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LIGNOLIPP

TEIL I: Kurzbericht

(Erstellt von der Uni Miinster)

Ziel des deutsch-norwegischen Projektes war die Entwicklung einer fermentativen Coproduktion
von Lipiden und Chitosanen durch o6lbildende Mucoromycotina-Pilze unter Verwertung
Lignozellulose-haltiger Abfalle aus der norwegischen Forstindustrie. Das Projekt wurde im
Rahmen der ,Bioeconomy in the North* Initiative der EU durchgefuhrt und wurde auf deutscher
Seite durch das BMBF finanziell unterstutzt.

Die Mucoromycotina sind eine recht urspringliche Gruppe innerhalb der Pilze, mit einer Reihe
biochemischer Besonderheiten. Zum einen gibt es in dieser Gruppe eine Reihe von Arten, die sehr
groBe Mengen an Lipiden bilden kdnnen, darunter auch wertvolle Lipide. Zum anderen besitzen
sie in ihrer Zellwand neben dem pilztypischen Chitin auch dessen partiell deacetylierte Variante
Chitosan, ein Biopolymer mit groBem biotechnologischem Potential.

Die norwegischen Partner arbeiten seit Jahren mit diesen Pilzen, um sie als Quelle fur
hochwertige Lipide zu nutzen. Das ist auch deswegen interessant, weil einige Mucoromycotina
auf sehr unterschiedlichen Medien wachsen kdnnen. In Zusammenarbeit mit Firmen der
holzverwertenden Industrie haben die Kolleg*innen Stamme verschiedener Pilzarten identifiziert,
die auf den schwer zu verwertenden, da verholzten Lignozellulose-Abfallen der Forstwirtschaft
wachsen kdénnen. Sie haben auch Fermentationsbedingungen etabliert, unter denen diese Pilze
groBe Mengen der gewlnschten Lipide produzieren. Dennoch lieB sich so keine wirtschaftlich zu
betreibende Produktion aufbauen, da die Kosten den moglichen Gewinn Uberstiegen.

In dieser Situation haben die norwegischen Partner sich an uns als Chitosan-Experten gewandt,
um ein Projekt fur eine wirtschaftliche Coproduktion von pilzlichen Lipiden und Chitosanen zu
entwickeln. Wir forschen seit dreiig Jahren an Chitosanen und sind dabei insbesondere an
molekularen Struktur/Funktions-Beziehungen und zellularen Wirkmechanismen interessiert.
Kommerziell werden Chitosane heute fast ausschlieBlich aus Krabbenschalen, also einem
Abfallprodukt der Fischereiindustrie hergestellt. Dazu wird das in diesen Schalen vorhandene
Chitin extrahiert und anschlieBend durch alkalische Deacetylierung zu Chitosan umgesetzt.
Wahrend Chitin unldslich und daher biotechnologisch weniger interessant ist, lasst sich
Chitosan gut in leicht sauren Medien l6sen, denn bei der Deacetylierung entstehen freie
Aminogruppen, die in leicht saurer Losung positiv geladen sind. Aufgrund dieser sehr un-
gewodhnlichen, tatsachlich in der Natur einzigartigen polykationischen Eigenschaften kdnnen
Chitosane mit vielen negativ geladenen Biopolymeren wie Proteinen und Nukleinsauren, aber
auch mit Membranen und Zellwanden interagieren. Das verschafft ihnen zahlreiche biologischen
Aktivitaten, wie z.B. antimikrobielle und pflanzenstarkende Eigenschaften, die fur Anwendungen
als Pflanzenschutz- und -starkungsmittel hochinteressant sind.

Chitosan-basierte Produkte sind jedoch notorisch unzuverlassig, sie entfalten ihre gewlinschten
Wirkungen manchmal, aber nicht immer. Dies galt lange Zeit auch fur Pflanzenschutz- und -



starkungsmittel auf der Basis von Chitosan. Wir haben deshalb schon vor tber 25 Jahren die
Hypothese aufgestellt, dass diese fehlende Reproduzierbarkeit auf ein fehlendes Verstandnis
von Struktur/Funktions-Beziehungen zurtckzufihren ist. Denn der Begriff Chitosan bezeichnet
nicht ein einzelnes Molekil, sondern eine ganze Gruppe von Molekdlen, die sich in ihrer Struktur
und - so unsere Hypothese - demzufolge auch in ihren Funktionen unterscheiden. Diese
Hypothese ist mittlerweile vielfach belegt und akzeptiert. Unsere Arbeiten haben zur Entwicklung
sogenannter Chitosane der Zweiten Generation (2G-Chitosane) gefuhrt, die strukturell und
funktionell gut charakterisiert sind und seit ein paar Jahren von einigen wenigen,
qualitatsorientierten Chitosan-Produzenten auf dem Markt angeboten werden, so dass sie flir die
Entwicklung zuverlassig wirkender Produkte zur Verfugung stehen. Das fuhrt derzeit zu einer
Renaissance Chitosan-basierter Produkte.

Die Produktion von Chitosan aus Krabbenchitin hat jedoch eine Reihe von Nachteilen. Zum einen
Ubersteigt die gewachsene Nachfrage derzeit zum ersten Mal die weltweiten
Produktionskapazitaten fur 2G-Chitosane, so dass die Preise steigen und das Rohmaterial knapp
wird. Das kann leicht zu einer Uberfischung der Bestdnde fiihren. Zum anderen erfordert die
Extraktion des Chitins aus den Schalen groBe Mengen an verdunnten Sauren und Laugen, die
Deacetylierung des Chitins zu Chitosan groBe Mengen an konzentrierter Lauge. Dabei wird sehr
viel Wasser benotigt und es entsteht viel Abwasser mit einer hohen Salzfracht. Die Umweltbilanz
der gegenwartigen Chitosanproduktion ist also nicht dieal und sehr stark von der Prozessfuhrung
und vom Aufwand abhangig, den der jeweilige Produzent in seine Abwasserbehandlung
investiert.

Die Mucoromycotina-Pilze gehdren zu den ganz wenigen naturlichen Produzenten von Chitosan,
sie nutzen Enzyme - Chitin-Deacetylasen - flr die Umsetzung ihres Chitins zu Chitosan. Wir
forschen seit vielen Jahren an dieser Enzymklasse und haben auch Verfahren zu ihrer
biotechnologischen Nutzung fur die Chitosanproduktion in Zellfabriken oder Bioraffinerien
entwickelt, diese sind jedoch wirtschaftlich nicht effizient, schwer zu skalieren und liefern bisher
nur kleinste Mengen an Chitosanen. Eine natirliche Produktion durch Fermentation von
passenden Pilzstammen kdnnte hier eine Losung darstellen, insbesondere wenn die Produktion
auf einem Abfallprodukt wie Lignozellulose erfolgt und Chitosan nicht das einzige wertvolle
Produkt darstellt.

Fur das LignoLIPP-Projekt mussten zunachst eine Reihe methodischer Entwicklungen erfolgen.
So haben wir eine enzymatisch-massenspektrometrische Methode fur die quantitative Analyse
der Chitin/ Chitosanpolymere in pilzlichen Zellwanden entwickelt und, gemeinsam mit den
norwegischen Partnern, die FTIR-Analyse von Chitosanen und pilzlicher Biomasse optimiert.
Gemeinsam mit den norwegischen Partnern haben wir Pilzstamme identifiziert, die eine hohe
Produktivitat sowohl wertvoller Lipide als auch des Chitosans aufweisen. Die Fermentation und
die Lipidanalytik erfolgten in Norwegen, wir waren fur die Chitosananalytik verantwortlich. Bis zu
einem Drittel des Trockengewichts der pilzlichen Biomasse nach Lipidextraktion war
Chitin/Chitosan. Das extrahierte, Saure-losliche Chitosan hatte einen Acetylierungsgrad von
etwa 10 bis 15 % und einen Polymerisationsgrad von etwa 600, d.h. ein Molekulargewicht von
etwa 100 kDa. Damit weist es Strukturparameter auf, die es fir eine Anwendung in der
Landwirtschaft als Pflanzenstarkungsmittel interessant machen. Der Saure-unlosliche
Ruckstand enthielt weiteres Chitin/Chitosan mit einem mittleren Acetylierungsgrad von 25 bis 30
%, enthielt jedoch darUber hinaus weiteres, nicht naher charakterisiertes Material.

Sowohl das pilzliche Material nach der Lipidextraktion als auch das Saure-l6sliche Chitosan und
das Saure-unlosliche Chitin/Chitosan wurden abschlieBend von der Firma Bex-BioTec



hinsichtlich ihres Potentials als Pflanzen-Biostimulans analysiert. Dazu wurden mehrere
Versuchsreihen mit Tomaten- und Weizen-Pflanzen durchgefuhrt, die unterschiedliche
Ergebnisse lieferten. Aufgrund des mengenmaBig limitierten Materials und der kurzen zur
Verflgung stehenden Zeit konnten diese Versuche noch nicht mehrfach wiederholt werden, um
ihre Reproduzierbarkeit zu testen. Es zeigten sich aber bereits deutliche positive Effekte auf das
Wurzelwachstum und die Fruchtproduktion in bestimmten Behandlungen, allerdings auch
negative Effekte in anderen. Vor allem unter Trockenstress zeigten sich vielversprechende
Ergebnisse. Fur eine abschlieBende Beurteilung des wirtschaftlichen Potentials missen jedoch
noch weitere Untersuchungen folgen.



Teil ll Eingehende Darstellung

Teil Il.1 Die erzielten Ergebnisse

(Gemeinsam erstellt von allen Projektpartnern)

WP1: Screening for co-production

Task 1.1 Screening on a synthetic substrate: In total, eighty oleaginous Mucoromycotina fungi
from the genera Mucor, Cunninghamella, Mortierella, Rhizopus, Absidia, and Amylomyces
available at NMBU were screened using a synthetic glucose-based substrate. Fungal strains were
selected based on previous studies performed by NMBU, and all tested strains were identified as
producing valuable lipids. Biomass productivity, total content of lipids, and chitin/chitosan were
the key parameters used for selecting the optimal type of fungi. The experiments were performed
in a high-throughput set-up using a Duetz microcultivation system (Duetz-MTPS) (Fig. 1)
combined with Fourier Transform Spectroscopy (Fig. 2) at NMBU, complemented by chitin and
chitosan analysis performed by University of Munster. Reference analysis of lipids was done by
gas-liquid chromatography (GC).
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Figure 2: The workflow of biomass preparation and FTIR-HTS measurement

FTIR spectroscopy was used as a screening tool for selecting the most promising fungal
candidate for further detailed chitin/chitosan analysis. The reference analysis of chitin/chitosan
content was performed using 'H-NMR and an enzymatic-mass spectrometric fingerprinting
method to determine the degree of acetylation (DA) of the chitosan polymers, and HPSEC-
MALLS-RI analysis to determine their molecular weight (Mw and Mn) as well as their dispersity
(D). The first analysis of the fungal samples done by University of MUnster involved an enzymatic



hydrolysis of these samples using a recombinant chitinase (ChiB), a recombinant chitosanase
(CsnMn), and a commercial glucanase to get a firstimpression of the chitin and chitosan content
in the fungal samples. An example of this analysis of Mortierella alpina (MA) and Mucor
circinelloides (MC1 and MC2) samples is shown in Fig. 3. These results show that the chitosan
content and the composition in the three samples are different because different chitin and
chitosan oligomers were produced by the hydrolytic enzymes.
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Figure 3: HILIC-MS analysis of fungal material from Mortierella alpina (MA) and Mucor
circinelloides (MC1 and MC2) hydrolysed by chitinase, chitosanase, and glucanase. A = GlcNAc,
D =GIlcN

Additionally, monosaccharide analyses were performed using either TFA or HCL hydrolysis to
quantify the neutral monosaccharides like glucose in the samples as well as the chitinous part.
The analysis of the GlcN/Ac content of the previously shown samples is given in Fig. 4.
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Figure 4; Amount of GlcN(Ac) units (wt%) in the fungal material from Mortierella alpina (MA) and
Mucor circinelloides (MC1 and MC2) determined using monosaccharide analysis.



These two methods allowed to get a first impression of the samples, but the enzymatic HILIC-MS
method is not quantitative, and the monosaccharide method does not allow to distinguish
between the GlcN and GIcNAc units in the sample, because the chemical depolymerization is
also resulting in the conversion of all GIcNAc units into GlcN units. Therefore, the DA of the
chitosan in the samples could not be determined. To overcome this problem, the University of
Miunster developed a new method to analyze the chitin and chitosan content simultaneously in
the different fungal samples (Urs et al. 2023: Quantitative enzymatic-mass spectrometric
analysis of the chitinous polymers in fungal cell walls. Carbohydr. Polym. 301: 120304). This
method combines a chemical pretreatment of the samples (intact biomass or alkaline insoluble
material) to break down its crystallinity. In the second step, all glucosamine units within the
chitosan polymers are chemically acetylated using deuterium-labeled acetic anhydride. This
results in fully acetylated chitin polymers, which is required for the next step, but still includes
the information about the DA. In the next step, a cocktail of different chitinolytic enzymes is used
to degrade the polymer into its monomeric subunits. After adding the internal standard, a double-
isotopically-labelled GlcNAc, the samples are analyzed using HILIC-MS and the total amount of
GlcN and GlcNAc in the starting material can be calculated. This method can be used for complex
matrices and requires only a few mg of material.

Based on the obtained results, a set of forty fungal strains from the genera Mucor, Umbelopsis,
Mortierella, Cunninghamella, Rhizopus, and Absidia were selected for further screening on
lignocellulose hydrolysates obtained from Borregaard AS, which was performed in Task 1.2.

Task 1.2 Screening on lignocellulosic substrate: Lignocellulose hydrolysate Excello-90
obtained from Borregaard AS was subjected to a detailed chemical analysis performed by
Eurofins, Norway. The Excello-90 hydrolysate contains a mixture of monomeric sugars, with
glucose (37.4%, w/w) as the main component, and xylose (3.9%, w/w), mannose (3.4%, w/w),
gentiobiose (2.0%, w/w), cellobiose (1.6%, w/w), fructose (1.0%, w/w), arabinose (0.4%, w/w),
and galactose (0.4%, w/w) as minor components. No inhibitors of fungal growth were identified
in Excello-90. Excello-90 was used as a main C-source, and an N-source in the form of yeast
extract and peptone, as well as an inorganic P-source, salts, and trace elements were added to
formulate the final substrate. For the screening, Duetz-MTPS combined with FTIR-spectroscopy
(Fig. 1 and Fig. 2) was used, and reference analysis of lipids and chitin/chitosan was performed
only for the most promising fungal candidates. Based on the obtained results, the following eight
fungal strains have been selected for the nutrient optimization in Task 2.1: Umbelopsis vinaceae
(UV), Mucor circinelloides (MC), Mortierella alpina (MA), Absidia glauca (AG), Cunninghamella
blakesleeana (CB), Rhizopus stolonifer (RS), Lichtheimia corymbifera (LC), and Amylomyces
rouxii (AR). University of Munster has analyzed the GIcNAc and GlcN concentration in these eight
fungal samples, grown under high C/N and under low C/N ratios. The totalamount of GlIcNAc and
GlcN in the samples is shown in Fig. 5.
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Figure 5: Total amount of GIcN (green) and GlcNAc (red) in the fungal samples using the newly
developed analytical method for chitin/chitosan quantification in complex biological matrices.

WP2: Optimizing co-production

Task 2.1 Identify key nutrients: In order to identify the key nutrients for the optimal co-production
of lipids and chitin/chitosan on sugar-rich lignocellulose hydrolysates, the fungi selected in Task
1.2 were involved in the optimization study, by using NMBU and University of Munster
technologies. In the optimization study, different C/N ratios and phosphorus concentrations were
tested. The optimization was done strictly using lighocellulose sugar-rich Excelo-90 hydrolysates
delivered by Borregaard. For the analysis of lipid and chitin/chitosan contents, the same
reference methods as described in Task 1.1 were used. The results showed that the C/N ratio can
affect the total chitin and chitosan content ( both in terms of AIM = alkali insoluble material and
GA = GlcN/Acyields), as shown in Fig. 6.
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Figure 6: Total relative content of alkali insoluble material (AIM) and glucosamine (GA) of the dry
cell weight (DCW) (high — high C/N ratio; low — low C/N ratio; UV — Umbelopsis vinacea, MC -
Mucor circinelloides, MA — Mortierella alpina, AG — Absidia glauca, AR - Amylomyces rouxii, CB -
Cunninghamella blakesleeana, RS — Rhizopus stolonifer, LC — Lichtheimia corymbifera).



Task 2.2 Design of fermentation process: Design of fermentation was panned in a collaboration
between NMBU and NORCE and the following parameters were optimized — pH, temperature,
mixing, type of impellers, and time of cultivation.

Task 2.3 Separation of co-products: (1) Lipid extraction by supercritical fluid: Fungal biomass of

Mucor circinelloides was used for lipid extraction in a laboratory scale Semi-Prep supercritical
fluid extractor (SFE) (Kovalent, Sweden) in Swedish University of Agriculture Sciences, Uppsala,
Sweden. Biomass was extracted intact and after French-press pretreatment, by supercritical CO,
and ethanolas a co-solventin the final part of extraction. SFE was not efficient to extract the lipids
from the fungal biomass. During the process, no lipids or only very low amounts (after French
press biomass pretreatment) were obtained. Additionally, clogging of the SFE by biomass
occurred in some cases which caused the end of the extraction process. It would require time-
consuming optimization to increase efficiency of the process. Therefore, it was decided to use
hexane-based extraction, this is also an industrially acceptable process. (2) Lipid extraction by

hexane: 1 g of freeze-dried fungal biomass was weighed into a 50 mL Falcon tube together with
ten pieces of disc metal beads (0.4 cm diameter) and 300 mg of acid washed glass beads (710 -
1180 pm diameter). Next, 1 mL of water and 20 mL of hexane were added, and the Falcon tube
was vortexed for 5 min and then sonicated in a water bath for 5 min (with cooling on ice after 2.5
min). The vortex and sonication step were repeated twice. The samples were centrifuged, and the
upper hexane phase was separated into glass tubes and evaporated under nitrogen. (3) Chitosan
extraction: Based on the obtained results, three fungal strains with the highest potential of
chitosan overproduction were selected for production of higher biomass volumes — Mucor
circinelloides, Absidia coerulea, and Cunninghamella blakesleana. In the first step, fungal
biomasses were treated with 1 M NaOH at 90 °C for 16 h to achieve the deproteinization and
delipidation of the biomass. Pure alkali insoluble material (AIM) was obtained after washing with
distilled water (5 x 5 mL) and subsequent freeze-drying (72 h) (Fig. 7A). Afterwards, AlMs were
treated with low-concentrated HCL (0.35 M) and a thermostable mixture of amylases (Thermamyl,
Novozymes) to extract a pure chitosan fraction. Extracted raw chitosan was washed with distilled
water and freeze-dried (72 h) (Fig. 7B).

Figure 7: Extracted AIM (alkali insoluble material) fraction from C. blakesleeana (A) and washed
and freeze-dried purified chitosan fraction from C. blakesleeana (B).



The University of Munster has developed a new method to extract the chitosan from the alkaline
insoluble material of the fungal samples under the most gentle conditions to avoid
depolymerization or deacetylation of the material. AIM of Mucor circinelloides grown in a
bioreactor (NMBU) and grown in a flask (University of Mlnster) were used. Additionally, two pure
chitosans having a DA of 11 and 42 were used as a control. Acetic acid (10 % v/v) was added to
the fungal material and incubated for 16 h at 37 °C under stirring. Then, the temperature was
increased to 95 °C for 6 h. Afterwards, the sample was centrifuged (4000 x g, 4 °C, 30 min), and
the supernatant was separated from the pellet. The pH of the supernatant was increased to pH
10 using 5 M NaOH and 4 volumes of acetone. This solution was stored at 4 °C overnight to allow
the chitosan to precipitate. The acetone layer was removed and the remaining solution was
centrifuged (4000x g, 4°C, 30 min). The pellet of this centrifugation step was labeled as “Chitosan
1”. The chitosan pellets were washed 5-6 times with water until the pH was around pH 7 and then
freeze dried. The DA of the purified chitosans was determined using the above-mentioned
monomer method and was around 9 for the bioreactor sample and 13 for the flask sample. The
size of this chitosan polymer was around DP 600 (ca. 100 kDa).

Afterwards, the method was slightly modified by integration of a second extraction step to obtain
more chitosan out of the fungal material. For this step, the pellet from the first centrifugation step
was used and again treated with 10 % acetic acid, and the whole process was repeated. The pellet
of this step was labeled as “Chitosan 2”. This method was used to extract chitosan from Mucor
circinelloides AIM samples and Absidia coerulea AIM samples. The fraction of acetylation
(DA/100) (Fig. 8) and the purity (Figure 8) of these samples were determined using the before
mentioned monomer method. The DPs of all extracted chitosans were again around DP 600.
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Figure 8: Fraction of acetylation of the chitosans extracted from Absidia coerulea (AC) and Mucor
circinelloides (MC) using hot acetic acid.
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Figure 9: Relative amount of GIcN and GIlcNAc in the chitosans extracted from Absidia coerulea
(AC) and Mucor circinelloides (MC) using hot acetic acid.

WP3: Up-scaling of co-production

Task 3.1 Up-scale of fermentation: Based on the lipid and chitin produced by fungal strains
during shake flask cultivation, three strains, namely Absidia coerulea VKMF627, Cunninghamella
blakesleeana CCMF705, and Mucor circinelloides CCM8328, were selected for fermentation up-
scale. The batch fermentation experiments were carried out in duplicate for each strainina 15 L
fermenter (Chemap) with working volume of 10 L (Fig. 10A). The following medium was used for
the cultivation of the fungal strains during upscaled fermentation: Lignocellulose hydrolysate
Excello-90, 20 g/L; yeast extract, 3 g/L; and peptone, 10 g/L. During fermentations, the pressure
was kept constant at 0.3 bar and the growing culture was aerated through the bottom sparger
connected to the air supply. The temperature was maintained at 28.0+0.1 °C. Dissolved oxygen
(DO) was monitored using a DO sensor (InPro6800, Mettler Toledo) and kept above 40 % of air
saturation by regulating agitation speed and airflow. Medium pH was monitored by a pH sensor
(InPro3253, Mettler Toledo) and maintained at 5.0+0.1 by addition of acid (1 M H,SO,) and base (1
M NaOH). Foaming was controlled by addition of the antifoaming agent Antifoam 204. Off-gas
percentages of CO, and O, were determined with one-minute intervals using a mass
spectrometer (Prima Pro Process Mass Spectrometer, ThermoFisher Scientific), and all the
fermentation data was acquired from Labview. When off-gas CO, started to drop (Fig. 11), the
experiments were terminated. Samples were collected aseptically with frequent intervals during
the cultivation and used in duplicate for measurement of wet cell weight of biomass (Fig. 11).
After completion of the experiment, the broth was harvested from the fermenter and centrifuged
to collect the biomass (Fig. 10B). The collected biomass was shipped to NMBU for further
processing —freeze-drying, determination of dry cell weight (DCW), and subsequent analysis and
extraction of chitin/chitosan. Total DCWs (biomass yields) after upscaled fermentations were
determined as follows: Absidia coeruela VKMF627 - 7 g/L; Cunninghamella blakesleeana
CCMF705-10.7 g/L; Mucor circinelloides CCM8328 - 8 g/L. AIM fractions and purified chitosan



fractions were obtained according to the procedure described in Task 2.3 (Chitosan extraction)
and sent for further evaluation (Task 3.2 - Evaluation of chitin/chitosan) to University of Mlnster.

Figure 10: Fermentation set-up for upscaling (A) and fermentation broth of Cunninghamella
blakesleana CCMF705 during experimental run (B).
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Figure 11: Wet cell biomass weight (g/L) and off-gas CO. (%) profile obtained during upscaled
batch fermentation of Cunninghamella blakesleeana CCMF705.

Task 3.2 Evaluation of chitin/chitosan: A first experiment was conducted with the intact
biomass (IB) and alkali-insoluble material (AIM) samples of A. coerulea (AC), C. blakesleeana
(CB), and M. circinelloides (MC), in tomato plants (Solanum lycopersicum cv. MicroTom) by the



partner Bex-BioTec. Due to the insolubility of the samples, they were added as soil treatment. As
a control, chitosan “562”, a shrimp shell chitosan with similar structural parameters as
determined for the fungal chitosan and supplied by University of Mlnster, was used as soil
treatment and as watering, which is the typical application method for this chitosan. Sample
amount was chosen due to the chitin/chitosan content estimated by University of Mlnster,
leading to different amounts of added total mass. No significant effects on plant growth were
observed under normal growth conditions. Then, all plants were set under extreme drought
stress. A significant negative effect in growth was observed for CB-IB and CB-AIM. Only MC-AIM
performed significantly than the control better under drought stress. All treated plants were more
resilient after rehydration, significantly so for AC-IB, AC-AIM, MC-AIM, and CB-IB. The number of
fruits was significantly improved for MC-AIM and CB-IB as well as for 652 (watering). The total
yield (in g) - however - was significantly reduced for MC-AIM, and significantly increased for CB-
IB, CB-AIM, and 652 (soil treatment). MC-AIM and 652 (soil treatment) additionally showed a
significant increase in root growth.

In a short trial in small pots, IB of all three fungi was tested in different concentrations of total
mass on tomato. Here, MC showed significant increase in growth at medium and high
concentrations, and significant increase in root and fresh weight at high concentration. CB
showed a significant decrease in growth at medium concentration, but a significant effect on root
growth at low and medium concentration. AC showed significant increase in growth for all
concentrations, with significantly better root growth and significantly increased total mass (fresh
and dry weight).

Therefore, AC-IB was chosen for a prolonged experiment in normal pots using tomato plants with
and without drought stress, using chitosan 651-treated and untreated plants as controls,
applying the same mass of fungal cell wall and chitosan. Here, a significantly better growth was
observed for young plants, but the effect became less pronounced and stopped being significant
over time. No positive influence of the treatment on drought stress tolerance was observed. After
returning to normal watering, the plants were grown till harvest. Here, especially the unstressed
plants showed higher yield (humber of fruits and total mass) as well as better total mass after
treatment. For stressed plants, the effect of the treatment was negative in terms of yield (humber
of fruits and total mass), only the mass of ripe fruits as well as green area of the plants was higher
for AC-treated tomatoes.

In wheat (Triticum aestivum cv. Cornetto), the same pre-trial in small pots was conducted, using
the same fungal IB mass in different concentrations. On seedlings, AC had a significant effect at
high, low, and medium concentrations, as had the low concentration of CB. For AC, the green
area of seedlings was also significantly increased for all concentrations, whereas a negative
effect was observed for MC at high concentration. After three weeks, the trial was stopped, and a
significant positive effect on dry mass was observed for medium and high concentrations of AC,
and a significant negative effect was observed for MC at low and high concentration, but not for
the medium one.

A second experiment was then performed in normal pots using a medium concentration of AC-IB
on wheat plants with and without drought stress, again using chitosan 651 and untreated plants
as controls. Here, the positive effect on growth was be reproduced: under normal growth
conditions, a significant negative effect on biomass was observed at the end of the experiment
after three weeks, but water content of the plants was significantly increased after AC treatment.



Under drought stress, a significant increase in root area was observed at the end, as well as
significantly increased water content and significantly decreased proline levels, indicating a
better drought stress tolerance after AC treatment in wheat.

In a third experiment in wheat, the three fungi CB, MC, and AC were compared regarding their
effect on drought stress tolerance, using the same amount of chitin/chitosan per treatment.
Additional to the intact biomass (IB) and chitosan-enriched fractions (AIM), extracted pure
chitosan (CE) from each fungal strain was used as a treatment. Here, all treated plants grew
better, in the case of MC IB and MC AIM even significantly so. Under drought stress, no significant
effect on growth was observed. During rehydration, a significant negative effect of all AIMs was
observed, whereas MC-IB had a significant positive effect on growth during rehydration. At 42
days of growth, the experiment was terminated. Here, all AIM treatments had a significant
negative effect on green area, as well as CB-CE, AC-I1B, and AC-CE. Fresh weight was reduced for
alltreatments but MC-IB, which was significantly increased (decrease significant for CB-AIM, MC-
AIM, AC-CE). No positive effect on root growth was observed. Significant decrease in root growth
was seen for CB-CE, MC-AIM, AC-IB, and AC-AIM in comparison to the untreated control group.

The results vary from experiment to experiment, but so does the experimental set up. There are
clear effects of the treatments to both dicots (tomato) and monocots (wheat) not only in regard
of stress tolerance but also in regard of quality traits, but it became clear that other components
in the samples, that are not chitosan, cannot be neglected and will need to be analyzed to
optimize the experimental setup. The samples definitely show potential as biostimulants.

Task 3.3 Evaluation of lipids: The evaluation of lipids is performed in a collaboration with on-
going project BYPROVALUE (Multifunctional high-value fungal biomass from the Norwegian
agriculture supply chain by-products, the Research Council of Norway, MATFONDAVTALE,
301834/E50) and OIL4FEED (Oil from oleaginous microbial biomass derived from Norwegian
resources as a sustainable alternative to replace Fish/Plant oils in fish feed, the Research Council
of Norway, HAVBRUK2, 302543/E40), where the extracted lipids are tested for antioxidant
stability and possibility to use in fish feed formulations. The preliminary results showed that the
extracted fungal oil need addition of antioxidants to be stable and it was found that antioxidant
Anitox Forte (3A, Spain) in the concentration of 0.6% provides enough protection to the oil.

WP4: Techno-economic feasibility

Task 4.1 Mass and energy balance calculations: Mass and energy balance calculations were
done by NMBU within a course TMPP350 (Course code TMPP350 | NMBU) in a period 2021-2023
in close collaboration with NORCE. The yield and mass balance on carbon, oxygen, nitrogen, and
optional hydrogen were determined for all scale fermentations. Energy input and release will be
considered through measurements of temperature inside as well as outside, and energy input

from the stirrer.

Task 4.2 Mass and energy balance calculations: The techno-economical evaluation is
performed in collaboration with the project BYPROVALUE (Multifunctional high-value fungal
biomass from the Norwegian agriculture supply chain by-products, the Research Council of
Norway, MATFONDAVTALE, 301834/E50) where the main focus is on estimating final biomass
and product cost based on the cost of substrate and productivity.



Teil 1.2 Die wichtigsten Positionen des zahlenmaBigen Nachweises
(Bex-Biotec)

Ein GroBteil der Mittel wurde zur Deckung der Personalkosten fur auf dem Projekt eingesetzte
Mitarbeiter verwendet. Die projektspezifischen Verbrauchskosten wurden ebenfalls anteilig von
Projektmitteln gedeckt. Auf Grund der Corona-Pandemie fanden alle geplanten Projekttreffen
virtuell statt, so dass keine Reisekosten anfielen.

Ebenfalls Pandemie bedingt kam es zu massiven Verzdgerungen im Projekt-Zeitplan, so dass eine
kostenneutrale Verlangerung beantragt und gewahrt wurde.

Teil 1.3 Die Notwendigkeit und Angemessenheit der geleisteten Projektarbeiten
(Bex-Biotec)

Die Arbeiten bei Bex-Biotec befassten sich ausschlieB8lich mit der biostimulatorischen Wirkung
der pilzlichen Materialien, so wie der Erarbeitung und Etablierung von geeigneten Methoden diese
zu uberprufen und darzustellen.

Da zu Projektbeginn kein pilzliches Material zur Verfugung stand, wurde zunachst ein von der Uni
Munster zur Verfugung gestelltes Chitosan Produkt zur Etablierung der Methoden verwendet. Da
fur das Chitosan Produkt in unseren Versuchen keine reproduzierbaren, positiven Effekte
abgebildet werden konnte wurde eine phytohormonbasierte Positivkontrolle etabliert, um
verlassliche Trockenstress-Versuche fur verschiedene Pflanzengruppen zu erarbeiten.

Erste Versuche mit pilzlichem Material, wasserunlosliche Zellwande verschiedener
Produktionsstamme vor und nach Lipidextraktion, konnten nur als Substratbehandlung
durchgefuhrt werden. Schon hier konnten verschiedene positive, aber auch negative Effekte der
Behandlungen nachgewiesen werden. Aufgrund der Vielseitigkeit der Effekte wurde klar, dass
Chitosan nicht der einzige biostimulatorisch-wirksame Bestandteil der Extrakte ist.

Weitere Versuche zeigten signifikant positive und negative Effekte mit und ohne Trockenstress
auf Wachstum, Wurzelbildung und Fruchtbildung von Tomaten und Weizenpflanzen. Ein
einheitliches, vielversprechendes Versuchsdesign wurde fur Trockenstress in Weizen erstellt.
Erst zu Projekt-Ende konnte der Versuch wie geplant starten, da aus den Materialien extrahiertes
Chitosan als Kontrolle in den Versuchen eingesetzt werden sollte, um zu klaren, inwieweit
Chitosan fir die Biostimulation eine Rolle spielt.

Der Versuch, in dem die drei Extraktionsstufen der drei Pilzstdmme einheitlich getestet wurden,
wurde zweimal auf dieselbe Weise durchgefuhrt, in beiden Durchldufen konnten signifikant
positive Effekte nachgewiesen werden, doch die beiden Durchlaufe zeigten sehr
unterschiedliche Ergebnisse. Weitere Versuche sind notwendig, um die einzelnen Produkte
endgultig zu bewerten, jedoch zeigen sich viele positive Effekte, die vielversprechend fur einen
Einsatz in der Landwirtschaft nach weiterer Optimierung sind.

Aus unserer Sicht sind weitere strukturelle Analysen der Produkte notwendig. Neben einer
genaueren Analyse der Chitosane sollten vor allem die Ubrigen Bestandteile analysiert werden.



Teil 11.4 Der voraussichtliche Nutzen, insbesondere die Verwertbarkeit des
Ergebnisses

(Bex-Biotec)

In unseren Versuchen konnte die Wirksamkeit der unterschiedlichen Produkte signifikant
nachgewiesen werden. Weitere Analysen der Chitosan-Strukturen aber vor allem auch der
anderen Bestandteile der Proben ist nétig, um ein verlassliches Produkt fur den Einsatz in der
Landwirtschaft zu entwickeln.

Sowohl die norwegischen Partner als auch die Arbeitsgruppe der Uni Minster streben Startup-
Ausgriundungen zur weiteren Produktvermarktung der Projektergebnisse an.

Teil 1.5 Der bekannt gewordene Fortschritt bei anderen Stellen
(Bex-Biotec)

Uns sind keine entsprechenden Arbeiten anderer Stellen bekannt geworden.

Teil 1.6 Die erfolgten oder geplanten Veroffentlichungen des Ergebnisses
(Bex-Biotec)

Theoretisch ist eine Publikation Uber die bioaktivitdt der Produkte geplant. Da die Ergebnisse
jedoch nicht reproduzierbar waren und aktuell keine weitere Finanzierung vorliegt, werden wir
aus wirtschaftlichen Grunden die Publikation nicht weiter anstreben.



