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ABSTRACT 14 

Host-pathogen interactions involving microalgae have attracted more and more interest over 15 

the past decade. In order to understand interactions between those two partners and as basis 16 

of each single experiment, biological material in form of cultures is crucial. Whereas the 17 

establishment of such cultures can already be very difficult and time-consuming, their 18 

subsequent maintenance often requires as much effort and manpower. The commercially 19 

utilised green microalga Haematococcus pluvialis is often challenged by the blastocladialean 20 

fungus Paraphysoderma sedebokerense leading to culture crashes and economic loss. 21 

Currently, the interaction between alga and pathogen as well as the life cycle of the fungus 22 

are only partially understood. This represents a bottleneck and risk for the maintenance via 23 

continuous subcultivation. We here report the development of a cryopreservation protocol for 24 

Paraphysoderma sedebokerense and show its applicability on two different life stages of the 25 

pathogen. This protocol was validated on two different strains of Paraphysoderma. 26 
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Often overlooked in nature, unwanted, infective organisms can manifest their presence 28 

rapidly in production systems causing important economic loss (Kim et al. 2014). Based on 29 

emerging new fields of applications, the cultivation of microalgae is intensifying (e.g. Khan 30 

et al. 2018). This recent rise comes along with the discovery of hitherto unknown pathogens 31 

infecting microalgae (Carney & Lane 2014; Chen et al. 2014; Letcher et al. 2013; Longcore 32 

et al. 2020; Van den Wyngaert et al. 2018). Amongst those examples is Paraphysoderma 33 

sedebokerense Boussiba, Zarka & T.Y. James, a blastocladialean fungus that parasitises the 34 

green microalgae Haematococcus pluvialis Flotow 1844 and Scenedesmus dimorphus 35 

(Turpin) Kützing 1834 (Gutman et al. 2009; James et al. 2012; Letcher et al. 2016). These 36 

two  species are of commercial interest: Haematococcus pluvialis produces high quantities of 37 

astaxanthin, a carotenoid with a high market value that is widely used in cosmetics, 38 

aquaculture food, nutraceuticals and human consumption (reviewed by Shah et al. 2016). 39 

Scenedesmus, on the other hand, can accumulate high amounts of proteins and lipids finding 40 

applications as animal feed enrichment and in the development of biofuels (e.g. Patnaik et al. 41 

2019; Zhang et al. 2015). Whereas both species can be cultivated in industrial scale, frequent 42 

culture crashes evoked by the pathogen P. sedebokerense represent bottlenecks in algal 43 

biomass production and entail significant economic losses (Hoffman et al. 2008; Letcher et 44 

al. 2016).  45 

The life cycle of this green algal pathogen Paraphysoderma is only partially 46 

understood (Hoffman et al. 2008; Letcher et al. 2016; Strittmatter et al. 2016). With the 47 

particularity that this fungus is able to grow saprophytically as well as parasitically on various 48 

green algal hosts, it is currently neither known which factors trigger the transition from one 49 

life cycle stage to the other, nor is the ploidy or the full diversity of the various life cycle 50 

stages. Although the cultivation of P. sedebokerense can be achieved on nutrient-rich agar 51 

facilitating its maintenance, it still needs regular transfers to fresh medium. Since the 52 



transition between the two life cycle stages remains speculative, it is preferable to also 53 

cultivate the parasitic stage; this needs to be done at a high frequency and requires the 54 

availability of algal host at all times. The laboratory cultivation of P. sedebokerense strains is 55 

therefore labour-intensive and requires skilled staff.  56 

The establishment of a suitable cryopreservation protocol is thus of importance in 57 

order to store cultures in a manner that conserves their traits and minimises manpower, as 58 

well as risks of culture loss and contamination. In this regard, cryopreservation has been the 59 

method of choice for a variety of microalgae (Day et al. 2005; Day et al. 2007). In contrast, 60 

protocols for the cryostorage of algal pathogens are scarce and only very few can currently be 61 

preserved in this manner  (e.g. Lepelletier et al. 2014; Rad-Menéndez et al. 2018). Earlier 62 

studies on Physoderma and other genera of the Blastocladiales, a sister clade to P. 63 

sedebokerense infecting plants, demonstrated the long-term storage of those organisms by 64 

simple harvesting of infected plant material or isolated resting life stages and subsequent 65 

freezing at –15 °C (Gleason et al. 2008; Sparrow et al. 1961). We therefore tested first 66 

whether such a freezing protocol could be transferred to our species by incubating 67 

Paraphysoderma colonies from CGM agar at –20 °C for approximately 5 months. Those 68 

trials failed and we subsequently adapted this protocol and added the PS colonies from agar 69 

to 10% v/v glycerol followed by storage at –80 °C. Again, attempts to revive those cultures 70 

failed.  71 

We have thus set out to develop a more sophisticated cryopreservation strategy (Fig. 72 

S1) using two strains of Paraphysoderma, PS1 and FD61, previously described (Letcher et 73 

al. 2016; Strittmatter et al. 2016). Strain PS1 has been maintained on agar and together with 74 

its host H. pluvialis Haem C1 (Strittmatter et al. 2016) whereas FD61 has exclusively been 75 

maintained on agar. The cryoprotectant solution consisted of 0.2 µm filter-sterilised 10% v/v 76 

DMSO in culture medium (either 0.3N-BBM+V or liquid CGM; for details see Strittmatter et 77 



al. 2016); 0.5 ml of the cryoprotectant solution was then added to 0.5 ml of liquid PS1-Haem 78 

C1 culture in cryovials (final DMSO concentration: 5% v/v). For Paraphysoderma PS1 and 79 

FD61 grown saprophytically on agar, a colony was picked and added to liquid CGM 80 

containing DMSO at a final concentration of 5% v/v.  The samples were then incubated for 81 

10-15 min at room temperature before proceeding to the freezing protocol. Two different 82 

cooling set-ups were tested. Firstly, we applied a controlled cooling protocol using a 83 

controlled-rate cooler (Planer plc, Kryo 360-3.3; Middlesex, United Kingdom) starting at a 84 

temperature of 20 °C and then cooling at a rate of 1 °C min-1 until a temperature of –40 °C 85 

was reached which was then held for an additional 10 min. The samples subsequently 86 

removed and directly put in liquid nitrogen. The second set-up tested was a Nalgene® Mr. 87 

FrostyTM freezing container (Thermo Fisher Scientific) which is a passive rate cooler where 88 

samples freeze at a nonlinear rate of < 1 °C min-1. Samples in cryoprotectant solution were 89 

placed into the container and put in a –80 °C freezer for 90 min before placing them in liquid 90 

nitrogen. A total number of three samples were run per condition and the experiment was 91 

performed twice independently.  92 

Survival of the saprophytic life stage of P. sedebokerense was assessed by plating 93 

cryopreserved samples on agar plates following thawing in a 40 °C water bath (Fig. S1). 94 

Colonies of PS1 visibly increased in diameter within 2–3 weeks of incubation as seen by the 95 

constant release of swarmers from sporangia settling in close proximity and developing into 96 

new sporangia (Figs 1–4). Furthermore, a change in the colour of the colonies was noticeable 97 

over time from white to light brown, which is indicative of the presence of thick-walled 98 

resting sporangia within the colony (Hoffman et al. 2008). Strain FD61, initially isolated 99 

from infected Scenedesmus, was equally able to grow on agar following cryopreservation 100 

irrespective of the method used (Fig. S2). The membrane-permeant stain carboxyluorescein 101 

succinimidyl ester (CFSE, final concentration: 10 µM) was used as qualitative indicator of 102 



vitality; in metabolically active cells, CFSE is hydrolysed by esterases, which leads to its 103 

retention in live cells that subsequently become labelled.  Numerous green fluorescent units 104 

were detected within individual saprophytically growing colonies of strain PS1 corresponding 105 

to vital sporangia (Figs 5–8). Passive-rate cooling and controlled-rate cooling gave 106 

comparable outcomes and both Paraphysoderma strains, PS1 and FD61, could be 107 

cryopreserved in their saprophytic life stage. Survival of the second, parasitic life cycle stage 108 

of Paraphysoderma was assessed by adding thawed samples of PS1-Haem C1 to a 3-week-109 

old uninfected culture of H. pluvialis C1 in 0.3N-BBM+V medium (Strittmatter et al. 2016). 110 

Quantitative measurements via counting of randomised samples were performed at day 0, 5 111 

and 13 following thawing and inoculation of cryosamples with fresh host cells in order to 112 

assess viability and infectiousness (Fig. 9). The percentage of infections in the two 113 

cryopreserved samples as well as in the non-cryopreserved control was around 1.1%–1.4% in 114 

all samples at the start of the inoculation with Haematococcus. First infective symptoms were 115 

detected around 5 days after thawing which manifested itself by a rise of infected host cells to 116 

2.6%–3.3% of total cells. A rise of dead, uninfected Haematococcus cells accounted for 5%–117 

6%. A direct link with cryopreservation however could not be made since the control sample 118 

also contained those dead cells. Thirteen days post-thawing, infected cells accounted for 23% 119 

whereas samples cryopreserved with a controlled-rate cooler showed 17% infection, and 120 

samples originating from the passive-rate cooler had 19% infected cells. Whereas the control 121 

showed highest infection at day 5 and 13 post-thawing, compared to cryopreserved samples, 122 

statistical analysis (Kruskal Wallis test with Dunn’s post hoc multiple comparison, P < 0.05) 123 

showed non-significant differences between the three conditions at each time point. The 124 

observed, yet not significant, delay of infection in cryopreserved samples might be explained 125 

by the fact that infection in our culture of Paraphysoderma-Haematococcus was not 126 

synchronised and had several developmental stages of the pathogen, albeit the major stage 127 



were mature sporangia. Different developmental stages of Paraphysoderma might respond 128 

differently to cryoprotectants, and the process of cryopreservation as demonstrated for the 129 

chytrid pathogen Zygorhyzidium affluens Canter infecting the diatom Asterionella formosa 130 

Hassall (Rad-Menéndez et al. 2018) giving a lead start to control samples. Quantitative data 131 

were supported by the qualitative assessment of the different treatments via microscopy. Vital 132 

pathogen cells on the surface of Haematococcus were detected via CFSE staining (Figs. 10–133 

13) and amoebae which represent one of the infective agent of the pathogen, became more 134 

and more abundant over the time-course of the inoculation (Fig. S3) regardless of the 135 

treatment. Taken together, we were able to cryopreserve both life cycle stages of 136 

P.sedebokerense using two protocols of passive-rate and controlled-rate cooling which allows 137 

low temperature storage of Paraphysoderma adapted to various laboratory equipment. Such 138 

cryopreservation techniques, possibly modified, could also be of potential interest to other 139 

green algal pathogens, such as the recently described chytrid Quaeritorhiza haematococci, 140 

pathogenic on Haematococcus pluvialis (Longcore et al. 2020). 141 

Current efforts to understand the genetic basis of P.sedebokerense is under progress (JGI, 142 

Paraphysoderma genome). Moreover, transcriptome sequencing will shed more light into 143 

infection processes and life cycle of various strains and developmental stages of the pathogen 144 

and resistance of the host algae aiming to decipher remedies for the biomass production of 145 

Haematococcus and Scenedesmus. Additionally, with more and more evidence on the 146 

importance of pathogens infecting freshwater and marine phytoplankton in food webs, host 147 

dynamics and ecosystem processes (e.g. Frenken et al. in press; Gerphagnon et al. 2015; 148 

Suttle 2007), the ecological significance of those organisms cannot be overlooked and 149 

requires in-depth investigation (Paseka et al. 2020). 150 



In this regard, biobanking of key pathogen strains is essential to allow continuing 151 

experimentation and to secure their availability to the scientific community. Last but not 152 

least, the long-term, secure storage of pathogen cultures that otherwise require frequent and 153 

time-consuming transfer, becomes even more crucial in regard to current measures of lab 154 

closures and confinement due to the Covid-19 pandemics that put at risk culture collections.  155 
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Figure Legends 173 

Figs 1–13: Cryopreservation of the saprophytic (Figs 1–8) and parasitic life stage (Figs 9–13) 174 

of Paraphysoderma sedebokerense PS1. Figs 1, 2 and Figs 3, 4 correspond to the same agar 175 

plate followed over time. Figs 5, 6 and Figs 7, 8 respectively show the same colony of the 176 

saprophyctic life stage. Figs 10, 11 and Figs 12, 13, respectively show the same cells of the 177 

parasitic life stage. 178 

Fig. 1. P. sedebokerense PS1 that was plated on agar following cryopreservation using 179 

MrFrosty at day 0 of incubation. Scale bar = 1 cm. 180 

Fig. 2. P. sedebokerense PS1 that was plated on agar following cryopreservation using 181 

MrFrosty at day 13 of incubation. Scale bar = 1 cm. 182 

Fig. 3. P. sedebokerense PS1 that was plated on agar following cryopreservation using 183 

controlled-rate cooling at day 0 of incubation. Scale bar = 1 cm. 184 

Fig. 4. P. sedebokerense PS1 that was plated on agar following cryopreservation using 185 

controlled-rate cooling at day 13 of incubation. Scale bar = 1 cm. 186 

Fig. 5. Brightfield, differential interference contrast image of a PS1 colony from agar 187 

following cryopreservation using MrFrosty at day 7 of incubation. Scale bar = 20 µm. 188 

Fig. 6. Fluorescence microscopy image of a PS1 colony from agar following cryopreservation 189 

using MrFrosty at day 7 of incubation. The stain CFSE labels vital sporangia within the 190 

colony. Scale bar = 20 µm. 191 

Fig. 7. Brightfield, differential interference contrast image of a PS1 colony from agar 192 

following cryopreservation controlled-rate cooling at day 7 of incubation. Scale bar = 20 µm. 193 



Fig. 8. Fluorescence microscopy image of a PS1 colony from agar following cryopreservation 194 

using controlled-rate cooling at day 7 of incubation. The stain CFSE labels vital sporangia 195 

within the colony. Scale bar = 20 µm. 196 

Fig. 9. Quantitative measurements of Paraphysoderma infection following cryopreservation 197 

at day 0, 5 and 13 post-thawing. Haematococcus cells were classified in three categories of 198 

dead, infected (inf) and uninfected (uninf). The three treatments comprise controlled-rate 199 

cooling cryopreservation (c_cool), passive-rate cooling cryopreservation MrFrosty (MFr) and 200 

control (cont) that was not cryopreserved. Each treatment contained three biological 201 

replicates. For quantification, samples were randomised and counted in duplicates with a 202 

minimum of 300 cells per duplicate. 203 

Fig. 10. Brightfield, differential interference contrast image of PS1-infected Haematococcus 204 

following cryopreservation using MrFrosty at day 8 of incubation. Numerous young, 205 

developing pathogen sporangia are visible at the cell surface of the alga (arrows). Scale bar = 206 

10 µm. 207 

Fig. 11. Fluorescence microscopy image of PS1-infected Haematococcus following 208 

cryopreservation using MrFrosty at day 8 of incubation. The stain CFSE labels vital pathogen 209 

sporangia (arrows). Scale bar = 10 µm. 210 

Fig. 12. Brightfield, differential interference contrast image of PS1-infected Haematococcus 211 

following cryopreservation using controlled-rate cooling at day 8 of incubation. Numerous 212 

pathogen sporangia are visible at the cell surface of the alga (arrows). Note that host cells 213 

show a brown colour, indicating a progressed infection. Scale bar = 10 µm. 214 

Fig. 13: Fluorescence microscopy image of PS1-infected Haematococcus following 215 

cryopreservation using controlled-rate cooling at day 8 of incubation. The stain CFSE labels 216 

vital pathogen sporangia (arrows). Scale bar = 10 µm. 217 



Supplementary Online Material 218 

Fig. S1. Schematic representation of the cryopreservation protocols of the parasitic and 219 

saprophytic life cycle stage of Paraphysoderma sedebokerense. Cultures of Haematococcus-220 

Paraphysoderma (parasitic life stage) were put in cryovials and mixed with the 221 

cryoprotectant DMSO at a final concentration of 5% in culture medium 0.3N-BBM+V, 222 

whereas colonies of the saprophytic life stage were picked from agar and put in cryovials 223 

containing 5% DMSO in CGM medium. Both stages were then subjected to freezing using 224 

either controlled-rate cooling or MrFrostyTM. Each condition was run in triplicates and the 225 

experiment was performed twice independently. After freezing, the samples were either 226 

transferred to cryostorage containers and held there for 1 week (first independent experiment) 227 

or directly processed (second independent experiment). In order to assess viability following 228 

cryopreservation, the samples were gently thawed at 40 °C and put back in culture. The 229 

cryopreserved, parasitic stage was given to 7 ml of culture medium (0.3N-BBM+V) and 2 ml 230 

of a three-weeks old, uninfected culture of H. pluvialis Haem C1. The saprophytic life stage 231 

was removed from the cryoprotectant by aspiring as little solution as possible and plating on 232 

CGM agar plates. All cultures were then incubated for 24 hours (25 °C) in the dark, before 233 

moving to 80 µmol photons m-2 s-1 (12h light / 12h dark cycle) at 25 °C. 234 

Fig. S2. Paraphysoderma sedebokerense FD61 growth observation on nutrient agar following 235 

cryopreservation. A-D) control sample that has not been cryopreserved; E-H) sample 236 

cryopreserved using controlled-rate cooling; I-L) sample cryopreserved using MrFrosty. A, 237 

E, I) day 0; B, F, J) day 14; C, G, K) day 20; D, H, L) day 51. One representative replicate 238 

(out of a total of 3 replicates) is shown over time. 239 

Fig. S3. Culture status of the cryopreserved parasitic life stage of Paraphysoderma 240 

sedebokerense PS1. Abundant amoebae, the infecting agent of the green algal pathogen, are 241 



present 13 days after thawing (arrows). Infected cells of Haematococcus pluvialis bearing 242 

pathogen sporangia of different developmental stages are present in the cultures 243 

(arrowheads). A) controlled-cooling, B) MrFrosty, C) control. Scale bars: 20 µm 244 
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