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Kurzfassung 

Nostoc commune, ein Cyanobakterium mit kosmopolitischer Verbreitung, kommt auf einer 

Vielzahl von Substraten wie Sandböden, Wiesen und Felsen vor. Es bildet makroskopische 

Kolonien, die im feuchten Zustand gallertartig und braun-grün sind. Dieses Cyanobakterium ist 

Austrocknung gegenüber sehr tolerant und kann lange Trockenperioden überleben. Wenn die 

Kolonien durch Regen wieder hydratisiert werden, erholen sie sich schnell und die Zellen nehmen 

die Photosynthese wieder auf. Terrestrische Nostoc-Arten produzieren zahlreiche chemische 

Stoffe, die hohes Potenzial für verschiedene Anwendungen in Bereichen wie der 

Lebensmittelindustrie und Pharmazie aufweisen. Nostoc wächst jedoch sehr langsam und es gibt 

bisher keine wirtschaftlich praktikable Kultivierungsmethode. In dieser Studie wurde die 

Chlorophyllfluoreszenz von Kolonien im Freiland gemessen, um den physiologischen Zustand von 

Kolonien an zwei unterschiedlichen Standorten zu vergleichen und Rückschlüsse auf günstige 

Wachstumsbedingungen zu ziehen. Außerdem wurden zwei neu entwickelte automatische 

Bewässerungsmethoden unter verschiedenen Bedingungen anhand im Feld gesammelten 

Materials getestet. Es zeigte sich, dass eine periodische Austrocknung für eine erfolgreiche 

Kultivierung entscheidend ist. Die neu entwickelte Lift-Methode, bei der die Proben alle 24 

Stunden für 20 Minuten in ein stickstofffreies BG11-Medium eingetaucht wurden, erzielte den 

höchsten Trockenmassenzuwachs (durchschnittlich über 500 % nach 21 Tagen Kultur), der 

fünfmal höher ausgefallen ist als für permanent submers kultivierte Proben. Sowohl kürzere als 

auch längere Austrocknungsintervalle führten zu geringeren Wachstumsraten. Darüber hinaus 

deuten die Ergebnisse darauf hin, dass sich Stickstoff negativ auf das Wachstum und die 

Performance der N. commune-Kolonien auswirkt. Der in dieser Studie entwickelte Ansatz bietet 

eine effiziente Methode für die Kultur von N. commune, die für die großflächige Kultivierung von 

terrestrischen Nostoc-Kolonien entscheidend sein könnte. 

 

Schlagwörter: Nostoc commune, Kultivierung, Austrocknung, Rehydrierung, Stickstoff, 

Chlorophyllfluoreszenz  
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Abstract 

The cosmopolitan cyanobacterium Nostoc commune is found on various substrates such as sandy 

soils, meadows, and rocks. In its hydrated state, it forms macroscopic gelatinous colonies with a 

brownish-greenish appearance. The species is highly tolerant against desiccation and survives 

long drought periods. When rehydrated, the cells quickly recover and perform photosynthesis 

again. Terrestrial Nostoc species produce many valuable compounds with high potential for 

various applications in the food industry and pharmacy. However, Nostoc grows very slowly and 

no economically feasible cultivation method has yet been established. We compared the 

chlorophyll fluorescence colonies growing in two contrasting sites to draw conclusions about 

favorable growth conditions. Based on this information and on literature surveys, we tested a 

newly developed automatic irrigation system and provided different settings to collected field 

material. We were able to demonstrate that periodic dehydration is crucial for successful 

cultivation. The newly developed lift method, which was programmed to submerge the samples 

every 24 hours for 20 minutes into nitrogen-free BG11 medium, achieved the highest dry mass 

gains (over 500 % on average after 21 days), about five times higher compared to samples 

permanently submerged. Both shorter and longer desiccation intervals resulted in lower biomass 

yield. Additionally, our findings highly suggest that nitrogen supply adversely affects the growth 

and health status of N. commune colonies. The approach developed in this study provides an 

efficient method for growing N. commune, which might pave the way for large-scale cultivation 

of terrestrial Nostoc colonies. 

 

Keywords: Nostoc commune, cultivation, desiccation, rehydration, nitrogen, chlorophyll 

fluorescence 
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Introduction 

Nostoc 

The genus Nostoc (Nostocaceae, Cyanobacteria) consists of uniseriate and isopolar trichomes 

without branching; heterocytes and akinetes are usually present (Komárek, 2013). The name 

Nostoc derives probably from the portmanteau Nostoch, which was created by Paracelsus and is 

composed of the Old English “Nosthryl” (today nostril) and the German “Nasenloch”, both words 

for the same anatomical part of the nose (Potts, 1997). Paracelsus observed that Nostoc seems 

to appear out of nowhere after precipitation events. He explained it as a fiery excretion shot from 

a purifying star that turns to slime when it touches the earth (Paracelsus, 1566). This is probably 

why Paracelsus coined the term “Nostoch”, seeing it as a kind of sputum expelled from the nostrils 

of purifying stars. The genus comprises around 250-300 described species, which, however, will 

need further revision as it is rather heterogenous (Komárek, 2013). Nostoc species are found 

worldwide and colonize various habitats, from terrestrial over freshwater to marine (Fidor et al., 

2020; Potts M, 2000). While N. flagelliforme occurs in arid deserts, N. punctiforme was even found 

in the abyssal benthos of Lake Baikal at a depth of 890 m (X. Gao et al., 2012; Hu et al., 2012; 

Tikhonova et al., 2017). Because Nostoc species are diazotrophic, they also established symbiotic 

relationships over a wide range of organisms, for example, bryophytes such as hornworts (e.g., 

Anthoceros) and liver mosses (e.g., Blasia), pteridophytes (e.g., Azolla) and spermatophytes 

(Meeks et al., 1988; Meeks & Elhai, 2002; Rodgers & Stewart, 1977). Nostoc species were even 

found in symbiosis with gymnosperms, namely in the coralloid roots of several Cycads species in 

eleven genera (De Philippis et al., 1996; Margheri & Allotta, 1993; Meeks & Elhai, 2002). 

Particularly noteworthy, endosymbiosis with angiosperms was found in Gunnera, which produces 

specialized stem glands through which the cyanobacteria can enter the cell tissue. In this way, the 

plant profits from the N2-fixation abilities of Nostoc. This is the only known symbiosis between 

an angiosperm and a cyanobacterium (Bergman et al., 1992; Guevara et al., 2002). In addition, 

Nostoc is commonly found as photobionts in lichens (Rikkinen, 2013). Furthermore, a unique 

endosymbiosis with the arbuscular mycorrhiza fungus Geosiphon pyriformis is known; it is only 

found in a few locations in Germany and Austria. The fungus incorporates Nostoc cells via 

endocytosis into its hyphae and forms characteristic bladder structures in which the 
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cyanobacterial cells divide and become physiologically active. As the fungus depends on the 

cyanobacterium, it is classified as an obligate symbiont. Such an endosymbiosis is not regarded 

as lichen per definition (Kluge et al., 2002; Schüßler et al., 2007; Schüßler & Kluge, 2001; Schüßler 

& Wolf, 2005). 

Like most cyanobacteria, Nostoc is phototrophic, but some species are able to shift to a 

heterotrophic lifestyle (especially symbiotic taxa). Inside the host tissue, the light supply is often 

limited due to self-shading. The specimens use exogenous sugars provided by the host via a 

homoacetic fermentation under dark anaerobic conditions, which is a remarkable trait within 

cyanobacteria (De Philippis et al., 1996; Khoja & Whitton, 1975; Margheri & Allotta, 1993; Stal & 

Moezelaar, 1997). Moreover, dissociated cells from N. flagelliforme were successfully grown for 

seven days under dark heterotrophic conditions, feeding on xylose and glucose (Jia et al., 2012; 

Yu et al., 2009). 

Nostoc commune 

Nostoc commune is a cosmopolitan species found on every continent in a wide range of habitats 

from tropical islands to the deglaciated areas of Antarctica (Novis et al., 2007a; Potts M, 2000; 

Tripathi et al., 1970). This taxon lives subaerophytic on various substrates such as sandy/clay soils 

and bedrock. The habitats range from semideserts, edges of ways to meadows and moist soils 

(Komárek, 2013; Mollenhauer et al., 1999). In the dry state, N. commune can tolerate 

temperatures from -269 to 70 °C for 36 h with only a slightly reduced metabolic rate after 

rehydration. In addition, the colonies can tolerate salinities up to 20 g/kg NaCl and a pH range 

from 3 to 10 (Sand-Jensen & Jespersen, 2012). 

• Phylum: Cyanobacteria 
• Order: Nostocales 

• Family: Nostocaceae 
• Genus: Nostoc 

• Species: Nostoc commune  

 

 

Figure 1 Systematic position on Nostoc commune. 
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One individuum consists of barrel- to spherical-shaped cells aligned in uniseriate trichomes 

(Figure 2 d). Often, trichomes possess terminal or intercalary heterocytes for fixation of 

atmospheric N2 (Komárek, 2013). The single filaments are packed together in an extracellular 

polysaccharide (EPS) matrix, forming macroscopic lobate colonies, which can build layers up to 

20 cm (Mollenhauer et al., 1999; Potts M, 2000). Hydrated colonies have a gelatinous to 

cartilaginous texture and show mostly an olive-green color or are yellow-brown in different 

shades (Figure 2 a & b). Desiccated colonies are papery to leathery and are often dark brown with 

a green tone, sometimes appearing nearly black (Figure 2 c). 

The production of EPS and its composition of monosaccharides varies with different 

environmental conditions such as pH, nitrogen and CO2 availability (Z. Huang et al., 1998; Otero 

& Vincenzini, 2003). The outermost layer of the EPS matrix is rich in silica and calcium. 

Figure 2 Pictures of Nostoc commune: hydrated colonies on a) carbonate rock, b) old gravel road, c) desiccated colonies and d) 
microscopic image of a colony. ©Alexander M. Bürger 

a) b) 

c) d) 
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Interestingly, it was observed that although various microorganisms colonized the outer surface, 

hardly any were able to penetrate this outer layer (Hill, Peat, et al., 1994). Analysis of the EPS 

showed that it also includes scytonemin and mycosporine-like amino acids (Hill, Hladuns, et al., 

1994; Inoue-Sakamoto et al., 2018; Sakamoto et al., 2019). In addition, a diversity of water stress 

proteins is found in the gelatinous matrix, which are supposed to play a key role in desiccation 

tolerance (Sakamoto et al., 2019). 

The desiccation tolerance of N. commune is remarkable. Studies showed that dried colonies 

rehydrated after 87 years and after 107 years were still viable (Cameron, 1962; Lipman, 1941). 

The exact mechanisms of how Nostoc can survive such long periods of desiccation and regain 

activity after rehydration are still unknown. However, N. commune cells lack organelles 

encompassed by membranes, which would be easily damaged during desiccation/rehydration 

and ice crystal formation (Davey, 1989). It was found that EPS play an essential role in desiccation 

and stress tolerance (Tamaru et al., 2005). Shirkey et al. (2003) showed that long-term desiccation 

induces DNA modifications to prevent degradation, damage from radicals in the dry state and loss 

of cell viability. During rehydration, these modifications are removed. Due to the EPS layers, N. 

commune can take up water 23 times its dry mass during rehydration, which happens in nature 

primarily by rain (Satoh et al., 2002). This enables N. commune to stay photochemical active after 

rain ceases for a certain period, for example, in Arctic hydro-terrestrial environments for up to 

two weeks (Kvíderová et al., 2011). 

N. commune is closely related to N. sphaeroides, N. flagelliforme and N. punctiforme (X. Gao et 

al., 2011) and the former two are sometimes referred to as varieties of N. commune (Dvořák et 

al., 2020; Han et al., 2013; Huo et al., 2021; Potts M, 2000; Yang et al., 2011). 

Potential use cases for terrestrial Nostoc  

The terrestrial species Nostoc commune, N. flagelliforme and N. sphaeroides are edible and yield 

high nutritional value (Han et al., 2013; Liang et al., 2022). In particular, the hair-like 

N. flagelliforme has a long culinary history, as it was already consumed as early as the Jin Dynasty 

(265-317 AD) (K. Gao, 1998). Sources document its use in traditional Chinese medicine over 400 

years ago (Han et al., 2013). N. flagelliforme is called ‘Fat Choy’ in Cantonese or ‘FaCai’ in 
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Mandarin, both names referring to the hair-like structure of the colonies (Pui-Hay But et al., 

2002). From 1970 to 2000, N. flagelliforme sites were heavily exploited because it is a demanded 

delicacy in China. As the colonies show only a 6 % growth rate per year, the population decreased 

drastically, thus yielding heavy soil erosion in this area (X. Gao et al., 2016). Consequently, 

collecting this taxon was prohibited in China in 2000 to set a measure against the desertification 

of the northern Chinese regions (Pui-Hay But et al., 2002).  

When fed to rats, N. flagelliforme did not exhibit toxic effects (Takenaka et al., 1998). In addition, 

N. sphaeroides (in the study referred to as N. commune var. sphaeroides) showed no significant 

toxic effects at long-term diet supplementation of up to 5 % (Yang et al., 2011). However, 

Dvořák et al. (2020) identified the neurotoxic amino acid β -N-methylamino-L-alanine in some N. 

flagelliforme strains. As different strains of the same species could show intraspecific differences 

in the composition of secondary metabolites, health assessments are highly recommended 

before using a particular strain as a food supplement. 

Besides the nutritional value of N. commune, it possesses a manifold of chemical compounds with 

pharmaceutical potential (Z. Li & Guo, 2018; Nowruzi et al., 2018). For example, its consumption 

decreased serum cholesterol in rats (Hori et al., 1994). Furthermore, a substance called noscomin 

exhibited antibacterial activity (Jaki et al., 1999). Nostocine, a chemical compound isolated from 

N. commune, inhibits the growth of Propionibacterium acnes and reduces inflammation caused 

by this bacterium, which is the leading cause of acne vulgaris (Itoh et al., 2014). Nostoflan, an 

acidic polysaccharide isolated from N. flagelliforme, was reported to be a potential anti-herpes 

agent (Kanekiyo et al., 2007). The water stress protein WSP1 expressed antitumor activities 

against colon cancer (Guo et al., 2015). EPS extracts of N. commune exhibit a wound-healing effect 

and are anti-allergic (Tseng et al., 2021). Moreover, the polysaccharides show high moisture 

retention capacity, are antioxidative and positively affect the gut microbiota (H. Li et al., 2011, 

2021). 

In addition, the EPS could be potentially used for coatings or membranes in biomedical 

applications (Rodriguez et al., 2017). Polysaccharides gained from N. commune can also be used 

as a thickening additive for food and beverages (Torres-Maza et al., 2020). 
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Further applications could be soil restoration as N. commune can pioneer on unfavorable grounds 

and can fixate N2 and CO2, thus increasing soil fertility. Furthermore, it increases the water 

retention capacity and reduces the soil albedo (Román et al., 2018; Roncero-Ramos, Román, et 

al., 2019). Therefore, it facilitates the colonization of other organisms, such as mosses and higher 

plants (Sand-Jensen & Jespersen, 2012). Moreover, N. commune shows the potential for 

remediation of radioisotopes from polluted soils (Katoh et al., 2012). Nostoc could also be a 

potential candidate for Mars colonization as it could tolerate Mars-like environments, including 

high UV radiation, low temperatures and drought (Ye et al., 2021). Furthermore, N. commune 

biofilms could serve as a habitat for other bacteria on Mars (Jänchen et al., 2016). It can even be 

used as a plant substrate, which acts simultaneously as a fertilizer through its N2 fixation ability, 

which would be suitable for space agriculture (Katoh et al., 2012). 

To sum up, N. commune and the other terrestrial species have many applications in the food 

industry, cosmetics, habitat restoration, phytoremediation and pharmacy. Therefore, the 

cultivation of these cyanobacteria is of very high interest.  

Former cultivation approaches  

Plenty of promising use cases of terrestrial Nostoc species make cultivation very in demand, but 

so far, no method could be established to grow N. commune efficiently. Mostly, the cultivated 

colonies deviate from their natural shape, have a slow growth rate and tend to disintegrate (Han 

et al., 2013; Scherer & Zhong, 1991). CO2 diffusion in air is much higher than in water. Therefore, 

Sand-Jensen (2014) described the optimal habitat as wet soils, where inorganic carbon and 

nutrients are supplied from the substrate while the colony can still take up CO2 from the air.  

To our knowledge, only a few studies focused on culturing Nostoc commune. The closely related 

species Nostoc flagelliforme (formerly referred to as N. commune var. flagelliforme has been a 

primary interest of several studies as this species is a delicacy in some provinces of China, but a 

successful cultivation method of macroscopic colonies could not be established (Cui et al., 2017; 

K. Gao et al., 1998; Han et al., 2013; Scherer & Zhong, 1991). It was reported that N. flagelliforme 

colonies cannot survive permanent hydration (Scherer & Zhong, 1991). One suggested 

explanation is that bacteria disintegrate the gelatinous colonies if no periodical desiccation occurs 
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that inhibits their growth (K. Gao & Ye, 2003). Nevertheless, it was managed to establish liquid 

cultures of free-living individuals/microcolonies mainly for extracellular polysaccharide 

production (K. Gao & Ye, 2003; Jia et al., 2012; Yu et al., 2010). Visible colonies from these 

microcolonies were susceptible to desiccation and high irradiation and unsuitable for restoring 

the natural populations (X. Gao et al., 2015, 2016). There have been several attempts to cultivate 

N. flagelliforme without submergence. K. Gao & Yu (2000) found the best results for watering 

cyanobacterial mats at enriched CO2 concentration, reaching a biomass gain of 31 % within 15 

days. Another group cultivated N. flagelliforme on cellulose nitrate-acetate membranes placed 

on solid BG11/BG11N0 plates. The membranes were regularly removed and dried to simulate 

periodical desiccation. The samples did show a similar shape to the natural thalli, especially in 

combination with low UV-B treatment (Feng et al., 2012). However, the growth rates stayed low 

in all previous studies and the handling efforts were high. There is obviously a need for 

establishing an efficient and easy cultivation approach for terrestrial Nostoc species. 

Chlorophyll fluorescence 

Measuring variable chlorophyll fluorescence has become a common application to estimate 

photosynthetic efficiency and electron transport rate, especially since high-quality and cheap 

measuring devices are on the market. If a chromophore molecule (such as chlorophyll) gets 

excited by absorbing a photon, an electron is elevated to a higher level. There are the following 

primary ways by which the molecule is de-excited and returns to the ground state (Campbell et 

al., 1998):  

Photosynthesis (energy transfer including photochemical reactions) 

Photons are absorbed via intrinsic light-harvesting complexes consisting of chlorophylls and 

carotenoids in eukaryotic photoautotrophs. Cyanobacteria developed small bodies called 

phycobilisomes as extrinsic light-harvesting complexes, which are located at the periphery of the 

thylakoid membrane. Phycobilisomes consist of phycobiliproteins such as phycoerythrin, 

phycocyanin and allophycocyanin. Light harvesting complexes have in common that excited 

pigments pass their energy onto adjacent pigment molecules (Mirkovic et al., 2017). The energy 

transfer between the chromophores of a light-harvesting complex happens through resonant 
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energy transfer, which involves quantum coherence (Fassioli et al., 2014). In this way, the energy 

is transferred to the reaction centers of both photosystems (PSI and PSII) (Mullineaux, 2008).  

The reaction centers consist of chlorophyll a molecules with a special pair of chlorophyll-a 

molecules placed at the core (P680 in PSII and P700 in PSI) (Ishikita et al., 2006). In PSII, the 

electron of the excited P680* gets separated and moves through the electron transport chain 

(ETC). The electron is accepted by the plastoquinone found at the binding site QA of the reaction 

center. This plastoquinone is tightly fixated on the binding site and is not exchanged. It acts as a 

single electron recipient and is just temporarily reduced. It passes the received electron onto 

another plastoquinone bound to site QB, which needs to be reduced two times before it can take 

up two protons from the stroma, forming a reduced quinone QH2. Consequently, it gets replaced 

by an oxidized quinone and leaves the reaction center to perform the next step of the ETC 

(Lambreva et al., 2014).  

Heat dissipation 

Another way to reach the ground state for a chromophore is to release the energy difference in 

the form of heat, often referred to as non-photochemical quenching (Murchie & Lawson, 2013). 

Fluorescence 

Alternatively, the energy difference between the excited and ground states can be emitted as a 

photon (= fluorescence). This can be measured by a photodetector (Campbell et al., 1998). 

To summarize, absorbed light energy is converted to other forms via three major pathways: 

photochemical reactions (photosynthesis), heat dissipation and chlorophyll fluorescence 

(Murchie & Lawson, 2013). These three mechanisms stand in competition with each other, 

summing up to the following energy equation:  

 𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 = photosynthesis + heat dissipation + chlorophyll fluorescence 

As a consequence, if the chlorophyll fluorescence is measured, we can derive information about 

photosynthesis (photochemical quenching) and heat dissipation (nonphotochemical quenching). 

Because every photon remitted cannot be used for photosynthesis, we can estimate the efficiency 

of photochemistry. If the chlorophyll fluorescence is measured below 700 nm at room 
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temperature, most of the signal is emitted by the chlorophyll pigments of PSII, as the PSI has a 

negligible contribution below this threshold. If longer wavelengths are considered (PSI has its 

emission peak at 730 nm), the contribution of PSI regarding chlorophyll fluorescence is about 

30 % in C3 plants and 50 % in C4 plants (Genty et al., 1990; Pfündel, 1998). In cyanobacteria, the 

ratio PSI:PSII ranges from 2:1 up to 5:1 (Luimstra et al., 2019). 

Pulse-Amplitude-Modulation (PAM) fluorescence 

In the last decades, PAM fluorescence systems have been one of the most important and widely 

used approaches to measuring chlorophyll fluorescence. These systems use measuring light in µs-

range pulses with very low intensity. Applied with low frequency, they do not trigger 

photochemical reactions, so it is possible to measure the dark fluorescence. The modulated 

measuring light allows photodetectors to reject fluorescence caused by non-modulated light, 

such as ambient light (Schreiber, 2004). Due to these possibilities, chlorophyll fluorescence of the 

PSII can be measured at both light and dark conditions. 

Dark-adapted measurements  

If the organism is adapted to dark conditions, all reaction centers are oxidized (open = able to 

accept an electron). Plants exposed only to the weak modulated beam allow measuring the 

minimal fluorescence (F0), which does not induce photochemical reactions (so the quinones stay 

maximally oxidized). As the next step, a short saturating actinic pulse with high intensity is applied 

to close all photo reaction centers. This means all plastoquinones at QA become reduced and 

cannot take up electrons anymore. Consequently, the energy cannot leave the excited chlorophyll 

molecules via photochemical reactions and the fluorescence becomes maximal (Fm) (Baker, 2008). 

The difference between the maximum and minimal fluorescence is called variable fluorescence 

(Fv = Fm - F0). Furthermore, the maximum quantum yield of PSII (=dark yield) can be calculated as 

the ratio of the variable and maximum fluorescence (Fv/Fm)(Murchie & Lawson, 2013; Schreiber, 

2004). In other literature, it is also referred to as maximum quantum efficiency of the PSII 

photochemistry (Baker, 2008; Campbell et al., 1998). 
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Light-adapted measurements 

During ambient light exposure, reaction centers are partly closed (QA is partly reduced), which 

leads to increased chlorophyll fluorescence (Schreiber, 2004). Genty et al. (1989) introduced a 

method to measure the fluorescence parameter (Fm´ - Fs)/ Fm´. Firstly, the steady-state 

fluorescence (Fs) is measured at ambient light conditions without inducing further photochemical 

reactions. As a next step, the sample is exposed to a short saturating pulse to fully reduce QA, thus 

measuring the maximum fluorescence under actinic light (Fm´). The ratio (Fm´ - Fs)/ Fm´ is called 

effective quantum yield ΦPS2 or PSII operating efficiency (Baker, 2008; Schreiber, 2004). 

The effective quantum yield has proven to be one of the most robust and valuable fluorescence 

parameters during light exposure (Baker, 2008). This parameter shows a linear relationship to the 

linear electron flux and is sensitive to factors that affect the efficiency of open reaction centers, 

such as photoinhibition and non-photochemical quenching (Genty et al., 1989). When CO2 

assimilation resembles the main sink for ATP and NADPH and thus for electrons of the linear 

electron flux, ΦPS2 proved to be a valuable relative measure of the quantum yield of CO2 

assimilation (Φ CO2). Moreover, interpretations and comparisons using Fv/Fm are more reliable 

than using the values of F0 and Fm directly, as Fv/Fm is a relative measure, so differences between 

samples and measurements such as chlorophyll-content and distance of the probe are levelled 

out (Baker, 2008). 

Interestingly, Fv/Fm seems to be rather constant, around 0.83 for various C3 plants (not stressed), 

underlying its importance as maximum efficiency for higher pants (Björkman & Demmig, 1987). 

However, cyanobacteria show much lower values, mainly in the range of 0.2 - 0.6 (Campbell et 

al., 1998; Lüttge et al., 1995). There have been several reasons discussed so far. First of all, the 

fluorescence of the phycobilisomes interferes with the chlorophyll fluorescence. Secondly, the 

respiratory and the photochemical electron flow overlaps in the thylakoid membrane, reducing 

commonly used plastoquinones in the dark-adapted state (Milou Schuurmans et al., 2014). 

Thirdly, the ratio between PSI and PSII is much higher, affecting the non-variable fluorescence, 

particularly if wavelengths above 700 nm are included in the measurements (Schuurmans et al., 

2015). 
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The aim of this study 

We first studied N. commune at different locations in the field to get insight into the autecology 

of this taxon. We measured variable chlorophyll fluorescence and recorded environmental 

parameters (temperature, available light and relative air humidity) in parallel. Based on the 

chlorophyll fluorescence, we drew conclusions about the photosynthetic activity and the vitality 

of the cyanobacteria under different conditions. We also evaluated the time spans after rain 

events, at which colonies stayed photochemically active. Based on the results of the field survey, 

we designed cultivation experiments testing different substrates and media to develop an 

efficient method to grow terrestrial Nostoc macroscopic colonies. 

We assume that periodical desiccation-rehydration is the key to the successful cultivation of 

terrestrial Nostoc. During air exposure, gas transport is facilitated. Furthermore, when the partly 

dried colonies are rehydrated, they absorb fresh medium, which ensures that all cells receive new 

nutrients. In contrast, if N. commune is kept hydrated permanently, the swollen gelatinous layer 

acts as a diffusion barrier, which impedes nutrition supply and gas exchange, especially for the 

innermost trichomes. As N. commune is mainly supplied with rainwater and is diazotrophic, we 

assume that a low nitrogen concentration resembles the natural situation and is, therefore, 

preferred by the cyanobacterium. 

Two irrigation approaches were developed to test these hypotheses: an artificial rain system 

(sprinkler) and a platform that periodically submerges the samples (lift). Different watering 

intervals were tested to observe if periodical desiccation-rehydration positively affects the mass 

gain of N. commune. Moreover, media with different nitrogen concentrations were compared to 

evaluate the effect of nitrogen on the growth of colonies.  
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Material & Methods 

Field experiments  

A portable pulse-modulated chlorophyll fluorometer FMS 2+ (Hansatech Instruments Ltd, 

Norfolk, United Kingdom) was used to measure the effective quantum yield (light experiment) 

and the maximum quantum yield (dark experiment). Negative values due to measuring errors 

were set to zero. The air temperature and relative humidity were tracked in parallel with a HOBO® 

data logger (1-800-Loggers, ONSET, Bourne, MA, United States). In addition, photosynthetically 

active radiation (PAR; 400 -700 nm) was measured in lux with a HOBO® pendant logger (UA-002, 

ONSET). It was converted to the photosynthetic photon flux density (PPFD) [μmol·m−2·s-1] by 

multiplying it by 0.0185, which is a factor empirically determined for sunlight taken from Thimijan 

& Heins (1983). In order to approximate the relative electron transport rate (ETR) the standard 

formula for plant leaves: 𝑟𝐸𝑇𝑅 =  𝛷𝑃𝑆2 ∗ PPFD was used (Schreiber, 2004; Schreiber et al., 

1995).  

The field experiments took place in the close vicinity of the WasserCluster Lunz. Around the area 

of the Lunzer See, two locations with high Nostoc commune occurrence were selected: (1) strong 

incoming irradiance and (2) weak irradiation. 

Figure 3 Location of the first daylight and the dark experiment. Nostoc commune colonies were found at the concrete wall 
at the margin to the meadow. 
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(1) Nostoc commune grew on a small concrete wall adjacent to a steep meadow next to the 

WasserCluster Lunz building (Figure 3). The cyanobacteria were exposed to full sunlight most of 

the day and only shaded by the building till 09:00. A larger colony was selected for investigation. 

The Hansatech FMS 2+ was programmed to perform an effective yield measurement (light-

adapted measurement routine, phi PSII function) at 15-minute intervals for four days. 

A dark experiment was carried out to separate effects caused by irradiation from other 

environmental conditions: a black box was put over the colonies just before the sun began to rise. 

The box was removed after dusk to ensure Nostoc could be rehydrated by dew and rain during 

the night. Every 15 minutes, a measurement of the maximum quantum yield was taken. 

(2) A moisty area with high Nostoc occurrence was taken as a comparison where N. commune 

colonies were shaded by Petasites hybridus (Figure 4). As this plant is an indicator of moist and 

fertile soils, it shows that this location stands in strong contrast (in terms of humidity, nutrition 

and exposition) to the previous wall (Ellenberg et al., 2001). Another daylight experiment was 

performed with the same settings to compare the chlorophyll fluorescence under these different 

conditions. 

Pictures of the sky were taken with a fisheye lens from just above the Nostoc colonies. 

Subsequently, these images were used to calculate the site openness using the Gap Light Analyzer 

software V2 (Frazer et al., 1999). 

Figure 4 Shaded location of Nostoc commune growing under the leaves of Petasites hybridus. 
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Culturing experiments 

Biological material 

Specimens were collected from various locations in the vicinity of the Lunzer See. The 

cyanobacteria were identified as Nostoc commune Vaucher ex Bornet et Flahault 1888 using 

Komárek (2013). Before beginning the experiment, the cyanobacteria were submerged in 

deionized water and mechanically cleaned of particles, such as soil, mosses, and other plant 

materials, under a stereo microscope. Several samples were examined under a microscope to 

assess the health of the cells, and necrotic portions of the colonies were removed. Following 

cleaning, Nostoc was air-dried at room temperature for two days. The dried Nostoc was then cut 

into small pieces using clean scissors and weighed with an MT5 Microbalance (Mettler Toledo, 

Columbus, Ohio, USA). The growth experiment utilized fragments with a dry mass ranging from 

about 0.5 to 2.5 mg. 

Culturing Media  

Various media were prepared for the growth experiments. Rainwater was collected using a 

collection tank and filtered through a fine mesh (0.2 µm) before being autoclaved at 121°C for 30 

minutes. BG11, a standard medium for cyanobacterial culture, was prepared according to the 

protocol of the Sammlung von Algenkulturen Göttingen (2013), which is a modified version of 

Rippka and Herdman (1992) with the micronutrient composition taken from Kuhl and Lorenzen 

(1964): NaNHO3 [1500 mg/l], K2HPO4·3H2O [40 mg/l], MgSO4·3H2O [75mg/l], 

CaCl2·2H2O [36 mg/l], citric acid [6 mg/ml], ferric ammonium citrate [6 mg/ml], EDTA [1 mg/l], 

Na2CO3 [20 mg/l] and micronutrient solution (1ml for 1000 ml medium) (Kuhl & Lorenzen, 1964; 

Rippka & Herdmooan, 1992; Sammlung von Algenkulturen Göttingen, 2013). Previous studies 

often used either BG11 or nitrogen-free BG11 for culturing Nostoc commune and closely related 

N. flagelliforme (Feng et al., 2012; Guljamow et al., 2017; Qiu & Gao, 2002; Tripathi et al., 1970). 

To evaluate which medium is the most suitable for culturing N. commune, different mixtures of 

the BG11 medium were tested: BG11 standard (BG11), BG11 diluted 1:10 with Mili-Q water 

(BG11diluted), BG11 with only a tenth of the NaNHO3 concentration (BG11N/10) and BG11 without 

nitrogen (BG11N0). 
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Irrigation setups 

Submersed approach 

For the submerged setup, 48-well cell culture plates were taken (Cellstar®, Greiner Bio-One 

GmbH, Kremsmünster, Austria). Wells were filled with the respective medium, and one specimen 

was placed into each well (Figure 5). The medium was exchanged every five days to provide the 

cyanobacteria with fresh nutrients and minimize contamination of other organisms.  

 

  

Figure 5 Foto of a permanently submerged culture. 
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Sprinkler approach 

In order to mimic the natural water supply of Nostoc commune via rainfall, a sprinkler system 

(Whisper PowerPump SMALL V.3, Micro Rain Systems, Bad Altenburg, Germany) was 

implemented (Figure 6). The tank of the sprinkler system was filled with the respective medium. 

Initially, the samples were submerged in the medium for ten minutes. Afterwards, the samples 

were placed on a prepared substrate, depending on the experimental design. A time switch was 

programmed to irrigate the cyanobacteria at regular intervals. 

 

 

  

Figure 6 Example of a sprinkler set-up. 
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Lift approach 

In order to ensure uniform hydration of all samples, we developed a new irrigation approach with 

a lifting platform built with LEGO® Technic building parts (Figure 7). The lift was controlled by a 

microcontroller (UNO R3, Elegoo, Shenzhen, China). It was programmed to immerse the sample 

holder into an aquarium (filled with medium) at regular intervals for a predetermined period of 

time. An ultrasonic detector was included to ensure that the lift travels to the bottom of the 

aquarium and then returns to its original position. A sample holder was constructed made of 

silicon chambers with a stainless-steel mesh bottom. This allowed the medium to enter when 

submerged and let the excess drip off when the stage was lifted out of the liquid (Figure 10). 

Cyanobacteria were either placed directly on the mesh or on marble chippings, which were placed 

on the mesh as substrate.  

 

Figure 7 Picture of the constructed programmable lift. 
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Culturing experiments 

Several culturing experiments were conducted to test the hypotheses presented in the 

introduction and to find the optimum growth conditions for Nostoc commune macroscopic 

colonies. The results of previous experiments were considered and used to design subsequent 

experiments (Figure 8).  

Figure 8 Flow diagram which depicts the order of executed experiments with their testing parameters and most 
important insights. 
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Pilot 1 -Substrates 

We tested three substrates: fine quartz sand, white marble chippings and white seed beads. 

Before the experiment, the substrates were washed with Mili-Q water and put into an autoclave 

at 121°C for 30 minutes. Afterwards, the substrates were dried and filled into little glass Petri 

dishes, which were put into an aquarium (Figure 9). Ten Nostoc colonies were used for every 

substrate. At the beginning of the experiment, the colonies were submerged in the BG11N0 

medium. Irrigation was performed with the sprinkler system previously explained. It was 

activated every three hours, spraying approximately 28 ml of medium over the samples. The 

experiment was performed at room temperature (on average 23 °C) with a light/dark cycle of 

16 h/8 h. The samples were exposed to light with a photon flux density of 35 μmol·m−2·s-1
. 

 

 

 

 

 

 

 

Pilot 2 – Irrigation interval 

Based on the results of the first pilot experiment, marble chippings were used for subsequent 

experiments. The dishes were placed in two separate aquariums, each equipped with a sprinkler 

system. The experiment tested whether an irrigation interval of 3 hours or 1.5 hours was more 

beneficial for the vitality of Nostoc. For both settings, the amount of medium sprayed per 

activation was the same (28 ml). The sample size was 10 for each setting and the experiment was 

conducted at room temperature (average 23 °C) with an average photon flux density of 35 

μmol·m−2·s-1
. 

 

Figure 9 Nostoc commune samples in Petri dishes filled with the three different media: a) glass beads, b) quartz sand, c) 
marble chippings. 

a) b) c) 
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Main experiment 1 – Media comparison 

In this experiment, three different low-nitrogen media were tested: rainwater, BG11N0 and 

BG11diluted. To address the issue of uneven medium distribution between Petri dishes observed in 

pilot tests, marble chippings were placed in a shallow polypropylene laboratory dish to allow for 

equal distribution of the medium after spraying (Figure 6). Likewise, the irrigation interval was set 

to 3 h with 28 ml medium used during each activation. 

Furthermore, we also tested the Lift approach, which we developed. The lift was programmed to 

submerge the sample stage every 3 hours into the aquarium filled with the tested medium for 

10 minutes. Nostoc specimens were placed on a stainless-steel mesh in silicon chambers, which 

were divided into two parts by a plastic partition (Figure 10). The same three media were used 

for the sprinkler experiment: BG11N0, BG11diluted and rainwater. The experiment was performed 

at room temperature (average 23 °C) and a photon flux density of about 35 μmol·m−2·s-1. In 

addition, pictures were regularly taken of the samples to observe their growth. The sample size 

was 30 colonies. 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 Newly constructed sample chambers for the lift irrigation system. 
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Main experiment 2 – Watering approach & nitrogen influence 

This experiment was performed to directly compare the performance of the different irrigation 

approaches and simultaneously investigate the influence of nitrogen concentration on the growth 

of Nostoc. Two media were tested: BG11 and BG11N/10 (with only 1/10 of the original nitrogen 

concentration). Each medium was used with every irrigation approach: sprinkler, lift and 

permanently submerged. This time, the steel mesh in the chambers was covered with marble 

chippings to make it more comparable to the artificial rain approach and elongate the drying 

process of the colonies. To prevent colonies and substrate from floating, pieces of a white fly net 

were placed on the samples with a mesh size of 2.5 mm x 2.5 mm (Figure 11). The experiment 

was conducted at room temperature (approximately 25 °C) with a photon flux density of around 

35 μmol·m−2·s-1. 

 

   

Figure 11 Adaptation of the sample holder. The chambers are filled with substrate. In addition, a fly 
net is placed into the chambers to keep substrate and specimens on place. 
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Main experiment 3 – Extended drying period 

During the previous experiment, we realized that the colonies stayed fully hydrated during the 

3 h drying interval due to the water-retaining capacity of the substrate. Therefore, the times 

between submerging steps were extended to 24 hours to observe if desiccation and rehydration 

are beneficial for the growth and health of cultivated Nostoc. The immersion time was increased 

to 20 minutes to ensure the colonies were fully hydrated at the beginning of the extended air 

phase. We ran this experiment with the BG11N/10 medium and the BG11N0, which yielded the 

highest gains in previous experiments. To reduce contamination, the medium in the aquarium 

was cleaned and replaced with fresh medium after 11 days. In addition, another experiment was 

performed with 48 h intervals between submersions (medium: BG11N/10, substrate: marble). 

Moreover, two sample sets were permanently submerged in wells of cell culture plates for 

comparison. One plate was filled with BG11 N/10 and the other one with BG11N0. All samples were 

continuously illuminated with about 60 μmol·m−2·s-1 photon flux density. 

In addition, an experiment was conducted to determine if a day-night cycle is advantageous for 

growing N. commune. In this case, the samples were illuminated for 16 hours with 60 μmol·m−2·s-

1 photon flux density and then kept for 8 hours in the dark. The submerging step was scheduled 

to activate when the light turned on and lasted 20 minutes. BG11N/10 was used as a medium.  

The experiment was performed at room temperature (approximately 25 °C). 
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Effect of rewetting and desiccation on ΦPS2  

In order to assess the effect of rehydration and desiccation on the effective quantum yield, PAM 

measurements were conducted on a colony that was maintained at a constant temperature 

(25 °C) and illumination level of 65 μmol·m−2·s-1. For this experiment, the lift irrigation setup was 

used. A dried Nostoc commune sample was placed onto the substrate and the sample holder was 

programmed to immerse for 20 minutes in BG11N0 medium (the colony had been stored dry for 

four months). After the lift drove out of the liquid, PAM measurements were taken every 

15 minutes for 24 hours using the FMS 2+. This procedure was repeated twice more with the 

same sample immediately afterwards. 

 

Data analysis 

The data of the culturing experiments were analyzed with R (R Core Team, 2022) using the 

development environment RStudio (Posit team, 2023). Only the results with positive mass gain 

were considered to evaluate the main experiments. This measure was taken to reduce the 

scattering and the bias that degrading colonies would introduce to the data.   
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Results 

Field experiment 

Comparison of the two field study locations 

Exposed Nostoc colony on a concrete wall 

This location had a site openness of 71 % (Figure 12a). It was exposed to the full sun for the whole 

day except for the early morning, where it was shaded till 09:00 by the building nearby (Figure 

12a). 

Nostoc growing on a moist and shaded spot  

The calculated site openness for the spot of the investigated Nostoc colony was about 41 % 

(Figure 12b). Due to the leaves of Petasites, the cyanobacteria were shaded most of the time 

(Figure 4). The soil remained consistently moist throughout the entire observation period. 

 

 

Figure 12 Fish-eye picture of the sky taken from the spots of the investigated colonies.  

a) b) 
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PAM fluorescence measurements at the sun-exposed location 

Daylight experiment 

First day (12th of July) 

The day started with rainfall, which ceased by 09:00 and gave way to cloudy weather with 

intermittent sunshine. At the site of the observed Nostoc colony, the temperature was slightly 

above 10 °C in the morning and late evening/night, whereas the daytime peak was around 

30°C. The relative humidity was approximately 100% until 09:00, then declined to about 45% in 

the afternoon. Overall, the Photosynthetic Photon Flux Density (PPFD) reached its maximum at 

17:00, as well as the rETR. Throughout the day, the Nostoc colonies stayed well-hydrated. The 

effective quantum yield showed high values in the morning (about 0.55) and in the night hours 

(about 0.65) (Figure 13, Day 1). 

Second day (13th of July) 

The second day was sunny throughout. Similar to the first day, temperatures remained relatively 

low and humidity high during the morning hours. By midday, temperatures had risen to 45°C in 

the sun, while the humidity dropped to 20%. After 17:00, temperatures began to decrease as 

relative humidity increased. From 09:00 to 16:00, the PPFD reached the highest levels, the rETR 

followed this trend and peaked at 11:00. Nostoc was hydrated early in the morning. However, by 

10:00, it had begun to desiccate and looked relatively dry by 15:00. The quantum yield remained 

steady at around 0.65 until 06:00 before falling and reaching very low values after 14:00 (Figure 

13, Day 2). 

Third day (14th of July) 

Throughout the day, sunny conditions prevailed. Following sunset, temperatures rapidly 

increased, reaching values exceeding 50°C on the sunlit wall exposed between 12:00 and 16:00. 

Concurrently, air humidity decreased to 15%. On this day, the PPFD reached the highest levels, 

staying intense from 10:00 to 16:00. In contrast to the rETR, which showed the lowest values of 

all four days. The cyanobacteria remained relatively dry all day, but after 12:00, they were 

completely desiccated. In the morning, the quantum yield remained low, within the range of 

0.2 - 0.3, before falling below 0.1 after 11:00 for the rest of the day (Figure 13, Day 3). 
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Fourth day (15th of July) 

In the early morning, around 04:00, it started to rain until 09:00. For the rest of the day, the 

weather remained mostly sunny. Despite the rain, morning temperatures were relatively warm 

compared to other days, exceeding 15°C. By midday, temperatures had risen above 30°C. After 

the rain stopped, the relative humidity decreased, reaching a minimum of approximately 45% in 

the early afternoon. On this day, the PPFD fluctuated quite strongly but reached its maximum at 

12:00. The Nostoc colony, fully desiccated until 04:00, swelled after the onset of rain. By 08:00, it 

was completely hydrated but subsequently began to dry again, appearing almost desiccated by 

17:00. The effective quantum yield increased from 04:00 to 08:00, peaking at 0.45 before 

decreasing for the remainder of the day (Figure 13, Day 4). 

  



32 
 

  

Figure 13 Results of the first daylight experiment (4 consecutive days in July). Measurements were taken on a Nostoc 
commune colony, growing on a concrete wall next to the WasserCluster Lunz building. The following parameters were 
measured: effective quantum yield (ΦPS2 = (Fm’-Fs)/Fm’), PAR, temperature and relative humidity. The mean values were 
calculated using 4 measurements per hour (every 15 minutes). In the graph depicting the maximum quantum yield, the 
standard deviation, calculated from the 4 measurements taken every hour, was included to assess signal quality. 
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Dark experiment 

In contrast to the daylight experiment, the conditions during the dark experiment (July 17th-19th) 

were comparable on all three days. The weather was sunny during the day and the night sky was 

mostly clear. The samples were shielded from sunlight with a black cover. Morning temperatures 

ranged from 10 to 15°C, rising rapidly after 08:00, with maximum values between 30 °C and 35 °C. 

After 17:00, air temperatures decreased until midnight. Relative humidity exhibited the opposite 

pattern, with levels exceeding 85% during the night and early morning. After 08:00, the air 

humidity decreased rapidly, reaching minimum values from midday until the afternoon. From 

17:00 until midnight, the humidity rose again. Throughout the experiment, the Nostoc colony 

remained fully desiccated, with a maximum quantum yield mainly varying between 0 and 0.1 

(Figure 14). 
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Figure 14 Results of the dark experiment. The measurements were taken on the same colony as the first daylight experiment 
(colony on a concrete wall). The sample was shielded from the daylight with a black cover. Following parameters were 
measured: maximum quantum yield (Fm-F0)/Fm, temperature and relative humidity. The mean values were calculated using 
4 measurements per hour (every 15 minutes). In the graph depicting the maximum quantum yield, the standard deviation, 
calculated from the 4 measurements taken every hour, was included to assess signal quality. 
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PAM fluorescence measurements at the shaded location 

Daylight experiment  

Diurnal changes in air temperature and relative humidity were nearly identical on all four days 

(July 21st-24th). The weather was predominantly sunny, with rain only occurring during the night 

of day 3 and morning of day 4. In the morning (00:00 - 08:00), the temperature varied from slightly 

under 15 °C (on the first day) to slightly below 20 °C. After 08:00, the temperatures rose, reaching 

their maximum between 14:00 and 16:00. Day 2 was the hottest, with a maximum temperature 

of around 27°C. After 17:00, temperatures decreased until midnight. Overall, relative humidity 

exhibited less fluctuation compared to the previous location. During the morning and night, the 

humidity remained around 90%, only dropping to around 80% from 10:00 to 18:00, except on day 

2, when it decreased to 70%. PPFD increased from sunrise to 10:00 before decreasing until 12:00. 

Only on the third day did the radiation continuously rise until 13:00. In the late afternoon, PPFD 

began to drop until sunset at 21:00. The Nostoc colony remained hydrated throughout the 

observation, showing only slight signs of desiccation in the afternoon of days 2 and 3. During the 

last two days, the gelatinous mass was fully swollen due to overnight rain. The effective quantum 

yield was relatively constant, mostly between 0.4 and 0.6. While no significant decrease occurred 

on the first two days, the yield dropped slightly on the third day around midday. On day 4, it fell 

more substantially, reaching levels below 0.4 (Figure 15). 
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Figure 15 Results of the second daylight experiment (4 consecutive days in July). Measurements were taken on a Nostoc 
commune colony found in a moist area growing under Petasites hybridus. Following parameters were measured: effective 
quantum yield (ΦPS2 = (Fm’-Fs)/Fm’), PAR, temperature and relative humidity. The mean values were calculated using 4 
measurements per hour (every 15 minutes). In the graph depicting the maximum quantum yield, the standard deviation, 
calculated from the 4 measurements taken every hour, was included to assess signal quality. 
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Correlation between effective quantum yield and other parameters 

Looking at the combined data from both daylight experiments, correlations occur between the 

effective quantum yield and temperature/humidity/PAR. Regarding temperature and relative 

humidity, the Pearson coefficient indicates a negative correlation with the quantum yield (-

0.45 > rPearson > -0.4). On the contrary, the analysis shows a positive correlation of ΦPS2 with the 

relative humidity (rPearson = 0.58). In all three cases, the t-tests revealed significant differences (p 

< 0.05, Figure 16 a, b & c). the correlations were also calculated just for the time that colonies 

were hydrated. This measure was taken as it seemed that the measurements on the desiccated 

colony did not contain valuable information about the influence of environmental parameters but 

only introduced a broader scattering of data points. In this case, the Pearson coefficient is under 

0.5 for the relative humidity. At the same time, the negative correlation with PAR is more 

pronounced (rPearson < -0.5). Again, the t-test showed a significant correlation for all three 

environment parameters (Figure 16 d, e & f).  
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a) d) 

b) e) 

c) f) 

Figure 16 Scatter plots showing the correlation between the effective quantum yield (ΦPS2) and different parameters: a) 
temperature, b) relative humidity, c) photosynthetically active radiation (PAR). The results of the calculated t-tests and the 
Pearson correlation coefficient are written in the headline. The plots were created using the R function ggstatsplot (Patil, 
2021). 
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Culturing experiments 

Pilot experiments  

Overall, colonies grown on the marble chippings showed a higher mean mass gain than those 

cultured on glass beads, although not significantly (Figure 17 a). Furthermore, the gelatinous mass 

could be easier removed from the marble chippings surface than from the glass beads. The results 

from the sand substrate had to be discarded due to the inability to completely remove sand grains 

from the samples, resulting in a distortion of the mass measurements as they became integrated 

into the gelatinous matrix.  

In the second pilot experiment, the mass gain did not show a significant difference between the 

two irrigation intervals (Figure 17 b). Some Petri dishes in the 1.5 h interval had been flooded and 

the excess medium had to be removed manually. In the case of the 3 h interval, no such floodings 

occurred. 

 

 

 

 

 

 

 

 

 

 

  Figure 17 Results of the two pilot experiments depicted as boxplots. The grey point shows the mean value of the dry mass 
gain in each sample set. Samples were kept at room temperature and illuminated for 16 h followed by 8 h in the dark. 
Runtime: 21 days. 

a) b) 
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Main experiment 1 – Comparison of media and irrigation approaches 

Several colonies had a lower mass at the end of the experiment compared to initial values. These 

colonies had all a yellowish color and a slimy consistency, both signs of degradation. In the pilot 

experiments, such samples were included in the analysis, which led to high deviations. In the main 

experiment series, these colonies were excluded, which is why the effective sample size shown in 

the graphs differs from the original sample size (n = 40).  

For both irrigation set-ups, the dry mass gains of the Nostoc with BG11N0 treatment were 

approximately within the same range (Figure 18, Table 1). In the case of using BG11 diluted with 

Milli-Q water, the sprinkler system performed significantly better than the samples irrigated with 

the lift approach, where only two samples survived. On average, samples treated with rainwater 

gained slightly more biomass in the lift set-up, but the number of degraded samples was also 

higher than in the artificial rain treatment (Figure 18). However, the difference was not significant 

(Table 1). 

 

Table 1 Results of the conducted Mann-Whitney U tests to evaluate the significance of the difference between irrigation 
approaches. P-values below 0.05 show a significance for the 5 % threshold. 

 

 

 

 

Mann-Whitney U test 

 p-value U-parameter 

BG11N0: Lift vs. Sprinkler 0.7865 115 

Rainwater: Lift vs. Sprinkler 0.1449 222 

BG11diluted: Lift vs. Sprinkler 0.004301 0 
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Figure 18 Results of main experiment 1 depicted as boxplots. 3 different media were tested: BG11 N0 (without nitrogen), 
rainwater (filtered) and BG11 diluted (1:10 with MiliQ water). The sample size was 30 colonies each. Specimens which did 
not grow but did degrade have been excluded from the analysis to reduce the deviation between data points. Number of 
samples used for calculations is written below every plot (n). Mean mass gains are indicated as grey points in the graph. 
Colors of the boxplots indicate which medium was used. The irrigation approach used is written in the headline. Samples 
were kept at room temperature and were permanently illuminated. Runtime: 21 days. 
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Main experiment 2 – Influence of nitrogen concentration & irrigation method on growth 

In all three irrigation regimes, the samples with BG11N0 showed a higher mass gain than the 

standard BG11 medium (Figure 20), with significant differences for permanently submerged 

culture (Table 2; p < 0.05). The highest measured dry mass gains were found in the lift set-up 

(Figure 20). In the BG11 sprinkler treatment, most colonies were degraded/dying at the end of 

the 21-day culturing period. Nearly all colonies treated with BG11 had a pale yellowish color at 

the end of the experiment. At halftime, several still made a healthy appearance. In contrast, most 

of the samples with BG11N0 treatment showed a dark green, healthy color after 21 days. However, 

the contamination with other algae and cyanobacteria is more strongly expressed in the BG11N0 

treatment (Figure 19).  

 

 

 

Figure 19 Pictures taken from the sprinkler sample sets in at three different time points of the experiment: start, halftime 
and end. 
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Table 2 Results of the conducted Mann-Whitney U tests to evaluate the significance of the difference between BG11 and BG11N/10 

treatment regarding dry mass gain. P-values below 0.05 show a significance for the 5 % threshold. 

 

  

Mann-Whitney U test 

 p-value U-parameter 

BG11N0: Lift vs. Sprinkler 0.0158 104 

Rainwater: Lift vs. Sprinkler 0.08715 107 

BG11diluted: Lift vs. Sprinkler 0.0004 141 

Figure 20 Results of main experiment 2 depicted as boxplots. The irrigation interval was 3 hours for the lift and sprinkler 
systems. The sample size was 40 colonies each. Specimens which did not grow but did degrade have been excluded from the 
analysis to reduce the deviation between data points. Number of used samples for calculations is written below every plot 
(n). Mean mass gains are indicated as grey points in the graph. Colors of the boxplots indicate which medium was used: BG11 
and BG11 N/10 (tenth of normal nitrogen concentration). The irrigation approach used is written in the headline. Samples 
were kept at room temperature and were permanently illuminated. Runtime: 21 days. 
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Main experiment 3 – Extended drying periods  

All in all, colonies with an air exposure period of 24 h showed the highest relative dry mass gains 

of all experiments (Figure 21). Doubling the period to 48 h did not enhance growth. The colonies 

showed a significantly lower dry mass gain than the samples with a 24-hour interval (p < 0.05 in 

Table 3). Although the colonies were clearly smaller at the end of the experiment, only one colony 

degraded, whereas all other samples demonstrated a healthy green color and firm texture (Figure 

22). Introducing a night phase did not reduce the biomass production significantly, though it 

decreased the photosynthetically usable time by about 30 % (p > 0.05 in Table 3). Only six colonies 

did degrade and most of the others showed healthy consistency and green color (Figure 21, Figure 

22). 

The differences between the BG11 medium without nitrogen and a reduced nitrogen 

concentration were not significant (p > 0.05 in Table 3). Nevertheless, more samples degraded in 

the BG11N/10 treatment (Figure 22). The developed lift approach delivered, on average, a 5 times 

significantly higher dry mass gain compared to the permanently submerged culture (Figure 21, 

Table 3). 
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Figure 21 Results of main experiment 3 with extended submerging intervals depicted as boxplots. The sample size was 40 
colonies each. Specimens which did not grow but did degrade have been excluded from the analysis to reduce the deviation 
between data points. Number of used samples for calculations is written below every plot (n). Mean mass gains are indicated 
as grey points in the graph. Colors of the boxplots indicate which medium was used: BG11 N0 (without nitrogen) and BG11 
N0 (tenth of normal nitrogen concentration). Day & night (medium used: BG11 N/10) indicates samples which were exposed 
to a cycle of 16 h light and 8 h dark. All other samples were permanently illuminated. Interval between submerging steps is 
written in the headline. Runtime: 21 days. 
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Table 3 Results of the conducted Mann-Whitney U tests to evaluate the significance of the differences in dry mass gain between 
treatment pairs. P-values below 0.05 show a significance for the 5 % threshold. 

 

 

 

 

 

 

 

 

 

  

Mann-Whitney U test  

Comparison p-value U-parameter 

Lift vs. Submerged (BG11N0) 0.1.644e-12 1112 

Lift vs. Submerged (BG11N/10) 5.692e-12 910 

BG11N0 vs. BG11N/10 (Lift) 0.9857 594 

BG11N0 vs. BG11N/10 (Submerged) 0.9387 486 

24 h vs. 48 h (Lift, BG11N/10) 2.124e-05 980 

Permanent light vs. 16 h light/8 h dark 0.1689 652 

Figure 22 Pictures of selected sample sets showing the condition of colonies at the start, halftime and at the end. Pictures 
were taken directly after the 20 min submerging phase to depict colonies fully hydrated. During the experiment the colonies 
were covered with quadratic pieces of a fly net as shown on the second picture of the first row and the first picture of the 
second row. This measure was taken to keep the samples in place and prevent them from floating up. 
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Experiment to evaluate the effective quantum yield dependence on colony 

hydration 

A Nostoc colony, which had been stored dry for four months, was rehydrated by immersing the 

sample holder in BG11N0 medium. After 20 minutes, it was lifted out of the liquid and PAM 

fluorescence measurements were stated. At the beginning the effective quantum yield of about 

0 was measured. In the next 9 hours, ΦPS2 increased from 0 to 0.4 (Figure 23 a). 14 hours after the 

initial rehydration, the signal started to decrease rapidly. At this time, the colony appeared partly 

desiccated. Three hours later, the quantum yield reached values below 0.1, fluctuating at these 

levels for the rest of the time. 

At the end of the 24 hours, the sample was again immersed for 20 minutes into the medium. This 

time, the specimen recovered more quickly and showed an effective quantum yield of about 0.3 

after being 20 minutes submerged. The yield increased within the first hour over 0.4. For 14 hours, 

the ΦPS2 signal stayed around this value. After 15:00, the yield decreased rapidly and reached 0 

within 2 hours (Figure 23 b). 

With each repeated rehydration, the fluorescence signal recovered more rapidly. After the third 

rehydration, the sample showed a ΦPS2 of about 0.4 immediately after the immersion period. It 

increased within 1.5 hours above 0.5. After 18 hours, the signal started to decrease, ceasing after 

24 hours (Figure 23 c).  
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Figure 23 PAM fluorescence measurements of a Nostoc commune colony to show the effect of desiccation on the effective 
quantum yield (ΦPS2). The sample was rehydrated after being stored dry for 4 months after collection. The measurements were 
performed at permanent illumination [65 μmol·m−2·s-1] and at room temperature (24 °C). Depicted are three consecutive 
experiments on the same colony. Before each measurement series started, the specimen was submerged at the beginning into 
BG11N0 medium for 20 minutes. Three rehydration cycles were conducted with the same sample. Each measurement series was 
run for 24 H: a) initial rehydration, b) second rehydration, c) third rehydration. 

c) 

a) 

b) 
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Discussion 

Field survey 

Effective quantum yield of sun-exposed Nostoc colonies 

Nostoc colonies growing on the concrete wall receive direct sunlight most of the day. Only in the 

morning, the cyanobacteria are shaded. This building next to the location is the only factor that 

delimits the site openness, which is considerably higher (around 70 %) than the shaded location 

(Figure 12). The weather conditions and the hydration of the colonies varied significantly during 

the four consecutive days of the experiment. 

Hydrated colony  

Day 1 of the measurement series shows the change in the effective quantum yield of a hydrated 

colony over the course of a day with moderate sunny conditions (Figure 13). The highest tracked 

ΦPS2 values were about 0.65. Compared with plants, which show effective yields of 0.83 in a 

relaxed, non-stressed state, it may seem low (Björkman & Demmig, 1987). However, the 

comparison to other cyanobacteria reveals that such values are rather high for cyanobacteria as 

they mostly show values around 0.2-0.6 depending on species and environmental conditions 

(Campbell et al., 1998; Lüttge et al., 1995). Therefore, it can be assumed that the N. commune 

samples with an effective yield above 0.5 are well-hydrated and unstressed. 

Lüttge et al. (1995) reported that the effective quantum yields, as well as the maximum quantum 

yields, decrease around noon, recovering in the evening in terrestrial cyanobacterial mats, which 

supports the findings of this study. Furthermore, a similar course of ΦPS2 (decrease after dawn and 

following recovery in the afternoon/evening) was reported in different plant species and coastal 

phytoplankton mainly dominated by diatoms (Adams & Demmig-Adams, 2004; Hymus et al., 

1999; Lima Neto et al., 2015; Sun et al., 2022).  

Previous studies explained this decrease by non-photochemical quenching (NPQ) of the 

fluorescence via heat dissipation, which is a crucial way to reduce photodamage caused by 

excessive energy in the reaction centers (Adams & Demmig-Adams, 2004; Demmig-Adams, 1990; 

Demmig-Adams & Adams, 1990; Lima Neto et al., 2015). 
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In higher plants, the xanthophyll cycle plays a vital role in de-excitation via heat dissipation 

(Adams & Demmig-Adams, 2004; Demmig-Adams & Adams, 1990). If light exposure is high and 

exceeds the maximal usable amount of ATP synthase, the protons accumulate in the thylakoid 

lumen, which leads to acidification. If the pH falls below a certain threshold, violaxanthin de-

epoxidase converts violaxanthin into zeaxanthin. Zeaxanthin increases the level of heat 

dissipation. At low light conditions, the process is reversed and zeaxanthin is reconverted into 

violaxanthin (Demmig-Adams et al., 2020). 

However, cyanobacteria cannot use the xanthophyll cycle to quickly and reversibly change the 

zeaxanthin content depending on the actual demand as they lack violaxanthin (Demmig-Adams, 

1990; Demmig-Adams et al., 1990). Nevertheless, zeaxanthin can be found in several 

cyanobacteria, such as Nostoc (Schagerl & Müller, 2006; Takaichi et al., 2009). It was shown that 

cultures exposed to higher irradiances showed increased content of carotenoids such as 

zeaxanthin, myxoxanthophyll and β-carotene, which could be a long-term adaptation to high light 

intensities (Schagerl & Müller, 2006).  

Despite these slow adaptations, a blue-light-induced NPQ was found in cyanobacteria (El Bissati 

et al., 2000). A few years later, Wilson et al. (2006) discovered that the orange carotenoid protein 

(OCP) plays a major role in this phycobilisomes-associated mechanism. This water-soluble protein 

containing a ketocarotenoid (3ʹ-hydroxyechinenone) has an inactivated (orange) and an activated 

(red) state. In low light conditions and in the dark, OCP is detached from the light-harvesting 

phycobilisomes (inactive). If exposed to high blue-green light, it gets activated and binds to the 

phycobilisomes. In its activated form, it non-photochemically quenches the excessive energy via 

heat dissipation and protects the reaction center from photodamage. When the light conditions 

get low again, the fluorescence recovery protein (FRP) mediates the inactivation of OCP 

(Gorbunov et al., 2011; Muzzopappa & Kirilovsky, 2020; Pagels et al., 2021). In addition, OCP 

proved to be an efficient singlet oxygen quencher, which helps to reduce the damage caused by 

reactive oxygens species caused by excess energy (Muzzopappa & Kirilovsky, 2020). 

Especially in terrestrial cyanobacteria such as Nostoc commune, tolerating highly sun-exposed 

places, photoprotective mechanisms are essential. Therefore, it is likely that the observed 
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decrease in the effective quantum yield during Day 1 is caused mainly by NPQ mediated by OCP 

(Figure 13). 

Transition from hydrated to desiccated state 

On the second day, the effective yield did not show an increase in the afternoon/evening but 

dropped to a lower level, which cannot be explained by NPQ (Figure 13). A possible explanation 

could be that the colonies started to dry, which caused the colonies to reduce photosynthesis. 

The loss of water would also explain the decrease of Fm´ as the maximal fluorescence is limited by 

the electron donation from the H2O splitting, which is catalyzed by the oxygen-evolving complex 

of the PSII (McEvoy et al., 2005; Schreiber et al., 1995). As a consequence, if no water is available 

(drought stress), more and more photo reaction centers will be inactivated as the core (P680 

pairs) stays oxidized and cannot be reduced again by electrons received from the water splitting. 

Therefore, the chlorophyll cannot be excited anymore and the Fm´ signal will cease.  

The lack of water availability could explain why the effective quantum yield decreased on day 2 

in the afternoon to such a low level and stayed there with no significant sign of recovery after 

sunset (Figure 13). In the afternoon on the consecutive day (Day 3) the ΦPS2 signal diminished 

completely. It seems as if the Nostoc colony was desiccated, which suppressed photochemistry. 

This is also supported by the calculated rETR (Figure 13), which is a commonly used parameter in 

cyanobacterial studies (Celis-Plá et al., 2021; Santos-Merino et al., 2021).  

One could argue that the decrease during bright days is caused by photoinhibition induced by 

excess light. Photoinhibition describes the irreversible failure of photochemical activity, which 

cannot be recovered without replacing damaged proteins through the PSII repair cycle (Tyystjärvi, 

2013). Due to the excessive energy, reactive oxygen species (ROS), especially singlet oxygens, are 

produced mainly through the excited triplet state of chlorophylls (Ballottari et al., 2013; Lingvay 

et al., 2020). Subsequently, the ROS likely damages the D1 and D2 proteins of the PSII, which leads 

to inactivated reaction centers (Kale et al., 2017). As the efficiency of PSII increased again from 

0.05 to 0.45 within 4 hours after it started raining (Figure 13), desiccation was likely the cause for 

the long-term reduction of the quantum yield. Satoh et al. (2002) studied the recovery time of 

the maximum quantum yield after rewetting and found a 50 % recovery after 1 hour under 
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laboratory conditions. Other studies observed a similar behavior of the quantum yield when they 

simulated drought stress with a high sorbitol concentration in the surrounding medium (Fukuda 

et al., 2008; Hirai et al., 2004). If Nostoc was dehydrated, it exhibited almost no ΦPS2 signal. In 

addition, they suggested a mechanism in Nostoc commune, which inhibits the photochemical 

activity when sensing a certain drying threshold to protect the photosystems from damage of 

excessive light energy (Hirai et al., 2004). These observations are congruent with other studies 

showing that carbon fixation keeps stable until a water content of 40 % but ceases rapidly when 

the water content drops below 30 % (Kvíderová et al., 2011; Novis et al., 2007b). All these findings 

are supported by our PAM fluorescence measurements on the rehydrated colony in the 

laboratory settings (Figure 23). N. commune showed a fast recovery on rewetting, especially if the 

desiccation period was relatively short (Figure 23 b & c). When it was rewetted for the first time 

after four months, the recovery took longer (about 9 hours, Figure 23 a). However, at that time, 

the effective yield could not reach its full potential and needed repeated cycles of rehydration. It 

was observed that if the water loss reached a certain level, the effective quantum yield decreased 

rapidly (Figure 23). To sum up, it is likely that the rapid reduction in the quantum yield occurs due 

to protective mechanisms activated by sensing water loss. 

Dark experiment 

We performed a dark experiment immediately after the PAM fluorescence measurements under 

ambient light conditions on the same colony. The main reason was to exclude the light-induced 

NPQ effects and study the dependence of the maximum quantum yield on temperature and 

humidity only. Over the whole period, the investigated colonies stayed dry as it did not rain. The 

quantum yield fluctuated mainly between 0.05 and 0.10. However, these values are most likely 

caused by signal noise, as indicated by the large standard deviations (Figure 14). Effectively, 

Nostoc commune showed no photochemical activity in the desiccated state, which is congruent 

to the observations in the studies previously mentioned, where dehydrated Nostoc showed 

almost no quantum yield (Hirai et al., 2004; Satoh et al., 2002). N. commune colonies need soaking 

and cannot be rehydrated just by water vapor like aerophytic algae (Mollenhauer et al., 1999). 

Dew proves insufficient to activate the PSII, which was previously also reported for N. 

flagelliforme (H. Huang et al., 2005). H. Huang et al. (2005) showed that only the PSI activity 
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recovered if just small water amounts are supplied to the colonies. All in all, because of the dry 

state of the cyanobacteria, the dark experiment could not deliver any information about the 

dependence of the quantum yield on temperature and humidity. Nevertheless, we conclude from 

our results that desiccated N. commune cannot be sufficiently rehydrated by dew and stays 

photochemical inactive without rain.  

Effective quantum yield of shaded Nostoc colonies 

Diurnal changes of air temperature and humidity were less pronounced compared to the sun-

exposed site and the light supply never exceeded 170 μmol·m−2·s-1 (Figure 15). However, ΦPS2 still 

decreased after sunset and recovered in the late afternoon and evening, showing a similar habit 

as the sun-exposed colony but to a much lesser extent (compare Figure 13, Figure 15). 

Interestingly, a slight dip in ΦPS2 occurs in the early morning (from 01:00 to 03:00) on all four days, 

which is followed by a peak at 06:00. A possible explanation is that the plastoquinone pool is not 

fully oxidized in cyanobacteria during a dark-adapted state, which reduces the measured 

quantum yield. This is caused by the intertwined electron flow in the thylakoid membranes of 

photosynthesis and respiration (Matthijs et al., 1984). Both pathways share the same 

plastoquinone pool, which leads to part of the quinones being reduced during nighttime (Milou 

Schuurmans et al., 2014; Schuurmans et al., 2015). Furthermore, it was observed that 

cyanobacteria show a lower maximal fluorescence in the dark-adapted state compared to low-

intensity light (Schuurmans et al., 2015; Wilson et al., 2006). It was explained by state transition 

between two states. In state 1, light-harvesting phycobilisomes deliver mainly the electrons to 

PSII, whereas in state 2, more energy is directed to the PSI. Dark-adapted cells are suggested to 

be in state 2 and shift to state 1 when illuminated (Mullineaux & Allen, 1990; Oxborough & Baker, 

1997). This would explain the increase of ΦPS2 under low light conditions in the early morning 

(from 04:00 to 06:00, Figure 15). However, the underlying mechanisms of the state transition and 

the cause of the difference in fluorescence quenching between the states are still discussed 

(Farhan Bhatti et al., 2020). 
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The dependence of ΦPS2 on selected environmental parameters 

To evaluate key environmental parameters affecting the effective quantum yield, correlations 

were calculated and graphically represented as scatter plots (Figure 9). If all days of PAM 

fluorescence measurements under ambient light are included, relative humidity shows the 

highest correlation coefficient in absolute terms. Furthermore, the humidity is the only one 

showing a positive correlation. Generally, the points are widely scattered over the whole graph, 

showing no clear linear correlation (Figure 9 a, b & c). If only the time frame when the Nostoc 

colonies were in a hydrated state is considered, the distribution of measuring points along the 

trend line becomes narrower (Figure 9 d, e & f). Interestingly, the Pearson coefficient decreased 

significantly regarding the correlation between humidity and effective yield (Figure 9 d). This 

indicates that the photochemical activity primarily depends on the hydration status, which is 

congruent to the conclusions drawn in the previous sections (compare Transition from hydrated 

to desiccated state): only if the water supply is sufficient, other parameters come into play. 

Notably, the illumination shows a stronger negative correlation than before (Figure 9 f). This can 

be explained by NPQ mechanisms, which are initiated in high light conditions and reduce the 

effective quantum yield. Despite the ability of N. commune to tolerate high light intensities due 

to protective mechanisms, the optimal assimilation condition seems to be reached under 

moderate illumination. 

However, one must be careful in the interpretation of bivariate correlations, as all three 

parameters show high dependency on each other. If the light gets more intense, the temperature 

rises, the relative humidity decreases and the colonies begin to desiccate (especially for the 

Nostoc exposed to full sunlight). In order to truly evaluate the influence of each parameter, one 

would have to decouple temperature, humidity, PAR and the water saturation of the organism in 

laboratory experiments. 
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Laboratory Section 

Evaluating the suitability of three different substrates 

Marble chippings turned out to be the most suitable substrate with two main advantages: 

harvesting is easy and the contrast of the white stones to the brownish-greenish Nostoc is high, 

which facilitates biomass estimations via digital imaging. In contrast, the fine sand grains were 

nearly impossible to remove from the mucilage of the colonies, which affected the measured 

mass enormously. The contrast was also high in the glass beads, but the colonies adhered much 

more to the glass surface. Peeling the whole colony without losing material off the beads was 

much more challenging. Moreover, the colonies had a slightly higher mass increase growing on 

marble compared to glass beads (Figure 17 a). In addition, it appears that marble is a suitable 

substrate due to its chemical properties, as this taxon is primarily found on carbonate substrates 

(Dodds et al., 1995; Potts M, 2000).  

Choosing the best irrigation interval 

To study the effect of periodical desiccation-rehydration we had to find suitable irrigation 

intervals. The second pilot experiment showed that using 1.5-hour intervals for the sprinkler 

system, the cyanobacteria stayed hydrated all the time. In the 3-hour interval, the colonies could 

partly desiccate and efficiently rehydrate. At longer intervals, the samples dried out too much and 

water uptake was reduced (observed in preliminary hydration experiments, not further discussed 

in this work). Considering these results and the fact that both irrigation regimes performed 

comparably in times of mass gain (Figure 17 b), we decided to operate the sprinkler system in 3-

hour intervals for the main experiments. 

Introducing a newly developed irrigation method and testing different media 

One of the problems of putting the colonies in separate Petri dishes was the unequal distribution 

of medium by the sprinkler system. Some Petri dishes were completely dry, while others were 

wet or even flooded (in the case of the 1.5 h interval irrigation). To counteract this problem, a 

plastic laboratory tray was filled with substrate for the artificial rain method. In this way, the liquid 

can distribute in the whole tray after the spraying process.  
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The uneven distribution of the medium prompted the development of a new irrigation method. 

For this purpose, a lift made of LEGO® Technic was constructed, capable of carrying a sample 

holder. Controlled by a microcontroller, the motor of the lift was programmed to periodically 

immerse the sample holder into the medium every 3 hours for a duration of 10 minutes. The 3-

hour interval was chosen to compare it to the sprinkler approach used in this experiment. This 

method resulted in uniform rewets of Nostoc.  

The data of main experiment 1 shows that rainwater and BG11N0
 treatments differ not 

significantly between both irrigation approaches regarding dry mass gain (Table 1, Figure 18). At 

the same time, the difference in the BG11diluted treatment is quite substantial. Only two of the 

colonies survived in the lift treatment (BG11diluted), while the rest turned pale yellowish and 

degraded.  

In general, more colonies tend to degrade in lift experiments when compared to the sprinkler 

irrigation approach. It is possible that the rapid drying of colonies on the steel mesh causes stress 

to the organisms or that the colony is damaged when pressed against the mesh during 

desiccation. In addition, it was noted that when the sample holder is submerged, dry Nostoc tends 

to float on the surface of the water due to tension, which prevents optimal rehydration of the 

colony. Based on these observations, the following changes were made to the lift set-up for the 

next two main experiments: Marble chippings were filled into the chambers, completely covering 

the mesh and preventing the colonies from coming into direct contact with it. In addition, a white 

fly net was placed in each chamber, keeping the colonies in place while allowing sufficient light 

to pass through. These measures ensured that all colonies were perfectly rehydrated and delayed 

the desiccation. 

Evaluating the influence of nitrogen concentration on the growth of Nostoc commune 

Main experiment 2 revealed that colonies treated with standard BG11 show a smaller relative 

mass gain compared to those treated with BG11N/10 using the same irrigation approach (Figure 

20). It needs to be mentioned that the sprinkler irrigation with BG11 resulted in most samples 

dying off. This can be seen in Figure 19, where almost all Nostoc specimens show a pale-yellowish 

color, indicating degradation. In comparison, most of the samples supplied with BG11N0 
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experiments were dark green and had a firm texture. We clearly found that Nostoc commune is 

sensitive against high nitrogen concentrations. Otero & Vincenzini (2003) demonstrated that 

diazotrophic cultivation promoted EPS production. This could partly explain the higher biomass 

gain observed in the BG11N0 treated samples as the EPS builds the matrix of the N. commune 

colonies (Figure 20). 

Interestingly, the results of a previous study, in which N. commune was cultivated in liquid culture, 

showed a positive effect of nitrogen on the growth rate. However, the samples were not cultured 

as macroscopic colonies but as free-living cells isolated from a biocrust (Roncero-Ramos, Román, 

et al., 2019). A possible explanation could be that culturing single cells preferred other conditions 

compared to macroscopic colonies or various strains have different preferences. Nevertheless, it 

cannot be excluded that it was misclassified as it did not appear in the typical macroscopic 

colonies but within a cyanobacterial biocrust. The isolated cells were characterized by 

morphology and an analyzed DNA sequence showed 99 % similarity to a reference sample 

(Roncero-Ramos, Muñoz-Martín, et al., 2019). Moreover, their cultures have not been screened 

at the end of the cultivation experiment, which makes it possible that other cyanobacteria were 

grown.  

In addition, Cui et al. (2017) stated that N. flagelliforme trichomes in BG11N0 under static 

conditions showed a threefold lower growth compared to the ones kept in BG11. But, they did 

not define how they measured the growth nor showed the underlying data for this statement. 

However, they also reported that EPS production was lowest in the BG11 medium. Nevertheless, 

there could be a difference in culturing macroscopic colonies or free floating single 

trichomes/microcolonies. Also, the preference for nitrogen-free medium is species-specific for N. 

commune as nitrogen was reported to promote biomass gain in liquid cultivation of N. linckia 

(Touloupakis et al., 2023).  

Is periodical desiccation-rehydration beneficial for culturing terrestrial Nostoc? 

Filling the lift sample chambers with substrate caused the samples to be permanently hydrated 

during the three hours at air between the submerging steps. Therefore, in main experiment 3, 

the drying period was extended to 24 h to test the hypothesis whether periodical desiccation and 

rewetting are beneficial for culturing terrestrial Nostoc. This interval allowed the colonies to dry 
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significantly, which is also reflected in the reduction of the effective quantum yield after 24 hours 

(Figure 23). It turned out that the lifting platform with a 24-hour interval had the highest relative 

mass gains among all experiments conducted (Figure 21). For both media tested (BG11N/10 and 

BG11N0), an average relative gain in mass of over 500 % was observed after 21 days of culturing. 

Some specimens even showed dry mass gains above 1500 %. In comparison, the permanently 

submerged cultures gained about 100 % of their initial mass in the same period, which is 

significantly lower (p < 0.05, Table 3). The results clearly show how much more efficient the newly 

developed lift irrigation is, resulting in 5 times higher gains than aquacultures after three weeks. 

We conclude that periodical desiccation-rehydration is beneficial for growing terrestrial Nostoc. 

This is congruent with former studies underlying the importance of periodical drying, particularly 

in cultivating the closely related species N. flagelliforme (Feng et al., 2012). K. Gao & Ye (2003) 

suggested that the desiccation prevents bacterial degradation of colonies, which would explain 

why so many samples degraded more in the 3-hour interval experiment than when the period 

was extended to 24 hours (Figure 20, Figure 21). Moreover, a partially dried-out colony may 

represent the most effective stage regarding photochemical activity due to its smaller gelatinous 

matrix, thus reducing the diffusion layer for CO2 (Kvíderová et al., 2011). 

Moreover, the results of the main experiment 3 show that low nitrogen concentration has no 

beneficial effect over diazotrophic cultivation (p >> 0.05, Table 3). The only difference was in the 

increased number of degraded colonies. It appears as if atmospheric nitrogen is sufficient to 

supply Nostoc commune; we therefore suggest nitrogen-free BG11 as basal culture medium for 

growing macro-colonies.  

Further extension of the drying period 

Doubling the air period to 48 hours significantly reduced the biomass yield (p < 0.05, Table 3), 

which can be explained by the fact that after 24 hours, the colonies were already desiccated. As 

the field experiments showed, the effective quantum yield decreases rapidly after a certain water 

loss (Figure 13). In addition, the ΦPS2 signal ceased completely after 24 h in the experiment shown 

in Figure 23. This indicates the stop of CO2 assimilation, which is mandatory for photoautotrophic 

growth. In other words, only about 24 of the 48 hours were conducive to photosynthesis, which 

is effectively half of the time. This agrees well with the observed mass gains. Colonies grew by an 
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average of 250% in the 48-hour experiment, which is half as much as in the 24-hour experiment 

(Figure 21). However, only a single specimen did degrade. All others looked at the end very 

healthy regarding firm consistency and color (Figure 22). This could be an indicator that a certain 

desiccation periods could be essential for the long-term health of a colony and maybe even 

necessary for permanent culturing. This must be tested in culturing experiments on a much longer 

time scale. Nevertheless, also the colonies of the 24-hour BG11N0 treatment had also very firm 

textures and healthy green colors and only three samples degraded (Figure 22). This marks the 

potential of this culturing method for fast growth and healthy colonies. 

Do dark phases support the growth of Nostoc? 

We also tested if a day and night cycle (16 h light/8 h night) is beneficial for the growth of Nostoc 

commune as it resembles the natural condition and was used in previous studies (Møller et al., 

2014). Despite reducing the photochemical active time by 33 %, the samples cultured with dark 

phases showed, on average, only a 100 % lower relative dry mass gain compared to permanent 

illumination (Figure 21). However, the differences were statistically not significant (p > 0.05, Table 

3).  

Møller et al. (2014) used the same 16 h light/8 h dark cycle but cultured the Nostoc commune 

colonies floating on the surface of the water. They found the best results at 25 °C with a doubling 

time of about 13 days. Assuming the growth rate would not change, in 26 days, the mass gain 

would be 400 %. In comparison, our newly developed lift approach delivered an average mass 

gain of over 400 % within just 21 days, using the same light cycle (Figure 21).  

Possible improvements and use cases for other terrestrial Nostoc 

The developed cultivation approach showed high dry mass gains in a period of three weeks. 

However, experiments should be conducted to observe the viability and growth of colonies on a 

long-term time scale. In addition, several parameters such as light intensity, air humidity and 

micronutrient composition could be tested to further improve cultivation conditions. Moreover, 

an enriched CO2 supply could be beneficial for growing N. commune, as it has already been shown 

for N. flagelliforme (K. Gao & Yu, 2000). 
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Previous studies found that periodical desiccations are essential for optimizing the growth of N. 

flagelliforme (K. Gao & Ye, 2003; Scherer & Zhong, 1991). The developed irrigation lift is obviously 

suitable for the efficient cultivation of macroscopic colonies. It is a milestone for large-scale 

cultivation to meet the demand for edible cyanobacterium in China, which would greatly relieve 

the natural populations. Due to the adaptation of N. flagelliforme to different climatic 

environments compared to N. commune, different parameters such as illumination and 

immersing interval surely must be adapted for optimal cultivation. 
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Conclusion  

Nostoc commune can tolerate a huge range of environmental conditions, growing in full sun 

exposition on a concrete wall as well as in shaded spots on moist soil. The photochemical activity 

of Nostoc showed furthermost a strong dependency on the hydration status of the colonies. Only 

if the water supply is high enough, other environment parameters influence photosynthesis. 

However, dew cannot sufficiently rehydrate the colonies to reactivate the PSII system. 

N. commune needs to be soaked with water, to rapidly recover the effective quantum yield. If the 

samples are desiccated for a longer period, it takes more time to fully recover the photochemical 

potential.  

Although N. commune can tolerate high light intensities and temperature, it seems as if it finds 

optimal growth conditions under moderate light intensities and temperatures around 25 °C. 

Nevertheless, more experiments must be performed to evaluate the detailed role of various 

environmental parameters (such as humidity, temperature and light). 

Periodical desiccation-rehydration had a strong beneficial effect on the cultivation of N. commune 

regarding growth and health. Significantly higher mass gains were detected for a 24-hour drying 

interval compared to shorter intervals and permanently submerged cultures. In addition, we 

demonstrated that for the experimental settings used, the water loss of Nostoc colonies after 24 

hours caused the photochemical activity to cease. Therefore, doubling the drying time resulted 

in approximately half the mass gain reported for the 24-hour interval.  

Our results clearly indicate that a high inorganic nitrogen supply is detrimental to the growth and 

health of N. commune. BG11N0 seems to be the best choice for cultivation. The findings suggest 

that nitrogen acts as a stress factor on N. commune, and is promoting competitors, which are co-

cultivated in raw samples. 

In addition, using a dark/light cycle instead of permanent illumination did not stimulate the 

growth of the colonies. The average dry mass yields tended to be smaller. It could have a positive 

effect on the vitality of the colonies and may be included in future approaches to save energy. 
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To sum up, the highest mass gains were reported for the newly developed lift irrigation (with 

marble chippings as substrate), immersing the samples into an aquarium filled with BG11N0 

medium every 24 h for 20 min at approximately 25 °C room temperature. Exchanging the medium 

at least every ten days and cleaning the aquarium to reduce contamination by other algal 

organisms is recommended. If axenic N. commune is used, the potential contamination by other 

organisms could be further reduced or completely excluded. On average, the colonies gained over 

500 % of their initial dry mass after 21 days and appeared very healthy with an intense dark green 

color and firm texture.  

However, further experiments must be conducted to optimize the additional parameters, such as 

the atmospheric CO2 concentration and optimal light conditions. Moreover, future studies could 

test if the dry mass gain is mainly due to increased EPS production, due to cell division or a 

balanced combination of both.  

The developed method can likely be adapted for the specific needs of other terrestrial Nostoc 

species, such as N. flagelliforme and N. sphaeroides. As these Nostoc species have plenty of 

potential applications in the food industry, cosmetics, and medicine, their successful cultivation 

will become of great interest. In this study, an efficient cultivation method was developed for 

N. commune macroscopic colonies, resulting in one of the fastest mass gains reported so far. This 

work could be an important step for farming terrestrial Nostoc on a large scale.  
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Appendix 

Tables with the raw data of all experiments: 
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 Appendix 1 Raw data of the PAM fluorescence measurements (ambient light) of Nostoc commune at the sun-exposed 
location 1/2 
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  Appendix 2 Data of the PAM fluorescence measurements (ambient light) of Nostoc commune at the sun-exposed 
location 2/2 
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  Appendix 3 Data of the PAM measurements (dark experiment) of Nostoc commune at the sun-exposed location 1/2 
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  Appendix 4 Data of the PAM measurements (dark experiment) of Nostoc commune at the sun-exposed location 2/2 
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Appendix 5 Data of the PAM measurements (ambient light) of Nostoc commune at the shaded location 1/2 
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Appendix 6 Data of the PAM measurements (ambient light) of Nostoc commune at the shaded location 2/2 



84 
 

 

  

Appendix 7 Data of the pilot cultivation experiments. Initial and final masses (after 21 days) were measured and the effective 

gain was calculated as: 
(𝑓𝑖𝑛𝑎𝑙 𝑚𝑎𝑠𝑠 − 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠)

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠
. Tested substrate (pilot experiment 1) and tested irrigation interval (pilot 

experiment 2) are highlighted in blue. 
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Appendix 8 Data of main experiment 1. Initial and final masses (after 21 days) were measured and the effective gain was 

calculated as: 
(𝑓𝑖𝑛𝑎𝑙 𝑚𝑎𝑠𝑠 − 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠)

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠
. Highlighted in gray are the irrigation methods utilized, while the blue shades denote the 

media used. 
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Appendix 9 Data of main experiment 2. Initial and final masses (after 21 days) were measured and the effective gain was calculated 

as: 
(𝑓𝑖𝑛𝑎𝑙 𝑚𝑎𝑠𝑠 − 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠)

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠
. Highlighted in gray are the irrigation methods utilized, while the blue shades denote the media used. 

Removed* indicates that this colony was removed due to degradation during the experiment to reduce contamination. 
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Appendix 10 Data of main experiment 2. Initial and final masses (after 21 days) were measured and the effective gain was 

calculated as: 
(𝑓𝑖𝑛𝑎𝑙 𝑚𝑎𝑠𝑠 − 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠)

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠
. Highlighted in gray are the irrigation methods utilized, while the blue shades denote 

the media used. For the Day & Night setting samples were illuminated 16 h followed by an 8 h dark period. Removed* 
indicates that this colony was removed due to degradation during the experiment to reduce contamination. 
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 Appendix 11 Data from the PAM fluorescence measurements on a Nostoc colony which was submerged for 20 min with the 
constructed lift in BG11N0 medium and afterwards let dry at air. Marble chippings were used as substrate and the run time was 
24 h 


