, USA 

Sonotrode UIS250L with LS24d3 
Hielscher Ultrasonics GmbH, Teltow, 

Germany 

Special clamping device In-house development K. Rühmann, Goltoft, Germany 

Spectrophotometer Varioscan Flash Thermo Fisher Scientific, Waltham, USA 

Spectrophotometer M200 Infinite 
Tecan Group AG, Männedorf, 

Switzerland 

Spectrophotometer Ultrospec 10 
Amersham Biosciences Corp., Little 

Chalfont, England 

Table centrifuge Heraeus Fresco 21 Thermo Fisher Scientific, Waltham, USA 

Thermocycler Mycycler Bio-Rad Laboratories, Munich, Germany 

UHPLC Ultimate 3000RS Dionex Corporation, Sunnyvale, USA 

Degasser SRD 3400 Dionex Corporation, Sunnyvale, USA 

Pump module HPG 3400RS Dionex Corporation, Sunnyvale, USA 

Autosampler WPS 3000TRS Dionex Corporation, Sunnyvale, USA 

Colum compartment TCC 3000RS Dionex Corporation, Sunnyvale, USA 

Diode array detector DAD 3000RS Dionex Corporation, Sunnyvale, USA 

RI detector RI 101 Shodex, Tokyo, Japan 

High-capacity ion trap APCI, ESI, HCT Bruker Daltonics, Billerica, USA 

Ultrapure water system Milli-Q Reference Merck KGaA, Darmstadt, Germany 

Ultrapure water system PURELAB classic ELGA LabWater, Celle, Germany 

Ultrasonic bath USC200-2600 
VWR International GmbH, Darmstadt, 

Germany 

Vacuum drying oven VDL 53 Binder, Tuttlingen, Germany 

Vacuum pump PC 2004 VARIO 

VACUUBRAND GmbH & Co. KG, 

Wertheim, Germany 

Vortexer Vortex Genie 2 Scientific Indutries, Bohemia, USA 

Water bath CC1  
Peter Huber Kältemschinen AG, 

Offenburg, Germany 

 

2.1.2. Software and databases 

Table 3: Overview of software and databases used. 

Product Application  Manufacturer 

Microsoft Office 

2010 

text processing, 

calculations, visualization 
Microsoft Corporation, Redmond, USA 

Bacterial 

Carbohydrate 

Structural Database  

Identifying of 

polysaccharides 
Toukach et al. 2007 

ChemDraw 18.0 
Drawing chemical 

structures 
Cambridge Soft, Cambridge, England 

Chromeleon Data analyzing HPLC Dionex Corporation, Sunnyvale, USA 
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Citavi 5 Reference management 
Swiss Academics Software GmbH, Wädenswil, 

Switzerland 

DataAnalysis MS-data analysing Bruker Daltonics, Billerica, USA 

HyStar System control Bruker Daltonics, Billerica, USA 

LibraryEditor Spectra database Bruker Daltonics, Billerica, USA 

Magellan 
MTP-reader control 

software 
Tecan Group Ltd., Männedorf, Switzerland 

OriginPro 2020 Scientific graphing OriginLab Corporation, Northampton, USA 

QuantAnalysis Quantification of MS-data Bruker Daltonics, Billerica, USA 

SkanIt 
MTP-reader control 

software 
Thermo Fisher Scientific, Waltham, USA 

Xcalibur Data analyzing GC Thermo Fisher Scientific, Waltham, USA 

Web of knowledge  Literature research Thomson Reuters 

DASware control Controlling bioprocesses DASGIP GmbH, Jülich, Germany 

 

2.1.3. Special consumables 

Table 4: Overview of used special consumables. 

Product 
Specification/Catalog 

Nr. 
Manufacturer 

96-silicon cap mat 7704-0105 Whatmann, Little Chalfont, England  

96-well deep well plate 2.0 mL  655101 
Greiner Bio-One GmbH, Frickenhausen, 

Germany 

96-well micro titer plate F-

bottom (UV) 
781614 

Greiner Bio-One GmbH, Frickenhausen, 

Germany 

96-well SpinColumn G-25 (25-

100 µL) 
74-5612 Harvard Apparatus, Holliston, USA 

96-well-PCR-plate 781350 
Brand GmbH & Co. KG, Wertheim, 

Germany 

Bottletop filters 
Nalgene RapidFlow 0.2 

µm 
Thermo Fisher Scientific, Waltham, USA 

Centrifugal filters 516-0230 
VWR International GmbH, Darmstadt, 

Germany 

Cryo pure tube  1.5 white 
Sarstedt AG & Co. KG, Nümbrecht, 

Germany 

Cuvettes 759015, PS, 10 mm Sartorius Stedim Biotech GmbH, Göttingen 

Filter plate 0.2 µm Supor PN 8031 Pall Corporation, Port Wahsington, USA  

Filtration membrane 18407–47——N Sartorius Stedim Biotech GmbH, Göttingen 

HPLC C18 column 

NUCLEODUR C18 

Gravity, 1.8 µm, 100 

mm, ID: 2 mm 

Macherey, Nagel GmbH & Co. KG, Düren 

Germany 

HPLC IEX column 

Rezex ROA-Organic 

Acid H+ (8%); 300 x 

7.8 mm; 00H-0138-K0 

Phenomenex Duetschland Ltd., 

Aschafenburg, Germany 

Nunc 96-Well MicroWell 249944 
Greiner Bio-One GmbH, Frickenhausen, 

Germany 

Pasteur pipettes 612-1681 
VWR International GmbH, Darmstadt, 

Germany 

Petri dishes - 
Sarstedt AG & Co. KG, Nümbrecht, 

Germany 

Pipette tips various 
Brand GmbH & Co. KG, Wertheim, 

Germany 

Reaction tubes (PP) 1.5, 2.0, 15, and 50 mL 
Sarstedt AG & Co. KG, Nümbrecht, 

Germany 
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Syringe filters 0.2 µm various 
VWR International GmbH, Darmstadt, 

Germany 

Syringes various 
B. Braun Melsungen AG, Melsungen, 

Germany 

Thermoplastic elastomer cap 

mat (TPE) 
781405 

Brand GmbH & Co. KG, Wertheim, 

Germany 

 

2.1.4. Chemicals and reagents 

Table 5: Overview of used chemicals and reagents. 

Product Catalog Nr. Manufacturer 

1-Phenyl-3-Methyl-5-pyrazolone M70800 Sigma-Aldrich, Deisenhofen, Germany 

ABTS A1888 Sigma-Aldrich, Deisenhofen, Germany 

Acetic acid 338826 Sigma-Aldrich, Deisenhofen, Germany 

Acetone 7328 Carl-Roth GmbH & Co. KG, Karlsruhe Germany 

Acetonitrile LC-MS grade 83.040.320 VWR International GmbH, Darmstadt, Germany 

Acrylamid-Bisacrylamids 

Rotiphorese Gel 30 
3029 Carl-Roth GmbH & Co. KG, Karlsruhe Germany 

Agar-agar 5210.2 Carl-Roth GmbH & Co. KG, Karlsruhe Germany 

Ammonium persulfate 1012010500 Merck KGaA, Darmstadt, Germany  

Ammonium solution 32 % P093.1 Carl-Roth GmbH & Co. KG, Karlsruhe Germany 

Ammonium sulfate A5132 Sigma-Aldrich, Deisenhofen, Germany 

Antifoam B A5757 
Avantor Performance Materials B.V., Deventer, 

Netherlands 

Biotin B4639 Sigma-Aldrich, Deisenhofen, Germany 

Boric acid B7901 Sigma-Aldrich, Deisenhofen, Germany 

Bovine serum albumin A2153 Sigma-Aldrich, Deisenhofen, Germany 

C4 - C24 FAMEs 49454-U Sigma-Aldrich, Deisenhofen, Germany 

Calcium chloride 5239.1 Carl-Roth GmbH & Co. KG, Karlsruhe Germany 

Calibration buffer pH 10 10.00 ± 0.02 VWR International GmbH, Darmstadt, Germany 

Calibration buffer pH 4 4.00 ± 0.02 VWR International GmbH, Darmstadt, Germany 

Calibration buffer pH 7 7.00 ± 0.02 VWR International GmbH, Darmstadt, Germany 

Chloroform AE59.1 Carl-Roth GmbH & Co. KG, Karlsruhe Germany 

Citric acid 251.275 Sigma-Aldrich, Deisenhofen, Germany 

Cobalt (II) chloride hexahydrate A16346 
Alfa Aesar GmbH + Co. KG, Karlsruhe, 

Germany  

Coomassie Brilliant Blue G250 27815 Sigma-Aldrich, Deisenhofen, Germany 

Copper (II) sulfate pentahydrate 61245 Sigma-Aldrich, Deisenhofen, Germany 

Ethanol absolute 20.821.321 VWR International GmbH, Darmstadt, Germany 

Glucose 6887.5 Carl-Roth GmbH & Co. KG, Karlsruhe Germany 

Glycerol (99.5 % p.a.)  3783.2 Carl-Roth GmbH & Co. KG, Karlsruhe Germany 

Hydrochloric acid, 37 % 4625.1 Carl-Roth GmbH & Co. KG, Karlsruhe Germany 

Iron (II) sulfate heptahydrate 31236 Sigma-Aldrich, Deisenhofen, Germany 

Magnesium sulfate heptahydrate 1.058.861.000 Merck KGaA, Darmstadt, Germany  

Manganese (II) chloride 

tetrahydrate 
63535 Sigma-Aldrich, Deisenhofen, Germany 

Methanol LC-MS 83.638.320 VWR International GmbH, Darmstadt, Germany 
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N,N,N′,N′-

Tetramethylethylendiamine 
M146 VWR International GmbH, Darmstadt, Germany 

Natriumcitrat-dihydrat W302600 Sigma-Aldrich, Deisenhofen, Germany 

Peptone from casein 8952.5 Carl-Roth GmbH & Co. KG, Karlsruhe Germany 

Phenol red B21710 
Alfa Aesar GmbH + Co. KG, Karlsruhe, 

Germany  

Potassium phosphate dibasic P749.3 Carl-Roth GmbH & Co. KG, Karlsruhe Germany 

Potassium phosphate monobasic 1.048.731.000 Merck KGaA, Darmstadt, Germany  

Potassium sulfate 221368 Merck KGaA, Darmstadt, Germany  

Rubidium chloride 12892 
Alfa Aesar GmbH + Co. KG, Karlsruhe, 

Germany  

Sodium chloride P029.3 Carl-Roth GmbH & Co. KG, Karlsruhe Germany 

Sodium hydroxide 6771.2 Carl-Roth GmbH & Co. KG, Karlsruhe Germany 

Sodium molybdate dehydrate CN-62 Carl-Roth GmbH & Co. KG, Karlsruhe Germany 

Sodium-azide 71290 Sigma-Aldrich, Deisenhofen, Germany 

Sulphuric acid 4363.1 Carl-Roth GmbH & Co. KG, Karlsruhe Germany 

Trifluoroacetic acid T6508 Sigma-Aldrich, Deisenhofen, Germany 

Tris AE15.2 Carl-Roth GmbH & Co. KG, Karlsruhe Germany 

Yeast extract 2363 Carl-Roth GmbH & Co. KG, Karlsruhe Germany 

Yeast nitrogen base without amino 

acids 
Y0626 Sigma-Aldrich, Deisenhofen, Germany 

Zeocin R25001 Thermo Fisher Scientific, Waltham, USA 

Zinc chloride 1.088.160.250 Merck KGaA, Darmstadt, Germany  

 

2.1.5. Kits 

Table 6: Overview of used kits. 

Product Specification/Catalog Nr. Manufacturer 

Total Starch Assay Kit K-TSTA-100A Megazyme Ltd, Bray, Ireland 

Protein quantification 

(Bradford) 
Roti Quant Universal Carl-Roth GmbH & Co. KG, Karlsruhe Germany 

 

2.1.6. Enzymes 

Table 7: Overview of used enzymes. 

Product Specification/Catalog Nr. Manufacturer 

Horseradish 

peroxidase 
P6782 

VWR International GmbH, Darmstadt, 

Germany 

Celluclast® 
Viscosity reduction of fibrous plant 

tissue 
Novozymes A/S, Bagsværd, Denmark 

DISTILLASE® CS 
Saccharifying Enzyme for Ethanol 

Production 
DuPont Inc, Wilmington, USA 

FERMGEN™ 
Acid Fungal Protease Enzyme for 

Ethanol Production 
DuPont Inc, Wilmington, USA 

Glucose oxidase G2133 Sigma-Aldrich, Deisenhofen, Germany 

OPTIMASH™ BG 
Beta Glucanase/Xylanase for Barley 

and Wheat Ethanol Manufacturing 
DuPont Inc, Wilmington, USA 
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ROHAPECT® 

B1L 

Pectinase preparation with high 

hemicellulolytic side activities 

AB Enzymes GmbH, Darmstadt, 

Germany 

ROHAPECT® UF 
Decomposition of „residual pectic 

substances“ in fruit juices 

AB Enzymes GmbH, Darmstadt, 

Germany 

Viscozyme® L V2010, cellulolytic enzyme mixture  Sigma-Aldrich, Deisenhofen, Germany 

 

2.1.7. Organisms 

Table 8: Overview of used organisms. 

Strain Growth Medium 
Cultivation 

Conditions 
CBR Reference 

S. cerevisiae BY4741 YPD  30 °C, pH 4-5  CBR_S_168 

C. necator Medium 1 (Nutrient rich) 37 °C, pH 7 CBR_S_73 

E. coli BL21 (DE3) LB 37 °C, pH 7 CBR_S_1 

P. pastoris attP  YPD, BMGY/Glc 30 °C, pH 5  CBR_S_127 (pUO_pL963) 

Y. lipolytica H222 YPD 30 °C, pH 5  CBR_S_67 

 

2.1.8. Cyanobacterial biomass 

Table 9: Overview of used cyanobacterial biomass. 

Strain Growth Medium Producer 

Nostoc sp. De1 BG 11 Centre Algatech, Třeboň, Czech Republic 

Nostoc sp. Cc3 BG 11 Centre Algatech, Třeboň, Czech Republic 

Nostoc muscorum I BG 11 Centre Algatech, Třeboň, Czech Republic 

Nostoc piscinale BG 11 Centre Algatech, Třeboň, Czech Republic 

Nostoc viola BG 11 Centre Algatech, Třeboň, Czech Republic 

Nostoc sp. F 15c BG 11 Centre Algatech, Třeboň, Czech Republic 

Nostoc linckia VT - 15  Alen Arnon  Centre Algatech, Třeboň, Czech Republic 

Cylindrospermum alatosporum 

CCALA988 
BG 11 Centre Algatech, Třeboň, Czech Republic 

 

2.1.9. Sugar standards 

Table 10: Overview of used sugar standards. 

Name of the Sugar Company Catalog No. Batch 

2-Deoxy-D-(-)-ribose Sigma-Aldrich, Deisenhofen, Germany 31170 BCBB5360V 

2-Deoxy-D-(+)-glucose 
Carl-Roth GmbH & Co. KG, Karlsruhe 

Germany 
CN96.2 160152839 

2-O-Methyl-D-glucose Carbosynth Ltd., Compton, England MM28994 MM289941601 

3-Deoxy-D-glucose Carbosynth Ltd., Compton, England MD03580 MD035801301 

3-O-Methyl-D-glucose Carbosynth Ltd., Compton, England MM159606 170320 

4-Deoxy-D-glucose Carbosynth Ltd., Compton, England MD06660 MD066601501 

4-O-Methyl-D-glucose Carbosynth Ltd., Compton, England MM153283 MM1532831701 

6-Deoxy-D-glucose Carbosynth Ltd., Compton, England MD04994 MD049940701 

6-Deoxy-L-talose Carbosynth Ltd., Compton, England MD44533 MD445331501 

6-O-Methyl-D-glucose Carbosynth Ltd., Compton, England MM153284 MM1532841701 

D-(-)-Ribose Sigma-Aldrich, Deisenhofen, Germany R7500 078K0668 
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D-(+)-Cellobiose (Glc β-(1-

4) Glc) 
Honeywell Fluka, Charlotte, USA 22150 1428928 

D-(+)-Galactosamine 
Carl-Roth GmbH & Co. KG, Karlsruhe 

Germany 
7411.1 51167784 

D-(+)-Galactose Serva Electrophoresis GmbH, Heidelberg 22020 81143 

D-(+)-Galacturonic acid Sigma-Aldrich, Deisenhofen, Germany 48280 1350875 

D-(+)-Gentiobiose (Glc β-

(1-6) Glc) 

Carl-Roth GmbH & Co. KG, Karlsruhe 

Germany 
4123.2 150156002 

D-(+)-Glucosamine Merck KGaA, Darmstadt, Germany  346299 D00081856 

D-(+)-Glucose 

monohydrate 

Carl-Roth GmbH & Co. KG, Karlsruhe 

Germany 
6887.5 87767633 

D-(+)-Glucuronic acid Molekula GmbH, Munich, Germany M24989192 52529 

D-(+)-Isomaltose (Glc α-(1-

6) Glc) 
Carbosynth Ltd., Compton, England MI04560 MI045601201 

D-(+)-Lactose monohydrate 

(Gal β-(1-4) Glc) 

Carl-Roth GmbH & Co. KG, Karlsruhe 

Germany 
6868.1 429108510 

D-(+)-Maltose 

monohydrate (Glc α-(1-4) 

Glc) 

Carl-Roth GmbH & Co. KG, Karlsruhe 

Germany 
8951 61167504 

D-(+)-Mannose Serva Electrophoresis GmbH, Heidelberg 28460 90079 

D-(+)-Xylose 
Alfa Aesar GmbH + Co. KG, Karlsruhe, 

Germany  
95731 1342345 

L-(-)-Fucose 
Carl-Roth GmbH & Co. KG, Karlsruhe 

Germany 
KK10.2 391174839 

L-(+)-Arabinose 
Carl-Roth GmbH & Co. KG, Karlsruhe 

Germany 
5118.1 32898814 

L-(+)-Rhamnose 

monohydrate 
Honeywell Fluka, Charlotte, USA 83650 BCBC6943 

L-Iduronic acid Carbosynth Ltd., Compton, England MI08102 MI081021201 

L-Mannuronic acid Carbosynth Ltd., Compton, England MM00711  

N-Acetyl-D-(+)-

glucosamine 

Carl-Roth GmbH & Co. KG, Karlsruhe 

Germany 
8993 490162510 

N-Acetyl-D-galactosamine Sigma-Aldrich, Deisenhofen, Germany A2795 BCBC7483V 

 

2.1.10. Media and Buffer 

All growth media were sterilized by autoclaving at 121 °C for 20 min. To prevent maillard 

reactions, sugars and other media compounds were sterilized separately. Temperature instable or 

labile compounds and trace element solution were filter-sterilized and added after temperature 

treatment. To prepare agar plates, 1.5 % (w/v) agar was added to liquid media prior to autoclaving. 

LB medium 

10 g/L tryptone, 5 g/L yeast extract, 10 g/L sodium chloride. 

YPD medium 

10 g/L yeast extract, 20 g/L peptone, 20 g/L dextrose. To make 100 mL YPD: 50 mL 2X YP, 4 

mL 50 % (w/v) dextrose, and filled up with sterile water. 
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Medium 1 (Nutrient rich, NR) 

5 g/L peptone and 3 g/L meat extract. 

 

Buffered complex medium 

Buffered complex medium was either prepared with glycerol (BMGY) or glucose 

(BMGlc).  Clarifying nomenclature, the abbreviation is often followed by the respective 

concentrations of the C source. The buffered complex medium was prepared for shake flask with 

10 g/L yeast extract, 20 g/L peptone, 13.4 g/L yeast nitrogen base, 4 x 10-4 g/L biotin, and dextrose 

or glycerol from stock solutions (Table 10). The pre-culture (from stock solutions) and the 

medium for the DASGIP fermentations were prepared as described in Table 11 and Table 12.  

 

Table 11: Stock solutions for buffered complex medium preparation. 

Solution Composition 

2x YP 20 g/L yeast extract, 40 g/L peptone dissolved in water 

10x YNB 

13.4 % (w/v) yeast nitrogen base with ammonium sulfate without amino acids 

100 g/L ammonium sulfate, 34 g/L yeast nitrogen base 

The solution was heated to dissolve completely in water, filter sterilized (0.2 

µm filter) and stored at 4 °C. 

500x B 
0.02 % (w/v) biotin 

The solution was filter sterilized (0.2 µm filter) and stored at 4 °C. 

50% (w/v) Dextrose/Glycerol 500 g/L D-glucose or glycerol dissolved in water 

 

 

Table 12: P. pastoris DASGIP fermentation pre-culture medium preparation. 

Stock Final conc. For 250 mL  

2xYP 
1 % (w/v) yeast extract 

125 mL 
2 % (w/v) peptone 

10x YNB 1.34 % (w/v) YNB 25 mL 

500x B 4 x 10-5 % (w/v) biotin 0.5 mL 

50x Glycerol 1 % (w/v) glycerol 5 mL 

ddH2O  - 94.5 mL 
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Table 13: P. pastoris DASGIP fermentation BMGY medium preparation. 

Component Final conc. For 4x 450 mL  

Pepton 2 % (w/v) peptone 40 g  

Yeast extract 1 % (w/v) yeast extract 20 g 

Glycerol 4 % (w/v) glycerol 80 g 

ddH2O  - fill to 1816.4 mL 

10x YNB 1.34 % (w/v) YNB 45 mL to each vessel 

500x B 4 x 10-5 % (w/v) biotin 

0.9 mL to each 

vessel 

 

Pichia trace salt solution 

The Pichia trace salt solution (PTM) was composed of 8.0 mg/L CuSO4·5H2O, 1.2 mg/L 

KI, 28.0 mg/L MnSO4·H2O, 5.2 mg/L Na2MoO4·2H2O, 8.0 mg/L H3BO3, 44.0 mg/L 

ZnSO4·7H2O, 75.0 mg/L FeCl3·6H2O, 8.0 mg/L CoCl2·6H2O and 1.74 mg/L biotin. 1 L stock 

solution was prepared as stock of which 50 mL were sterile filtered (0.2 µm) when needed. 

D’Anjou medium 

The D’Anjou medium was composed of 20.0 g/L (NH4)2SO4, 12 g/L KH2PO4, 0.36 g/L 

CaCl2·2H2O, 4.7 g/L MgSO4·7H2O, and 40 g/L glycerol. 2 mL sterile PTM solution was added 

after autoclaving. 

Minimal salt medium  

The MSM medium was composed of 18.84 g/L (NH4)2SO4, 5.62 g/L KH2PO4, 0.11 g/L 

CaCl2·2H2O, 1.18 g/L MgSO4·7H2O, and 40 g/L glycerol. 2 mL sterile PTM solution was added 

after autoclaving. 

Ammonium-acetate buffer pH 5.6 

572 µL acetic acid (MS-grade) was added in 1,900 mL ddH2O in a 2 L volumetric flask. 

Then the pH was adjusted to 5.6 with ammonia solution (three drops of 32 % (v/v) solution and 

then with 3.2 % (v/v) solution) and filled up. Finally, the buffer was filtered with a 0.2 µm 

regenerated cellulose filter membrane. The buffer is only stable for one week. 
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Eluent A 

1,700 mL ammonium-acetate buffer (pH 5.6) was added to 300 mL acetonitrile. The eluent 

is only stable for two weeks. 

 

3. Methods 

The methods were taken from the standard operating procedures of the Chair of Chemistry of 

Biogenic Resources (TUM Campus Straubing).  

3.1. Microbiological methods 

3.1.1. Cryo-conservation 

Cryo-cultures were prepared by mixing 250 µL liquid culture with a sterile 50 % (v/v) 

glycerol solution to a final glycerol concentration of 25 % (v/v) and stored at -80 °C. 

3.1.2. Strain cultivation 

Microbial suspensions cryo-tubes were thawed in hand. Then, an inoculation loop was 

used to spread them on corresponding agar plates following the T-streak method and incubated 

over night at 37 °C for bacteria and over two nights at 30 °C for yeast, followed by 48 h at 4 °C. 

Liquid cultures were inoculated with single colonies from the incubated agar plates.  

3.1.3. Organism growth tests 

E. coli, C. necator, S. cerevisiae, P. pastoris, and Y. lipolytica were screened for growth 

in different hydrolysate concentrations diluted with water or in complex medium as similarly done 

by Ong et al.28. Briefly, 5 mL pre-cultures of NR medium for bacteria or YPD medium for yeast 

were cultivated for 48 h, transferring 10 % into a fresh tube twice. 2 μL of exponentially growing 

culture was inoculated in 96-well microtiter plates containing 198 μL of supplemented medium 

or hydrolysate. The 200 µL cultures were grown in each of the following supplemented 

hydrolysates: 2 % Glc and 0.9 % NaCl in 5 % - 90 % hydrolysate corrected for growth in only 

water or in YPD/NR with 2 % Glc and 0.9 % NaCl in up to 75 % hydrolysate. The MTP plates 

were shaken for one min with 900 rpm then incubated at 30 °C for 24 h and read every 15 min 

using a Tecan Infinite M200 multimode plate reader. 
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3.1.4. Shake flask experiments 

P. pastoris cultivation was done in 50 mL unbaffled shake flasks, starting with 10 mL pre-

culture of BMGY 0.4 % for 48 h at 30 °C and 150 rpm inoculated from an agar plate. Then 10 

mL BMGY/BMGlc or hydrolysate with 2 % glycerol or glucose were inoculated with 1 mL of 

the pre-culture and again incubated for 48 h at 30 °C and 150 rpm. 

3.1.5. Batch and fed-batch fermentations 

All fermentations were conducted in 1 L DASGIP bioreactors (Eppendorf, Germany) with 

initial volume of 500 mL BMGY 4 % or MSM (4 % GY) and at 30 °C. For pulsed batch, 25 mL 

of 50 % (w/v) glycerol was injected once after 12 h with a syringe into the sample port and flushed 

once with sterile air. Fed batch fermentations were continuously fed with a total amount of 200 g 

of 50 % (w/v) glycerol depending on the strategy. The stirrer was equipped with a 6-plate-rushton 

impeller placed 2.5 cm from the bottom of the shaft stirring with an initial rate of 400 rpm and 

maximum stirring rates were 1200 rpm. For optimized fermentations, the maximum stirring was 

reduced to 900 rpm. Batch and pulsed batch fermentations were performed with an aeration of 

0.2 – 0.5 vvm. Optimized fed batch fermentations were performed with 0.5 – 1.2 vvm. Agitation 

and aeration were automatically adjusted to maintain the level of dissolved oxygen over 30 %. 

The pH was maintained at 5.0 and automatically adjusted with 20 % (v/v) NH4OH (directly into 

the broth) or with 7 % (v/v) H2SO4 as required. Foam control was done using 1 % (v/v) antifoam 

B (Merk, Germany). For monitoring process parameters, the reactors were equipped with probes 

for pH and dissolved oxygen. 3 mL samples were drawn every 3 – 5 h. Cell growth was 

determined as OD600; cell dry weight was determined by centrifuging 1 mL cell culture broth at 

500 x g for 10 min and drying the cell pellet over night at 105 °C. The supernatant was analyzed 

for glycerol by HPLC-RID after 1:10 dilution in 2.5 mM H2SO4 and filtration (0.2 µm, PVDF) 

and later for phytase activity as well. The OD, DCW, and phytase activity values in the fed batch 

fermentations were normalized to the starting volumes. 

 

Scripts 

Antifoam script: 

p.FCSP = 0 

if p.LvlPV >50 

    p.FCSP = 30 

    end if 
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Exponential feed script using µmax = 0.3 

 

p.FDSP = 0 

if p.VDPV < 200 and p.DOPV > 30  

   p.FDSP = 0.0456*EXP(0.3*p.InoculationTime_H)  

   else p.FDSP = 0 

    end if 

 

Feeding strategies & process evaluation 

In order to evaluate the fermentations, a feeding strategy was developed along with an 

exponential feed and several key parameters for growth and product kinetics were calculated. The 

substrate utilization rate 𝑞𝑠 was calculated using Eq. (1). 

𝑞𝑠 =
(𝑠𝑛− 𝑠𝑛−1

)

(𝑥𝑛− 𝑥𝑛−1
)∗(𝑡𝑛− 𝑡𝑛−1

)
      (1) 

where s is substrate concentration, x is biomass concentration and t fermentation time. The 

specific growth rate µ (t) was calculated using Eq. (2) and the activity formation rate qA/x was 

calculated using Eq. (3).  

µ  (t) =
ln(𝑥) − ln(𝑥𝑜)

(𝑡 − 𝑡𝑜
)

      (2) 

𝑞𝐴/𝑥 =
(𝐴𝑛− 𝐴𝑛−1

)

(𝑥𝑛− 𝑥𝑛−1
)∗(𝑡𝑛− 𝑡𝑛−1

)
     (3) 

where A is the activity in Units per mL. Further, the specific productivity as relationship between 

product formation and specific growth rate 𝑞𝐴(µ) was calculated using Eq. (4). 

𝑞𝐴 
(µ) = µ ∗  𝑞𝐴/𝑥 

      (4) 

Two substrate feeding strategies, standard exponential feed and DO-stat feed were carried 

out in fed-batch fermentation. 200 g of glycerol as carbon source was additionally added for all 

fermentations. For the exponential feed, the medium feed profiles were calculated according to 

Eq. (5). 

𝐹 (𝑡) = 𝐹𝑜 ∗ 𝑒µ ∗ 𝑡        (5) 

where Fo is the initial feed rate, which can be calculated using Eq. (6). 

𝐹𝑜 = (
µ

Y
x/s,,max

+ 𝑚𝑠) ∗  
𝑉

𝑜
 ∗  𝑥

𝑜
𝑊

𝑖𝑛

     (6) 
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where Y x/s,max is the maximum yield (biomass/substrate), ms is the specific maintenance rate, Vo 

is the initial working volume, and win is the mass fraction of substrate in the feed solution. 

Finally, the space-time yield (STY) was calculated using Eq. (7). 

𝑆𝑇𝑌 =
𝐴𝑛
𝑡𝑛 

        (7) 

 

3.2. Biomass processing methods 

3.2.1. Sequential extraction & mass balance  

10 g of biomass were weighed into 500 mL centrifugation buckets. 200 mL of 50 mM 

sodium phosphate buffer pH 7.0 was added. The samples were mixed and disrupted for 15 min in 

a sonication water bath with ice and then mixed again. Then, the samples were centrifuged for 20 

min at 10,000 x g at 4 °C. The supernatant was collected in a Schott bottle and the residual biomass 

was dried. Next, 200 mL of methanol were added to the residual biomass. The residual biomass 

was sonicated again in the water bath for 20 min and again centrifuged for 20 min at 15,000 x g 

at 4 °C. The supernatant was again collected in a Schott bottle and the residual biomass was dried 

again. The double extracted residual biomass was used for enzymatic treatment. After enzymatic 

hydrolysis, the residual biomass was dried again. Residual biomasses were dried over night at 65 

°C in the oven and the mass determined gravimetrically. The methanol extract was dried with a 

vacuum evaporator and the residual mass also determined gravimetrically. The sequential 

extractions of 10 g biomass were done in triplicates. The hydrolysate was produced from pooled 

residue and masses extrapolated to the 10 g starting material. 

3.2.2. Hydrolysate production 

Hydrolysate production for fermentations with P. pastoris was done in shake flasks. 5 % 

(w/v) of dry crude biomass or dry extracted biomass was suspended in 50 mM citrate buffer pH 

4.5. The biomass slurry was pre-treated at 80 °C for one hour in the oven. After cooling down, 

0.05 % (v/v) DISTILLASE® CS and Viscozyme® L were added for saccharification for 24 h at 

50 °C shaking at 150 rpm. After allowing to cool again, 0.05 % (v/v) FERMGEN™ was added 

for solubilization over another 36 h at 30 °C shaking at 150 rpm. Subsequently, the treatment was 

ended by heating at 90 °C for 30 min in a pre-heated oven. The biomass slurry was then 

centrifuged with 15,000 x g for 20 min at RT. The supernatant was sterile filtered (0.2 µm) into a 

sterile flask and kept at 4 °C until further use. 
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3.3. Analytical methods 

The employed analytical methods for biomass composition were laboratory analytical 

procedures (LAPs), standard algal biomass analytical methods provided by the National 

Renewable Energy Laboratory (NREL). 

3.3.1. Biomass pre-treatment  

Prior to running any procedures, the biomass of the investigated strains was milled in a ball 

mill (MM 400, Retsch GmbH, Haan) for 1 min at a frequency of 30 Hz using a zirconium oxide 

coated 35 mL jar and a single bead. 

3.3.2. Total solids & ash 

For the determination of total solids and ash content in the biomass, the NREL LAP was 

followed. Crucibles were pre-conditioned at 575 °C to remove contaminates, before they were 

weighed out and 100 mg of biomass was weighed into the pre-weighed crucibles. The samples 

were then placed into a vacuum oven (Binder, VDL 53) at 40 °C and dried under vacuum 

overnight. After cooling to room temperature in a desiccator, samples were weighed again. The 

crucibles were then placed back in the desiccator. 

The same samples that were used for total solids determination were used for ash 

determination. The biomass samples were ashed in a muffle furnace (Linn High Term GmbH, 

LM-312.27) with controller (Gefran, 880P) running the following ramping program: RT to 105, 

hold at 105 for 5 min. 150 to 250 at 10°C min-1. Hold 250 for 30 min. Ramp to 575 at 20°C min-

1. Hold for 180 min. Drop to 105 till sample removal. Samples allowed to cool to RT in desiccator 

prior weighing. 

3.3.3. Total starch content  

Starch content in the biomass was determined using the Megazyme Total Starch Assay 

AOAC Official Method 996.11. In brief, 100 mg of biomass (based on starch content to be close 

to control), as well as 10 mg of starch as control was weighed into 15 mL falcon tubes. 200 µL of 

an aq. 80 % (v/v) ethanol solution was added to each sample. Immediately, 3.0 mL of 

thermostable α-amylase (100 U/mL in 100 mM sodium acetate buffer with 5 mM CaCl, pH 5.0) 

was added and mixed. The samples were then incubated in a boiling water bath (100 °C) on a hot 

plate for 12 min. Every 4 min, the samples were taken out and vortexed. After cooling to around 

50 °C, 100 µL of amyloglycosidase (200 U/mL) was added to each sample. The tubes were 

vortexed and incubated at 50 °C for 30 min. Then, the volume was adjusted to 10.0 mL with 

deionized water, followed by centrifugation with 3,000 x g for 10 min at RT. 100 µL aliquots of 
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the supernatant was transferred into 15 mL glass tubes. 3.0 mL of 20:1 in deionized water diluted 

GOPOD reagent (p-hydroxybenzoic acid and sodium azide 0.095% w/v, pH 7.4) containing 

glucose oxidase and 4-aminoantipyrine was added. The samples were then again incubated for 

color formation at 50 °C in a water bath for 20 min. Lastly, 200 µL of each sample was transferred 

into a microtiter plate and the absorbance was read at 510 nm. The starch content in percent of 

biomass was calculated based on the absorbance of the glucose standard and corrected for 

hydration. 

𝑆𝑡𝑎𝑟𝑐ℎ, % =  ΔA ∗ F ∗ FV ∗ 
𝐹𝑉

0.1
∗ 

1

1000
∗  

100

𝑊
∗  

162

180
             (8) 

ΔA = absorbance (reaction) read against the reagent blank 20:1 diluted GOPOD reagent.  

F = 
100 (μg of D−glucose)

absorbance for 100 μg of glucose 
 (conversion from absorbance to μg) 

FV = final volume (10 mL) 

0.1 = volume of sample analyzed 

1

1000
 = conversion from µg to mg 

100

𝑊
 = factor to express starch as percentage of biomass 

W = weight of biomass (mg) 

162

180
 = adjustment from free glucose to anhydro glucose in starch 

3.3.4. Protein Content 

Protein content of cyanobacterial biomass was determined based on a conversion factor 

from elemental nitrogen to protein. The freeze-dried biomass was analyzed by elementary 

analysis (Euro EA 3000, EuroVector) for its nitrogen content. 1-3 mg of biomass was loaded 

into tin containers for carbon, nitrogen, sulfur, and hydrogen determination. The crude protein 

content was determined by a nitrogen-to-protein conversion factor of 4.78. 

A modified Bradford assay based on Coomassie Brilliant Blue-G250 was used to 

measure the protein concentration of fermentation broth samples. Standard calibration was 

performed with 20 – 100 µg/mL bovine serum albumin. 50 µL standard or sample (n = 3) was 

mixed with 200 µL color reagent (5+2) in each well of a 96-well plate. The absorbance at 595 

nm was measured after 15 min incubation at room temperature. 
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3.3.5. Total lipids as FAMEs 

Lipids were determined as fatty acid methyl esters (FAMEs) and GC-MS slightly 

modified to as described by the NREL LAP. In short, 10 mg of dry biomass was weighed into 

pre-weighed 1.5 mL crimp cap glass vials. 25 µL of dodecane as internal standard, 200 µL of 

chloroform:methanol (2:1 v/v), and 300 µL 0.6 M HCl:methanol was added and the vials were 

quickly closed. All solutions were kept on ice. The vials were then placed on an 85 °C pre-heated 

metal heating block (StarFish, Heidolph Inst.). After one hour, the vials were removed and 

allowed to cool to room temperature. Then, the vials were briefly opened, and 1 mL of hexane 

was added to each vial and quickly closed again. After mixing well, the phases were allowed to 

separate for two hours. 200 µL of the upper phase were then transferred into pre-labeled GC micro 

vials and placed in the autosampler. A FAME standard dilution serious was prepared from a 1 

mg/mL even carbon FAME standard (49454-U, Sigma) in GC micro vials with internal standard 

by adding 100 µL standard dilution and 100 µL of the internal standard solution. The GC-MS 

was carried out using a Rxi®-5Sil-MS column (30 m by 0.53 mm, 20 µm film, Restek) on a 

TRACETM GC Ultra gas chromatograph (Thermo Scientific) with a Quadrupole detector. 1 µL of 

the sample was injected with a split 1:20 and separated on the column (inlet and detector 250°C, 

50°C/hold 3 min, 45°C min -1 to 220 °C/hold 2 min, 45 °C min-1 to 280 °C/hold 2 min, 60 °C min-

1 to 330 °C/hold 1.5 min). The transfer line and ion source were 250 °C and MS start time was 

4.0 min. 

 

Table 14: Oven ramp for analyte separation. 

Ramp °C / min Temp.Final °C) TimeHold (min) 

Start - 50 °C 3.5 min 

1 45 °C 220 °C 2 min 

2 45 °C 280 °C 2 min 

3 60 °C 330 °C 1.5 min 

 

Table 15: MS operational parameters for the analysis of FAMEs. 

Parameter Setting 

Scan mode TIC (5 scans/s) 

Scan start 50 m/z 

Scan stop 650 m/z 

Injector temp. 250 °C (PTV) 

Injection vol. 1 µL 

Liner Skyliner 

Split 1:20 

Transfer line temp. 250 °C 

Ion source temp. 250 °C 

Ionization energy 70 eV 

Start time 4 min 
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3.3.6. HT-PMP-method 

Chemical hydrolysis 

Total carbohydrates and monosaccharide profiles were determined by the HT-PMP 

method for carbohydrate analysis by UHPLC-UV-ESI-MS/MS applied to algal biomass. The 

analytical chemical hydrolysis was performed by adding 6 mL of 2 M TFA to 12 mg of biomass 

in 25 mL glass tubes. The tubes were incubated in a heating block (VLM GmbH, EC-Model) for 

90 min - 120 min at 121 °C. The hydrolysis was stopped by transferring the samples to ice and 

adjusting the pH to 8 by adding an aqueous solution of 3.2 % (v/v) NH4OH. The dilution factor 

was determined prior in 1.5 mL reaction tubes using the indicator phenol red. 

Enzymatic hydrolysis 

Enzymatic saccharification screening was performed by weighing in 25 mg of biomass in 

1.5 mL Eppendorf tubes. 50 mM ammonium acetate buffer pH 4.5 with 0.02 % (w/v) sodium 

azide was added to the samples. Enzymes were added from 0.025 % (v/v) - 0.5 % (v/v) for 

determination of enzyme suitability to a total of 1.0 mL reaction volume. The tubes were 

incubated in a heating block for 24 h at 50 °C shaking 300 rpm. The hydrolysis was stopped by 

incubating at 95 °C for 10 min. After allowing the samples to cool down, they were centrifuged 

for 10 min with 21,000 x g at room temperature (RT). The supernatants were then collected in 

fresh tubes and the saccharide concentration was brought into calibration range by diluting with 

a matrix solution of 0.8 M TFA and subsequently adjusting the pH to 8 with 3.2 % (v/v) NH4OH 

for derivatization.  

Enzymatic solubilization of cyanobacterial biomass was performed by proteolytic 

hydrolysis with FERMGEN™. For the screening, 50 mM citrate buffer pH 4.5 with 0.02 % (w/v) 

sodium azide was added to 25 mg of biomass in pre-weighed 1.5 mL reaction tubes. Different 

enzyme concentrations 0.025 % (v/v) – 0.5 % (v/v) were added to a total of 1.0 mL reaction 

volume. The tubes were incubated at 30 °C for varying times with mixing at 150 rpm. After the 

hydrolysis, the samples were centrifuged for 10 min with 21,000 x g at RT. The supernatants were 

collected in fresh tubes, and the pellets were dried in an oven at 105°C overnight. The dry weights 

of the residual biomass were determined gravimetrically and the solubilisation by subtracting the 

residual dry weight from the starting material. 
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HT-PMP-derivatization 

75 µL of derivatization reagent (0.1 M methanolic-PMP-solution: 0.4 % ammonium 

hydroxide solution 2:1) were added to 25 µL of sample in a 96-well-PCR-plate. The plate was 

sealed with a TPE cap mat, mixed well, and centrifuged at 2,000 × g for 2 min at 20 °C. After 

incubation (100 min at 70 °C) in a PCR-cycler and a following automated cool down to 20 °C, an 

aliquot of 20 µL was transferred to a fresh 96-well MTP and mixed with 130 µL of 19.23 mM 

acetic acid. The samples were then transferred into a 96-well filter plate and centrifuged at 2,500 

× g for 5 min at 20 °C. Finally, the plate was sealed with a 96-well silicon cap mat.  

For additional saccharides eluting prior to the regular cut-off of the MS at 3 min run time 

as described in the next section, PMP was extracted from samples before HPLC-MS analysis. For 

these samples, the derivatization was done in 1.5 mL Eppendorf tubes in a water bath (100 min 

at 70 °C). After the derivatization, 650 µL of 19.23 mM acetic acid was added. After mixing the 

diluted samples, excess PMP was extracted with 500 µL of chloroform (three times). The samples 

were then filtered through a syringe filter (0.2 µm cellulose) into 1.5 mL glass vials and capped 

for analysis. 

 

HPLC analysis of monosaccharide-PMP-derivatives 

The HPLC system was composed of a degasser, a pump module, an autosampler, a 

column compartment, a diode array detector, and an ESI-ion-trap unit. The column (Gravity C18, 

100 mm length, 2 mm i.d.; 1.8 µm particle size; Macherey-Nagel) was tempered to 50 °C. Mobile 

phase A consisted of 5 mM ammonium acetate buffer (pH 5.6) with 15 % acetonitrile and a 

chromatographic flow rate of 0.6 mL/min. The gradient (mobile phase B containing pure 

acetonitrile) was programmed as following: start of mobile phase B at 1 %, with increase to 5 % 

over 5 min, hold for 2 min, with following increase to 18 % over 1 min. The gradient was further 

increased to 40 % over 0.3 min, hold for 2 min and returned within 0.2 min to starting conditions 

for 1.5 min. The first 3 min of chromatographic flow were refused by a switch valve behind the 

UV-detector (245 nm). Before entering ESI-MS the flow was splitted 1:20 (Accurate-Post-

Column-Splitter, Dionex). Temperature of the autosampler was set to 20 °C and an injection 

volume of 10 µL was used. 
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Table 16: HPLC-MS gradient for separation of PMP sugar derivates by using a gradient of 

mobile phase A (85 % 5 mM ammonium acetate, pH 5.6 with 15 % acetonitrile) and mobile 

phase B (pure acetonitrile). Changes between points are linear. 

 

 

 

 

 

ESI-ion-trap parameter 

The ion-trap was operated in the ultra-scan mode (26,000 m/z s-1) from 50 to 1,000 m/z. 

The ICC target was set to 200,000 with a maximum accumulation time of 50 ms and four 

averages. The ion source parameters were set as following: capillary voltage 4 kV, dry 

temperature 325 °C, nebulizer pressure 40 psi and dry gas flow 6 L/min. Auto-MS-mode with the 

smart target mass of 600 m/z and a MS/MS fragmentation amplitude of 0.5 V was used. The 

quantification was performed by using the extracted ion chromatograms (EIC) of the m/z value 

corresponding to the protonated molecules. 

 

Table 17: ESI-MS operational parameters for the HT-PMP method. 

Parameter Setting 

Scan mode ultra (26000 m/z s-1) 

Scan start 50 m/z 

Scan stop 1000 m/z 

ICC target 200000 

ICC max. accumulation time 50 ms 

ICC number of averages 4 

Ion source capillary voltage 4 kV 

Ion source dry temperature 325 °C 

Ion source nebulizer pressure 2.76 bar 

Ion source dry gas flow 6 L/min 

MS mode Auto 

Auto MS smart target 600 m/z 

MS/MS fragmentation amplitude 0.5 V 

 

 

Time [min] Eluent A [%] Eluent B [%] 

0 99 1 

5 95 5 

7 95 5 

8 82 18 

8,3 60 40 

10,3 60 40 

10,5 99 1 

12 99 1 
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3.3.7. Pigments and phycobiliproteins 

Pigments and phycobiliproteins were quantified as described by Meixner et al28. 20 mg of 

biomass was weighed into 15 mL falcon tubes. For the extraction of chlorophyll a and carotenoids, 

5 mL of 90 % (v/v) acetone and for phycobiliproteins 5 mL of 50 mM sodium acetate was added. 

The samples were vortexed and subsequently incubated for 24 h extraction at 4 °C in the dark. 

The samples were vortexed several times in between. After extraction, solids were separated by 

centrifugation for 10 min with 2,000 x g at room temperature. 200 µL of the supernatants were 

then transferred into a quartz microtiter plate in triplicates for absorbance measurements. λ = 647 

nm and λ = 664nm (chlorophylls), λ = 480 nm (carotenoids), λ = 615 nm (c-phycocyanin), λ = 

652 nm (allophycocyanin), λ = 562 nm (phycoerythrin). Subsequently, pigment concentrations 

were calculated based on the equations provided in the supporting information (annex 3) and 

reported as milligrams per gram biomass. 

 

Calculation of the chlorophylla concentration using absorption values of λ = 647 nm and λ = 664 

nm 

 chlorophylla [µ𝑔/𝑚𝑙] = −1.79 ∗ A647 + 11.87 * A664    (9) 

Calculation of the chlorophyllb concentration using absorption values of λ = 647 nm and λ = 664 

nm 

 chlorophyllb [µ𝑔/𝑚𝑙] = 18.98 ∗ A647 - 4.90 * A664        (10) 

 

Calculation of the total carotenoid concentration using absorption values of λ = 480 nm  

 total tarotenoids [µ𝑔/𝑚𝑙] = 4* A480          (11) 

Calculation of the C-phycocyanin concentration using absorption values of λ = 615 nm, λ = 652 

nm & λ = 730 nm 

 c – phycocyanin (PC) [µ𝑔/𝑚𝑙] =
A615 − A730− 0.474 * (A652 - A730)

5.34
       (12) 

Calculation of the allophycocyanin concentration using absorption values of λ = 615 nm, λ = 652 

nm & λ = 730 nm 

 allophycocyanin (APC) [µ𝑔/𝑚𝑙] =
A652− A730− 0.2087 * (A615 - A730)

5.09
      (13) 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/carotenoid
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/allophycocyanin
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Calculation of the phycoerythrin concentration using absorption values of λ = 562 nm & λ = 730 

nm 

 phycoerythrin (PE) [µ𝑔/𝑚𝑙] =
A562 − A730− (2.41 * PC) - (0.849 * APC)

9,62
      (14) 

Calculation of total phycobiliproteins 

 total phycobiliproteins = PC + PE + APC         (15) 

 

3.3.8. Glucose assay  

50 µL of sample or standard solution were placed in a 96-well plate. Reaction was started 

by adding 50 µL of assay mixture (40 mM potassium phosphate buffer (pH 6.0), 1.5 mM ABTS, 

0.4 U glucose oxidase and 0.02 U horseradish peroxidase). The plate was sealed with a 96-well 

silicon cap mat. After incubation on a microplate shaker at 400 rpm for 30 min at 30 °C the 

resulting extinction was measured at 418 nm. The absorption at 480 nm was subtracted to 

eliminate background signals in the UV. The calibration curve was compiled with eight points in 

the range of 2.5 to 500 µM (n = 3) of glucose. 

 

Reaction Scheme 

 D-Glucose oxidase catalyzes the oxidation of D-glucose using molecular oxygen to D-

(+)-glucono-1,5-lactone, and hydrogen peroxide (reaction 1). Then, the oxidation of reduced 

ABTS with hydrogen peroxide to reduced ABTS and water is catalyzed by horseradish peroxidase 

(reaction 2). Oxidized ABTS can be determined photometrically at 418 nm.  

2 D-glucose + O2 → 2 D-glucono-1,5-lactone + 2 H2O2       (16) 

H2O2 + 2 ABTSred. → 2 H2O + 2 ABTSox.   (17) 

3.3.9. Glycerol  

Glycerol from culture supernatants was quantified using ion exclusion chromatography 

(IEC). Samples were diluted 1:10 with 2.5 mM sulfuric acid and filtered through 0.2 µm PVDF 

filters. The HPLC system (Dionex Corp., USA) was coupled with a refractive index detector (RI 

101, Shodex, Tokyo, Japan) and equipped with an Rezex ion exclusion column (Rezex ROA-

Organic Acid H+ (8%); 300 x 7.8 mm; Phenomenex Deutschland Ltd.). The column oven 

temperature was set to 70 °C, and 2.5 mM sulfuric acid was used for isocratic elution at a flow 

rate of 0.5 mL/min.  
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3.3.10. Gel electrophoresis 

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) was performed 

for protein separation as described by Ausubel et al. [21] with modifications. To prepare 

polyacrylamide gels, the Mini/PROTEAN® Tetra Cell Casting Stand and Clamps (Bio-Rad 

Laboratories GmbH, München, Germany) were used. For 2 gels, a separating gel was prepared 

according, the solution was swirled gently, immediately used to load the chambers and covered 

with water. After polymerization, the water layer was removed, the stacking gel layer added, and 

the desired comb inserted. After polymerization (RT, 60 min), the gels were stored wrapped in 

wet paper towels until use at 4 °C. To analyze a protein sample, it was mixed with 5X loading 

buffer (50 % (v/v) glycerol, 12.5 % (v/v) β-mercaptoethanol, 7.5 % (w/v) SDS, 0.25 g/l 

bromphenol blue) and heated (95 °C, 10 min). The sample was loaded to the SDS-PAGE, 1X 

SDS electrophoresis buffer (0.1 % (w/v) SDS, 25 mM Tris, 192 mM glycine) was added to the 

Mini-PROTEAN® Tetra Vertical Electrophoresis Cell and the gel was run for about 45 min with 

40 mA for each gel. Protein size was determined using the PageRuler Prestained Protein Ladder 

(#26616, Thermo Fisher Scientific, Waltham, MA, USA). After the electrophoretic run, the gel 

was washed with water, stained using a coomassie-staining solution (0.2 % (w/v) coomassie 

brilliant blue G250 and R250, 50 % (v/v) ethanol, 10 % (v/v) acetic acid, filtered and stored 

protected from light) and discolored using water. 

Table 18: Preparation of SDS-PAGE gels. 

    

3.3.11. Phytase activity assay 

The phytase activity in the P. pastoris culture supernatants was determined by assessing 

the free phosphate released from phytate using ammonium molybdate as the coloring agent to 

perform colorimetric quantification as per the protocol of Bae et al and adapted for 96-well-plate 

applications39. 100 µL of supernatant was subjected to gel-filtration chromatography to purify the 

secreted protein from smaller molecules such as free phosphate. 96-Well SpinColumns (Harvard 

Apparatus, Holliston, MA USA) were used as described by the manufacturer. 13.5 μL of filtrate 

was diluted using water and transferred into a 96-well assay plate. 53.5 μL freshly prepared 1.5 

M phytate substrate in 0.1 M sodium acetate solution was added to each well and the plate was 

incubated (37 °C, 30 min). To terminate the reaction, 66.6 μL 5 % (w/v) TCA solution as well as 

Solution Separating gel Stacking gel Composition 

Acrylamide (Conc.) 4 mL 0.83 mL 30 % (v/v) acrylamide / 0.8 % (v/v) bisacrylamide 

ddH2O 3.29 mL 2.77 mL  
Separating gel buffer 4x 2.5 mL - 0.8 % (w/v) SDS, 1.5 M Tris/HCl, pH 8.8 using HCl 

Stacking gel buffer 4x - 1.25 mL 0.8 % (w/v) SDS, 0.5 M Tris/HCl, pH 6.8 using HCl 

APS 100 µL 50 µL 10 % (w/v) ammonium persulfate 

TEMED 10 µL 5 µL N,N,N′,N′-Tetramethylethylendiamine 
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66.6 μL coloring solution were added and absorbance was measured at 700 nm. Coloring solution 

was freshly prepared before use by mixing four volumes of 1.5 % (w/v) ammonium molybdate in 

5.5 % (v/v) sulfuric acid with one volume of 2.7 % (w/v) ferrous sulphate solution. One phytase 

unit was defined as the amount of enzyme that releases 1 micromole of inorganic phosphate per 

minute. In order to determine phytase units, samples had to be within a 0.8 - 5 mM calibration 

curve potassium phosphate. 

 

3.3.12. Optical Density 

Optical density (OD) of cell suspensions were measured with a photometer (Ultraspec 

10, Amersham Bioscience) in plastic cuvettes at 600 nm (volume 1 mL). The corresponding 

media were used for blank measurements. Samples with values higher than OD600 = 0.7 were 

diluted to minimize the measurement error. 

 

3.3.13. Dry cell weight 

For the determination of dry cell weight (DCW), 1 mL of the culture supernatant was 

added to pre-weighed Eppendorf tubes and centrifuged for 10 min at 500 x g and RT. The 

supernatant was collected in fresh tubes and the cell pellets were dried until constant mass at 105 

°C over night.  
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4. Results 

4.1. Towards a cyanobacterial biorefinery: Carbohydrate fingerprint, 

biocomposition and enzymatic hydrolysis of Nostoc biomass 

Authors: Korbinian Sinzinger, Doris Schieder, Broder Rühmann, and Volker Sieber 

This study explores the potential of Nostoc strains as biorefinery feedstock through a detailed 

analysis of their carbohydrate profiles, biochemical composition, and enzymatic hydrolysis 

efficiency. The saccharide profiles of seven Nostoc strains using the high-throughput pre-column 

derivatization method with 1-phenyl-3-methyl-5-pyrazolone (HT-PMP) were characterized. The 

analysis revealed the presence of various monosaccharides, including rare sugars, and indicated 

complex heteroglycan structures. Specifically, Nostoc sp. De1, Nostoc sp. Cc3, and Nostoc 

muscorum I were analyzed for their complete biochemical composition. Nostoc sp. De1, for 

instance, contained 4.8 % moisture, 6.7 % ash, 1.4 % starch, 2.7 % lipids, and 48.6 % protein. 

Enzymatic hydrolysis was conducted using several industrial enzymes (OPTIMASH™ BG, 

DISTILLASE® CS, and FERMGEN™). Saccharification yields were assessed after 24 hours at 

50°C, showing that Nostoc muscorum I had the highest yield at 0.38 g/g biomass. The saccharide 

yields per biomass after 24 and 48 h of hydrolysis at 60 °C, following an 8 h protease pre-

treatment at 30 °C, were also measured. For instance, after 48 h, the saccharification yield of 

Nostoc sp. De1 increased to 35 mg/g biomass. The study highlighted significant variability in 

enzyme efficiency due to the structural complexity of the heteroglycans. Nonetheless, Nostoc sp. 

De1 exhibited a remarkable solubilization rate, reaching up to 57 % biomass solubilization. This 

variability suggests the necessity for tailored enzymatic treatments to optimize saccharification 

yields across different strains. This research demonstrates the potential of Nostoc strains for 

biorefinery applications, despite the challenges posed by their complex carbohydrate structures.  

Korbinian Sinzinger designed and conducted all experiments, analyzed the data and wrote the 

original draft. Doris Schieder contributed to the conceptualization, reviewed, and edited the 

manuscript. Broder Rühmann contributed to the data analysis and reviewing and editing the 

manuscript. Volker Sieber contributed to reviewing and editing the manuscript. 

The supplemental information for this publication can be found in the appendix, section 6.1. 
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4.2. The Pichia pastoris enzyme production platform: From combinatorial library 

screening to bench-top fermentation on residual cyanobacterial biomass 

Authors: Korbinian Sinzinger, Ulrike Obst, Samed Güner, Manuel Döring, Magdalena Haslbeck, 

Doris Schieder, Volker Sieber; 

This manuscript outlines an innovative approach to enzyme production using the yeast 

Pichia pastoris. This study focuses on creating a sustainable biorefinery platform by utilizing 

cyanobacterial biomass as feedstock, which is an important step towards greener industrial 

processes. We developed a combinatorial library to facilitate the engineering of P. pastoris, 

screening for optimal conditions for enzyme production. In this manuscript, we focus on 

producing phytase, an enzyme of significant industrial relevance. The high-throughput screening 

of the combinatorial library allowed for the identification of genetic constructs that maximize 

enzyme expression and secretion. The study demonstrated successful fermentation using a 

hydrolysate from Nostoc sp. De1 cyanobacterial biomass. The engineered P. pastoris strains were 

tested in various cultivation conditions, including shake flask experiments and bench-top batch 

and fed-batch fermentations. The best-performing strain achieved a phytase activity exceeding 

7000 U/mL in fed-batch fermentation over three days. This high level of enzyme activity 

underscores the potential of utilizing this Pichia toolkit. Also, the cyanobacterial biomass proved 

itself as a viable and sustainable feedstock for industrial enzyme production. The results indicate 

that the engineered strains and optimized fermentation conditions can significantly enhance the 

efficiency of enzyme production.  

The study emphasizes the potential for cyanobacterial biomass to serve as a cost-effective 

and renewable feedstock, reducing the environmental impact of enzyme production processes. 

Overall, the research highlights the importance of integrating synthetic biology, microbiology, 

and bioprocess engineering to develop sustainable bioproduction platforms. This 

multidisciplinary approach can address global challenges related to sustainable industrial 

processes, offering promising solutions for the future. 

The two authors Korbinian Sinzinger and Ulrike Obst contributed equally to this 

publication. Ulrike Obst conducted all the experiments of molecular cloning, library assembly, 

and strain screening. Korbinian Sinzinger designed and conducted all experiments of hydrolytic 

enzyme screening, growth screening and fermentations in shake flasks and bench-top reactors. 

Both authors wrote the original draft. Samed Güner, Manuel Döring, and Magdalena Haslbeck 

contributed to different experiments and conceptualization. Doris Schieder contributed to the 

conceptualization, reviewed, and edited the manuscript. Volker Sieber contributed to reviewing 

and editing the manuscript. 
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The supplemental information for this publication can be found in the appendix, section 6.2 

 

  



73 

  



 
 

74 

 

 

 

 

 

The Pichia pastoris enzyme production platform: From combinatorial library 

screening to bench-top fermentation on residual cyanobacterial biomass 

 

Korbinian Sinzinger, Ulrike Obst, Samed Güner, Manuel Döring, Magdalena Haslbeck, 

Doris Schieder, Volker Sieber 

 

 

 

 

 

Journal of Bioresources and Bioproducts 

2023 

 

 

 

 

 

 

 

 

 

 

Reproduced with permission 

https://doi.org/10.1016/j.jobab.2023.12.005 

  



75 



 
 

76 

 



77 



 
 

78 



79 

 



 
 

80 



81 

 



 
 

82 



83 



 
 

84 

 



85 



 
 

86 

 



87 



 
 

88 



89 

 

  



 
 

90 

4.3. Biorefinery concept for Cylindrospermum alatosporum CCALA 988 extracting 

multiple high-value compounds and residue utilization by P. pastoris 

fermentation producing phytase 

Authors: Korbinian Sinzinger, Sebastian Bieringer, Doris Schieder, Herbert Riepl, and Volker 

Sieber; 

The manuscript outlines a novel biorefinery concept for the cyanobacterium 

Cylindrospermum alatosporum CCALA 988, emphasizing the extraction of multiple high-value 

compounds and the utilization of residual biomass. The study reveals that the cyanobacterial 

biomass composition includes 52.4% protein, 8.7% structural saccharides, 4.1% lipids, and 2.4% 

starch. High-value compounds identified are cyclic lipopeptides (PUWs and MINs), 

phycobiliproteins, and pigments. A sequential extraction process was developed to maximize the 

recovery of these compounds. Initially, aqueous extraction is performed to avoid denaturation of 

proteins, followed by organic solvent extraction to recover additional amounts of CLPs and 

pigments. This process allows for the recovery of 56.2% of the biomass, leaving 43.8% as residue. 

The residual biomass is enzymatically hydrolyzed and used as a nutrient supplement for Pichia 

pastoris fermentation, which produces appA E. coli phytase. This approach achieved phytase 

levels comparable to those produced in rich complex media, demonstrating the potential for 

economic viability. The fermentation process utilized minimal salt medium and showed 

promising results, indicating that the residual biomass can be effectively valorized. Overall, the 

study provides a basis for the further development of this biorefinery concept, with the potential 

for scale-up and economic assessment. The utilization of C. alatosporum CCALA 988 biomass 

for producing multiple high-value products, coupled with the efficient use of residual biomass, 

supports the feasibility and economic potential of this biorefinery approach. 

Korbinian Sinzinger designed and conducted most experiments, analyzed the date and 

wrote the original draft. Sebastian Bieringer contributed to the analysis of the CLPs and writing 

this section in the original draft. Doris Schieder contributed to the conceptualization, reviewed, 

and edited the manuscript. Herbert Riepl contributed to reviewing and editing the manuscript. 

Volker Sieber contributed to reviewing and editing the manuscript. 

The supplemental information for this publication can be found in the appendix, section 6.3. 
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4.4. LCSA of the biorefinery concept for Cylindrospermum alatosporum CCALA 

988 extracting multiple high-value compounds and residue utilization by P. 

pastoris fermentation producing phytase 

Authors: Korbinian Sinzinger, Doris Schieder, and Volker Sieber; 

The manuscript presents a lifecycle sustainability assessment (LCSA) of a biorefinery 

concept for Cylindrospermum alatosporum CCALA 988, focusing on the extraction of high-value 

compounds and utilizing residual biomass for phytase production through Pichia pastoris 

fermentation. The biorefinery concept involves six subsystems: supply, production, product 

recovery, fermentation, extract purification, and enzyme purification. The assessment is based on 

data extrapolated to industrial scale, evaluating environmental, economic, and social impacts. The 

environmental analysis, modeled using the ReCiPe method, covers 16 impact categories, 

including climate change, acidification, and freshwater eutrophication. Citric acid, glycerol, and 

electricity are identified as the primary contributors to environmental impact, accounting for over 

50% of the total eco-points. The study suggests that switching to renewable energy and sourcing 

glycerol from biodiesel production could significantly improve sustainability. The economic 

analysis estimates total investment costs of approximately €4.74 million and annual operational 

costs of €1.62 million. A financial evaluation using the Net Present Value (NPV) method indicates 

that cumulative earnings of €18.66 million over five years would be required for a 10% return on 

investment. Sensitivity analysis reveals that investment costs have the greatest influence on 

economic feasibility. The manuscript concludes that the biorefinery concept is potentially 

economically viable but faces uncertainties related to market demand and product purity, 

particularly for cyclic lipopeptides and phycobiliproteins. Further research is recommended to 

validate the process and scale up production. 

Korbinian Sinzinger designed the work process, collected the assumption, synthesized 

the porcess, alyzed the date and wrote the original draft. Doris Schieder contributed to the 

conceptualization, reviewed, and edited the manuscript. Volker Sieber contributed to reviewing 

and editing the manuscript. 
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5. Discussion  

5.1. Evaluation of biomass 

Evaluating cyanobacterial biomass composition is a critical first step in developing a 

biorefinery concept 117,118. This thesis presents a detailed analysis of biomass composition for 

various Nostoc and Cylindrospermum strains, including quantifying proteins, lipids, saccharides, 

and high-value compounds like cyclic lipopeptides and phycobiliproteins. A key finding is the 

complexity and diversity of saccharides in the biomass, with many rare, substituted sugars 

identified that would be challenging to break down enzymatically. This underscores the need for 

careful carbohydrate profiling to determine the potential for utilization of structural 

polysaccharides. Enzymatic hydrolysis tests demonstrate the difficulty in achieving high yields 

of fermentable sugars from Nostoc and Cylindrospermum biomass using typical industrial 

enzyme cocktails. While yields up to 75 mg sugars/g biomass of mainly glucose and little 

galactose and mannose were obtained after additional protease pre-treatment, this was still only 

29-37 % of total sugars measured by chemical hydrolysis. Significant optimization of enzymatic 

treatment will be required to improve the utilization of cyanobacterial sugars. 

This thesis also highlights the known importance of a multi-product approach, with cyclic 

lipopeptides, phycobiliproteins, and pigments quantified as potential high-value coproducts. 

However, the concentrations reported, while significant, may not be sufficient to offset the high 

costs of microalgal cultivation and processing. The proposed sequential extraction and 

demonstration of phytase production from residual biomass provides a good starting point, but 

further techno-economic analysis is needed to assess the commercial potential. Extending the 

product portfolio beyond phytases to higher-value enzymes or optimizing cultivation and 

extraction to increase product yields could enhance economic feasibility.  

The detailed profiling provides critical insights into cyanobacterial composition and 

demonstrates the challenges in finding uses for all biomass components. A systematic biorefinery 

design approach accounting for mass flows, bioactive extraction, and optimized conversion of 

residuals is and will be essential to make such concepts economically viable 119. The research 

provides a strong foundation, but there are opportunities to expand the scope, improve material 

balances, and assess sustainability more holistically. 

5.2. Fermentative hydrolysate utilization 

The phytase production by Pichia pastoris fermentation of Nostoc hydrolysate demonstrates 

the potential utilization of cyanobacterial biomass residuals120. Using 20 % Nostoc hydrolysate as 

a supplement enabled phytase titers over 500 U/mL in bench-scale batch cultures, comparable to 
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rich YPD medium. This represents a promising proof-of-concept, indicating residual protein and 

sugars in the hydrolysate can support yeast growth and recombinant enzyme secretion.  

Several areas could benefit from further investigation to advance this approach. First, 

optimization of the hydrolysate production, as enzymatic sugar release was low and nitrogen 

solubilization was not quantified. Higher enzyme loadings or more active enzyme cocktails 

tailored to cyanobacteria cell walls may improve hydrolysate quality. Tracking overall mass 

balances and losses during hydrolysis will also help identify areas for improvement. Second, 

assessing hydrolysate suitability across various yeast and bacteria strains and products would 

provide more insight into its value as a generic supplement. Testing shake flask cultures cannot 

predict performance in controlled, high-density fermentations, so 10 -30 L reactor studies should 

be conducted. Third, developing a process model for cyanobacteria cultivation through 

hydrolysate preparation would enable techno-economic analysis. This could guide the selection 

of target products and process configurations to enhance economic feasibility. 

The fed-batch fermentation engineering provides a valuable framework for translation to 

industrial systems 121. The stepwise procedure from batch/pulsed batch characterization to 

optimized DO-stat feeding is a robust strategy for maximizing productivity. While specific 

conditions would need re-optimization (e. g. µmax, for different yeast strains and products, the 

general approach of correlating growth kinetics to feeding rate and modeling effects of oxygen 

limitation provides a blueprint. Integrating the hydrolysate utilization with high-density 

fermentation and purifying representative amounts of the product would be logical next steps 

toward commercial implementation122. 

Overall, the research makes excellent progress in demonstrating an integrated biorefinery 

concept from cyanobacteria cultivation to utilizing residuals. Additional work on hydrolysate 

optimization, broader testing across microorganism systems, quantitative process modeling, 

scale-up, and product purification/validation is recommended. However, the initial results are 

optimistic and indicate good potential. 

 

5.3. Development of a fermentation strategy  

Developing a high-density P. pastoris fermentation process for constitutive phytase 

production provides a valuable case study in bioprocess optimization. The stepwise approach -

beginning with fundamental growth kinetics in batch/pulsed cultures and progressing towards 

optimized DO-stat feeding, offers a robust, generalizable framework 123,124. Optimizing multiple 

parameters, including the expression host strain, temperature, inducer concentration, pH, 
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induction time, and culture medium composition, is crucial for achieving high expression yields 

125. Several vital aspects of this research could improve further process engineering efforts: 

•  Growth Kinetics and Yield: The specific growth rate (μmax) of 0.30 h⁻¹ and biomass yield of 

0.6 g/g on glycerol obtained in controlled batch cultures align with previous reports for P. 

pastoris on glycerol, such as 0.28 h⁻¹ and 0.53 g/g126. Maintaining growth near μmax was ideal 

for constitutive phytase expression, whereas many inducible systems benefit from lower 

specific growth rates127. This highlights the importance of tailoring fermentation strategies to 

the specific expression mechanism. 

• Nutrient Limitations and Oxygen Supply: Pulsed batch cultures revealed nutrient limitations 

and uncoupling constraints like oxygen supply, identifying maximum potential productivity. 

Literature generally reports air saturations around 20-30%80. Comparing batch and pulse-fed 

kinetics was insightful for identifying bottlenecks for process optimization. For example, the 

initial exponential feed based solely on μmax rapidly increased biomass density but led to 

dissolved oxygen depletion, prompting the shift to DO-stat feeding. Identifying such 

limitations through multiple pulses prior to fed-batch mode is critical. 

• Multi-Parameter Optimization: Reducing temperature from 30°C to 25°C slowed growth but 

minimized protease degradation and increased phytase yield, demonstrating the necessity for 

multi-parameter optimization (Stirring rate and air supply have also been shown to be 

important parameters. Further, minimal starting and maximum feed volumes are parameters 

to be optimized but are also intrinsic to the used system128. Achieving a titer of 7,200 U/mL 

in 1 L reactors after 72 hours is promising, though still below technical targets of around 

30,000 U/mL. 

• Economic and Scale-Up Considerations: The stepwise fermentation development strategy, 

starting from fundamental growth characterization, effectively improved phytase 

productivity124. However, detailed process modeling incorporating engineering constraints 

like oxygen transfer and economic analysis is needed to minimize costs at a larger scale. 

High-yielding operating conditions may be economically suboptimal if they incur excessive 

utility or equipment costs when scaled up. An integrated techno-economic evaluation should 

guide the selection of a balanced operating window, maximizing titer while controlling capital 

and operating expenses. 

In summary, the structured approach provides a template for developing P. pastoris processes 

from scratch, which is crucial for new products. Critical knowledge, such as matching feed 

strategy to expression and navigating equipment constraints, has broad applicability. However, 

translating even high-yielding laboratory processes to manufacturing scale remains challenging. 

Techno-economic analysis should guide the selection of balanced operating strategies for 

productivity, quality, robustness, and costs. 
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5.4. Biorefinery Concept and LCSA 

Our life cycle sustainability assessment (LCSA) indicates the proposed biorefinery concept 

to be promising. Similarly, Ruiz et al. discussed a cyanobacteria biorefinery concept with 

sequential extraction of high-value compounds, which has the potential to offer environmental 

and economic advantages over standard manufacturing approaches 129. The LCSA provides 

valuable insights into the conceptual process's ecological impacts and economic feasibility. 

Several key findings emerged: 

• Climate change, fossil fuel depletion, and non-carcinogenic effects accounted for over 50% 

of eco-points, with glycerol, electricity, and citric acid as significant contributors. Targeting 

greener alternatives for these inputs could significantly improve sustainability. 

• The proposed biorefinery was estimated to equate to the environmental impact of 75 EU 

citizens annually across 16 impact categories. While not negligible, this is relatively low and 

could be further reduced by addressing the significant hotspots identified. 

• Preliminary economics indicated the potential for the biorefinery to break even within five 

years with $18.6M cumulative earnings at 10 % ROI. However, sales projections are highly 

speculative without market validation. 

• Assuming idealized selling prices, the proposed product portfolio could generate $2.5B 

annually. This suggests financial viability may hinge on market development rather than 

technical or product limitations. 

 

 

While promising, the LCSA has several limitations requiring further work: 

• Process data is based on lab/pilot studies and has not been demonstrated at a large scale, 

introducing uncertainties into the modeling. 

• Many parameters for cultivation, extraction, and hydrolysis steps are assumed rather than 

experimentally measured. 

• Financials rely heavily on literature benchmarks not matched here; rigorous on-site data is 

needed. 

• Market demand and achievable pricing for all products, especially novel cyclic lipopeptides, 

remain unclear.   

• Sustainability assessment focuses only on the environment and economics; social impacts 

should also be considered. 
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• Sensitivity analysis evaluates parameter uncertainty but cannot account for model uncertainty 

and inherent biases. 

This initial LCSA provides a functional screening-level analysis to identify priorities for more 

detailed techno-economic and life cycle studies. Large-scale demonstrations, systematic 

sustainability assessment, and market analysis will be critical next steps toward commercial 

maturity. While promising, the full impacts of the biorefinery cannot be projected without reliable 

data at the manufacturing scale130. 

Prabha et al. presented extensive foundational research on cyanobacterial biomass profiling, 

extraction schemes, and phytase production from residuals99. However, several limitations to the 

current scope could be addressed through future work. Firstly, the studies have all been conducted 

at laboratory or bench scales of up to 1L; demonstrating the proposed processes at pilot or 

commercial scales will be essential to validate the concepts. Secondly, the techno-economic and 

life cycle analyses rely heavily on assumed parameters and benchmarks from literature rather than 

experimentally measured data. Detailed on-site mass balance and cost modeling will be required 

to project sustainability and profitability accurately. Thirdly, the focus has been narrowly on 

analytics, extraction, and fermentation processes; market assessment and supply chain logistics 

are needed to create an integrated business plan. Finally, the social impacts and ethics of 

cyanobacteria biorefining have not been considered; these "people" aspects are vital to 

sustainability alongside the environment and economics. 

 

 

Logical next steps after reproducing the lab-scale results to build on this research while addressing 

current limitations would include:  

1) experiments on a technical scale; 2) establish- and assessment of down-stream processes; 3) 

collection of large-scale operational data for process modeling and LCSA; 4) expanded product 

portfolio evaluation and market research; 5) assessment of local job creation, labor practices, and 

social acceptance; and 6) development of an integrated business plan evaluating all aspects of 

commercial viability and life cycle performance.  

This phased approach from fundamental studies to mature business plan will require 

multidisciplinary collaboration and investment but holds exciting potential to realize sustainable 

and ethical cyanobacterial biorefineries. This thesis provides an excellent knowledge base to 

progress towards this goal with additional applied research and development. 
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6. Conclusion  

It is evident from this dissertation that the primary objective was to contribute to the industrial 

availability of cyanobacterial biomass through the development of a multi-product 

cyanobacterial-based biorefinery concept, complemented by a comprehensive lifecycle 

sustainability assessment. Emphasis was placed on utilizing residual biomass after extracting 

high-value compounds, which would then undergo enzymatic conversion into a hydrolysate, 

serving as a complex nutrient supplement in subsequent fermentation processes. 

The global shift towards sustainable alternatives necessitates the exploration of new energy 

sources and chemical feedstocks. This study underscores the evolving role of biomass, not merely 

as a source for biofuels but as a reservoir for chemicals and novel compounds. While microalgal 

and cyanobacterial biofuels have been demonstrated at smaller scales, the feasibility and impacts 

at an industrial scale require careful evaluation and a multi-product approach utilizing the 

complete biomass. The exploration of diverse strains, particularly from the genera Nostoc and 

Cylindrospermum, which are promising candidates with high-value secondary metabolites, 

revealed complex heteroglycans in their saccharide profiles. The enzymatic hydrolysis of Nostoc 

biomass demonstrated its potential as a cost-effective fermentation medium from waste, 

particularly evident in phytase expression with Pichia pastoris. Further fermentation studies with 

a promising strain revealed significant phytase yields, showcasing its potential as an industrially 

relevant producer strain.  

The identification of Cylindrospermum alatosporum CCALA 988 as a highly promising 

candidate for a multi-product biorefinery concept marked a crucial milestone. The 

characterization of bioactive compounds, such as cyclic lipopeptides, highlighted the potential for 

diversified product streams. While this lab scale concept indicated viability, only investigation of 

this concept in an upscaled format will allow us to find out about its commercial deployability. 

The integration of a lifecycle sustainability assessment (LCSA) further indicates the feasibility of 

the biorefinery concept, considering both ecological and economic aspects. The LCSA 

encompassed a thorough examination of material and equipment bills, material streams, and 

resulting product quantities. The environmental assessment revealed a moderate ecological 

impact. The techno-economic analysis, employing net present value (NPV) and payback period 

methods, demonstrated the potential economic viability of the biorefinery concept. The sensitivity 

analysis underscored the importance of managing investment costs for sustained financial 

feasibility. Yet, up-scale experiments are needed to confirm the results. 

Future work on the Cylindrospermum alatosporum CCALA 988 biorefinery concept should 

focus on different aspects to improve the overall process. Firstly, investigating the sequential 

extraction process in a more up-scaled format and optimizing the enzymatic hydrolysis of the 
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residual biomass. Advancing downstream processing techniques for the identified products within 

the lab context and investigating the optimization of the utilization of the residual biomass will 

be paramount. Moreover, fine-tuning the P. pastoris fermentation conditions with hydrolysate in 

salt medium and upscaling the developed fed-batch strategy. This involves a comprehensive 

exploration of fermentation conditions, including nutrient optimization, culture medium 

composition, and cultivation parameters. 

In summary, this dissertation not only advances our understanding of cyanobacterial biomass 

utilization but also presents a tangible and potentially economically viable biorefinery concept. 

The integration of sustainable practices and comprehensive assessments positions this research at 

the forefront of contributing to a greener and economically feasible industrial landscape. 
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7. Appendix A 

7.1. Supporting Information: Towards a cyanobacterial biorefinery: Carbohydrate 

fingerprint, biocomposition and enzymatic hydrolysis of Nostoc biomass 
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7.2. Supporting Information: The Pichia pastoris enzyme production platform: 

From combinatorial library screening to bench-top fermentation on residual 

cyanobacterial biomass 
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7.3. Supporting Information: Biorefinery concept for Cylindrospermum 

alatosporum CCALA 988 extracting multiple high-value compounds and 

residue utilization by P. pastoris fermentation producing phytase 
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7.4. Supporting Information: LCSA of the biorefinery concept for Cylindrospermum 

alatosporum CCALA 988 extracting multiple high-value compounds and 

residue utilization by P. pastoris fermentation producing phytase 
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