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Sammendrag - Norsk 

 

Karotenoider er høyt verdsatte metabolitter, på grunn av deres mangfoldige, kommersielle 

bruksområder i mat, fôr og kosmetisk industri. Spesielt karotenoider produsert av sopp er av 

bioteknologisk interesse på grunn av deres ernæringsmessig egenskaper. I soppceller 

nøytraliserer karotenoider frie radikaler, og forhindrer dermed oksidativ skade i soppen. 

Mucor circinelloides er en dimorfisk, filamentøs muggsopp, som produserer mange 

karotenoider som kan brukes i diverse bioteknologiske områder. Tidligere har det blitt påvist 

at mangel på kalsium fører til økt produksjon av karotenoider i denne arten. Kalsium er aktiv 

i mange vitale prosesser i sopp, slik som dannelsen av cellevegger, hyfe vekst og 

stresstoleranse i celler. Kalsium er en ekte sekundær budbringer, som påvirker alle aspektene 

av en celles livssyklus, inkludert stressresponser og akklimatisering. Man vet foreløpig ikke 

nøyaktig hvordan kalsiummangel påvirker pigmentproduksjon i Mucor circinelloides. For å 

fylle dette kunnskapshullet trenger man mer kunnskap om den genregulatoriske og 

molekylære responsen som fører til økt pigmentering i Mucor circinelloides. Som en del av 

det pågående Earth Biogenome prosjektet, ble genomet til Mucor circinelloides sekvensert og 

satt sammen. Mucor circinelloides ble kultivert med og uten tilgang til kalsium i vekstmediet. 

Spektroskopi og kromatografi ble gjort for å kvantifisere karotenoid og fettinnhold ved de 

ulike behandlingene. Videre ble genuttrykket kvantifisert og analysert for å forstå kalsiums 

påvirkning på genregulering av produksjon av karotenoider. Vi fant at kalsium påvirker den 

karotenoidproduserende veien via økt protein syntese, dimorfisk endring, karakterisert av økt 

gjærvekst og regulering av ulike kandidatgener for produksjon av karotenoider. Flere av 

genene identifisert i dette studiet har ingen kjent funksjon og videre funksjonelle genetiske 

studier trengs derfor for å avdekke effekten av kalsium på karotenoider. Dette studiet har 

bidratt til forståelsen av den genetiske og molekylære påvirkningen av kalsium på karotenoid 

produksjon, og gitt oss ny kunnskap som er av stor nytte for videre utvikling av industriell 

pigmentproduksjon i sopp. 
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Summary - English 

 

Carotenoids are highly valuable metabolites, due to their diverse commercial application in 

the food, feed, and cosmetics industries. Especially carotenoids produced by fungi are of the 

biotechnology industry's interest due to their nutraceutical properties. Carotenoids function as 

neutralizers of free radicals in fungal cells, preventing oxidative damage to the cells. Mucor 

circinelloides, a dimorphic filamentous fungi, produce various carotenoids valuable for the 

different aspects of biotechnology industries. It has been shown that calcium starvation 

positively affects carotenoid production in this species.   

Calcium is active in many vital processes in fungi, by having an important role in cell wall 

synthesis, hyphae growth and stress tolerance in the cells. Calcium is also a true second 

messenger and impacts every aspect of the cell’s life cycle, including activating stress 

response signaling and acclimatization. How calcium affects pigment production in Mucor 

circinelloides has not yet been described. In order to fill this knowledge gap understanding 

the gene regulatory and molecular response would be essential.    

As part of the ongoing Earth Biogenome Project, the genome of Mucor circinelloides was 

sequenced and assembled. Different samples of Mucor circinelloides were grown with or 

without calcium in their growth media. Spectroscopy and chromatography were done to 

quantify the relative carotenoid and lipid content as a result of different calcium treatments. 

Gene expression was quantified and analyzed to identify candidate genes affecting the 

production of carotenoids without calcium. We found that calcium influences the carotenoid 

biosynthesis both indirectly and directly, through protein synthesis, dimorphic switching 

(increased yeast-like growth) and regulation of different carotenoid genes. However, many of 

the genes found to influence carotenoid production are of unknown function, thus functional 

studies are needed to shed light on the effect of calcium on this trait. This study contributes to 

the understanding of the genetic and molecular basis of the influence calcium has in the 

production of carotenoids in Mucor circinelloides and will be of immense value to industrial 

production of carotenoids in this species. 
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1 Introduction 

Carotenoids are a crucial group of natural antioxidants present in a wide range of species.  

Carotenoids are fat-soluble pigments, known as tetraterpenoids (Ashokkumar et al., 2023), 

and are extensively utilized in the food, pharmaceutical, and cosmetic industries. Although 

over 600 carotenoids have been recognized in nature, only a few, namely β-carotene, lutein, 

lycopene, and astaxanthin, are currently commercially exploited. Chemical synthesis can 

produce carotenes; however, the preference for naturally produced carotenoids has increased 

due to the growing concern about artificial food coloring (Iturriaga et al., 2000). Currently, 

chemically synthesized carotenoids are less expensive than biologically produced ones. The 

production cost for chemically produced astaxanthin is approximately $1000 per kilo and 

around $2500-7000 per kilo for biologically produced astaxanthin. β-carotene production by 

chemical synthesis is expected to be even less expensive since the operating cost for 

biologically produced β-carotene from Dunaliella salina is around $343.54-499,59 (Igreja et 

al., 2021). 

Pigments synthesized by fungi are considered highly valuable metabolites due to their diverse 

commercial applications as colorants in the food, feed, and cosmetics industries and their 

nutraceutical properties. Carotenoids function as neutralizers of free radicals in fungal cells, 

preventing oxidative stress damage to the cells. Carotenoids also decrease membrane fluidity, 

reducing oxidative damage by controlling oxygen diffusion rate, and serve as metabolic 

precursors of trisporic acid, which is essential for sexual reproduction (Dzurendova et al., 

2021). 

 

Fungal species such as Mucor circinelloides and Blakeslea trispora, can be used for industrial 

β-carotene production. β-carotene is a lipophilic carotene, meaning that it tends to accumulate 

in lipophilic compartments like membranes or lipoproteins, and is a pro-vitamin A (Naz et 

al., 2020; Tapiero et al., 2004). Both B. trispora and M. circinelloides have been identified as 

capable of synthesizing various carotenes, with β-carotene being the most prominent. B. 

trispora is the highest producer of β-carotene and other carotenoids and is frequently used 

industrially. However, B. trispora has limitations associated with industrial use, including a 

decline in carotenoid accumulation when grown in a shaker and the need for surface 

cultivation. M. circinelloides is more favorable for β-carotene production because it does not 

require complex fermentation processes and is therefore highly attractive for biotechnological 

development (Naz et al., 2020). 

In one of the latest studies (Dzurendova et al., 2021) it has been shown a considerable effect 

of calcium cation on lipid and pigment production in oleaginous Mucoromycota fungi. It has 

been reported that the absence of calcium together with low phosphorus in the media makes 

some strains of Mucor circinelloides produce more carotenoids. The effect of calcium on 

pigment production in Mucoromycota fungi, like Mucor circinelloides has not yet been 

described. Filling this knowledge gap and understanding the genetic response would be 

valuable learning for the industry. A high-quality genome sequence as well as information 

regarding gene regulation under different growth conditions could be utilized to improve 

carotene-content production in Mucor circinelloides.  
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1.1 Background 

1.1.1 Mucor circinelloides 

Mucor circinelloides is a dimorphic filamentous fungus. As all dimorphic fungi, Mucor 

circinelloides when grown in liquid culture can possess two cell forms - long thin filaments 

hyphae and single yeast-like cells. Dimorphic growth is known as phase transition and is a 

fundamental feature of the biology and lifestyle of these fungi. Temperature is the 

predominant stimulus that influences this transition in phase. When the fungi are grown at 2-

25°C it has a hyphae phase. When grown at 37°C it grows into a yeast-like morphology. 

Other environmental factors influencing this transition include elevated CO2, exogenous 

cysteine, and estradiol (Gauthier, 2017). Filamentous growth of Mucor circinelloides is 

performed by apical extension of filaments. When the fungus continues to grow, a complex 

network of hyphae is made, referred to as mycelium (Powers-Fletcher et al., 2016).  

 

Mucor circinelloides reproduce asexually or sexually. The asexual reproduction is 

characterized by the formation of sporgangiphores (Botha & Botes, 2014). Mucor 

circinelloides have two types of sporangiophores. One being sympodially branched and the 

other being elongated (Fazili et al., 2022). Sexual reproduction in Mucor circinelloides 

occurs when two similar gametangia conjugate to produce a zygospore (Botha & Botes, 

2014). 

 

Mucor circinelloides is also an oleaginous fungus, meaning it can naturally accumulate a 

relatively large amount of lipids that can account for up to 20 to 80% (w/w) of biomass. 

These lipids have a similar fatty acid profile as vegetable oils, where mono- and di-

unsaturated fatty acids are dominating. Thus, lipids obtained from Mucor circinelloides  has a 

significant nutritional value and can be used as food and feed ingredients, mostly because of 

essential fatty acids such as gamma-linolenic acid (GLA; 18:3n-6). These lipids are 

accumulated in organelles called lipid droplets, which are localized intracellularly and closely 

connected to the endoplasmic reticulum (Dzurendova et al., 2021). This fungus has a versatile 

metabolism and can be used for single-cell oil production. Mucor circinelloides is widely 

applicable in a range of biotechnological processes, and is well known as a robust cell 

factory. They have a range of extracellular products including enzymes like cellulases, 

lipases, proteases, phytases, and amylases, and ethanol. Mucor circinelloides can also 

accumulate and synthesize a range of intracellular components, such as chitosan and chitin, 

polyphosphates, lipids, and carotenoids (Dzurendova et al., 2020). 

 

 

Mucor circinelloides belongs to the Kingdom: Fungi, Phylum: Mucoromycota, Order: 

Mucorales, and the Family Mucoraceae (Fazili et al., 2022). There are a lot of different 

subspecies and strains of Mucor circinelloides. Some of these are Mucor circinelloides f. 

circinelloides, Mucor circinelloides f. lusitanicus, FRR 5020, VI 4770, CBS 277.49 and 

WJ11.  
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Even though they are the same species, they display large phenotypic divergence in several 

key traits. For instance, strain FRR 5020 produces a lot of pigments in stressful 

environments, whereas strain VI4770 accumulates a lot of lipids under stress, but little to no 

accumulation of pigments (Dzurendova et al., 2021). Mucor circinelloides f. circinelloides, 

Mucor circinelloides f. lusitanicus and Mucor circinelloides f. griseocyanus are three 

different subspecies of Mucor cirinelloides. A study from 2014 reveals from whole-genome 

sequencing comparisons of draft genome assemblies of M. circinelloides f. lusitanicus and M. 

circinelloides f. circinelloides genomes, a significant difference in sequence identity by 

dramatic rearrangements on the genome, including at least six large inversions and a number 

of regions that were not aligned between the two genomes, suggesting it can be classified as 

two different species (Lee et al., 2014). 

1.1.2 Role of Calcium & Phosphorus in fungal cells 

Calcium has long been known to be active in many vital processes in fungi, animals, and 

plants. Calcium is a true second messenger. In fungi, high levels of calcium are found in cell 

walls, vacuoles, and most organelles (Moreau, 1987). Some of the cellular processes in 

fungal cells where calcium is required are nutrient uptake, germination, formation of asexual 

spores (conidia), and sexual reproduction. Most of the calcium in fungi, as well as plants, is 

associated with the extracellular milieu (mostly in cell walls) (Moreau, 1987). In eukaryotic 

cells, calcium is required at the endoplasmic reticulum (ER), where it provides the correct 

function of protein folding and secretory machinery (Dzurendova et al., 2021). 

 

Calcium plays an important role in cell wall synthesis, as well as hyphae growth and stress 

tolerance (Dzurendova et al., 2021). Calcium is also a vital second messenger for activating 

stress response signaling and cell acclimatization in eukaryotic cells, yet calcium's effect on 

stress is poorly understood due to the lack of effective tools with which to investigate 

changes both in real-time and at the level of single cells. A study done on dynamic calcium-

mediated stress response and recovery signatures in the fungal pathogen, Candida albicans, 

suggested that the cells were able to acclimatize to an increase in osmotic stress when 

calcium ions are present in the media (Giuraniuc et al., 2023).   

 

In both plant and fungal cells, the highest levels of calcium are found in the vacuoles. 

Because the concentration of calcium in the cytosol is very low, and the concentration in the 

organelles and cell walls is high, fungal cells must have efficient mechanisms to maintain the 

huge concentration gradient (Moreau, 1987). Fungi possess six major types of calcium 

transporters: Calcium pumps, Calcium/Hydrogen exchangers, high-affinity calcium systems 

(HACS), low-affinity calcium systems (LACS), TRP-like calcium channels, and 

mitochondrial calcium uniporter (MCU). Calcium/Hydrogen exchangers are responsible for 

regulating intracellular pH, whereas HACS and LACS are involved in the regulation of 

cytosolic calcium levels. TRP-like calcium channels are involved in calcium influx, while 

MCU is involved in mitochondrial calcium uptake (Roy et al., 2021). 
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Calcium is capable of precipitating phosphate, which may be lethal to the cell. (Roy et al., 

2021). The two fundamental tools of signal transduction are the abilities of calcium ions and 

phosphate ions to modify local electrostatic fields and protein conformations. These two 

signaling elements have been shaped by evolution as the primary means of communication 

within cells, with calcium ions carrying a positive charge (cation) and phosphate ions 

carrying a negative charge (anion). Calcium signaling impacts every aspect of the cell's life 

cycle. As the most rigorously regulated ion among all membrane-bound organisms, calcium 

binds to a multitude of proteins to facilitate changes in localization, association, and function 

(Clapham, 2007). 

1.1.3 Biosynthetic pathway of carotenoids 

The biosynthetic pathway for carotenoid production divides into four modules, starting from 

a carbon source and leading to carotenoids (Figure 1.1). The first model is the central carbon 

module, here a carbon source is used to make G3P, and then pyruvate. Pyruvate can be used 

further in the synthesis of acetyl Co-enzyme A (CoA).  

The co-factor module is the use of NADPH and ATP in the synthesis of the different 

compounds in the central carbon module.  

In the isoprene supplement module, pyruvate and CoA can be used in two separate pathways 

producing dimethylallyl diphosphate (DAMPP) and isopentenyl diphosphate (IPP), 

respectively. The synthesis of IPP requires a vast amount of ATP and begins with the 

conversion of acetyl CoA to 3-hydroxy-3-methyl glutaryl-CoA (HMG-CoA), catalyzed by 

HMG-CoA synthase. Then, HMG-CoA is converted into mevalonic acid (MVA), which is 

the first precursor of the terpenoid biosynthetic pathway. MVA is phosphorylated by MVA 

kinase and decarboxylation; into isopentenyl pyrophosphate (IPP). IPP can either be 

hydrolyzed by pyrophosphatases into IP, be in the reversible isomerization to DAMPP, or be 

used directly in the carotenoid biosynthesis module. The DAMPP pathway does not require 

as much ATP as the IPP pathway. DAMPP pathway starts with the synthase of 1-deoxy-D-

xylulose 5-phosphate (DXP) and ends in the synthesis of 4-hydroxy-3-methylbut-2-en-1-yl 

diphosphate (HMBPP). HMBPP can either be hydrolyzed into DAMPP or IPP. DAMPP has 

the possibility to be in the reversible isomerization to IPP or be directly used in the carotenoid 

biosynthesis module. 

The carotenoid biosynthesis module starts with either or both DAMPP and IPP. Two prenyl-

transferase reactions are needed to produce C30 carotenoids. With a third prenyl-transferase 

reaction, geranylgeranyl diphosphate (GGPP) is condensed. This diphosphate can then further 

be used in the production of C40, C50, and C60 carotenoids (Li et al., 2020).  
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Figure 1.1 Biosynthetic pathway of carotenoids: Scheme of microbial carotenoid 

biosynthesis collected from “Modular engineering for microbial production of carotenoids” 

study (Li et al., 2020) The whole metabolic pathway of carotenoids divides into four modules, 

starting from a carbon source and leading to carotenoids.  

1.1.4 Genetic basis for carotenoid production  

Some genetic studies have been done on carotenoid production in Mucor circinelloides 

(reviewed in (Iturriaga et al., 2000)), resulting in a list of genes putatively involved in the 

biosynthesis of carotenoids (Iturriaga et al., 2000). These genes are carB encoding phytoene 

dehydrogenase, carRP encoding phytoene synthase/lycopene cyclase, carG encoding GGPP 

synthase, and crgA encoding a putative transcriptional factor. carB and carRA are also found 

in the Mucorales species Phycomyces blakesleeanus, encoding the same dehydrogenase and 

synthase. In a study on the development of a plasmid-free CRISPR-Cas9 system for the 

genetic modification of Mucor circinelloides, they tested the deletion of the genes carB 

(phytoene dehydrogenase) and hmgR2 (3-hydroxy-3-methylglutaryl-CoA reductase) (Nagy et 

al., 2017). Colonies in which the targeted carB gene was disrupted, had a white color since 

they were unable to produce the carotenoid, β-carotene. The disruption of the hmgR2 gene 

resulted in no change in carotene production, but a decrease in ergosterol content. Mucor 

circinelloides has three different hmgR genes (hmgR1, hmgR2 and hmgR3). In this study, the 

results suggested that hmgR2 did not affect the carotenoid content, but the overlapping 

function of the two genes (hmgR2 and hmgR3) affected the carotene production and that 

hmgR3 has a major role in the carotene biosynthesis. 

 

Gene expression studies have been done on carotenoid-producing fungi and other organisms. 

In one study from 2011 (Wozniak et al., 2011), on differential carotenoid production and 

gene expression in the yeast species Xanthophyllomyces dendrorhous, RNA sequencing was 

used to find genes that are differentially expressed when this yeast was grown in a 

nonfermentable carbon source. The results from this study suggest that carotenoid production 

in X. dendrorhous is sensitive to environmental factors such as the culture medium, however, 

they did not look specifically on the effect of calcium.  
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Another study done on differential gene expression of carotenoid-related genes in Oncidium 

plant cultivars, shows that the upregulation and downregulation of some carotenoid-related 

genes results in different colorations in the floral tissue of three different Oncidium flowers 

(Chiou et al., 2010), alteration in color from the Gower Ramsey Oncidium flower have also 

been altered due to downregulation of different carotenoid genes (Wang et al., 2016). 

 

By lowering the calcium concentration from 2 to 0 mM, Candan and Tarhan (Candan & 

Tarhan, 2005; Ismaiel et al., 2018) increased the carotenoid and chlorophyll content of 

Mentha pulegium, suggesting calcium may serve as a regulator of carotenoids in plants. 

However, to our knowledge, there are no studies investigating the effect of calcium on 

genetic regulation of carotenoid production in Mucor circinelloides.  

1.1.5  Aim of thesis 

The goal of the project is to examine the genomic and molecular basis of calcium influence 

on carotenoid production in Mucor circinelloides. I will investigate how calcium and 

phosphorus starvation affects gene expression in this species and link this to phenotypic data 

including pigmentation and carotenoid production.  
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2 Materials & methods 

2.1 Fungal strain 

The selection of Mucor circinelloides  strain was based on the results of the previous study 

performed by (Dzurendova et al., 2021). The strain was originally obtained in the Food 

Fungal Culture Collection (FRR; North Ryde, Australia) The stock cultures were stored at -

80°C and consisted of asexual fungal spores in a glycerol-NaCl solution. The fungal strain of 

Mucor circinelloides has the collection number FRR5020, and its shortened name is MC2.  

2.2 Experimental work 

2.2.1 Cultivation of Mucor circinelloides  

2.2.1.1  Agar plate cultivation 

In order to recover fungal culture from the cryo-vials and prepare spore inoculum, cultivation 

on malt extract agar was done. Malt extract agar (MEA) plates were prepared by dissolving 

50 g/L of agar powder (VWR Chemicals - Agar Powder) in deionized water, which was then 

autoclaved at 115°C for 15 min and subsequently cooled down to 45°C before being poured 

into Petri dishes (VWR, 9 cm diameter). The MEA Petri dishes were stored at 4°C until use. 

Before cultivation, the MEA plates were exposed to UV light in a Class 2 biological safety 

cabinet (Cellegard ES) for 15 min in order to prevent any contamination. Three 5 µL droplets 

of stock spore suspension (stored in a -80°C freezer) were inoculated onto each MEA plate. 

The MEA plates were then incubated at 25°C for 4 days in a VWR Inco-line 68 R heat 

locker. The cultivation on MEA plates was done in four replicates.  

2.2.1.2  Cultivation in microtiter plate system   

For studying the effect of calcium on pigment production in Mucor circinelloides, cultivation 

of it in the media with different calcium and phosphorus concentrations using a microtiter 

plate system (Duetz-MTPS) was performed. The microtiter plate system (Duetz-MTPS) 

consists of deep well 24-square microtiter plates, sandwich covers, and clamp systems to 

mount microplates on the shaking platform of an incubator. The cultivation in Duetz-MTPS 

was done using six growth media, each of them contained varying amounts of calcium and 

phosphorus: P1 is referred to as the reference value of P since the amount has frequently been 

used to cultivate oleaginous Mucoromycota, P0.5 is half the P1 reference, and P4 is four 

times the P1 reference.  

Stock solutions were prepared and mixed to make the different treatments for Mucor 

circinelloides. In total six treatments, Ca1P1, Ca1P4, Ca1P0.5, Ca0P1, Ca0P4, and Ca0P0.5 

were mixed according to the recipe in Table 2.1.  
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For preparing spore inoculum, Mucor circinelloides was cultivated on MEA agar at 25°C for 

four days. Then 10 mL of sterile saline solution was added to the MEA plates, the spores 

were harvested by mixing and scraping with single-use plastic loops, and then the spore 

solution was transferred into Falcon tubes. The obtained spore solution was used as inoculum 

to inoculate microtiter plates. In each well of the microtiter plates, 7 mL of media (Ca1P1, 

etc.) was inoculated with 5 μL of spore solution, and a total of 3 wells corresponding to 

biological replicates per treatment were prepared. Figure 2.1 specifies the experimental 

design used for each microtiter plate, with only three out of four rows being utilized. Finally, 

the microtiter plates were mounted on the shaking platform using clamp systems in a shaker 

(Kuhnershaker X, Climo-shaker ISF1-X) and incubated at 25°C and 250 rpm for 5 days. 

 

Table 2.1 Cultivation media used in the study: Recipe to stock solutions and treatments.  
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Figure 2.1 Microtiter plate setup for each replicate: Experimental design in a 24-well 

microtiter plate.  

2.2.2 Biomass preparation 

After the cultivation in Duetz-MTPS, fungal biomass from three identical wells (the same 

type of media) was merged together and then washed with deionized water using vacuum 

filtration system. Washed biomass was transferred into sterile Eppendorf tubes (2mL) and 

immediately placed on dry ice to prevent biomass degradation. This process was repeated for 

each treatment with a clean vacuum flask and filter. All samples were stored at -80°C until 

RNA extraction. 

2.2.3 RNA extraction 

2.2.3.1  RNA extraction 

RNeasy Plus Mini kit1 and the provided by the manufacturer protocol were used to extract 

RNA from the fungal biomass samples. The "Purification of Total RNA from Animal 

Tissues" protocol was followed, and prior to RNA extraction, 10 μL Beta-mercaptoethanol 

was added per 1 mL Buffer RLT. Four volumes of 100% ethanol were added to Buffer RPE 

before using it for the first time. 

 

Approximately 25 mg of the biomass was weighed and immediately placed in liquid nitrogen. 

The sample was then grinded to powder with a mortar and pestle. The biomass powder, along 

with some leftover nitrogen, was transferred to a clean mortar, and 650 uL of Buffer RLT 

Plus was added after the nitrogen had evaporated. The biomass powder and buffer RLT were 

homogenized using a clean pestle. The lysate was pipetted into a 2 mL collection tube and 

centrifuged for 3 min at maximum speed (14,000 rpm). 

 
1https://www.qiagen.com/us/products/discovery-and-translational-research/dna-rna-
purification/rna-purification/total-rna/rneasy-kits?catno=74104, accessed 12.05.23 

https://www.qiagen.com/us/products/discovery-and-translational-research/dna-rna-purification/rna-purification/total-rna/rneasy-kits?catno=74104
https://www.qiagen.com/us/products/discovery-and-translational-research/dna-rna-purification/rna-purification/total-rna/rneasy-kits?catno=74104
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The supernatant was carefully removed by pipetting and transferred to a gDNA Eliminator 

spin column placed in a 2 mL collection tube. The gDNA spin column and collection tube 

were centrifuged for 30 sec at 10,000 rpm, and the flow-through was saved. In the same 

volume as the flow-through, 70% ethanol (usually 400-600 μL) was added and mixed well by 

pipetting. 

 

Next, 650 μL of the sample was transferred to an RNeasy spin column placed in a 2 mL 

collection tube and centrifuged for 15 sec at 10,000 rpm. The flow-through was discarded by 

pipetting, and the RNeasy spin column was kept together with the collection tube. Then, 700 

μL of Buffer RW1 was added to the spin column, and it was centrifuged for 15 sec at 10,000 

rpm to wash the spin column membrane. The flow-through was carefully discarded by 

removing the RNeasy spin column, and the spin column was transferred to a new 2 mL 

collection tube. Next, 500 μL of Buffer RPE was added to the RNeasy spin column and 

centrifuged for 15 sec at 10,000 rpm. The flow-through was again discarded, and the 

collection tube was reused. 

 

To remove any remaining ethanol residues, 500 μL of Buffer RPE was added to the spin 

column, which was then centrifuged for 2 min at 10,000 rpm. The RNeasy spin column was 

then placed into a new 2 mL collection tube and centrifuged for 1 min at 14,000 rpm to 

ensure that no residues of Buffer RPE were carried over in the collection tube. The spin 

column was transferred to a 1.5 mL safe cap RNase-free collection tube, and 30 μL of 

RNase-free water was added directly into the spin column membrane. The lid was closed and 

centrifuged for 1 min at 10,000 rpm to elute the RNA. Finally, 2.5 μL of the eluted RNA 

solution was pipetted into a 1 mL tube for quality control shortly after RNA extraction. The 

safe cap collection tubes were closed and stored at -80°C until sequencing. 

2.2.3.2  Quality control 

Nanodrop 

Using a NanoDrop 8000 microvolume spectrophotometer (Thermo Fisher Scientific, 

Waltham, Massachusetts, the United States), the purity and concentration of RNA were 

measured. 1 μL of each sample was pipetted and transferred to the spectrophotometer.  

Tapestation 

To analyze the quality, quantity, and size of RNA samples, the 4150 TapeStation system 

(G2992A) with RNA ScreenTape (5067-5576) and RNA ScreenTape Sample Buffer (5067-

5577) were used in combination with Agilent Software packages (4150 TapeStation 

Controller Software and TapeStation Analysis Software). The reagents were first equilibrated 

at room temperature for 30 min and vortexed before use. The RNA samples were thawed on 

ice and mixed with 5 µL of RNA sample buffer by adding 1 µL of RNA sample to the buffer. 

The mixture was vortexed at 2000 rpm for 1 min using an IKA vortexer (MS 3) and then 

centrifuged (StripSpin I2, Benchmark) for a few seconds. The samples were heated on a PCR 

machine at 72°C for 3 min and then placed on ice for 2 min. The samples were loaded into 

the 4150 TapeStation instrument to analyze RNA quality, quantity, and size.  
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2.2.4 Chemical analyses of fungal biomass 

To evaluate the relative content of lipids and carotenoids in the fungal biomass samples, 

vibrational spectroscopy was applied to the freeze-dried biomass. For estimating relative lipid 

content Fourier-transform infrared spectroscopy (FTIR) and for estimating relative carotenoid 

content MultiRAM FT-Raman Spectroscopy (Raman) were used. For a detailed analysis of 

lipids - total lipid content and fatty acid profile, gas chromatography (GC) was used. 

2.2.4.1  Freeze-drying biomass 

To freeze-dry the biomass for chemical analysis, the tubes were covered with parafilm, and 3-

4 holes were poked in the parafilm. The material was already frozen before going into the 

freeze-dryer. The tubes were then put into the dryer and maintained at 0.08 bar and -50°C for 

2 days for the water to evaporate. The freeze-dried biomass was kept in the freezer at -20°C. 

To weigh the biomass, the parafilm was removed from the tubes and the dry biomass was 

weighed using an analytical balance. After weighing, the samples were put in a -20°C freezer.  

2.2.4.2  Fourier-transform infrared spectroscopy measurements 

Homogenizing 

Before FTIR analysis, homogenizing the biomass was done. To homogenize the biomass, a 2 

mL screw-cap microcentrifuge tube was filled with 250 mg (710-1180 um diameter) acid-

washed glass beads (Sigma Aldrich, USA). A small amount of biomass was then added to the 

tube, followed by 0.5 mL of distilled water. The tubes were placed in a Precellys Evolution 

tissue homogenizer (Berlin Instruments, France) at 5500 rpm, 20 sec cycle length, and 6 

cycles (2x20 s, 3 runs) to ensure complete homogenization of the biomass. 

Plating 

Approximately 10 μL of homogenized biomass was pipetted onto an IR transparent 384-well 

silica microplate, with one free spot between each sample. Three technical replicates were 

pipetted for each sample. The silica microplate was then dried at room temperature for 30-45 

min and then measured in FTIR spectrometer.  

Recording FTIR spectra  

FTIR spectra were recorded in transmission mode using a high-throughput screening 

extension (HTS-XT) unit coupled to a Vertex 70 FTIR spectrometer (both Bruker Optik 

GmbH, Leipzig, Germany). Spectra were recorded in the region between 4000 and 500 cm−1, 

with a spectral resolution of 6 cm−1, a digital spacing of 1.928 cm−1, and an aperture of 5 

mm. For each spectrum, 64 scans were averaged. Spectra were recorded as the ratio of the 

sample spectrum to the spectrum of the empty IR transparent microplate. In total, 63 biomass 

spectra were obtained. The OPUS software (Bruker Optik GmbH, Leipzig, Germany) was 

used for data acquisition and instrument control. 
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2.2.4.3  MultiRAM FT-Raman Spectroscopy 

Determination of the total relative carotenoid content was performed by using a Raman 

spectrometer. The freeze-dried biomass was transferred into 2 mL screw vials with 400 μL 

glass inserts until the bottom of the vials was completely covered with biomass, making three 

technical replicates for each sample. The samples in glass vials were put into a 96-well 

sample box, for 400 μL flat bottom glass insert and then placed onto a V-grooved sample 

mount with the samples facing the lens assembly in the MultiRAM FT-Raman spectrometer 

(Optic GmbH, Germany). The first and the last sample vials contained acetonitrile, used for 

reference measurements.  

2.2.4.4  Gas chromatography-flame ionization detector (GC-FID) 

Lipid extraction 

BioSpec Norway LIP001 Lipid extraction and GC-FID analysis protocol were used to check 

the lipid content and fatty acid composition. 20 mg of the freeze-dried biomass together with 

approximately 250 mg (710-1180 um diameter) of acid-washed glass beads (Sigma Aldrich, 

USA) were filled in a 2 mL screw-cap polypropylene tube. 500 μL chloroform was added to 

the mix, and 100 μL of the internal standard was pipetted with a Hamilton syringe. The mix 

was then homogenized in a Precellys Evolution tissue homogenizer (Berlin Instruments, 

France) at 5500 rpm, 20 s cycle length, and 6 cycles (2x20 s, 3 runs). The biomass was 

transferred into glass reaction tubes by washing the polypropylene tube 3 times with 800 μL 

methanol-chloroform-hydrochloric acid solvent mixture (7.6:1:1v/v). 500 μL of methanol 

was added into the glass reaction tubes after washing. The mixture was incubated at 90°C for 

90 min in a Stuart SBH130D/3 block heater (Cole-Parmer, UK). After the samples were 

cooled down to room temperature, a small amount of sodium sulphate was added together 

with 1 mL of distilled water. The sodium sulphate will attract excess water later in the 

protocol. The mixture was cooled down to room temperature after incubation. To extract the 

fatty acid methyl esters (FAMEs), 2 mL of hexane was added, and vortex mixed for 10 s 

before centrifugation at 3000 rpm for 5 minutes at 4°C. The upper organic phase was 

collected in glass tubes. The upper phase was extracted two more times, in addition, a 2 mL 

hexane-chloroform mixture (4:1 v/v) was added. To evaporate the solvent, the glass tubes 

were placed in a Stuart SBH130D/3 block heater (Cole-Parmer, UK) connected to nitrogen at 

30°C. The FAMEs were transferred into GC vials by washing the glass tubes 2 times with 

750 μL hexane (containing 0,01% butylated hydroxytoluene (BHT, Sigma-Aldrich, USA)), 

followed by pipette mixing approximately 15 times. The GC vials were stored in a -20°C 

freezer until GC-FID analysis.  
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 GC-FID analysis 

Determination of total lipid content and fatty acid composition was performed by using gas 

chromatography 7820A System (Agilent Technologies, USA), equipped with an Agilent 

J&W 121–2323DB-23 column, 20m × 180 μm × 0.20 μm and a flame ionization detector 

(FID). Helium was used as a carrier gas. The total run time for one sample was 36 min with 

the following oven temperature increase: initial temperature 70 °C for 2 min, after 8 min to 

150 °C with no hold time, 230 °C in 16 min with 5 min hold time, and 245 °C in 1 min with 4 

min hold time. The injector temperature was 250 °C and 1 μL of a sample was injected (30:1 

split ratio, with split flow 30 mL/min). For the identification and quantification of fatty acids, 

the Supelco 37 Component FAME Mix (C4–C24 FAME mixture, Sigma-Aldrich, USA) was 

used as an external standard, in addition to C13:0 TAG internal standard. Measurements were 

controlled by the AgilentOpenLAB software (Agilent Technologies, USA). 

2.2.5 RNA sequencing 

RNA sequencing was performed by Novogene Co. to obtain the gene expression profile. 

Illumina sequencing was ordered with total RNA, 10 million reads per sample, stranded 

library prep, read length of 150bp and paired-end. Novogene used the RNA-seq technique, 

where the single-stranded messenger RNAs (mRNAs) are selectively captured or enriched 

and converted into complementary DNA (cDNA) for library preparation. Novogene also 

provided quality control of the samples to ensure high-quality sequencing.  

2.3  Analyses of spectroscopy and chromatography data 

All analyses of FTIR, Raman, and GC-FID data were performed by the Realtek-team with the 

co-supervisor. Boxplots were made to visualize the data.  

2.4 Analyses of gene expression data 

2.4.1 Preprocessing of gene expression data 

The nf-core/RNAseq pipeline2 was used to process and analyze the raw RNA sequencing 

data. The pipeline is built using Nextflow, which is a workflow tool that runs tasks across 

multiple computing infrastructures. In this analysis, nf-core/RNAseq version 3.8 were used 

together with Nexflow on NMBUs high-performance computing resource; Orion3.  Nextflow 

was installed using the Orion singularity container.  

 

As input, nf-core/RNAseq needs RNA sequencing data, a reference genome and annotation. 

The sample sheet input is a comma-separated file with 4 columns and a header row, and 

contains sample name, the fastq file paths, and the strandedness of the samples (reverse 

strandedness in this case). Samplesheet path was added to the ‘--input’ parameter.  

 

 
2 https://nf-co.re/rnaseq, accessed 12.05.23 
3 https://orion.nmbu.no/, accessed 12.05.23 

https://nf-co.re/rnaseq
https://orion.nmbu.no/
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The reference genome assembly and annotation were made by Tu-Hien To, as part of the 

Earth BioGenome Project Norway. Tissue from the same individual/clone was used for 

whole-genome sequencing as in this experiment. The genome assembly was done by first  

removing short reads (<4000bp) and low-quality ones (q<7), then assembled with Flye 

version 2.9.1 (Kolmogorov et al., 2019). The assembly were then evaluated with Inspector 

version v1.0.2 (Chen et al., 2021) and Merqury version v1.3 (Rhie et al., 2020) for accessing 

the quality (QV) and completeness; and with Busco version 5.4.3 (Manni et al., 2021) for 

accessing the quantity of conserved genes. Annotation was done with the funannotate 

pipeline version v.1.8.134, using the RNA-seq data generated in this project. This pipeline 

was developed to annotate fungi and is widely used. RNA-seq samples were merged to the 

corresponding strain to serve as evidence for the annotation. The assemblies were first 

cleaned to remove the repetitive contigs, then masked the repeat regions using the default 

masker tantan in funannotate. The gene models were predicted with several methods and then 

combined into one by Evidence Modeler. Functional annotation was run with all the 

implemented tools in the pipeline: Pfam, InterProScan, Eggnog, UniProtKb, Pobius, 

antiSMASH, MEROPS. The reference genome filepath was added to the parameter ‘-- fasta’, 

and the annotation file path to the ‘--gff’ parameter in the Nextflow RNAseq script.  

 

Nf-core/RNAseq starts with pre-processing of the RNA sequencing data, followed by 

genome alignment and quantification. After this nf-core/RNAseq does some post-processing 

and provides a multiQC report. To align nf-core/RNAseq uses STAR as a default. STAR is 

used to map the raw FastQ reads to the reference genome. STAR is a fast universal RNA-seq 

aligner, which has a good accuracy. The STAR algorithm consists of two major steps, which 

are seed searching and clustering (Dobin et al., 2013).  

 

To perform the quantification nf-core/RNAseq use Salmon as a default. Salmon is a fast 

transcript quantification tool (Patro et al., 2017). It requires a set of reference transcripts and a 

set of Fastq files containing reads to quantify. Salmon runs two different modes, the first 

requires a built index for the transcriptome, and then can process reads directly. The second 

mode requires only a provided FASTA file of the transcriptome and a sam or bam file 

containing alignments. By default, nf-core/RNAseq uses the genome fasta and gtf file to 

generate transcript FASTA files and build the Salmon index (Salmon mode 1).   

 

Nf-core/RNAseq was used with default settings. Since Mucor circinelloides is not a part of 

the iGenomes reference, ‘--fasta’ was added to have the path to the FASTA genome file, and 

‘--gff’ was added to have the path to the GFF3 annotation file.  

 

Nextflow gives a list of different output files, including an HTML report that visualizes a 

summary of all samples. The results in the multiQC HTML report collate QC from FastQC, 

Cutadapt, SortMeRNA, STAR, RSEM, HISAT2, Salmon, SAMtools, Picard, RSeQC, 

Qualimap, Preseq and featureCounts. Nextflow also gives a list of output files to do more 

analysis on, of these, a gene count tsv file both scaled and not scaled is represented.  

 
4 https://github.com/nextgenusfs/funannotate, accessed 12.05.23 

https://github.com/nextgenusfs/funannotate
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2.4.2 Differential gene expression analyses 

The salmon.merged.gene_counts_scaled.tsv from Nextflow output and the sample 

information metadata file were imported into R for further data analysis using the R package 

utils and reformatted to be used in differential gene expression analysis.  

The metadata file was made with information about calcium content, phosphorus amount, 

name from Novogene, the full name of the samples, replicate number and group which is the 

common name with information about both calcium content and phosphorus level.  

 To identify differentially expressed genes (DEGs) between the different conditions, the 

DESeq2 package in Rstudio was used. DESeq2 evaluates the quantitative differences between 

contrasting groups in the dataset (Love et al., 2014). To start the differential gene expression 

analysis a DESeq2 dataset matrix was made using the processed count data table and the 

sample information table. The design of the statistical test was comparing samples by groups. 

To clean up the data, all rows with rowsum = zero were removed from the dataset. This was 

done using the rowSums() function from the BiocGenerics package. The actual differential 

gene expression analysis was done by running the DESeq() function with the data matrix as 

input with default settings.  

The package DESeq2 provides methods to test for differential expression by use of negative 

binomial generalized linear models. The estimates of dispersion and logarithmic fold changes 

incorporate data-driven prior distributions (Love et al., 2014). Because of the binominal 

model, only two and two comparisons can be done. Models including all treatments are more 

parametrized and more difficult to interpret. Since we are mostly interested in the effect of 

calcium in the presence of low phosphate, the comparison between Ca0P0.5 and Ca1P0.5 was 

used as the contrast for the negative binomial generalized linear model. The interest for the 

effect of calcium in the presence of low phosphate comes from the study done by 

Dzurendova et. al. and visual laboratory results prior to genomic analysis. Further analysis 

focused on this comparison, however we manually looked at expression levels across all 

treatments for our top candidate genes (see further down). 

 

To visualize the DESeq data PCA plots were made using ggplot() from the ggplot2 package. 

Two PCA plots were made, one with PC1 on the x-axis and PC2 on the y-axis and the second 

one with PC1 on the x-axis and PC4 on the y-axis. The color of the dots in the plots is 

representing the samples and which group they belong to.  

A volcano plot was made to visualize DEGs in the contrast (Ca0P0.5 vs. Ca1P0.5). This was 

done using the plot function, with log2FoldChange on the x-axis and -log10(padj) on the y-

axis. The selection of upregulated DEGs was set to padjust values under 0.05 and 

log2Foldchange over 2. The selection of downregulated DEGs was set to padjust value under 

0.05 and log2FoldChange under -2. To highlight genes that are of special interest, padjust 

values under 0.00005 and log2FoldChange over 4 were selected for upregulated DEGs, 

padjust values under 0.005 and log2FoldChange under -4 were selected for downregulated 

DEGs. 

To visualize the gene expression in the top DEGs as well as candidate genes from the 

literature, boxplots were made using the ggplot() function.  
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2.4.3 Gene Ontology enrichment 

To investigate the functional significance of the top down- and upregulated genes, gene 

ontology (GO) enrichment analyses implemented in the tool Gprofiler; GO enrichment tool5 

were used. The process of enriching GO terms involves analyzing groups of genes and 

utilizing the Gene Ontology classification system, which categorizes genes into predefined 

groups based on their functional attributes. 

Gprofiler is a public web server for characterizing and manipulating gene lists. Although 

there is no general rule, GO enrichment analysis usually gives more meaningful results with 

more genes than the top candidates selected in the step above. For these analyses less 

conservative cut-off values were selected for identifying top DEGs, with an upper limit padj 

< 0.05 and the log2FoldChange value over 0 for upregulated DEGs and a log2FoldChange 

value under 0 for dowregulated DEGs.  

 

Since the Mucor circinelloides genome was not annotated by ENSEMBL the gene names are 

not recognized by Gprofiler. To alleviate this, we identified ortholog genes from the latest 

ENSEMBL version of baker’s yeast (Saccharomyces cerevisiae, V. R64-1-1,6) using 

orthofinder (V.2.5.4, (Emms & Kelly, 2019). The yeast orthologs corresponding to top DEGs 

in Mucor circinelloides were then imported into Gprofiler.    

 

The gene list with up- and downregulated genes with the information on yeast genes were put 

into the g:Convert gene identifier convention tool in the web server. Saccharomyces 

cerevisiae were set as the organism, and the target namespace was set as GO. The gene list 

was put in the query space and run with the options. Then looking into the g:GOSt tool, a 

statistical enrichment analysis of the gene list was made with the same options as in 

g:Convert. g:GOSt performs functional profiling of the gene list using various kinds of 

biological evidence. The tool performs statistical enrichment analysis to find the over-

represented gene ontology term and biological pathways. The option ‘Highlight driver terms 

in GO’ were ticked off, but no further advanced options were used in the analysis.  

2.4.4  Analyses of candidate genes and Top DEGs 

In addition to GO enrichment, the functional significance of a handful of top DEGs were 

analyzed manually in more detail. Additionally, candidate genes from the literature were 

investigated. Orthologs to candidate genes were identified using BLAST, using both the web 

tool (V.2.13.0, (Altschul et al., 1990)) as well as the command-line tool that can be used on a 

high-performance computing resource. BLAST stands for “Basic Local Alignment Search 

Tool” and it’s task is to find regions of similarity between biological sequences. When 

searching in the protein database, BLASTp was used (default settings). Additionally, we used 

BLAST to functionally annotate top DEGs which lack functional annotation from the 

automated annotation described above. For top hits, alignments were manually inspected to 

ensure the identification of likely orthologs. 

 
5 https://biit.cs.ut.ee/gprofiler/gost, accessed 12.05.23 
6 https://www.ensembl.org/Saccharomyces_cerevisiae/Info/Index?db=core, accessed 12.05.23 

https://biit.cs.ut.ee/gprofiler/gost
https://www.ensembl.org/Saccharomyces_cerevisiae/Info/Index?db=core
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3 Results 

3.1 Visual inspection of the fungal biomass 

Biomass pigmentation varied significantly between treatments, with some variation between 

biological replicates (Figures 3.1 to 3.3). Samples from the biological replicate 1 (Figure 3.1) 

are mostly milky yellow, but a visibly higher content of carotenoids is observed in biomass 

grown in calcium-lacking media with low phosphorus (Ca0P0.5). Samples from the 

biological replicate 3 (Figure 3.2) also have a milky yellow tone on all samples, except the 

sample Ca0P0.5, that have a visibly higher content of carotenoids. Ca0P0.5 from replicate 3 

does not have as much of a difference in pigmentation as the one in the biological replicate 1. 

The samples with the least content of carotenoids are Ca1P0.5, in both biological replicates 1 

and 3. Figure 3.3 shows the difference in carotenoid content between Ca1P0.5 and Ca0P0.5 

and the variability between individual biological replicates of Ca0P0.5.  

 

 
Figure 3.1 Biomass from the biological replicate 1 in glass vials mixed with water: Biomass 

from all samples in replicate 1.  
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Figure 3.2 Biomass from the biological replicate 3 in glass vials mixed with water: Biomass 

from all samples in replicate 3. 

 

 

Figure 3.3 Biomass from the biological replicates 1, 2, 3 and 4 in glass vials mixed with 

water: Biomass from Ca0P0.5 from replicate 1, 2, 3 and 4, and biomass from Ca1P0.5 from 

replicate 3.  
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3.2  Chemical analyses of the fungal biomass 

3.2.1 Total lipid content and fatty acid profile by GC-FID 

The mean of the total lipid content ranges from 30 - 50%, with some variance differences 

between treatments (Figure 3.4). In each phosphorus group, the lipid content is almost the 

same across the two calcium levels. Between the phosphorus levels, there are some slight 

differences, with P4 having the least percentage of lipids (32%), P1 having the highest 

percentage (48%) of lipids, and P0.5 in the middle (40-42%). P4 has the highest standard 

deviation within each group.  

   

 

 
Figure 3.4 Mean percentage of total lipid content in all samples: Lipid percentage of 

biomass in all samples grouped by calcium(present(1)/absent(0)) Samples colored by group; 

Ca0 = light color, Ca1 = dark color, P05 = green, P1 = orange, P4 = purple. 

 

The lipid profile from each sample was measured by the GC-FID. The lipid profile was very 

similar for all sample groups, with minor differences in the amount of the different fatty acids 

(Figure 3.5). The predominant fatty acid was oleic acid (C18:1n9c), the second most 

predominant was palmitic (hexadecanoic) acid (C16:0), and the third was Gamma-linoleic 

acid (C18:3n6), which is an essential fatty acid. Linoleic acid (C18:2n6c) and stearic 

octadecanoic acid (C18:0) have almost the same amount, being the fourth most dominant 

fatty acids. The minor fatty acids were Palmitoleic acid (C16:1), (C14:0), Nervonic acid 

(C24:1n9), (C20:0), (C18:2n6t), (C17:0) and (C12:0).  
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Figure 3.5 Fatty acid profile for all samples: Lipid profile presenting fatty acids found in all 

samples grouped by calcium (present (1)/absent (0)) and phosphorus (0.5/1/4).  

3.2.3 Relative carotenoid content by Raman spectroscopy 

Carotenoid content in Ca0P0.5 was significantly higher than for all other treatments, with a 

mean value of RI_1523/RI_1445 of 0,5 (Figure 3.6). Carotenoid content for both P1 and P4 

samples was around 0,38, with a slight increase in carotenoids when calcium was absent 

(Ca0). There are no huge standard deviations across replicates in these treatments. The 

standard deviation for Ca0P0.5 was higher than for the other treatments, meaning there is a 

difference between replicates for this treatment, however, the carotenoid content is still 

consistently higher than for other treatments.  
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Figure 3,6 Mean relative carotenoid content for all samples: Carotenoid content measured 

in the mean value of RI_1523/RI_1445. Samples colored by group; Ca0 = light color, Ca1 = 

dark color, P05 = green, P1 = orange, P4 = purple. 

 

The high difference in carotenoid content is clearly visible between Ca0P0.5 and Ca1P0.5 on 

Figure 3.3, and the spectroscopic data that confirms this difference (Figure 3.6). 

3.3 RNA Quality and Concentration 

RNA quality and concentration were measured before sending the samples for sequencing, 

using Nanodrop and Tapestation. The quality and concentration were also measured by 

Novogene right before sequencing. In Table 3.1, both ng/μL and RIN values are listed for 

each sample. Nanodrop measured RNA concentration, and it was generally very high, except 

for a few samples (MC2_R2_Ca1_P4, MC2_R2_Ca1_P0.5, MC2_R2_Ca0_P4, 

MC2_R4_Ca1_P4). RNA concentration measured by Tapestation was lower than the 

concentration measured by nanodrop, that was  50% or less. RNA concentration measured by 

Novogene was even lower than Tapestation measurements, except for three measurements 

where Novogene was higher than Tapestation (MC2_R1_Ca0_P0.5, MC2_R2_Ca0_P0.5, 

MC2_R4_Ca0_P4). RIN RNA quality measurements from Tapestation and Novogene were 

high, with the lowest value of 6.6 from Tapestation. Three of the samples were not 

sequenced, because of their low concentration (MC2_R2_Ca1_P4, MC2_R2_Ca1_P0.5, 

MC2_R4_Ca1_P4).  
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Table 3.1 Concentration and quality of RNA samples: Concentration of RNA measured in 

ng/μL from Nanodrop, Novogene and Tapestation. Quality of RNA samples measured in RIN 

values from Tapestation and Novogene. Samples not sequenced are marked with a (*).  

 

3.4 Gene expression data quality control 

Mapping reads to the reference genome was done using STAR, with a mean number of 14 

million reads mapped (Figure 3.7). Most of the reads map uniquely. The sample with the 

most mapped reads is MC2R4_1(R4_Ca1P1), with 21 million reads. The sample with the 

least mapped reads is MC2R2_4 (R2_Ca0P1), with 12 million reads. All samples had some 

reads mapped to ‘many loci’ and mapped to ‘too many loci’. Just a small number of reads 

were not mapped. Furthermore, all samples had high base call accuracy with an average 

Phred score > 30 (Figure 3.8). 
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Figure 3.7 Alignment scores measured in the number of mapped reads: Number of mapped 

reads in millions from the 21 samples that were sequenced. The figure was generated using 

Nextflow.  

 

 
Figure 3.8 Plot of per sequence quality scores of all sequenced samples: Per sequence 

quality scores created with MultiQC. One graph line for all fastq files that were run through 

FastQC. Mean sequence score on the x-axis and the number of sequences with that score on 

the y-axis. Green lines indicate high quality. The figure was generated using Nextflow. 
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 3.5 Principal component analysis 

To visualize the clustering of raw sequencing data across treatments and replicates principal 

component analysis (PCA) was done on all sequenced samples (Figure 3.9). On the PC1 and 

PC2 analysis, samples cluster according to phosphorus amount. Especially the samples with 

the highest amount of phosphorus (P4, purple) clusters far away from the others. Most of the 

samples with phosphorus level 1 (orange) cluster together, but two samples are outliers from 

Ca0. Samples from phosphorus level 0.5 (green) cluster in two groups based on calcium 

level, but with one outlier from Ca1 that clusters together with Ca0. The PC1 axis explains 

34,2% of the variance and the PC2 axis explains 24% of the variance.  

In the PC1 and PC4 plot, one can see that PC4 separates calcium treatments, and where 

Ca1P0.5 clusters together. The two outliers from Ca0P1 (light orange) are still away from 

each other but with a lower percentage on the y-axis (PC4). The PC1 axis explains 34,2% 

variance and the PC4 axis explains 6,3% variance.  

 

Figure 3.9 Principal component analysis plot on all sequenced samples: Samples plotted 

along the PC1 and PC2 axis, and the PC1 and PC4 axis. Samples are colored by treatment 

according to legend. 

3.6  Upregulated and downregulated differentially expressed genes 

By comparing expression levels between Ca0P05 and Ca1P05, a total number of 2556 DEGs 

were identified (Figure 3.10). To isolate biologically and statistically significant DEGs, a 

cutoff of padj under 0.05 and log2FC values over and under 2 or -2, respectively, yielding 

276 significantly upregulated DEGs and 211 significantly downregulated DEGs (Figure 

3.10).  
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The upregulated DEGs vary more in p-adjust value and log2FoldChange than downregulated 

DEGs. The lowest p-adjust value is 2.799772e-40 and the highest log2FoldChange is 21,3. 

Using more stringent filtering criteria (p-adjust value under 0.00005 or under 0.005 & 

log2FoldChange over or under 4 for upregulated and downregulated DEGs, respectively), we 

selected the most extreme DEGs for more in-depth analyses, as they are likely to influence 

the phenotypic variation in carotenoid production. This yielded 24 upregulated DEGs and 14 

downregulated DEGs (Figure 3.10).  

 
Figure 3.10 Volcano plot on up- and downregulated DEGs on contrast (Ca0P05, Ca1P05): 

Upregulated DEGs with a p-adjust value under 0.05 & log2FoldChange over 2 are colored 

in light red. Upregulated genes with a p-adjust value under 0.00005 & log2FoldChange over 

4 are colored in dark red. Downregulated genes with a p-adjust value under 0.05 & 

log2FoldChange under -2 are colored in light blue. Downregulated genes with a p-adjust 

value under 0.005 & log2FoldChange under -4 are colored in dark blue.  
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In figure 3.11, total genes vs. gene orthologs from yeast are plotted in a barplot. The total 

genes with a nonzero total read count are 11458, of these 5159 have orthologs found in yeast. 

Approximately 50% of the genes have no further information that can be used in GO 

enrichment, meaning a lot of lost information. This is also the trend for both upregulated and 

downregulated genes as well. Only 50% of the up- and downregulated genes have yeast 

orthologs. In figure 3.11, the same cut-off as the GO enrichment analysis is used for the up- 

and downregulated genes.  

 
Figure 3.11 Expressed yeast orthologs found in Mucor circinelloides Number of genes with 

nonzero total read count for the total dataset (light yellow) and genes with identified yeast 

orthologs, as well as total downregulated DEGs (light red), downregulated DEGs with yeast 

orthologs (dark red), total upregulated DEGs (light blue), and upregulated DEGs with yeast 

orthologs (dark blue) and the number of ortholog genes found in yeast. DEGs are from the 

contrast (Ca0P05, Ca1P05).  

3.7 Gene ontology enrichment analyses 

Gene ontology (GO) enrichment analyses was done using Gprofiler to evaluate the function 

of the top DEGs. The detailed results, including molecular function, biological process, and 

cell components from Gprofiler are presented in figures 3.12 to 3.17. Gprofiler also provides 

GO context maps over all the terms, to see the different terms being connected. These maps 

can be accessed through inserting terms from appendix 1 for the upregulated genes, and 

appendix 2 for the downregulated genes into g:Profiler. 

The three first figures are the enrichment of the 497 DEGs with yeast orthologs (Figures 3.12 

to 3.14). The three last figures are the enrichment of the 415 DEGs with yeast orthologs 

(Figures 3.15 to 3.17).   
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3.7.1  Function of the upregulated DEGs 

The molecular function of the upregulated DEGs are presented in figure 3.12. The driver 

terms in the molecular function are “structural constituent of ribosome”, “RNA binding”, 

“transporter activity”, “oxidoreductase activity”, “ion binding”, “phosphotransferase activity, 

alcohol group as acceptor”, “quatemary ammonium group transmembrane transporter 

activity”, “L-isoleucine transmembrane transporter activity” and “L-glutamine 

transmembrane transporter activity”. The driver terms are usually a broad and general term, 

built on smaller terms, which in turn are connected to each other. 

Several of the molecular function terms are transmembrane transporter terms, indicating this 

being a general and over-represented term group. The general “binding” term includes a few 

more specific terms, like “rRNA binding” and “ion binding”. 

 

 
Figure 3.12 Upregulated DEGs molecular function: The molecular functions of the 

upregulated differentially expressed genes from contrast (Ca0P05, Ca1P05) used as input in 

Gprofiler. 497 gene orthologs to yeast are used as input queries. Highlighted terms are 

driver terms in each component.  

 

The biological process of the upregulated differentially expressed genes are presented in 

Figure 3.13. The driver terms in the biological process are “cytoplasmic translation”, 

“ribosome biogenesis”, “localization”, “response to chemical”, “amide transport”, “positive 

regulation of catalytic activity”, “regulation of Rho protein signal transduction”, “apoptotic 

process”, “negative regulation of intracellular signal transduction” and “dephosphorylation”. 

The general “cellular process” and “metabolic process” both include more specific terms, 

like “peptide biosynthetic process” and “phosphorus metabolic process”. Also, the general 

“transport” term, ends in the more specific term “amino acid transmembrane export from the 

vacuole ''.  
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Figure 3.13 Upregulated DEGs biological process: The biological processes of the 

upregulated differentially expressed genes from contrast (Ca0P05, Ca1P05) used as input in 

Gprofiler. 497 gene orthologs to yeast are used as input queries. Highlighted terms are 

driver terms in each component.  
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The driver terms in the cell component in upregulated DEGs are “cytosolic ribosome” and 

“cellular bud” (Figure 3.14). Almost all terms in the cell components belong to the ribosome, 

and the making of ribosome. Only two of the terms are not included in ribosome activity, but 

these are a part of the cellular bud (“mating projection” and “cellular bud neck”).  

 

 
Figure 3.14 Upregulated DEGs cell component: The cell components of the upregulated 

differentially expressed genes from contrast (Ca0P05, Ca1P05) used as input in Gprofiler. 

497 gene orthologs to yeast are used as input queries. Highlighted terms are driver terms in 

each component.  

 

3.7.2  Function of the downregulated DEGs 

The driver terms in the molecular function of downregulated DEGs are “catalytic activity”, 

“binding” and “catalytic activity, acting on DNA” (Figure 3.15). Several of the terms are in 

the peptidase general term and ATP hydrolysis activity. The driver term “binding” has a lot 

of different more specific terms connected to it, with all except “protein binding” ending in 

“ATP binding”.  
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Figure 3.15 Downregulated DEGs molecular function: The molecular functions of the 

downregulated differentially expressed genes from contrast (Ca0P05, Ca1P05) used as input 

in Gprofiler. 497 gene orthologs to yeast are used as input queries. Highlighted terms are 

driver terms in each component.  

 

The driver terms in the biological processes in downregulated DEGs are “organic substance 

metabolic process”, “DNA strand elongation”, “proteasomal ubiquitin-independent protein 

catabolic process”, “cellular response to stress”, “proteasome-mediated ubiquitin-dependent 

protein carrier”, “arginine biosynthetic process”, “proteasome assembly”, “negative 

regulation of antisense RNA transcription”, “regulation of antisense RNA transcription”, 

“regulation of ncRNA transcription” and “mitotic sister chromatid cohesion” (Figure 3.16). 

All the DNA-related terms are connected to the “response to stimulus” term. Several of the 

driver terms are in the proteasome term group.  
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Figure 3.16 Downregulated DEGs biological process: The biological processes of the 

downregulated differentially expressed genes from contrast (Ca0P05, Ca1P05) used as input 

in Gprofiler. 497 gene orthologs to yeast are used as input queries. Highlighted terms are 

driver terms in each component.  
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The driver terms in cell components of downregulated DEGs are “intracellular anatomical 

structure” and “mitotic cohesin complex” (Figure 3.17). Several of the downregulated terms 

are in the proteasome and DNA category, such as in the biological process (Figure 3.16).   

 

 
Figure 3.17 Downregulated DEGs cell component: The cell components of the 

downregulated differentially expressed genes from contrast (Ca0P05, Ca1P05) used as input 

in Gprofiler. 497 gene orthologs to Saccharomyces cerevisiae are used as input queries. 

Highlighted terms are driver terms in each component.  



33 
 

3.8 Genes of special interest 

3.8.1  Upregulated genes 

From the 24 top upregulated DEGs, expression levels across all treatments were investigated 

to look for genes with exceptionally high expression patterns in Ca0P0.5 (Figure 3.10). This 

yielded six DEGs of particular interest, however, three of them had no functional annotation 

(Figure 3.18). Investigation of yeast orthologs as well as protein BLAST searches against 

non-redundant protein sequences (nr) database with these genes as query sequences were 

done to investigate functions of these genes (Table 3.2). FUN_005756 is a putative protein of 

unknown function but is a predicted member of the oligopeptide transporter (OPT) family of 

membrane transporters, without a proper gene name when looking at the yeast orthologs. 

From the BLAST search, two putative homologous sequences on other Mucor species 

(Mucor lusitanicus and Mucor ambiguus) of the FUN_005756 gene were identified with the 

functions: “OPT oligopeptide transporter protein-domain-containing protein” and 

“oligopeptide transporter” (Table 3.2). The expression of the gene FUN_005756 is mainly 

high in the sample groups with calcium not present. Overall, this gene has a high-count 

number, up to 30 000 in the Ca0P0.5 group. The gene has around 5000 counts in the other 

two calcium-lacking groups (Figure 3.18a).  

FUN_006934 does not have a yeast ortholog, but from the BLAST search it may be 

homologous to “DNA-binding WRKY transcription factor” in Mucor lusitanicus (Table 3.2). 

The expression of the gene FUN_006934 is high in the Ca0P0.5 group, with a mean 

normalized count of around 2200. The expression in the group Ca0P1 is also high for this 

gene with a mean normalized count of around 900 (Figure 3.18b).  

FUN_002648 does not have a yeast ortholog, but from the BLAST search it may be 

homologous to different enzymes; “Isochorismatase family protein”, “putative hydrolase” 

and “nicotinamidase-like amidase” from Mucor lusitanicus, and “nicotinamidase family 

protein YcaC” from Mucor ambiguus (Table 3.2). The expression of the gene FUN_002648 

is high in Ca0P0.5, and low to non-existent in the other groups (Figure 3.18c). 

FUN_009980 has a yeast ortholog gene encoding Hexose transport (HXT3) (Figure 3.18d). 

From the BLAST search, it appears closely related to three sequences of “general substrate 

transporter” from Mucor lusitanicus, Mucor ambiguus and Parasitella parasitica (Table 3.2).  

The expression of the gene FUN_009980 is very high in Ca0P0.5, and low to none in the 

other groups (Figure 3.18d).  

FUN_006614 has a yeast ortholog gene encoding SUN domain-containing protein 3 (SUN3) 

(Figure 3.18e). From the BLAST search, two potential homologs of the FUN_006614 gene 

were detected: “UNC-like-C-terminal-domain-containing protein” and “SUN domain-

containing protein” from Mucor lusitanicus and Gilbertella persicaria, and Parasitella 

parasitica (Table 3.2). The expression of the gene FUN_006614 is very high in Ca0P0.5, and 

low to none in the other groups (Figure 3.18e). 

FUN_008120 does not have a yeast ortholog, but from the BLAST search it may be 

homologus to part of DNA-binding WRKY transcription factor in Mucor lusitanicus, just like 

FUN_006934 (Table 3.2). The expression of the gene FUN_008120 is very high in Ca0P0.5, 

and low to none in the other groups (Figure 3.18f).  
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Figure 3.18 Expression of the upregulated genes in Ca0P05 compared to the other 

treatments: Expression of the normalized counts of the genes, a)FUN_005756, 

b)FUN_006934, c)FUN_002646, d)FUN_009980, e)FUN_006614 and f)FUN_008120.  
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Table 3.2 Functions of putative homologous genes the upregulated DEGs identified with 

BLAST: Possible gene descriptions for the genes, FUN_005756, FUN_006934, 

FUN_002646, FUN_009980, FUN_006614 and FUN_008120, and which organism the 

aligned function comes from.  
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3.8.2  Downregulated genes 

From the 14 top downregulated DEGs (Figure 3.10), expression levels across all treatments 

were investigated to look for genes with exceptionally low expression patterns in Ca0P0.5. 

This yielded six DEGs of particular interest, however, four of them had no functional 

annotation (Figure 3.19). Investigation of yeast orthologs as well as BLAST searches against 

non-redundant protein sequences (nr) database with these genes as query sequences were 

done to investigate functions of these genes (Table 3.3). 

 

FUN_006499 has a yeast ortholog, ICL1_2 encoding isocitrate lyase 1. This is confirmed by 

BLAST hits against homologous genes in other species (Table 3.3). The expression of the 

gene FUN_006499 is zero in Ca0P0.5 and varies significantly from low to high in the other 

treatments (Figure 3.19a).  

FUN_6192 does not have a yeast ortholog but from the BLAST search (Table 3.3) it may be 

homologous to two methyltransferases; type 11 methyltransferase in Mucor ambiguus and S-

adenosyl-L-methionine-dependent methyltransferase aligned in Mucor lusitanicus and 

Parasitella parasitica. The expression of the gene FUN_006192 is zero in Ca0P0.5, high in 

Ca0P1, Ca1P1, Ca1P0.5 and moderately expressed in Ca0P4 and Ca1P4 (Figure 3.19b) .  

FUN_003609 and FUN_008998 do not have yeast orthologs, and top 100 BLAST hits only 

against hypothetical proteins in other species (Table 3.3). The expression of the gene 

FUN_003609 is zero in Ca0P0.5, very high in Ca0P1 and moderate in the other groups 

(Figure 3.19c).  

The expression of the gene FUN_008998 is zero in Ca0P0.5, very high in groups with 

calcium, and moderate in Ca0P1 and Ca0P4 (Figure 3.19e). 

FUN_004498 does not have a yeast ortholog, but from the BLAST search it may be 

homologous to a coth protein-domain-containing protein, found in several species (Table 

3.3). The expression of the gene FUN_004498 is zero in Ca0P0.5, and generally high in 

groups with calcium, and medium in Ca0P1 and Ca0P4 (Figure 3.19d).  

FUN_011893 has a yeast ortholog, LYS2 encoding Alpha aminoadipate reductase. It is 

putatively homologous to SmoA and SmoF in Mucor circinelloides, encoding Acetyl-CoA 

synthetase (AMP-forming)/AMP-acid ligase II, and L-aminoadipate-semialdehyde 

dehydrogenase (LYS5) in Mucor ambiguous (Table 3.3). Further investigation on which gene 

function is the right one is needed, however, both have functions to do with Acetyl-CoA, 

which is a well-known component of the carotenoid biosynthetic pathway (Figure 1.1). The 

expression of the gene FUN_011893 is zero in Ca0P0.5, zero to none in Ca0P1, Ca0P4, 

Ca1P1, Ca1P4, and very high in Ca1P0.5 (Figure 3.19f).  
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Figure 3.19 Expression of top downregulated DEGs in Ca0P05 compared to the other 

treatments: Expression of the normalized counts of the genes, a) FUN_006499, 

b)FUN_006192, c)FUN_003609, d)FUN_004498, e)FUN_008998 and f)FUN_011893.  
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Table 3.3 Aligned functions of putative homologous genes the downregulated DEGs 

identified with BLAST: Possible gene descriptions for the genes, FUN_006499, 

FUN_006192, FUN_003609, FUN_004498, FUN_008998 and FUN_011893, and which 

organism the aligned function comes from. 

 

3.9  Candidate genes 

Sequences for candidate genes for carotenoid production were BLASTed against the 

annotated genes in Mucor circinelloides to identify homologous genes in this species (Table 

3.4). Ten putative homologs were identified and investigated further. Only two of them were 

putatively homologous to significant DEGs.  

The carG (geranylgeranyl pyrophosphate synthase) gene is homologous to FUN_009191 and 

is significantly downregulated with a log2FoldChange of -2,458893 (Table 3.4). The 

expression of FUN_009191 is low in Ca0P0.5, Ca0P4 and Ca1P4, medium in Ca1P0.5, high 

with lots of variance in Ca0P1, and high with low variance in Ca1P1 (Figure 3.20a). 

 

The crgA (carotenoid regulatory protein) gene is homologous to FUN_0010938 and 

FUN_007660. FUN_007660 is significantly downregulated with a log2FoldChange of -

2,045957 (Table 3.4) The expression of FUN_007660 is low in Ca0P0.5 and Ca0P4, and high 

in the other treatment. The normalized count is in general exceptionally high compared to 

other DEGs with the highest count of the gene around 80 000 (Figure 3.20b).  
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For the remaining candidate genes, carB, carRP, hmgR2 and hmgR3 no homologous genes 

that were significantly differentially expressed were identified. However, for the matching 

homolog FUN_005064 for hmgR2 and hmgR3 and the homolog FUN_010046 for carRP 

have p-adj values of 0.06 and 0.09, respectively. HmgR2 and hmgR3 encodes HMG-CoA 

reductase, and carRP encodes lycopene cyclase/phytoene synthase (Figure 3.4).  

 

Table 3.4 Aligned genes to the candidate genes in BLAST and if they are differentially 

expressed: candidate genes for carotenoid production in Mucor circinelloides and aligned 

geneID, with their bits score and E value. Differentially expressed genes have their 

respectively p-adjust and Log2FoldChange value present.   

 



40 
 

 

Figure 3.20 Expression of the candidate genes, which are differentially expressed: a) CarG 

(FUN_009191) and b) CrgA (FUN_007660).  
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4 Discussion 

In this thesis I have examined the effect of calcium on carotenoid production in Mucor 

circinelloides. By investigating how calcium and phosphorus starvation affects gene 

expression and phenotypes of this fungus, I have identified genes that both directly and 

indirectly influence the carotenoid pathway under different calcium conditions. In the 

following discussion, I will first address the indirect effects, and then the direct effects on the 

carotenoid pathway in Mucor circinelloides. Finally, I will discuss the future implications of 

these findings.  

4.1  Effect of calcium 

4.1.1   Indirect effect of calcium on the carotenoid pathway 

The function of the upregulated genes from the GO enrichment analysis is mostly connected 

to protein synthesis, through either ribosomal activity or direct peptide biosynthetic 

processes, and some genes are connected to dimorphic switching through an upregulation of 

the budding cell division (Figure 3.14). This could imply that calcium has an indirect effect 

on the carotenoid pathway through protein synthesis and affects dimorphic switching in 

Mucor circinelloides (Figure 4.1a).  

 

It was reported in a study on eukaryotic cells that calcium serves as a physiological regulator 

of post-transcriptional protein synthesis (Brostrom et al., 1986). The effect of calcium ion on 

protein synthesis have largely been seen in intact cells or tissues exposed to low extracellular 

calcium concentration such as the depletion of intracellular calcium stores occurs with a 

concomitant 4-10 fold reduction in the rate of amino acid incorporation (Chin et al., 1987). 

Chin et al. presents evidence in support of the proposal that calcium affects mRNA 

translation at initiation rather than peptide chain elongation or termination in eukaryotic cells. 

In the Chin et al. study it was observed an effect of calcium on ribosomal subunit, 

monosomal, and polysomal contents and also on average ribosomal transit times. They found 

out that cells exposed to calcium for 5 min, in contrast to the calcium depleted cells, were 

sharply reduced in their contents of ribosomal subunits, meaning that possible genes 

associated with ribosomes function and activity were downregulated in the presence of 

calcium. This research complements the results from my study, with the upregulation of 

ribosomes on the calcium depleted cell.  

Further, the upregulation of ribosomes affects the protein synthesis. The change in protein 

activity may influence the carotenoid production, like it was proposed in the review article, 

(Sandra et al., 2017), changes in protein activity affects the pigment production by affecting 

pH and temperature. This was also proposed by (Gmoser et al., 2017), due to the strong effect 

of pH on the biosynthesis of pigments in Monascus spp., and this proposed being associated 

with changes in the protein activities. Low phosphorus leads to lower pH, and with the 

driving force of protein synthesis on pH, a more acidic culture condition can be in favor of 

carotenoid synthesis. Gemoser et al. mention that changing the pH from neutral or slightly 

alkaline to a more acidic has been shown to favor the cycliation of lycopene to β-carotene.  
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Another protein connected to carotenoids are the carotenoid regulatory protein, one protein 

that acts as a negative regulator of light-inducible carotenogenesis in M. circinelloides 

(Navarro et al., 2001). The crgA gene encoding this protein is significantly downregulated in 

Ca0P0.5, and the effect of this gene being downregulated is more carotenoids being 

synthesized. 

 

Genes encoding Rho protein signal transduction (Rho GTPases) is significantly upregulated 

in the treatment Ca0P0.5 (Figure 3.13). Rho proteins are homologous to the Ras superfamily, 

which are priorly connected to have a clear influence on dimorphic switching in another 

fungi, namely P. brasiliensis. This switching is regulated by the Ras GTPases by controlling 

actin-mediated polarized growth and signaling pathways required for morphological 

responses (Boyce & Andrianopoulos, 2015). 

 

In my study genes related to cell budding were upregulated in samples grown on Ca0 

meaning that more yeast-like cells were produced under this condition in comparison to Ca1 

condition (Figure 3.14). One regulator of cell morphology and dimorphic switching, together 

with Rho proteins are calcineurin. Calcineurin is a calcium/calmodulin-dependent, 

serine/threonine-specific protein phosphatase involved in morphogenesis and virulence of 

Mucor fungi (Lee et al., 2013). Calcineurin is present in many cellular processes and has 

affinity to more than 200 substrates in the cell. When calcium ions are not present, like in the 

Ca0 treatment, no activation of calcineurin happens. Mucor mutants that lack the calcineurin 

regulatory subunit essential for calcineurin activity, are locked in perpetual yeast phase 

growth, indicating that calcineurin is required for hyphal growth and the dimorphic switch 

(Lee et. al. 2013). Research done on dimorphic switch and carotenoid production in another 

Mucor fungi (Mucor rouxii), suggest that yeast like cells usually have less pigmentation then 

the hyphal cells (Mosqueda-Cano & Gutiérrez-Corona, 1995). The results from yeast-like 

cells in Mucor rouxii, are the opposite from the results in this study. However, we lack 

quantification on the ratio between hyphal and yeast cells grown, so this needs further 

investigation. 

 

4.1.2   Direct effect of calcium on the carotenoid pathway 

I found a direct effect of calcium starvation influencing gene expression of several genes in 

the carotenoid pathway (Figure 4.1b). Firstly, we observed that calcium influences the 

Acetyl-CoA synthase. The genes smoA and smoF encodes Acetyl-CoA synthase are 

significantly downregulated (Figure 3.19, Table 3.3), creating a blockage in the carotenoid 

biosynthesis through the Acetyl-CoA pathway (Figure 4.1b). An indication of this blockage is 

also through the upregulated genes hmgR2 and hmgR3, which encodes HMG-CoA reductase 

(Table 3.4). The HMG-CoA is present in the Acetyl-CoA pathway to produce MVAPP used 

further in the synthesis of carotenoids. The acetyl-CoA pathway uses an extensive amount of 

ATP, when this part of the biosynthesis is downregulated, ATP is no longer needed in huge 

amounts, causing a natural downregulation of the ATP hydrolysis (Figure 3.15).  
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Secondly, calcium influences the hydrolysis of IPP by downregulating pyrophosphatase. 

Pyrophosphatase is an enzyme that is responsible for the reversible hydrolysis of the 

phosphoanhydride bond in pyrophosphate (PPi) to two inorganic phosphate molecules (Li et 

al., 2020). The effect of this hydrolysis not being present is a congestion of IPP. IPP have two 

possible pathways to continue in, either be transformed to DAMPP or go directly to the 

carotenoid biosynthesis (Figure 4.1b).  

 

Thirdly, calcium starvation also led to the downregulation carB gene encoding GGPP (Table 

3.4). GGPP is a precursor of C40 (orange/red, (Doukani et al., 2022; Kong et al., 2010), C50 

(red7) and C60 (purple, (Saraswati et al., 2019)) carotenoids. The carRP gene, encoding 

lycopene cyclase/phytoene synthase, is also downregulated, but with the p-adj value at 0.09 

(Table 3.4). Phytoene is the precursor of C40 carotenoid, and a product from GGPP. This is 

another identification of the C40 carotenoid not being present, together with the 

downregulation of GGPP. The blocked synthesis of C40, C50 and C60 carotenoids leads to a 

congestion of GPP, which then only have the possibility to be synthesized to C30 

carotenoids, which have a yellow color (Umeno et al., 2002). Indeed, the color of the CaP0.5 

samples do appear yellow (Figure 3.3), giving plausibility to the hypothesis that calcium 

starvation leads to an increased production of C30 carotenoids. This would need to be 

confirmed by quantifying which specific carotenoids are present in the biomass of each 

sample from each treatment. 

  

 

Figure 4.1 The effect of calcium's effect on the carotenoid biosynthesis in Mucor 

Circinelloides: a.) shows indirect effects and b.) shows direct effects on carotenoid 

production, respectively. Pathways in a.) are based on figure 1.1 from (Li et al., 2020). 

Dotted lines indicate multiple steps in the pathway not shown for simplicity. Red arrows 

indicate upregulation, blue arrows indicate downregulation. Cross indicates a blocked 

pathway. 

 
7 https://pubchem.ncbi.nlm.nih.gov/compound/Bacterioruberin, accessed 12.05.23 

https://pubchem.ncbi.nlm.nih.gov/compound/Bacterioruberin
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4.2  Future implications 

For future implications it would be interesting to find out what kind of carotenoids that are 

present in the different treatments, to test if the hypothesis of the yellow C30 carotenoids 

being the dominant carotenoid produced as a result of calcium starvation.  

 

In this study we only examined one strain of Mucor circinelloides. By looking at different 

strains of Mucor circinelloides, it would be possible to investigate whether genetic variation 

between strains could be related differences in terms of carotenoid production with the same 

treatment. This could be expanded by investigating other Mucoromycota species as well, 

especially looking at the genetic variation from the different species and strains from the 

Dzurendova study (Dzurendova et al., 2021). This could contribute to the knowledge of the 

effect calcium have on carotenoid production, or maybe suggest that the FRR 5020 strain is 

different enough from the other strains and therefore could be classified as a separate species 

or subspecies of Mucor circinelloides. Indeed, the study done on the subspecies M. 

circinelloides f. circinelloides, M. circinelloides f. lusitanicus, and M. circinelloides f. 

griseocyanus, which was suggested that was different enough to be three distinct species, 

demonstrates the uncertainty regarding phylogenetic relationships in this genus (Lee et al., 

2014; Wagner et al., 2020).  

 

It would be interesting to see how the carotenoid production is affected by gene duplication, 

which can greatly confound analyses of gene expression (Brohard-Julien et al., 2021). The 

hmgR2 and hmgR3 genes have three gene duplications, therefore having a study finding out 

how similar they are, and how they are regulated would contribute to the understanding of the 

genetic basis in carotenoid production. Mapping other gene-duplications and connecting 

these to genetic variation in the different strains could be a future study.  

 

Using CRISPR knock-out to see the function of the genes in the pathway could contribute to 

the knowledge of the importance of each gene, and the function of the unannotated genes. 

Especially focusing on the top genes without any homologs, or the genes of which have 

several different functions annotated (Li et al., 2022; Szebenyi et al., 2023; Trieu et al., 2017) 

The genome assembly and annotation produced in this study will greatly benefit any CRISPR 

based studies in the future.  

 

Some studies on carotenoid production have used light regulation as a main trigger for 

carotenoid production in Mucor circinelloides (Navarro et al., 2001; Naz et al., 2020; Silva et 

al., 2006). Testing if different light conditions on the two treatments (Ca0P0.5 and Ca1P0.5) 

would change the amount of carotenoids produced, and produce even more carotenoids 

would be one of the ways to optimize the carotenoid production for biotechnological 

applications. Connecting the upregulated protein synthesis directly to the carotenoid pathway, 

by testing if the media after cultivation have a changed pH and compare this to other studies 

on pH, proteins and carotenoids (Nelis & De Leenheer, 1991; Sandra et al., 2017).  
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Due to the lack of functional studies in Mucor species, the proportion of genes with known 

function is low (Figure 3.11). The yeast orthologs is not enough to describe every gene in 

Mucor circinelloides. This greatly hampers biological interpretation of gene expression data 

and is a bottleneck in most studies of gene expression.  

 

5 Conclusion 

In this thesis we grew Mucor circinelloides under six different treatments to see the effect of 

calcium and phosphorus on carotenoid production. We used spectroscopy and 

chromatography to quantify the relative content of lipids and carotenoids, and used gene 

expression data to examine the genetic basis in carotenoid production.  

 

The testing of relative carotenoid content proved that there was a difference between the 

different treatments. When Mucor circinelloides was grown in the presence and absence of 

calcium with low phosphorus, it resulted in the highest content of carotenoids. These results 

were examined further by differential gene expression analysis, to look for genes connected 

to the carotenoid biosynthetic pathway. The gene expression data indicate that calcium 

starvation has both an indirect and a direct effect on the biosynthetic pathway of carotenoids.  

 

Most of the upregulated genes affected the general protein synthesis. Genes for dimorphic 

switching come most likely from the lack of calcineurin activation, the upregulation of Rho 

protein and as a stress response. The downregulated genes smoA and smoF, and the candidate 

upregulated genes hmgR2 and hmgR3, indicate that the Actyl-CoA pathway to carotenoids is 

downregulated. The downregulated pyrophosphatase genes lead to an increase in IPP, which 

can be used further in carotenoid biosynthesis. Downregulation of both carB and carRP, 

leads to the possibility that production of C30 carotenoids are the most common carotenoid in 

this fungi.    
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7 Appendix 

Appendix 1: GO enrichment upregulated DEGs 

YDL240W YHR206W YGR027C YLR185W YGR009C YGR192C 

YGL216W YDR352W YJL053W YLR143W YKL135C YER114C 

YLR310C YKL043W YPL143W YNL298W YKL135C YDL154W 

YBR043C YBR019C YLR371W YGR144W YNL123W YDL154W 

YIL160C YMR137C YBL027W YHL007C YJL012C YDL122W 

YBR172C YMR230W YJR054W YJL141C YDR122W YHR124W 

YBR172C YNL313C YGL178W YJL141C YDR375C YEL054C 

YDR382W YIL033C YCR036W YEL036C YKL182W YFL021W 

YLR248W YBR089C- YOR086C YBR191W YPL249C- YMR116C 

YIL052C YBR020W YBR031W YCR028C YGR217W YJL108C 

YJL102W YMR121C YLR061W YPL104W YML016C YBR046C 

YER075C YDL205C YLR406C YDL085W YIL131C YLR092W 

YHR178W YBR241C YOL102C YJL177W YER120W YIL044C 

YIR007W YLR325C YAL060W YIL133C YDR001C YOR099W 

YDR064W YDL210W YMR226C YNL101W YJR123W YDR150W 

YKL069W YLR401C YDR382W YBR239C YIL046W YLR419W 

YKR057W YNL241C YEL007W YLR234W YIL046W YER074W 

YBL061C YOL127W YLR319C YLR234W YKR009C YLR371W 

YBR151W YOR369C YDR017C YNL217W YBL049W YGL096W 

YNL178W YOR096W YLR307W YLL029W YBL049W YGR144W 

YKR080W YEL054C YAL067C YER131W YCR008W YHR005C 

YNL202W YOR197W YJR123W YKR105C YKL104C YMR242C 

YKR052C YDR283C YJR123W YOR293W YBR019C YPL230W 

YOL139C YDR402C YLR410W YGL166W YKL135C YDR030C 

YOL002C YLR441C YGL252C YIR004W YBR017C YDR030C 

YHR005C YJR145C YAL041W YHR104W YNL011C YGR034W 

YHL032C YJL177W YOR100C YBR164C YDR058C YLR243W 

YPL220W YNL069C YBR023C YPL210C YDR075W YPL147W 

YKL071W YBL011W YBR180W YNL024C YOR197W YDR379W 

YDR345C YOL052C YOR134W YPL082C YFR053C YKL221W 

YDR345C YOR194C YPL131W YNL111C YPL145C YHR183W 

YIL130W YNL021W YGL205W YOR063W YPL145C YNR019W 

YLR340W YOL120C YKR066C YFR053C YER155C YIL052C 

YDL081C YKR099W YGL191W YFR053C YNL094W YMR242C 

YJR048W YER126C YKR093W YKR093W YKL141W YGR055W 

YBR180W YGL123W YKR093W YHR008C YGL073W YDR032C 

YDR481C YFL027C YNL154C YGL209W YFR031C- YCR004C 

YBR241C YMR230W YJL036W YGR096W YNL302C YCR061W 

YOL052C YNR074C YCL038C YBL072C YPL127C YBR114W 

YGL225W YLL045C YJL168C YPR102C YDL103C YNL067W 
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YER074W YKR088C YJL168C YJR040W YLR371W YNL067W 

YKL192C YHL015W YNL240C YMR116C YNL083W YBR126C 

YDL210W YMR166C YEL064C YFR031C- YLR138W YLR307W 

YGL077C YDR513W YCR079W YOL016C YDR270W YIL155C 

YPL198W YGL073W YER129W YMR121C YOL127W YIL033C 

YKL006W YER040W YKL221W YGR215W YGL030W YDR091C 

YER118C YGR034W YLR118C YOL092W YHR117W YOL060C 

YOR374W YGR027C YER141W YHR179W YHR114W YPL143W 

YDR036C YDR083W YJL137C YLR348C YKR050W YML026C 

YBR191W YER155C YBL072C YLR348C YDR150W YOR063W 

YPL081W YGR170W YMR142C YDL006W YLR397C YDR373W 

YIL166C YGL123W YBR137W YFR031C- YDR256C YHR158C 

YJL190C YPR015C YKL209C YGR085C YOR231W YPL115C 

YFL021W YMR185W YIL044C YNR019W YOR231W YML026C 

YAL067C YHR079C YNR013C YPL249C- YOR120W YGR038W 

YJL164C YHR142W YBL037W YPL110C YOR120W YPL196W 

YLR441C YKR031C YML073C YFR028C YPL232W YPL196W 

YDL083C YCR044C YBR222C YLR191W YLR264W YNL096C 

YJL134W YPL090C YJL208C YGL059W YGR149W YER051W 

YCR031C YHR007C YER062C YHL015W YGR034W YBL087C 

YHR010W YPR015C YLR289W YDR523C YBR220C YAL041W 

YOR127W YCR061W YCR031C YBR106W YOL115W YNR047W 

YKR057W YJR001W YML004C YOR022C YLR061W YNR047W 

YLR185W YER131W YMR228W YGL205W YOL092W YMR261C 

YPR091C YNL168C YGL114W YER131W YJL094C YLR244C 

YNR017W YLR441C YPL249C YFR022W YDR025W YKL146W 

YMR226C YKR093W YHR010W YPL029W YDL103C YML026C 

YEL046C YGL030W YGR214W YFL021W YIL031W YNL302C 

YLR092W YGL030W YKL085W YDR447C YBR176W YGL023C 

YIL124W YML073C YDL083C YML072C YPR155C YPL249C 

YMR226C YGR003W YIL113W YKL043W YJL164C YMR142C 

YEL054C YBR239C YGR118W YDR236C YHR142W YNL178W 

YDR111C YPR086W YGL073W YBR191W YDR345C YOR233W 

YJR094W- YGL103W YGL073W YNL271C YHR021C YCL035C 

YER049W YBR222C YNL191W YHR073W YNL267W YNL047C 

YDL036C YDR032C YNL068C YPL143W YNL267W YJL212C 

YOL158C YMR140W YBL092W YNR017W YML008C YCR105W 

YHL001W YOL120C YGR046W YBR256C YBL007C YNR029C 

YNL064C YDL210W YOR262W YOR089C YBL061C YFL050C 

YDL083C YPR102C YKR084C YDR477W YHL033C YHR090C 

YGR032W YKL020C YKR084C YDL103C YMR242C YKR094C 

YMR043W YGL073W YDL191W YBL092W YBR008C YKR094C 

YNL106C YHR206W YGR100W YNL271C YIL047C 
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Appendix 2: GO enrichment downregulated DEGs 

YDR410C YDR127W YFL050C YAL023C YOR125C YJL060W 

YDR036C YER179W YNR043W YPR028W YMR297W YDR011W 

YJL163C YGL011C YIL107C YHL007C YMR297W YNR016C 

YDL003W YJL034W YKL209C YOL071W YDR036C YHL004W 

YKL059C YFL030W YBL061C YOR046C YJR104C YBR159W 

YNR030W YFL030W YKL016C YDR402C YOR335C YNL004W 

YIL034C YHR178W YOL158C YDL097C YBR249C YEL064C 

YMR022W YHR178W YKL209C YJR121W YPL154C YOR181W 

YJL096W YMR226C YHR071W YPR013C YHL027W YML060W 

YAL005C YGR037C YGR038W YPR108W YGR185C YOR157C 

YJL088W YBR023C YDR302W YDL097C YFR050C YKR001C 

YHR104W YDL178W YKL190W YOR250C YLR128W YER103W 

YER094C YJL167W YBR241C YGL048C YMR140W YLR304C 

YPL154C YMR076C YPL036W YER119C YML078W YOR067C 

YPL154C YJL074C YDL056W YER119C YOL012C YBL058W 

YDR144C YLR084C YGR243W YHR183W YJL206C YKL060C 

YKL209C YCL009C YPL094C YOL098C YHL007C YIL075C 

YJR109C YNL030W YOR281C YFR015C YHR027C YIL075C 

YPL123C YDR006C YBR290W YNL273W YKL160W YJL055W 

YER165W YNL279W YDR167W YDL128W YEL002C YML085C 

YDR155C YJL041W YMR296C YJR149W YJL111W YDR205W 

YER141W YPL151C YER012W YOR303W YPL240C YDL240W 

YJL186W YNL049C YDL216C YNL316C YPR189W YIL118W 

YOL060C YMR023C YHR179W YML086C YNL289W YJR139C 

YLR275W YDL029W YJL012C YDL108W YJR119C YOL058W 

YIL026C YDL029W YOL140W YPL162C YER142C YKL013C 

YNL048W YBR088C YOR275C YER065C YDR486C YDR390C 

YNL032W YPR004C YOR362C YER065C YJR070C YDR390C 

YER081W YOR149C YOR317W YER065C YMR210W YLR109W 

YFL039C YKL087C YKR003W YOR099W YDR080W YFR037C 

YIL125W YJL115W YGR194C YER021W YGL083W YMR071C 

YER052C YGR253C YER154W YNR013C YDL231C YHL007C 

YER165W YGL201C YKR048C YLR046C YGL059W YOR238W 

YJR126C YOR374W YER048C YDL015C YLR046C YJL100W 

YGR028W YLR239C YDR293C YJR013W YOR033C YOR288C 

YMR096W YOR332W YBR196C YDR337W YBR011C YNL197C 

YEL056W YHR171W YFR022W YFL018C YBL008W YNL197C 

YNL011C YGL006W YJR064W YMR284W YFL008W YPR113W 

YNL334C YNR015W YDR244W YMR285C YBL095W YPR023C 

YBL035C YKL007W YDR338C YCL057W YIR023W YHR128W 

YLR307W YIL160C YPL051W YFR037C YER070W YCR094W 

YKL157W YJR001W YDR122W YJL194W YDR388W YBL099W 
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YOR299W YOR259C YBR087W YBL082C YPR108W YPL259C 

YER069W YHR200W YGR207C YNR058W YDR132C YKL148C 

YPL004C YBR003W YPR058W YFR010W YBR166C YBR222C 

YHL007C YOL049W YNL326C YGL252C YOR271C YOR336W 

YDR092W YOR351C YIL004C YLR001C YML021C YHR123W 

YLR328W YGL018C YBR135W YLL048C YBR208C YJL121C 

YHR147C YMR034C YMR075W YMR093W YPL069C YHR030C 

YKL211C YKL213C YJR068W YMR093W YBR153W YHR019C 

YML020W YJL026W YLR370C YDR212W YOR288C YNR070W 

YBL038W YGR257C YDL128W YER107C YDL101C YBR114W 

YJR060W YGR282C YOR217W YPL162C YKR009C YLR177W 

YHR188C YBR038W YEL056W YLR231C YOR175C YGL167C 

YBR010W YDL236W YBR180W YCL030C YGL208W YER114C 

YBL013W YKL126W YBR008C YOL139C YDL147W YBL023C 

YCL039W YDR170C YML069W YBR056W YAL021C YOR168W 

YCR094W YEL032W YML092C YCR015C YJR105W YIR008C 

YNL106C YPL162C YPL262W YNL072W YKL045W YBR115C 

YGR264C YML126C YNL217W YGR257C YDL164C YCR065W 

YGR157W YKL207W YNL217W YOL107W YER086W YNL290W 

YDL007W YCL045C YJR107W YFR004W YFL039C YNR050C 

YBL055C YGL019W YNL287W YOR304W YJL036W YMR129W 

YKL071W YGL019W YPL249C YJL168C YJL072C YJR006W 

YGR178C YGR135W YHL031C YDR436W YMR062C YPL088W 

YPR135W YHR120W YJL002C YGL065C YDL102W 
 

YJL031C YHR120W YOR270C YNL102W YJL154C 
 

YDR221W YJL012C YER007W YGL156W YFR015C 
 

YBR222C YOL038W YKR070W YML072C YBR010W 
 

YOR033C YDL142C YDR035W YBR003W YDR224C 
 

 



 

 

 


