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Abstract 
 
Despite an increasing amount of evidence acknowledges the importance of eukaryotic 

microbes in aquatic food webs, human / wildlife health, climate and biogeochemical cycles; 

their diversity is still widely underinvestigated. This statement is particularly truthful in the 

case of heterotrophic protists, more difficult to establish as clonal cultures in lab conditions 

than their phototroph counterpart. Only with the recent application of molecular ecology 

methods, we have started to gain deeper insights in the structure of complex microbial 

communities where heterotrophic protists, and especially putative parasites, resulted as an 

abundant and diverse component in both aquatic and terrestrial ecosystems. Diatoms, on the 

other hand, have long being recognised as one of the most successful group of phytoplankters 

and their role as main primary producers at the base of the food web in aquatic ecosystems is 

well-established.  This thesis aims at investigating the link between heterotrophic eukaryotes 

and diatoms, by focussing on osmotrophic oomycete and fungi, two well-known groups of 

pathogens sharing similar molecular weaponries and habits despite their large evolutionary 

distance. By developing a method to isolate and molecularly characterise single cells (SCs) 

we describe nine novel oomycetes infecting bloom-forming and toxic planktonic diatoms, as 

well as epiphytic ones, and provide a first analysis of their distribution worldwide. Oomycete 

parasites infecting the toxic diatom genus Pseudo-nitzschia have been investigated in the field 

via DNA metabarcoding, highlighting swift parasitic outbreaks and suggesting a role in the 

regulation of diatom blooms. The same method resulted in the first molecular identification of 

a transatlantic distributed chytrid infecting the spring bloom-dominating diatom Skeletonema, 

advocating for a high ecological relevance for this parasite. Finally we characterised a stable 

cultivated pathosystem involving the freshwater diatom Asterionella formosa and a chytrid 

parasite, and started investigating the physiology of this interaction by means of RNA 

sequencing and transmission electron microscopy (TEM). Overall this thesis highlights an 

unsuspected cryptic diversity hidden within morphologically similar parasites of diatoms 

underpinning a high complexity of interactions, which cannot be appreciated but by 

integrating microscopy observation, SC molecular analysis and investigation of cultivated 

pathosystems. 
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Rationale & Thesis Overview 
 

Diatoms are important primary producers in every aquatic system. Many biotic factors control 

diatom populations by exploiting them for their nutrition and survival, from viruses to 

metazoan predators. In the microbial realm parasites infecting diatoms encompass a wide 

array of eukaryotes and have the potential to influence the ecological dynamics of these 

important primary producers. Whilst many microscopy reports from the late 19
th

 and early 

20
th

 century described their diversity and highlighted their ecological relevance, few 

contemporary investigations targeted these organisms and molecular data for these parasites 

are scant. This seriously hinders our understanding of their role in a broader ecological and 

evolutionary context. Chytrids (Fungi) and holocarpic oomycetes (Heterokonta) are reported 

as the most widespread parasites of diatoms and they share similar ecological niches and 

feeding strategies (osmotrophy) despite not being phylogenetically related. Furthermore, both 

chytrids and holocarpic oomycetes have terrestrial filamentous relatives that have been 

demonstrated to share part of the molecular weaponry used to infect their plant or animal 

hosts thanks to horizontal gene transfers happened early in their evolutionary history. 

Chytrids and oomycetes infecting ecologically relevant bloom-forming and toxic diatoms in 

the sea (e.g. Skeletonema and Pseudo-nitzschia) have been reported, but little data is available 

on their biology and phylogeny. In this thesis we aimed to expand our knowledge on those 

parasitic organisms by gathering molecular data allowing us to investigate their distribution 

and ecological dynamics in the frame of broader metabarcoding datasets and understand their 

phylogenetic affinities. After an introductory section (Section I) where the reader familiarises 

with the broader topic of algal parasitism (Ch. 1) and in particular microbial parasites of 

diatoms (Ch. 2); a result section (Section II) presents outcomes on our investigation of the 

diversity of oomycetes (Ch. 3, 4) and chytrids (Ch. 5) infecting marine diatoms, characterised 

both morphologically and molecularly and expands on their distribution and ecological 

dynamics in the context of temporally and spatially resolved metabarcoding datasets. A 

second result section (Section III) describes the establishment and characterisation of a 

pathosystem involving a freshwater diatom and its chytrid parasite (Ch. 6), a first step for the 

investigation of the molecular basis of chytrid-diatom interactions via RNA sequencing 

(Appendix, Ch. 8). Finally, results from this thesis are put in the context of contemporary 

exploration of microbial diversity and the establishment of novel, uncommon model systems 

for the study of biological functions in a broader evolutionary context (Section IV, Ch. 7).  
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Section I: Introduction 

 

Chapter 1 

This chapter describes the role of different pathogens of algae in driving the evolution and 

ecology of their photosynthetic hosts. 

 

Chapter 2 

This chapter provides an updated literature review of the parasites of diatoms and, whenever 

possible, of their ecological role.  

 

Section II: Diversity and ecology of eukaryotic parasites of diatoms 

 

Chapter 3 

This chapter describes novel species of oomycete parasites of Pseudo-nitzschia and Melosira, 

providing the first investigation of their distribution and ecological dynamics. 

 

Chapter 4 

This chapter highlights an important hidden diversity within oomycete parasites of 

Licmophora and Fragilaria, thus integrating findings from Chapter 3. 

 

Chapter 5 

This chapter provides the first molecular signature and distribution for a chytrid parasite of 

Skeletonema. 

 

Section III: Physiology of the Interaction 

 

Chapter 6 

This chapter describes the establishment, cryopreservation and characterisation of a 

pathosystem involving Asterionella formosa and its chytrid parasite. 

 

Section IV: Conclusions 

 

Chapter 7 

This chapter summarises the key findings of this work and integrates them in the context of 

microbial eukaryotes’ research, expanding on future methodological perspectives. 

 

Appendix 

 

Chapter 8 

This is chapter is a draft summarising the work initiated on the transcriptome issued from the 

pathosystem presented in Chapter 6. 
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1.1 Overview 

In all ecosystems, parasites and pathogens are now considered of equal importance with 

predators for ecosystem functioning (Lafferty and Kuris, 2002; Lafferty et al., 2008; 

Frainer et al., 2018). They affect the overall stability of food-webs by increasing 

connectance (percentage of possible links) and nestedness (asymmetry of interactions) and 

they play a key role in generating and maintaining a high level of genetic and specific 

diversity by decreasing competition  (Lafferty, Dobson, and Kuris 2006; Prosnier et al., 

2018).  

According to the definition proposed by Costanza and Mageau (1999), a healthy 

ecosystem is one that can persist, maintain vigour, organization and resilience to change. 

All those describers are influenced by the presence and diversity of infectious parasites 

and diseases in the natural environment, so that it has been proposed that the parasite 

community can be used as a proxy of ecosystem health, capable of  integrating measures 

of diversity and ecological shifts over a long time periods (Marcogliese, 2005; Hudson et 

al., 2006).  

Algae are a polyphyletic group of phototrophic, mostly aquatic protists that have 

permanently acquired plastids through various independent endosymbiotic events (Dorrell 

and Howe, 2012) with key ecological importance in both freshwater and marine 

ecosystems, ensued from their broad phylogenetic diversity. In this context, it is now well 

documented that the interactions of algae with pathogens have profound consequences on 

ecosystem dynamics and structure, as well as biogeochemical and evolutionary processes.   

  

1.2  Top-down control, structuring, and ecological succession of algal populations 

With an average density of up to 3 x 10
9
 particles L

–1
 (Suttle, 2005), viruses are the most 

abundant biological agents in the sea (Fuhrman, 1999). Their top-down role in regulating 

population dynamics, often by terminating blooms of cyanobacterial and eukaryotic 

phytoplankton, is well established for example in the case of the coccolithophore 

Emiliania huxleyi or the unicellular green algae Ostreococcus and Micromonas 

(Brussaard, 2004). Likewise, classic studies have provided compelling evidence that 

eukaryotic parasites control the dynamics of some microalgae, such as diatoms: Sparrow 

(1969) recorded 99% prevalence (i.e. the proportion of infected cells) of the lethal 

oomycete pathogen Ectrogella perforans in marine Licmophora sp., and a similar 

prevalence (> 90%) was found during a bloom of the freshwater diatom Asterionella 
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formosa (Van Donk and Ringelberg, 1983). In a French estuary, the temporal succession 

of toxic dinoflagellate blooms was shown to be controlled by successive epidemic 

outbreaks (Chambouvet et al., 2008).  Finally, certain algicidal bacteria cause lysis events 

of dominating phytoplankton within a short time span – a concept explored for the targeted 

control of harmful algal blooms (Sun et al., 2018).  

However, most studies only examined the correlation between pathogen abundance and 

bloom termination and therefore fail to demonstrate causality between infection and host 

demise (e.g. Holfeld, 1998), despite mathematical models showing that a moderate 

pathogen prevalence may indeed control the dynamics of the host (Montagnes et al., 

2008). Automatized in situ plankton monitoring is now starting to provide epidemiological 

breakthroughs, including information on life-cycle shifts and in situ host range (Brosnahan 

et al., 2014); it also allows to dissect the relative contribution of abiotic (e.g. temperature 

or nutrient availability) and biotic (e.g. pathogens) factors in controlling phytoplankton 

community (Peacock et al., 2014). Large scale metabarcoding campaigns (e.g. de Vargas 

et al., 2015) reveal a vast amount of DNA barcodes phylogenetically-related to known 

parasitic groups; metabarcoding, therefore, can help identifying novel algal parasites by 

correlating the presence of both the host and its putative parasite (Taylor and Cunliffe, 

2016). High frequency metabarcoding is also emerging as a promising tool to analyse 

community dynamics and quantify host-pathogen interactions in situ, because it allows to 

pinpoint organisms that are generally present when their host(s) occur (long term positive 

demographic correlation), yet negatively impact on their short-term abundance (short term 

negative correlation, Martin-Platero et al., 2018).  

The potential contribution of pathogens in shaping or controlling macroalgal populations is 

little-known. Some evidence links viral outbreaks and kelp mass mortalities (Easton et al., 

1997) and metabarcoding recently identified a novel type of virus associated to bleached 

Ecklonia kelps (Beattie et al., 2018), yet causality remains to be demonstrated. 

Comparable to the differences that start being recognised between trees and herbaceous 

plants (Plomion et al., 2018), it is expectable that the pressures exerted by pathogens on 

macroalgal holobionts are inherently more complex, and potentially more variable during 

their life cycle and generally longer lifespan, as compared to phytoplankton. For example, 

a detailed body of work on the red alga Delisea pulchra has shown a causal link between 

high sea temperature and bleaching induced by opportunistic bacteria; subsequently, 

bleached algae were shown to be less fertile and more palatable for grazers, potentially 

leading to changes in community structure (Case et al., 2011; Campbell et al., 2014). 
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Several bacteria taxa have been shown to cause the same bleaching symptoms (Kumar et 

al., 2016) and, dsRNA and ssRNA viruses have recently been identified in this alga too 

(Lachnit et al., 2016), but their pathogenicity still unknown.  

 

1.3  Pathogens as life cycle drivers  

Viral infection has been linked to the onset of sexual reproduction in the coccolithophore 

Emiliania huxleyi, inducing its meiosis and the development of its non-calcifying haploid 

stage that is supposed to be resistant to the infection, the so-called “Cheshire Cat” escape 

strategy (Frada et al., 2008). However, further research revealed some signatures of viral 

activity (e.g. viral RNA and lipids) in non-lytic haploid Emiliania, indicative of an 

alternative stage of the virus life cycle deemed as haplococcolithovirocell (Mordecai et al., 

2017). Rapid shifts in host life stage may also be induced by eukaryotic pathogens as 

induced sexuality in the Alexandrium/Parvilucifera pathosystem (Toth et al., 2004), 

colonial forms of Phaeocystis (Jacobsen et al., 2007) or flagellated Haematococcus cells 

(Allewaert et al., 2018). In the latter example, resistant flagellated of the algal host have 

been shown to be positively selected in susceptible Haematococcus strains by the presence 

of Paraphysoderma sedebokerense. 

 

1.4  Trophic upgrading of inedible algae and acceleration of nutrient cycling 

Some algal pathogens facilitate the transfer of nutrients from phytoplankton to their 

zooplankton grazers, and therefore exert a positive bottom-up influence on trophic webs. 

Using a tripartite chytrid-algal-zooplankton system (Zygorhizidium-Asterionella-

Daphnia), developed the concept of “mycoloop”, which refers to the conversion of organic 

matter locked in large inedible algal cells, unpalatable to zooplankton, into small edible 

and nutritious fungal propagules. Diatom mortality resulting from chytrid infection also 

promotes the development of heterotrophic bacteria. Degraded algal cells release nutrients 

that fuel the bacterial community, in turn consumed by bacterivore eukaryotes. The chytrid 

zoospores themselves can transform inedible bacteria into a food source for small 

zooplankton. Using chytrid-cyanobacteria-zooplankton model, Agha et al. evidenced 

higher fitness of Daphnia in the presence of parasitised cyanobacteria (Agha et al., 2016). 

Modelling and analytical chemistry have shown that in addition to triggering the 

termination of diatom and cyanobacterial blooms, chytrid pathogens significantly increase 

the amount (Grami et al., 2011) and quality (Gerphagnon et al., 2018) of food available to 
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zooplankton grazers, by producing many nutritious zoosporic propagules feeding the 

higher trophic levels.  

 

1.5  Regulation of host phenotypic and genetic diversity  

Knowledge of the parameters that drive host-pathogen co-evolution in aquatic systems 

remains scant, for example their respective life cycles, infection strategies, and dispersion 

(Barrett et al., 2008). It is well established that pathogens (e.g. viruses) affect the diversity 

of marine phytoplankton through the counter-selection of susceptible genotypes within a 

host species (Tomaru et al., 2008; Carlson et al., 2016). This may be linked with the “kill-

the-winner” strategy modelled for pelagic ecosystems (Thingstad and Lignell, 1997), 

whereby the neutralisation of superior competitors by bacteriophages would increase the 

diversity of otherwise less competitive organisms. 

Similarly, the bloom-forming freshwater diatom Asterionella formosa has a high genetic 

diversity despite its low frequency of sexual reproduction and limited gene flow between 

water bodies (Bruin et al., 2004); in fact, its genetic differentiation is higher within 

individual lakes than between lakes located in Switzerland and the Netherlands (Van den 

Wyngaert et al., 2015). Conversely, De Bruin et al. (2008) demonstrated in an 

experimental evolution experiment that its chytrid pathogen Zygorhizidium planktonicum 

rapidly adapted to different clones of A. formosa by becoming increasingly virulent against 

them, whereas its virulence remained stable over 200 generations when the pathogen was 

confronted to a mixed host population. Finally, Gsell et al. (2013) found in natural 

conditions that diatoms blooms were genetically more diverse on the years when parasitic 

pressure was more intense, suggesting that parasitism promotes genetic diversity.  

In some cases, changes of host resistance traits are expected as a product of pathogenic 

interactions. Chemotypes (e.g. subpopulations based on non-ribosomal peptide synthetase 

produced cyanopeptoline oligopeptides) of the cyanobacterium Planktothrix are shaped by 

its chytrid pathogen (Sønstebø and Rohrlack, 2011). Since some Planktothrix chemotypes 

are more resistant to infection, a genetic diversity in the parasitic chytrid fungus normally 

follows. Some of these chemotypes may be dominant for long periods (more than ten 

years), yet exhibiting the same resistance extent over time (Kyle et al., 2015). This raises 

the question whether chemical compounds linked with chemotypes may work as chemical 

defences and consequently grant resistance.  
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Resistance may be also a plastic trait, as demonstrated in the cyanobacterium 

Prochlorococcus. Typically being resistant for marine bacteria involves a high trade-off 

that turns into low growth rates (Middelboe, 2000) and/or selective resistance towards a 

narrower range of phages (Avrani et al., 2011). To deal with this problem, 

Prochlorococcus cells showing a broad resistance are able to revert this situation by 

evolving towards an improved growth rate and a more specific resistance (Avrani and 

Lindell, 2015).   

 

1.6  Pathogens as drivers of algal genome evolution 

Some pathogens may be affecting their host genomes for good, and recent evidence 

suggests that especially viruses, might have played a significant role in establishing 

complex metabolic pathways in some algae (Monier et al., 2009, 2017). Lindell and 

colleagues (2004) reported that genes central to oxygenic photosynthesis for 

Prochlorococcus can be found in its Myoviridae and Podoviridae cyanophages. The 

demonstration that these genes are of cyanobacterial origin and that they have been 

transferred back and forth from host to pathogen several times, brought to the conclusion 

that cyanophages may contribute to a faster evolution/wider expansion of some gene 

families, which ultimately should play a role in the overall fitness of the host.  

 

1.7  Mediators of anthropogenic perturbations 

An increasing body of literature is highlighting how anthropic changes are driving the 

emergence of diseases worldwide (Ward and Lafferty, 2004; Peeler and Feist, 2011; Fisher 

et al., 2012). These human-driven disturbances include broadening of the geographical 

range and spread of pathogens through direct introduction or global change, loss of habitat 

and loss of biodiversity at the specific and genetic level (Chakraborty et al., 2000; Altizer 

et al., 2003; Anderson et al., 2004; Plowright et al., 2008). For aquatic systems examples 

exist on the effect of herbicide accumulation on wild Asterionella-chytrid pathosystems, 

with an impact on disease spreading only in long-term screenings (Van den Wyngaert et 

al., 2013); or on the effect  climate change driven reduction of cold refuges protecting 

diatoms from their fungal parasites. Narrow cold refuges resulted in an earlier onset of 

chytrid parasitism, leading to a long lasting low-level infection in the case of Asterionella 

formosa (Ibelings et al., 2011) or to a faster bloom demise for Synedra sp. (Frenken et al., 

2016) parasitised by Zygorhizidium planktonicum. Ward & Lafferty (2004) lament a lack 
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of knowledge about diseases in the marine environment. The absence of a baseline in the 

assessment of marine diseases can lead to an underestimation of the anthropic impact on 

the sea. Algal disease, independently from their etiology, remains an understudied topic, 

especially from the epidemiological point of view, despite the potential cascading effects  

on the functioning of the entire ecosystem.
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2.1  Diatoms, an evolutionary success and a valuable resource 

Diatoms (Bacillariophyta or Diatomeae sensu Adl et al., 2019) are unicellular 

photosynthetic stramenopiles characterised by a siliceous “shell”, the frustule (Van Den 

Hoek et al., 1997), and a chloroplast derived from a secondary endosymbiosis with a red 

alga (Archibald, 2009). Diatoms are classified in three main families displaying a different 

symmetry of the frustule: the radial centric Coscinodiscophyceae, the multipolar centric 

Mediophyceae and the bilateral pennates Bacillariophyceae (Graham et al., 2009; Figure 

2.1). The evolutionary history of diatoms started in the Mesozoic era between 250 Myr 

(according to molecular clock estimates) and 190 Myr (as per the fossil evidence) with the 

radial centrics, later differentiating into multipolars (~ 110 Myr) and pennates (~ 90 Myr). 

Within the latter group a novel structure evolved, the raphe, a slit running in the middle of 

the valvar plane and allowing the cell to glide along surfaces on a mucilage trail, thus 

further dividing the group into raphid and araphid pennates (Kooistra et al., 2007; 

Armbrust, 2009; Figure 2.1). Since its adoption the silicified frustule has never been 

discarded by any diatom lineage, suggesting a strong positive selective pressure. One of 

the hypotheses behind the evolution of this structure is that of a first line of mechanical 

defence reducing the strong pressure exerted by grazers and parasites on these successful 

phytoplankters (Hamm et al., 2003).  

Estimates of species richness for diatoms range from 30,000 to 200,000, with an effective 

number of currently described species of ~ 15,000 (Mann and Droop, 1996; Mann and 

Vanormelingen, 2013; Guiry and Guiry, 2018).  This diversity of species mirrors an 

equally deep genetic and physiological diversity, underpinned by diatoms endosymbiotic 

nature, making them chimaeras with genomic contributions from a variety of sources such 

as red algae, green algae, chlamydial parasites and other bacteria (Armbrust, 2009). The 

range of biochemical capabilities diatoms display allows them to metabolise fatty acid, 

generate metabolic intermediates from this catabolic reaction and to connect carbon 

metabolism with nitrogen fixation/remobilization via a complete urea cycle (Armbrust et 

al., 2004; Allen et al., 2011).  

Physiological and morphological adaptations allowed diatom species to colonise almost 

every niche where enough water is available for them to survive, from the sea to 

freshwater lotic and lentic habitats; from brine channels in sea ice to water channels in the 

soil; free floating in the plankton, sessile on substrates or gliding on surfaces; in colonies 

or as single cells (Van Den Hoek et al., 1997). Not only are diatoms diverse and spread 
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across the majority of habitats, in some of them they are the dominant unicellular 

photoautotrophs. Their contribution in terms of biomass is particularly remarkable in 

oceanic nutrient replete zones, such as high latitudes, upwelling zones and in well mixed 

coastal areas (Armbrust, 2009; Leblanc et al., 2012; Malviya et al., 2016; Tréguer et al., 

2018). Diatoms are deemed responsible for up to 20% of the total primary production and 

up to 40% of the primary production in the Ocean (precisely 35% in oligotrophic waters 

and 75% in eutrophic conditions, Nelson et al., 1995), therefore fixating more organic 

carbon than all tropical forests together (Field et al., 1998; Leblanc et al., 2012) and 

fuelling the carbon export to the deep ocean (Falkowski et al., 1998; Smetacek, 1999; 

Leblanc et al., 2018). This ecological success comes with a price; making diatoms a 

palatable food source for many aquatic heterotrophic organisms that evolved to exploit 

this abundant resource.  

Whilst the ecological importance of biotic control exerted by grazers has been often 

appreciated (Sommer et al., 2002; Zhang et al., 2017), the role of parasites is less well-

understood, especially because of the limited information available on parasites diversity 

and for the degree of specificity of their interactions with the diatom host (Gleason et al., 

2011; Neuhauser et al., 2011a, 2011b; Scholz et al., 2015). In the paragraph below we 

attempt to give a brief overview of the available information on the diversity of 

heterotrophic microbes infecting diatoms and expand, whenever possible, on their role in 

the wild. 
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2.2  Diatom-specific viruses 

Viruses are the most abundant organisms in aquatic systems (Suttle, 2005) where they 

have been demonstrated to be at the centre of phytoplankton bloom demises and to trigger 

dramatic changes in the ecological strategy adopted by their host (Frada et al., 2008). 

Diatom-infecting viruses have been known and studied since the early 2000s when the 

marine centric Rhizosolenia setigera was the first diatom for which a virus has been 

isolated and characterised (Nagasaki et al., 2004). Rhizosolenia setigera RNA Virus 

(RsRNAV) is a small (32 nm), hexagonal and tailless virus (Figure 2.2C) able to replicate 

in its host cytoplasm. RsRNAV has been tested on different phytoplankters and showed a 

 

Figure 2.1: Schematic summary of the evolutionary history of diatom families. Scanning electron microscopy (SEM) 

images exemplify the frustular symmetry of the Coscinodiscophyceae (Radial Centric), Mediophyceae (Polar Centric) and 

Bacillariophyceae (Raphid and Ara Pennates). Modified from Round et al., 1990; Armbrust, 2009 and Graham et al., 

2009. 
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marked specificity towards few Rhizosolenia setigera strains. RsRNAV’s genome is a 

positive-sense single stranded RNA (ssRNA virus) molecule of less than 9 kb (Shirai et 

al., 2006). This genome has a peculiar organisation with 2 open reading frames (ORFs), 

the first encoding for a polyprotein containing two enzymes involved in the replication 

process, namely a helicase and a RNA-dependent RNA polymerase (RdRp); a highly 

conserved feature within the Picornavirus (Koonin et al., 1993; Figure 2.2B). The second 

ORF encodes the structural protein of the capsid (capsomer). Phylogenetic analysis 

showed that this virus was closely related to HaRNAV and SssRNAV, infecting the 

Stramenopiles Heterosigma akashiwo (Tai et al., 2003) and Schizochytrium sp. (now 

Aurantiochytrium sp., Takao et al., 2005) respectively, but did not belong to any described 

genus or family (Shirai et al., 2006).  

After this first description other viruses infecting centric diatoms have been characterised, 

especially thank to an intense work of isolation carried out in Japan, resulting in the 

identification of more ssRNA viruses (Shirai et al., 2008; Tomaru et al., 2009, 2013a; 

Kimura and Tomaru, 2015) but also of single stranded DNA (ssDNA) viruses with 

circular genomes (Nagasaki et al., 2005; Tomaru et al., 2008, 2011b, 2011c, 2013b; 

Toyoda et al., 2012; Kimura and Tomaru, 2013, 2015) refer to Table 2.1 and  

Table 2.2). Similarly to ssRNA viruses, ssDNA viruses are small (< 40 nm), tailless and 

with small genomes (< 10 kb) but they replicate within the host nucleus (Toyoda et al., 

2012; Tomaru et al., 2015b; Figure 2.2 D). The circular genome of ssDNA viruses also 

encodes enzymes involved in replication and capsomeres synthesis, but it contains another 

ORF whose function remains unknown (Figure 2.2, A). Diatom-infecting DNA viruses 

possess a characteristic linear strand of DNA complementary to part of their genome, 

generating a double stranded genomic region usually around 1 kb long (with the exception 

of CdebDNAV and CsetDNAV where linear fragments are respectively inexistent or 

smaller; Tomaru et al., 2008; Tomaru et al., 2013b). Within unicellular eukaryotes, so far 

diatoms seem to be the only group affected by ssDNA viruses (Tomaru et al., 2015a). The 

increasing number of viral isolates allowed for a robust phylogenetic reconstruction 

assigning diatom-infecting ssRNA viruses to the monophyletic genus Bacillarnavirus 

(order Picornavirales, International Committee on Taxonomy of Viruses, ICTV, 

https://talk.ictvonline.org/taxonomy/). SsRNA viruses within this order infect a vast range 

of organisms such as insects, marine animals, plants and marine protists like Heterosigma 

akashiwo (infected by the genus Marnavirus) and Aurantiochytrium sp. (infected by the 

genus Labyrnavirus, Lang et al., 2009). The main features of Picornavirales are (i) a 

https://talk.ictvonline.org/taxonomy/


Section I – Introduction                                                                                   Chapter 2. Diatom foes in the microbial world 

 

14 

    

positive strand RNA genome often provided with a 3’ poly-A tail, (ii) poly-proteins  as 

main products of genome translation, (iii) capsomeres organised in a three-domains 

protein module, generating small icosahedral non-enveloped virions with a pseudo T=3 

symmetry, (iv) a non-structural polyprotein containing a helicase, a protease (cysteine) 

and a RNA-dependent RNA polymerase (RdRp), sequentially encoded in this order (Le 

Gall et al., 2008). Within ssDNA viruses, the genus Bacilladnavirus has been proposed to 

regroup all the diatom-associated DNA viruses (ICTV; Tomaru et al., 2011b). Later on 

the genus has been turned into the family Bacilladnaviridae, encompassing new species 

infecting marine molluscs (Kazlauskas et al., 2017). Recently, a reorganisation of the 

family gave rise to the genera Diatodnavirus, Kieseladnavirus and Protobacilladnavirus, 

clustering viruses infecting Chaetoceros spp. and molluscs according to conserved 

aminoacid sequence of the replication polyprotein (King et al., 2018). In parallel to centric 

diatoms, pennates have been reported to be prone to viral infections (Carlson et al., 2016), 

although so far only two viruses (TnitDNAV and AglaRNAV) have been isolated from 

Thalassionema nitzschioides and Asterionellopsis glacialis respectively (Tomaru et al., 

2012; Table 2.1 and  

Table 2.2). In total, 11 DNA viruses and 9 RNA viruses have been described for diatoms, 

even if genetic characterisation is sometimes lacking (Bettarel et al., 2005; Eissler et al., 

2009; Kim et al., 2015a, 2015b). The big majority of viruses have been identified from 

Japanese strains of Chaetoceros (Table 2.1 and  

Table 2.2). The number of viral isolates coming from one restricted geographical area and 

infecting a single host genus, points towards a high and yet undescribed diversity of 

diatom-associated viruses.  
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Figure 2.2: A) Single stranded circular DNA genome featuring a double stranded fragment (grey area). B) Single stranded 

linear RNA genome featuring 2 ORFs (grey boxes). C) TEM picture of RsRNAV in Rhizosolenia setigera. D) Intranuclear 

rod-shaped particles of Csp05DNAVRep in Chaetoceros sp. Rep = Replication, CP = Capsomere, UN = ORF of unknown 

function, Hel = Helicase, RdRp = RNA-dependent RNA polymerase. Picture modified from Nagasaki et al., 2004; Toyoda et 

al., 2012; Tomaru et al., 2015. 
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Table 2.1 : Summary of the morphological, physiological and genetic features of ssDNA viruses infecting diatoms. Modified from  Tomaru et al., 2015. 

SSDNA VIRUSES OF CENTRIC DIATOMS 

Virus Host 

Particle 

size 

(nm) 

Particle 

assembly 

site 

Rod 

Shaped 

virus-like 

particle 

Major 

proteins 

(kDa) 

Latent 

period 

(h) 

Burst size 

(infectious 

units cell-1) 

Genome 

length (nt) 

Complementary 

fragment length(s) 

(nt) 

Accession 

number 
Reference 

CdebDNAV 
Chaetoceros 

debilis 
32 nucleus ND 37.5, 41 12–24 55 

~7 knt 

not fully 

sequenced 

ND AB504376 
(Tomaru et al., 

2008) 

ClorDNAV 
Chaetoceros 
lorenzianus 

34 nucleus YES <225 48 2.2 × 104 5813 979 AB553581 
(Tomaru et al., 

2011c) 

CsalDNAV 
Chaetoceros 

salsugineum 
38 nucleus ND 43.5, 46 12–24 325 6000 997 AB193315 

(Nagasaki et al., 

2005) 

CsetDNAV 
Chaetoceros 

setoensis 
33 nucleus YES 31, 37 48 2.0 × 104 5836 

67, 70, 72, 76, 

90, 107, 109, 145 
AB781089 

(Tomaru et al., 

2013b) 

CtenDNAV 

type-I 

Chaetoceros 

tenuissimus 
37 nucleus YES 38.5 96 320 5639 875 AB597949 

(Tomaru et al., 

2011b) 

CtenDNAV 

type-II 

Chaetoceros 

tenuissimus 
37 nucleus YES 39 <24 1737 5570 669 AB971658 

(Kimura and 

Tomaru, 2015) 

Csp05DNAV 

Chaetoceros 
sp. strain 

TG07-C28 

33 nucleus YES 40, 75 <24 ND 5785 890 AB647334 
(Toyoda et al., 

2012) 

Csp07DNAV 

Chaetoceros 
sp. strain 

SS628-11 

34 nucleus YES 38.5 <12 29 5552 827 AB844272 
(Kimura and 

Tomaru, 2013) 

 

CwNIV 
Chaetoceros 

cf. wighamii 
30 nucleus YES ND 8 26 396 ND ND  

(Eissler et al., 

2009) 

 

CspNIV 

Chaetoceros 
cf. gracilis 

25 nucleus ND ND <24 ND ND ND ND 
(Bettarel et al., 

2005) 

SSDNA VIRUSES OF PENNATE DIATOMS 

TnitDNAV 
Thalassionema 

nitzschioides 
35 nucleus ND ND ND ND 5573 ~600 (not sequenced) AB781284 

(Tomaru et al., 

2012) 
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Table 2.2: Summary of the morphological, physiological and genetic features of ssRNA viruses infecting diatoms. Modified from Tomaru et al., 2015.  

SSRNA VIRUSES OF CENTRIC DIATOMS 

Virus Host 
Particle 

size (nm) 

Particle 

assembly 

site 

Major 

proteins 

(kDa) 

Latent 

period 

(h) 

Burst size 

(infectious 

units cell-1) 

Genome 

length (nt) 

Number 

of ORFs 

Accession 

number 
Reference 

CtenRNAV 

type-I 
Chaetoceros tenuissimus 31 cytoplasm 

33.5, 31.5, 

30.0 
<24 1.0 × 104 9431 2 AB37547 

(Shirai et al., 

2008) 

CtenRNAV 

type-II 
Chaetoceros tenuissimus 35 cytoplasm 

32.2, 29.0, 

26.1 
24–28 136 9562 2 AB971661 

(Kimura and 

Tomaru, 2015) 

CsfrRNAV Chaetoceros socialis f. radians 22 cytoplasm 
32.0, 28.5, 

25.0 
<48 66 9467 2 AB469874 

(Tomaru et al., 

2009) 

Csp03RNAV Chaetoceros sp. strain SS08-C03 32 cytoplasm 
42.0, 34.0, 

28.0 
<48 ND 9417 2 AB639040 

(Tomaru et al., 

2013a) 

RsetRNAV Rhizosolenia setigera 32 cytoplasm 
41.5, 41.0, 

29.5 
48 3100 8847 2 AB243297 

(Nagasaki et 

al., 2004) 

TgraRNAV Thalassiosira gravida 32 ND ND ND ND ~9 knt ND LC013477 Unpublished 

 

SpalV Stephanopyxis palmeriana 25-30 cytoplasm ND <80 92 ND ND ND 
(Kim et al., 

2015b) 

ScosV Skeletonema costatum 45-50 cytoplasm ND <48 90-250 ND ND ND 
(Kim et al., 

2015a) 

SSRNA VIRUSES OF PENNATE DIATOMS 

AglaRNAV Asterionellopsis glacialis 31 cytoplasm ND ND ND 8842 2 AB973945 
(Tomaru et al., 

2012) 
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2.2.1 Diatom viruses in the field 

Molecular ecology studies using targeted genes (i.e. RdRp), environmental whole viral 

genomes (virome analysis) and metatranscriptome analysis have highlighted the 

importance of Picornavirus in aquatic systems, especially the underestimation and lack of 

understanding of their diversity and abundances (Culley, 2018). Environmental sequences 

and genomes from temperate (British Columbia), tropical (Hawaii) and cold (Antartic) 

waters, showed homologies with members of the genus Bacillarnavirus (Culley et al., 

2003, 2014; Shirai et al., 2006; Culley and Steward, 2007; Steward et al., 2013; 

Gustavsen et al., 2014; Miranda et al., 2016). On the contrary, metagenomic studies on 

ssDNA viruses are very limited with the notable exception of Mcdaniel et al. (2014) 

assembling environmental genomes of putative Bacilladnavirus from Florida. Diatom-

infecting viruses might therefore be globally distributed and abundant in the sea and a 

major player in the marine ecosystem. In fact, the majority of environmental viral 

sequences remain unassigned to any established taxon, suggesting that the bulk of the 

diversity of viruses infecting marine unicellular eukaryotes is still unexplored.  

In the field, the role of viruses in influencing the dynamics and succession of diatoms is 

still not fully understood. A 2011 survey following the dynamics of viruses and diatoms 

off the coasts of Japan showed that Chaetoceros spp. survived viral outbreaks and 

continued developing (Tomaru et al., 2011). More recent studies showed similar results 

supporting the idea that, in contrast to Prymnesiophyceae (Frada et al., 2008), viruses are 

not necessarily the main cause of mortality among diatoms.  

The existence of escape strategies to avoid viral epidemics is hypothesised also in the case 

of diatoms, such as removal of infected cell from the population by induced quicker 

sedimentation rate, resistance mechanisms and difference in the susceptibility to infection 

of single host strains (Tomaru et al., 2015b, 2018; Carlson et al., 2016). The scarcity of 

temporally resolved molecular data from the field hinders a clear and complete ecological 

interpretation of the role of viruses in the wild, therefore confirming the urgent need for 

in-depth investigation of the dynamics of virus-diatom systems. 

 

2.3  Diatoms and algicidal bacteria 

Decades of studies demonstrated positive as well as negative interactions between bacteria 

and diatoms. Algicidal bacteria targeting diatoms show two main mode of interacting with 

the algal cell: a direct contact implying bacterial mobility and a specific system to attach 
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and maintain contact with the host, or a more indirect interaction mediated by molecular 

clues in the environment and subsequent secretion of active compounds such as proteases 

(Lee et al., 2000; Mayali and Azam, 2004; Amin et al., 2012; Figure 2.3 A-B). Diatom-

associated pathogenic bacteria belong mainly to Bacteroidetes and Gammaproteobacteria 

and account for a limited number of genera (Mayali and Azam, 2004; Amin et al., 2012; 

Meyer et al., 2017). The paragraph below lists few bacteria inhibiting diatom growth 

without aiming to exhaustively review their phylogenetic diversity, but rather to represent 

the assortment of interactions, host ranges and modes of action.  

At the beginning of the 1990, a strain of Cytophaga (phylum Bacteroidetes) isolated from 

a declining bloom of Skeletonema costatum in Japan, was found to have algicidal activity 

against this and other diatom species such as Ditylum brightwellii, Thalassiosira sp.; but 

also against the raphidophyte Chattonella antiqua (Mitsutani et al., 1992). This bacterium 

directly and physically contacted the algal cell during the killing process.  

Further investigation on isolates of marine bacteria from Japanese coastal waters, 

belonging to the genus Pseudoalteromonas (previously Alteromonas, class 

Gammaproteobacteria) showed important lytic activity against the diatoms S. costatum, 

Thalassiosira sp., Eucampia zodiacus and the raphidophyte C. antiqua, but were unable to 

affect the diatom D. brightwelli (Kato et al., 1998). Focussing on the strain 

Pseudoalteromonas A28 Lee et al. (2000) demonstrated the existence of an excreted 

serine protease responsible for the lytic activity observed against S. costatum.  

A smaller host range was instead demonstrated for Alteromonas colwelliana strain SR-14 

from South Korea that targeted specifically the genus Chaetoceros, but was not active 

against other diatom species (Kim et al., 1999). Recently, Alteromonas sp. EC-1 and 

Maribacter sp. EC-2 (family Flavobacteriaceae, phylum Bacteroidetes), isolated at station 

L4 (off Plymouth, Western English Channel), showed strong pathogenicity against 

Skeletonema sp., with mode of action comparable to Pseudoalteromonas A28, involving 

the excretion of extracellular active compounds (Wang et al., 2016).  

Halobacillus sp. (fam. Bacillaceae, ph. Firmicutes), Muricauda sp. (fam. 

Flavobacteriaceae, ph. Bacteroidetes), Kangiella sp. (fam. Gammaproteobacteria, ph. 

Proteobacteria) and Roseivirga sp. (fam. Flammeovirgaceae, ph. Bacteroidetes), are the 

first bacteria described to have a lytic activity against diatoms in their respective genera 

and they all affect S. costatum (Shi et al., 2013). Despite sharing the same host species, 

the modes of action of these bacteria are different, with Halobacillus sp. showing an 

indirect lytic activity mediated by the liberation of active compounds, whilst the three 
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latter pathogens need physical contact with S. costatum cells to exert their algicidal 

activity.  

A particular algicidal strategy has been described for the Japanese strain Saprospira sp. 

SS98-5 (ph. Bacteroidetes) attacking the diatom Chaetoceros ceratosporus (Furusawa et 

al., 2003), for which direct contact is needed in order to kill the algal cell. On agar the  

bacteria contacted the algal host as a consequence of microtubule-mediated gliding 

motility whilst in liquid medium the bacteria flocculated the diatom culture before killing 

and consuming the cells, in a fashion reminding the “ixotrophy” (i.e. feeding on prey 

caught on a sticky substance) described for the related marine species Saprospira grandis, 

also reported as algicidal against Chaetoceros neogracile and other microalgae (Lewin, 

1997).  

Particularly well-investigated Kordia algicida (Flavobacteriaceae) is lytic against S. 

costatum, Thalassiosira weissflogii and Phaeodactylum tricornutum, but does not affect 

Chaetoceros didymus (Paul and Pohnert, 2011, 2013). As Pseudoalteromonas A28, K. 

algicidal destroys its hosts by releasing a serine protease when the bacterial population 

has reached a certain threshold, detected by quorum sensing (Paul and Pohnert, 2011). On 

the other hand Chitinimonas prasina LY03 (Betaproteobacteria) is able to detect the 

presence of its host by chemotaxis, and to settle on the frustule through the flagellum 

where it release a chitinase digesting the chitin present in the cell wall of Thalassiosira 

pseudonana causing its death (Figure 2.3, C-D). Unsurprisingly only diatoms whose 

frustule contains chitin, such as T. pseudonana, T. weissflogii, C. muelleri and S. costatum 

were affected, whilst the ones lacking this polymer such as Phaeodactylum tricornutum 

survived  (Li et al., 2016).  

The study of the diversity and modes of action of algicidal bacteria is important to better 

understand the biotic interactions influencing and shaping planktonic communities at a 

larger scale. In fact the mode of action (i.e. direct and indirect algicidal effect) and the 

molecular weaponry involved (e.g. proteinases and chitinases) influence the spectrum of 

diatoms affected, with potential cascading effects on broad host dynamics and ecological 

succession. Despite the potential ecological impact of these interactions, at the best of our 

knowledge, the impact of pathogenic bacteria-diatoms interactions have seldom been 

quantified in the field (Park et al., 2010) or in mesocosm experiments (Kang et al., 2011; 

Noh et al., 2017).  
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Figure 2.3: Schematic view of direct (A) and indirect (B) interaction between algicidal bacteria and their host; red diatom 

cells are dying. Scanning Electron Microscopy (SEM) pictures of healthy Thalassiosira pseudonana (C) and the same 

diatom attacked by Chitinomonas prasina LY03 (D) as an example of direct interaction, the arrow points to the flagellum 

contacting the host frustule. Reproduced and modified from Li et al., 2016 and Meyer et al., 2017.  

 

2.4  Eukaryotic parasites 

Eukaryotic parasites of diatoms have attracted the interest of biologists since the late 19
th

 

century (Zopf, 1884). Standard methods of sampling and fixation, together with a lack of 

expertise often make the isolation and characterisation of these parasites laborious, since 

those methods heavily relied on small-size samples, targeted isolation and co-cultivation 

of host and parasite (Gleason et al., 2015; Scholz et al., 2015; Schweikert, 2015). 

Furthermore classical taxonomical methods based on morphology, the ephemeral presence 

of parasites in the field (Sparrow, 1958) and the intrinsic difficulty in maintaining a host-

parasite co-culture hindered the full appreciation of the biology, diversity and ecological 

relevance of eukaryotic parasites of diatoms. Given the outstanding diversity and 

abundance of their hosts it is unsurprising that parasites of diatoms span a broad range of 

major eukaryotic groups, being found within the Stramenopiles, Alveolates, Rhizarian 
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(collectively known as SAR super-group), Opisthokonts and Amoebozoa; Figure 2.4). 

Within the latter group two amoeboid parasites have been described: Amoeba biddulphiae 

attacking specifically the diatom Odontella sinensis (Zuelzer, 1927) and Rhizamoeba 

schnepfii with a broader host range spanning Chaetoceros, Bacteriastrum and Guinardia 

(Kühn, 1996). Unfortunately molecular data could not be produced for these two 

organisms, which differs from other diatom parasites as per the lack of a flagellated 

zoosporic phase. On the contrary a flagellated propagule (i.e. zoospore) is the norm for the 

majority of diatom parasites and the ultrastructure of this life-stage is often the most 

taxonomically informative character. An overview of the diversity and biology of diatom 

parasites in each of these two major groups is given below.   

 

 

 
Figure 2.4: Distribution of diatom parasites across the eukaryotic tree of life. Red stars highlight the branches where 

parasites have been described, whilst colour-coded pictures exemplify a parasite for each group. Modified from Baldauf, 

2003. 
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2.4.1 Opisthokonts 

 Aphelids 

The phylum Aphelida is a recently described group of parasites of algae, mainly 

possessing small posteriorly flagellated zoospores, although amoeboid and 

amoeboflagellate propagules are also known. Three genera have so far being described: 

Aphelidium, Amoeboaphelidium and Pseudaphelidium (Karpov et al., 2014). This small 

group belongs to the super-phylum Opisthosporidia, together with Microsporidia and 

Cryptomycota, and it is the sister taxon to the Fungi (Karpov et al., 2014). Within the first 

two genera Amoeboaphelidium achnanthides and Aphelidium melosirae have been 

reported to infect freshwater diatoms Achnantes lanceolata and Melosira varians 

respectively (Scherffel, 1925), with the latter species isolated as species affinis from the 

filamentous alga Tribonema gayanum (Xantophyceae) and extensively studied from the 

phylogenetic and ultrastructural point of view (Karpov et al., 2014). On the other hand the 

marine species Pseudaphelidium drebesii has been described to specifically infect the 

diatom Thalassiosira punctigera (Schweikert and Schnepf, 1996, 1997) via posteriorly 

uniflagellated zoospore (5 x 3 µm with a ~ 15 µm long flagellum).  

Zoospores contact and encyst on the diatom frustule, penetrating the cell wall by 

increasing the intracytoplasmic pressure via vacuole swelling. This triggers the 

evagination of the so-called infection tube through which the cytoplasm of P. drebesii is 

injected in the host leaving the encysted spore wall behind. Once inside the host frustule 

P. drebesii starts consuming it by phagocytosis, developing into a plasmodium, cleaved in 

ovoid cells once the trophic phase is finished. Those cells crawl outside the host as small 

amoebae and encyst before releasing 2-4 infectious flagellated zoospores that will search 

for a new suitable host (Schweikert and Schnepf, 1996, 1997; Figure 2.5 A).  

Aphelida position as an early diverging group within the fungal lineage makes them 

particularly interesting organisms form an evolutionary perspective; as per their can shed 

light on the passage from aphelidian phagotrophy to fungal osmotrophy in obligate 

parasitic organisms (Torruella et al., 2018).  
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Figure 2.5: Life cycle of (A) Paraphelidium tribonemae and (B) Zygorhizidium planktonicum. Note amoeboflagellate spores 

and phagotrophic nutrition typpical of aphelids as compared to flagellated zoospores and rhizoidal system for osmotrophy in 

chytrids. Modified from Doggett and Porter, 1996 and Torruella et al., 2018. 

 

 Chytrids 

All recent phylogenetic analysis agree in including chytrids (phylum Chytridiomycota) 

within the kingdom Fungi, where they constitute one of the earliest diverging groups 

(James et al., 2006; Choi and Kim, 2017). Chytrids possess typical traits of “higher” fungi 

as well as retaining more ancestral characteristics. For example, like all fungi, chitin is the 

most important constitutive polysaccharide in their cell wall, most of their life-cycle is 

haploid and they feed by absorption mediated by a thread-like structure, the rhizoid. 

Despite these fungal features, chytrids maintain ancestral opisthokont characters such as a 

naked flagellated propagule (i.e. the zoospore) which is propelled through the liquid 

medium by a posteriorly directed whiplash flagellum, hindering chytrids to completely 

abandon the aquatic environment.  

Chytrids have long been studied as saprobes and parasites of various organisms 

(cyanobacteria, algae s.l., protists, plants and animals), and they are one of the better 

investigated groups of parasites of diatoms with records dating back to the 19
th

 century 

(Zopf, 1884; Scherffel, 1925).  
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Although reports of endobiotic diatom-infecting chytrids exist (Sparrow, 1960), the large 

majority of the well-studied diatom parasites have an epibiotic development that starts 

with the encystment of the flagellated zoospore upon the host frustule and the subsequent 

formation of a germ tube that finds its way into the host frustule through the girdle bands. 

The germ tube later develops into the intracellular rhizoidal system, which actively absorb 

resources from the host cytoplasm and re-allocate them to the growing sporangium. 

Within the latter, upon maturation and complete consumption of the host (highlighted by 

the absence of structures other than the collapsed plastids), the cytoplasm is cleaved in 

zoospores and released. Sexual reproduction is reported either by fusion of compatible 

thalli (somatogamy) or encystment of a donor spore on a receiving thallus; and usually 

results in the formation of a resistant spore that will eventually germinate in a sporangium 

(Doggett and Porter, 1996, Figure 2.5). Despite the difficulties encountered in the 

isolation and maintenance of chytrids in laboratory conditions (Sparrow, 1958), few 

cultured species of chytrids have been used to shed light on their biology. Zoospores 

appear to chemotactically find a food source and actively swim towards it (Muehlstein et 

al., 1988), although, in the case of parasitism, the contact with a suitable host does not 

always result in a compatible successful infection (Canter and Jaworski, 1979).  

Ground breaking work done by Canter and Jaworski on cultured Asterionella formosa 

infected by the chytrid Rhizophydium planktonicum demonstrated that light was required 

in order for zoospores to successfully find host cells, whilst it was not needed to complete 

the infection once the zoospores settled (Canter and Jaworski, 1981). The same 

researchers and the same pathosystem provided another interesting insight into chytrid-

diatoms interactions, highlighting the occurrence of a strain-dependent  hypersensitive 

reaction (HR), killing the diatom cell and thus hindering the development of the chytrid 

parasite (Canter and Jaworski, 1979).  The rapid sacrifice of infected diatoms by HR is 

hypothesised to have the ecological function of protecting the population by preventing 

the spread of the epidemic to sister cells.  

The ecological role of these fungal parasites has been extensively investigated in 

freshwater systems, whilst the extent to which chytrids impact marine diatoms remains 

obscure. A list of chytrid parasites of diatoms is provided in Table 2.3.  



Section I – Introduction                                                                                 Chapter 2. Diatom foes in the microbial world 

26 

    

Chytrid parasite Diatom Host 

Rhizophydium achnantis Achnantes affinis 

Physorhizophydium pachydermum Amphora ovali, Navicula sp. 

Podochytrium emmanuelense Amphora ovalis, Gomphonema macropus, Melosira varians, 

 Melosira sp., Nitzschia sp., Pinnularia viridis, Pinnularia sp., 

 Tabellaria flocculosa 

Podochytrium clavatum  
Amphora sp, Gomphonema micropus, Melosira varians, 

Melosira sp.,Navicula sp., Pinnularia sp., Tabellaria flocculosa 

Rhizophydium planktonicum Asterionella formosa 

Zygorhizidium planktonicum  Asterionella formosa, Synedra acus, Synedra sp. 

Zygorhizidium affluens Asterionella formosa 

Rhizophydium schroeteri Asterionella gracilina 

Chytridium cocconeidis Cocconeis pediculus 

Rhizophydium cyclotellae Cyclotella chaetoceras, Cyclotella sp. 

Rhizophydium clinopus 
Cymatopleura elliptica, Cymatopleura solea, Cymbella aspera,  

Cymbella sp., Navicula sp., Nitzschia sigmoidea 

Chytridium versatile  Cymatopleura solea, Fragilaria crotonensis, Melosira ambigua, 

 Melosira varians, Melosira sp., Navicula sp., Synedra sp., 

 Nitzschia sigmoidea, Tabellaria flocculosa,  Tabellaria sp. 

Chytridium perniciosum  Cymbella sp. 

Rhizophydium fusus Cymbella sp., Gomphonema constrictum, Melosira ambigua, 

 Melosira varians, Melosira sp., Pinnularia sp., Surirella sp.,  

Synedra sp. 

Chytridium epithemiae Epithemia zebra 

Rhizophydium globosum Eunotia emphioxys, Melosira varians, Navicula sp., 

 Pinnularia viridis 

Rhizophydium fragilariae Fragilaria crotonensis 

Podochytrium clavatum  Fragilaria sp. 

Phlyctidium irregulare Gomphonema constrictum, Hantzschia amphioxys 

Olpidium hantzschiae Hantzschia amphioxys 

Rhizophydium irregulare Hantzschia amphioxys 

Chytridium melosireae Melosira ambigua 

Zygorhizidium melosirae Melosira italica 

Chytridium appressum Melosira varians 

Chytridium nodulosum Melosira varians, Tabellaria sp. 

Podochytrium lanceolatum Melosira varians 

Rhizophydium melosirae Melosira varians 

Rhizophydium gibbosum Navicula sp., "Pinnularians" 

Podochytrium cornutum Stephanodiscus niagarae 

Chytridium surirellae Surirella ovata  

Septolpidium lineare Synedra sp. 

Chytriomyces tabellariae Tabellaria fenestrata, Tabellaria flocculosa 

Chytridium acuminatum Diatoms 

Rhizidium braunii Diatoms 

Rhizophlyctis borneensis Diatoms 

Rhizophydium tetragenum  Asterionella formosa 

 

Table 2.3: List of chytrid parasites of diatoms and their hosts modified from Sparrow, 1960 and Pongratz, 1966. 
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2.4.2 SAR supergroup 

 Stramenopiles 

o Oomycetes 

Similarly to chytrids, Oomycetes (class Oomycota) have been reported as parasites of  

diatoms since the late 19
th

 century (Zopf, 1884; Scherffel, 1925). Those organisms are 

well-investigated plant and animal parasites in terrestrial and freshwater habitats, where 

95% of their known diversity falls in the informal group of the “crown oomycetes” (sensu 

Beakes et al., 2012; Thines, 2018).  

The majority of the crown oomycetes have a filamentous habit and are eucarpic (i.e. only 

a part of the thallus is converted into a sporangium). On the other hand, diatom parasites 

have a holocarpic habit, where the whole vegetative thallus is transformed into a 

sporangium at maturity. The marine diatom parasite Lagenisma coscinodiscii infects three 

species within the diatom genus Coscinodiscus and one Palmeria species (Grahame, 

1976; Schnepf et al., 1978a, 1978b; Scholz et al., 2014) and possesses a branched 

endobiotic thallus, reminiscent of the filamentous habit of crown oomycetes. Phylogenetic 

reconstructions point towards an inclusion of Lagenisma as an early diverging branch of 

the crown oomycetes group, where it is the only species belonging to the order 

Lagenismatales (Thines et al., 2015). A second species of oomycete parasitic in 

freshwater diatoms displays a branched holocarpic thallus: Aphanomycopsis 

bacillariacearum, but since only sparse observations and morphological data are 

available, this species will not be treated further (Scherffel, 1925; Canter, 1947). 

However, the majority of parasitic oomycetes infecting diatom hosts are endobiotic, 

holocarpic, with a rather simple, unbranched and featureless thallus; and were assigned to 

the genus Ectrogella (Sparrow, 1960; Dick, 2001).  

Recent studies succeeded in gathering the first molecular data for four species of diatom 

parasites with similar morphology to Ectrogella, but assigned those organisms to the new 

established species Miracula helgolandica and M. moenusica (family Miraculaceae) and 

to the paraphyletic genus Olpidiopsis with the new species O. drebesii and the molecular 

identification of the formally described species O. gillii (Buaya et al., 2017, 2019; Buaya 

and Thines, 2019). Olpidiopsis drebesii and M. helgolandica have been isolated from 

marine diatoms, Rhizosolenia imbricata and Pseudo-nitzschia pungens respectively, 

whilst O. gillii and M. moenusica infected the freshwater diatom Gyrosigma accuminatum 

and Pleurosira laevis from the river Main (Germany).  
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These observations are therefore pointing towards a disconnection between the phylogeny 

and the ecology of those organisms, with closely related taxa found in much contrasted 

environments.  

The life cycle of all oomycetes infecting diatoms features a zoosporic phase with 

biflagellated spores, not necessarily bearing the characteristic mastigonemes (“hairs” on 

the anterior tinsel flagellum) of Stramenopiles, infecting the diatom host by encysting on 

its frustule and growing a penetration tube that can either enter the host cell via the girdle 

band or via the areolae (Schnepf et al., 1978b; Raghu Kumar, 1980a). Once inside the 

frustule the parasitic thallus develops outside the host plasmalemma feeding by absorption 

and deposit a cellulosic cell wall once reached maturity, therefore turning into a 

sporangium. Zoospores are produced by cleavage of the coenocytic cytoplasm and 

released in the surrounding medium via a discharge tube of varying length, where they can 

either encyst and hatch as a secondary zoospore (diplanetism) or infect other diatoms 

directly (monoplanetism, Figure 2.6). Sexual reproduction is reported and can happen by 

gametangiogamy, as in other oomycetes, usually resulting in a thick walled resting spore 

(Sparrow, 1960; Schnepf et al., 1978).  

The top-down control exerted by diatom-infecting parasitic oomycetes is potentially very 

strong, as documented by reports of epidemic outbreaks interesting from 30% to 99% of 

the diatom population in the field (Sparrow, 1969). As in the case of chytrids, the presence 

of aquatic parasitic oomycetes in the field is somehow erratic, swift and not following a 

clear seasonal pattern, and might be driven by permissive environmental conditions 

(Wetsteyn and Peperzak, 1991). Although currently lagging behind, studies using 

contemporary molecular ecology techniques may be a useful tool to gain knowledge on 

the hidden drivers of oomycete outbreaks in the wild. 
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Figure 2.6: Vegetative life cycle of the oomycete Ectrogella perforans in Licmophora hyalina as described in Raghu Kumar, 

1978, 1980a, 1980b . The degradation and collapse of plastids (yellow) is pointed out by changes in colour. “n” indicates the 

host nucleus, whilst the grey colour is indicative of the parasite. Modified from the original work of Melina Dreβler-Allame. 

 

o Pirsonia 

The genus Pirsonia group 6 species within the stramenopile taxon of hyphochytrids: P. 

guinaridiae, P. verrucosa, P. formosa, P. diadema, P. eucampiae and P. punctigerae 

(Schnepf et al., 1990; Kühn et al., 1996; Schweikert and Schnepf, 1997). All Pirsonia 

species known so far have been isolated from infected Diatoms, although host ranges 

varies from species to species. P. formosa is the most generalist species so far studied, 

infecting Eucampia zodiacus, Guinardia delicatula, Leptocylindrus danicus, Rhizosolenia 

imbricata and R. setigera. Narrower host range have been reported for the remaining 

species: P. guinardiae infects Guinardia flaccida, P. diadema infects Coscinodiscus 

granii and C. wailesii, P. eucampiae seems specific to E. zodiacus, P. verrucosa to G. 

delicatula whilst P. punctigerae infects Thalassiosira punctigera and T. hendeyi.  

The biflagellated zoospore of Pirsonia settles on a weak spot of the diatom silicon shell, 

more often at the level of the girdle bands or on processes on the valvar surface, where it 

forms a pseudopodium penetrating the cell wall. The parasite feeds upon the host by 
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phagocytosis via the pseudopodium which later develops intracellularly into a trophosome 

containing the digestive vacuole. The body of the zoospore remains outside the frustule 

and turns into one or more auxosomes (Figure 2.7) from which a second generation of 

cells is produced by mitosis. These cells will undergo two more divisions before 

zoospores are finally ready to be released. The number and size of zoospores varies 

according to the species (8 to 60 cells from 3 to 10 µm in length and diameter) 

(Schweikert and Schnepf, 1997).  

 

o Labyrinthulomycetes 

Labyrinthulomycetes are characterised by a rhizoid-like ectoplasmic net used in feeding 

and locomotion which is produced by a special membrane organelle, the bothrosome 

(Perkins, 1973; Iwata et al., 2016). Six clades belong to the Labyrinthulomycetes but two 

are the most populated: thraustochytrids and labyrinthulids /aplanochytrids (Bennett et al., 

2017). In the family Thraustochytriacae two species, Ulkenia visurgensis and 

Schizochytrium sp., infects the diatom Coscinodiscus sp., Grammatophora sp., Melosira 

sp., Navicula sp., Nitzschia sp. and Thalassionema nitzschioides (Raghukumar, 1986, 

2006; Bennett et al., 2017).  

Information about the ecological role of thraustochytrids is scarce; studies point toward a 

sapronotic/necrotrophic behaviour (i.e. organisms that can feed on an organic substrate or 

infect, kill and consume a host; Riemann and Schaumann, 1993; Raghukumar, 2002; 

Bennett et al., 2017) whilst others demonstrate the existence of active parasitism on living 

diatoms (Hamamoto and Honda, 2019; Arsenieff et al., in prep.). Despite their 

cosmopolitan presence and potential pathogenicity, to date, molecular surveys aimed at 

describing their diversity and seasonality (Raghukumar and Damare, 2011; Ueda et al., 

2015), but overlooked their impact on diatom communities. 

 

 Alveolates  

o Dinophyta 

Dinoflagellates are so far the only Alveolates known to parasitise diatoms. Three species 

within the genus Paulsenella infect the diatoms Helicotheca tamesis (Pulsenella 

vonstoschii), Chaetoceros decipiens (P. chaetoceratis) and Eucampia zodiacus (P. 

kormannii) whilst Odontella aurita is the host species for the dinoflagellate Gyrodinium 

ondulans (Drebes and Schnepf, 1982, 1988, 1998). Briefly, dinoflagellates are 

ectoparasites and pierce the girdle band of the host frustule via a feeding tube (phagopod) 
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and feed via phagocytosis. Once the feeding phase terminated, the food is digested in a 

vacuole and the digesting trophont encyst before undergoing a first mitotic cell division. 

Afterwards a second encystment take place, followed by the liberation of two dinospores 

capable of start a new infectious cycle (Drebes and Schnepf, 1982; Figure 2.8). It is 

interesting to note that in few occasions Gyrodinium ondulans accepted copepods and 

rotifer eggs as alternative feeding substrates in culture conditions, resulting in the 

production of a higher number of dinospores (4, 8 or 16 instead of the usual 2, 4), thus 

questioning the species-specificity of the interaction (Drebes and Schnepf, 1998). 

 

 Rhizarians 

o Cercozoa 

According to the most recent phylogenetic reconstructions, diatom-associated parasites 

belong to the two main phyla within Rhizarians, i.e Retaria and Cercozoa (Cavalier-Smith 

et al., 2018).  

Within Cercozoa, the genus Cryothecomonas was firstly described as composed of the 

two species C. aestivalis and C. longipes (Drebes et al., 1996; Schnepf and Kühn, 2000) 

with the latter being recently re-assigned to the genus Protaspa (i.e. Protaspa longipes, 

Chantangsi and Leander, 2010).  

C. aestivalis infects the centric diatom G. delicatula only (Drebes et al., 1996; Peacock et 

al., 2014) whilst P. longipes is a generalist parasite of different diatom species, such as 

Chaetoceros costatus, C. debilis, C. didymus, Coscinodiscus granii, C. radiatus, G. 

delicatula, G. striata, Leptocylindrus danicus, Navicula sp., Pleurosigma sp., 

Rhizosolenia setigera, Thalassiosira rotula, T. punctigera, and Cerataulina bergonii 

(Schnepf and Kühn, 2000). Cryothecomonas zoospores are between 9-14 µm in length 

and 4-9 µm in diameter, bearing two unequal flagella. As observed for many flagellated 

parasites, the site of infection is the girdle band where Cryothecomonas aestivalis 

undertakes an amoeboid shape allowing it to penetrate within the host frustule (Figure 

2.7). The parasite cell feed by phagocytosis becoming a flagellated trophont which grows 

to occupy the whole host cell. The trophont then undergoes 2-3 cell divisions generating 

8-32 zoospores.  

Despite sharing similar spore morphology and behaviour, P. longipes is not an endobiotic 

parasite, and the main cellular body remains outside the host cell and feed by phagocytosis 

via a long pseudopodium (Drebes et al., 1996; Schnepf and Kühn, 2000), in a way not 

dissimilar to the hyphochytrids genus Pirsonia. Indeed, a third species of cercozoan 
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parasite of diatoms with a similar feeding behaviour, Pseudopirsonia mucosa, was at first 

morphologically recognised as belonging to the genus Pirsonia, until phylogenetic studies 

demonstrated its inclusion in the Cercozoa (Kühn et al., 2004). Other species 

morphologically ascribable to the cercozoan have been observed infecting protists and 

diatoms in Antarctic and Danish cold waters but, lacking molecular data, their affiliation 

to the phylum (or genera within it) remains hypothetical (Thomsen et al., 1991).  

 

o Endomyxa (Retaria) 

Within the Retaria, the sub-phylum Endomyxa include two species of parasites of marine 

diatoms: Phagomyxa bellerocheae and P. odontellae, infecting the centric diatom 

Bellerocheae malleus and Odontella sinensis respectively (Schnepf et al., 2000). Together 

with endocellular parasites of kelp and marine plants, these two organisms constitute the 

order Phagomyxida, sister to the parasites of terrestrial plants and oomycetes 

Plasmodiophorida (Bulman et al., 2001; Neuhauser et al., 2014). Both parasites could not 

be kept in laboratory conditions for long; therefore their life cycle is not fully described. A 

biflagellated zoospore stage exists although zoospore settling and initiating the infection 

could not be observed. The parasite develops intracellularly in a plasmodium feeding by 

phagocytosis on the diatom cell. P. bellerocheae forms a hollow sphere, surrounding a 

central digestive vacuole, whilst P. odontellae forms a net-like plasmodium with few 

small digestive vacuoles where the phagocytised cytoplasm and phaeoplasts are 

processed. At maturity, zoospores differentiate within sporangia (grouped in  

sporangiosori), which can be only one for P. bellerocheae or few for P. odontellae 

(Schnepf et al., 2000). 

 
Figure 2.7: Examples of infection and feeding modes of some zoosporic parasites. Reproduced from Scholz et al., 2015 . V = 

vacuole. 
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2.4.3 Eukaryotic parasites in the field 

Molecular ecology investigations aiming at describing the diversity of unicellular 

eukaryotic organisms in a wide range of different habitats support the idea of an abundant 

and diverse assemblage of parasitic protists (Lepère et al., 2008; de Vargas et al., 2015; 

Lima-Mendez et al., 2015; Christaki et al., 2017; Mahé et al., 2017). Many diatom 

parasites fall among these undescribed parasitic protists; but recent time-resolved 

molecular surveys in the field have highlighted two problems already well-known from 

classical investigations of these organisms: their ephemeral presence and largely unknown 

diversity (Sparrow, 1958; Taylor and Cunliffe, 2016). These issues make parasites 

difficult to detect, and hinder a correct interpretation of their ecological role. 

However detected epidemic outbreaks for which parasitism could be ascertained showed 

an important prevalence of infection, suggesting the potential top down control of diatom 

blooms by eukaryotic parasites (Kagami et al., 2007; Frenken et al., 2017). Data show that 

a possible explanation behind the rapid parasite population fluctuations is the short 

generation time and the high degree of infectiousness of these organisms (Tillmann et al., 

1999; Scholz et al., 2014), thus resulting in a rapid crash of the host population and 

subsequently the disappearance of the parasite.  

Long time series provided data allowing for a deeper ecological interpretation which takes 

into account the relevance of abiotic environmental parameters in structuring the parasitic 

dynamics. Temperature, for instance, provide the host with seasonal refuges to escape the 

burden of parasitic infections as shown in laboratory conditions and in the field, and it 

seems to influence parasitic infectiousness for oomycetes, chytrids and cercozoan. To cite 

few examples, Zygorhizidium planktonicum is not able to infect the host diatom 

Asterionella formosa below 3 ˚C (Van Donk and Ringelberg, 1983) and the cercozoan 

Cryothecomonas aestivalis is not infective against Guinardia delicatula under 4 ˚C 

(Peacock et al., 2014). The oomycete Lagenisma coscinodiscii follows a similar pattern, 

although with a narrower optimum for infection between 15 ˚C and 20 ˚C (Wetsteyn and 

Peperzak, 1991). More stenothermic, the oomycete Ectrogella perforans shows the 

highest prevalence on Licmophora spp. at 15 ˚C, but the infection rate decreases above or 

below this temperature (Raghu Kumar, 1978). Other abiotic parameters such as pH, 

salinity and nutrients concentration have received less attention and displayed less 

generalizable patterns of influence on infection dynamics (Raghu Kumar, 1978; Wetsteyn 

and Peperzak, 1991). However, Scholz and colleagues (2017) tried correlating abiotic 
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parameters as diverse as temperature, salinity, light intensity and day-length with infection 

rates on different pathosystems involving chytrids and diatoms, resulting in the 

observation of a stronger effect of the species involved over the abiotic factors.  

Indeed, species specificity and strain dependent behaviours are one of the main drivers of 

parasitic dynamics and different host ranges have been reported for different parasites, 

with some very generalist parasites (e.g. Pirsonia formosa or Protaspa longipes) whilst 

others seem to specialise against single species (e.g. Cryothecomonas aestivalis and many 

chytrids). Gutierrez and colleagues (2016) observed that targeted parasitism of chytrids 

towards Skeletonema and Thalassiosira was the prelude for a Chaetoceros dominated late 

spring bloom in the Humboldt upwelling system off the coast of Chile, therefore driving 

diatom species succession. Similar dynamics, although in an intraspecific context, may 

apply to Asterionella formosa chytrid parasites that have been shown to be able to 

maintain a high genetic diversity in clonal populations, possibly by decreasing the 

pressure of competitive exclusion by the most successful genotype (Bruin et al., 2004; 

Gsell et al., 2013).  

The importance of parasite epidemics is not limited to the population dynamics of its host 

organism, but has a cascading effect on higher trophic levels by establishing a new carbon 

flux from inedible diatoms to zooplankton grazers that actively feed on zoospores via the 

mycoloop (Kagami et al., 2014). Additionally chytrid infection is able to concentrate fatty 

acid and modify the sterol profile of the diatom host, thus upgrading their nutritional value 

for zooplankters feeding in the zoospores (Gerphagnon et al., 2018).  

Given the relevance of the diatom host as a carbon sink and bases of many aquatic food 

webs, recent studies have been trying to link the effects of global warming on the 

dynamics of diatoms parasites with contrasting results. As reviewed above temperature 

seem to have a strong effect on parasitism and increased temperature has been linked to 

earlier chytrid outbreaks, and hence bloom demises, in mesocosm experiments (Frenken et 

al., 2016). Nonetheless previous studies in the field showed a much complex figure, where 

a narrower cold refuge did not allow Asterionella formosa to initiate a bloom, hence 

limiting the prevalence of chytrid infection. In fact chytrid epidemic outbreaks are density 

dependent and the absence of a diatom bloom reduced chytrid presence to a low-level, but 

continuous infection, thus affecting the whole photoautotrophs community, allowing less 

competitive algae to co-exist with the dominant Asterionella and providing the 

zooplankton with an alternative food source (Ibelings et al., 2011).  
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Despite evidence showing that the effects of diatom parasites may echo on the structure of 

the whole ecosystem which relies on these important primary producers, our basic 

knowledge of their biodiversity remains scant. Molecular ecology studies are continuously 

highlighting potential new interactions analysing co-occurrences in the wild (Lima-

Mendez et al., 2015; Christaki et al., 2017), yet the lack of knowledge at the fine level of 

species hinders our interpretation of these results, especially in the context of eukaryotic 

microbes where functional diversity seems to mirror taxonomic diversity (Ramond et al., 

2019).  
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Section II: Diversity and ecology of eukaryotic 

parasites of diatoms  
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3.1  Abstract 

Parasites are important drivers of phytoplankton bloom dynamics and related marine 

ecosystem processes; e.g. Alexandrium minutum blooms can be controlled by the 

endocellular parasitoid Amoebophrya (Montagnes et al., 2008). Yet, the dearth of 

morphological and molecular information hinders the assessment of their diversity and 

ecological role. Using single-cell techniques, we characterise morphologically and 

molecularly intracellular parasitoids infecting four, potentially toxic Pseudo-nitzschia and 

one Melosira species on the North Atlantic coast. These sequences define two, 

morphologically indistinguishable, clades within the phylum Oomycota, related to the 

genera of algal parasites Anisolpidium and Olpidiopsis and the diatom parasitoid species 

Miracula helgolandica. Our morphological data are insufficient to attribute either clade to 

the still unsequenced genus Ectrogella; hence it is proposed to name the clades OOM_1 

and OOM_2. A screening of global databases of the barcode regions V4 and V9 of the 

18S rDNA demonstrate the presence of these parasitoids beyond the North Atlantic 

coastal region. During a biweekly metabarcoding survey (Concarneau Bay, France) reads 

associated with one sequenced parasitoid coincided with the decline of Cerataulina 

pelagica bloom, whilst the other parasitoids co-occurred at low abundance with Pseudo-

nitzschia.  Our data highlight a complex and unexplored diversity of oomycete parasitoids 

of diatoms and calls for the investigation of their phenology, evolution, and potential 

contribution in controlling their host spatial-temporal dynamics.  
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3.2  Introduction  

Parasitism is regarded as one of the most widespread ecological strategies among 

heterotrophs (Lafferty, Dobson, and Kuris 2006; Lafferty et al., 2008). Early marine and 

freshwater metagenomic surveys revealed a broad diversity of planktonic parasites in 

aquatic systems, with up to 20% or 30% of OTUs clustering within parasitic groups of 

marine dinoflagellate or freshwater zoosporic fungi, suggesting that planktonic protists are 

no exception to this rule (Lepère et al., 2008; Guillou et al., 2008). More recently, OTUs 

related to known parasites contributed to over 50% in richness and abundance of the 

heterotrophic piconanoplankton sequenced during the Tara Oceans expedition, and 

parasitic interactions dominated plankton networks (de Vargas et al., 2015; Lima-Mendez 

et al., 2015).  

While the presence and distribution of presumed parasites, as well as the correlation with 

putative hosts, can be inferred by taxonomic annotation of metagenomics/metabarcoding 

data (e.g. Taylor and Cunliffe, 2016; Mahé et al., 2017), the characterisation of novel 

organisms and the host-parasite relationship need specific, in vivo observations to validate 

in silico inferences (Figueroa et al., 2010).  

All main phytoplankton groups are targeted by viruses, algicidal bacteria and protistan 

parasites (Gachon et al., 2010). These organisms are often referred to as parasitoids since 

they usually kill their unicellular host, and directly influence the dynamics of their host 

population (Kühn, Medlin and Eller 2004). They are most often reported when remarkably 

high prevalence of infection is linked to population crashes. For example, Sparrow (1969) 

recorded 99% prevalence of infection by the oomycete Ectrogella perforans in the marine 

epiphytic diatom Licmophora sp. in the North-West coast of the USA. In lentic 

ecosystems, a similarly high prevalence of chytrids (> 90%) is often reported during 

blooms of the diatom Asterionella formosa and the cyanobacteria Anabaena sp. (e.g. 

Donk and Ringelberg, 1983; Rasconi, Niquil and Sime-Ngando 2012). Aside from these 

extremes however, bloom demise and top-down control of microphytoplankton by 

eukaryotic parasitoids is achieved with much lower infection prevalence, for diatoms 

(Tillmann, Hesse and Tillmann 1999; Peacock, Olson and Sosik 2014) as well as 

dinoflagellates (Montagnes et al., 2008; Siano et al., 2011; Velo-Suárez et al., 2013), in 

both marine and freshwater habitats (Holfeld, 1998; Alster and Zohary, 2007). Some 

parasitoid dinoflagellates are even thought to govern the temporal succession of blooming 

phytoplankton (Chambouvet et al., 2008).  
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Diatoms are infected by many small flagellates as diverse as dinoflagellates, rhizarian, 

aphelida, and stramenopiles such as hyphochytrids and labyrinthulomycetes (Scholz et al., 

2015 and references therein). Some of the best known parasitoids of diatoms belong to the 

Chytridiomycota (Fungi) and Oomycota (Heterokontophyta), both in freshwater and in the 

sea (Scholz et al., 2016; Frenken et al., 2017).  

Among oomycetes, four taxa are classically known to infect diatoms, all of them 

endobiotic (reviewed in Dick, 2001). Lagenisma coscinodisci, is the only species that 

produces hyphae and was characterised molecularly as an early diverging member of the 

crown oomycetes (sensu Beakes et al., 2012), a group that encompasses well-studied land- 

and freshwater-dwelling saprobes and parasites of plants and animals  (Thines et al., 

2015). The genus Ectrogella Zopf emend. Scherffel regroups several species of 

intracellular, unbranched, holocarpic pathogens of freshwater and marine, centric and 

pennate diatoms; Ectrogella shares many morphological features with Olpidiopsis, which 

led to the transfer of the parasitoid of Pleurosigma attenuatum and Nitzschia sp. from 

Olpidiopsis gillii to Ectrogella bacillariacearum (Dick, 2001). Finally, Lagenidium 

enecans and Aphanomycopsis bacillariacearum, both forming resting spores reminiscent 

of those found in other Lagenidiales, are only known through sporadic microscopy 

observations of field-collected material. Lagenisma coscinodisci and Ectrogella perforans 

are the only species whose ultrastructure and development cycle is relatively detailed 

(Schnepf et al., 1978; Raghu Kumar, 1980a, 1980b).  

Amongst diatoms, the toxigenic genus Pseudo-nitzschia is considered ecologically and 

economically important because it affects human health, coastal aquaculture industries  

and can negatively impact wildlife such as sea birds and mammals (Lelong et al., 2012; 

Trainer et al., 2012). Some species within this genus are responsible for Amnesic 

Shellfish Poisoning (ASP), due to the production of domoic acid, a neurotransmitter-like 

amino acid which enters the food web through filter feeders, and can affect marine birds, 

marine mammals and humans that feed upon the contaminated seafood (Trainer et al., 

2012). Twenty-six species within the genus Pseudo-nitzschia are potentially responsible 

for ASP according to the Taxonomic Reference List of Harmful Micro Algae from the 

Intergovernmental Oceanographic Commission of UNESCO (Lundholm 2018). Domoic 

acid-producing Pseudo-nitzschia have been, with few exceptions, linked to a cosmopolite 

geographical distribution on a species level (Hasle, 2002), although different isolated 

molecular clades can exist (Casteleyn et al., 2010). Toxin producing blooms are most 

often reported from coastal areas, especially in upwelling zones (Lelong et al., 2012).  
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Two parasitoids have been observed on Pseudo-nitzschia, an unassigned chytrid and an 

oomycete tentatively affiliated to the genus Ectrogella according to its morphology (Hanic 

et al., 2009). This organism from Prince Edward Island (Canada) infected Pseudo-

nitzschia pungens during the autumn bloom in the years 1992-1995 and 2008. The 

prevalence of infection ranged from 0.6% to 15.9% of the host population depending on 

the sampling site and period. Morphologically similar parasitoids of Pseudo-nitzschia 

were also reported in USA and Scotland (Lelong et al., 2012; Gachon et al., 2010; Trainer 

et al., 2012), suggesting a wide dispersal of these oomycetes across the Northern 

hemisphere. Recently, two oomycete parasitoids infecting Pseudo-nitzschia pungens 

(Prince Edwards, Canada and Helgoland, Germany) and Rhizosolenia imbricata 

(Helgoland, Germany) were described as two new species, Miracula helgolandica and 

Olpidiopsis drebesii on the basis of short sequences (ca.500 bp) of the 18S rDNA (Buaya 

et al., 2017).  

Here we report the morphological and molecular characterisation of seven novel oomycete 

parasitoids of Pseudo-nitzschia spp. and Melosira, and use environmental DNA sequences 

to assess their widespread occurrence and their dynamics in the plankton community.  

 

3.3  Material and Methods 

Sampling and microscopy observation 

Infected diatoms were isolated from near surface seawater samples collected with a 20 μm 

mesh size net tow, or from tidal pools (details in Table 3.1). Water samples were 

immediately screened and/or stored at 9 ˚C in 50 mL vented cell culture flasks and 

analysed within the following ten days with a Zeiss Axiovert 200 inverted microscope or 

preserved with acidic Lugol’s Iodine solution (0.1 % final concentration) and stored at 4 

°C until examination. Single infected cells or clonal chains were isolated by mouth pipette 

and transferred in single drops on a glass coverslip for microscopy (Zeiss AxioObserver 

inverted microscope or Olympus IX70 inverted light microscope equipped with a digital 

camera DP72, Olympus, Tokyo, Japan). Specimens were photographed, rinsed twice with 

double distilled water (Milli-Q water) or filtered-autoclaved seawater, transferred in sterile 

microcentrifuge tubes and stored at -20°C awaiting whole genome amplification or nested 

PCR amplification followed by cloning. Some empty sporangia were isolated as above 

and stained in the dark for 15-30 min with 50 μg / mL Calcofluor-White, before being 

examined using both bright field and epifluorescence microscopy. The complete list of 
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samples, GPS coordinates of sampling points is given in Table 3.1, whilst details on PCR 

primers used in this study are specified in Suppl. Table 3.2.  
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Table 3.1: Details of the single-cell samples and molecular markers retrieved this study 

Sample ID Date Host Pictures  
Location 

(lat.-long.) 

Amplification 

Method 

Primer 

set 1 

Primer 

set 2  

Primer 

set 3 

Molecular 

Marker 

GenBank 

Accession 

number 

10-044 17/03/2010 P. australis Fig.3.1B 

Fig. 3.13A 

N 45°47'59" Nested  PCR 18SFW 18SFW 18SF7 18S MF960901 

   

W 01°12'19" 

 

18SRV 18R7 18SRV 

  10-045 17/03/2010 P. australis Fig.3.13B N 45°47'59" Nested PCR 18SFW 18SFW 18SF7 18S MF960902 

    

W 01°12'19" 

 

18SRV 18R7 18SRV 

  12-150 17/07/2012 P.cf. plurisecta Fig. 3.13C N 48°27'0" Nested PCR 18SFW 18SFW SR9FW 18S MF960904 

    

W 05°06'54" 

 

18SRV 1250R 18SRV 

  13-374 09/09/2013 P. fraudulenta Fig.3.13D N 48°18'34" Nested PCR 18SFW 18SFW 1050F 18S MF960905 

    

W 04°26'55" 

 

18SRV SR9PR 18SRV 

  14-236 08/09/2014 P. pungens Fig. 3.13E N 48°18'34" Nested PCR 18SFW 18SFW SR9FW 18S MF960906 

    

W 04°26'55" 

 

D3B SR9PR 28KARREV 

 Ect6para 07/09/2016 P. australis none N 56°27'12'' MDA/PCR F139 None None 18S MF960903 

   

W 5°26'10''  R1233 

    

     

MDA/HiSeq 3000 None None None cox2 MG787100 

Melo1para 06/12/2016 M.cf. nummuloides Fig.3.2A,C-

H; 3.13F 

N 56°26'56'' MDA/PCR F139 None None 18S MF960907 

   

W 5°26'9''  R1233     

   

 MDA/HiSeq 3000 None None None cox1 MF960908 

                  cox2 MF960909 
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DNA amplification methods  

Whole genome amplification through Multiple Displacement Amplification (MDA; 

Lasken, 2007) of samples Ect6Para and Melo1Para (Table 3.1) was carried out with the 

Qiagen REPLI-g® Single Cell Kit, as per the manufacturer’s instruction. Typically, 32 μg 

DNA / 40 μl were obtained per each sample and diluted 1: 100 (V: V) for downstream 

PCR amplification with the primer set F139-R1233 (Suppl. Table 3.2), targeting ca.900 

bps within the 18S rDNA gene of Oomycetes. PCRs took place in a total reaction volume 

of 50 μL containing 3 μL of genomic DNA, 1 μl (0.2 ng / μl) of each primer, 25 μl of 

master mix solution (Taq PCR Mastermix, Qiagen) and 20 μl of sterile MQ-H2O. PCR 

conditions were as follows: 94 ˚C for 4 min, followed by 35 cycles of 94 ˚C for 1 minute, 

54 ˚C for 1 min 30 sec and 72 ˚C for 2 min. An elongation step of 5 min at 72 ˚C 

completed the cycle. PCR products were purified on gel with the GeneJET Gel Extraction 

(Thermo Scientific) and DNA clean-up Micro Kit (Thermo Scientific), followed by 

Sanger sequencing (GATC Biotech, Konstanz, Germany). Single cell samples 10-044, 10-

045, 12-150, 13-374 and 14-236 were used as template for nested PCRs. Almost the full 

length of the 18S rDNA was amplified with the primers 18S-FW and 18S-RV (Grzebyk et 

al., 1998) or D3B (Nunn et al., 1996). For sample 14-236 PCR amplification was carried 

out with the same primers, but the retrieved sequence was shorter (1180 bp) and contained 

73 unassigned positions. PCR products obtained were used as templates for a second step 

of amplification with different primers depending on the specimen (Table 3.1, Suppl. 

Table 3.2). PCRs were performed in 25 µL reactions containing 12.5 µL of 1X PCR 

master mix (Promega), 2.5 µL (10 µM) of each primer and 6.5 µL of water. PCR 

conditions were 94°C for 2 min, followed by 45 cycles of 94°C for 30 sec, 52 - 56°C 

(depending on the primer set used) for 1 min, 72°C for 4 min and a final extension step of 

72°C for 5 min. As a quality check, PCR products were run at 120V for 50 min on agarose 

(1%) TAE buffer (1x) and stained with Ethidium Bromide. PCR products were purified 

with a Wizard® SV Gel and PCR Clean-Up System Kit (Promega) according to the 

manufacturer's recommendations. Products were sequenced using the ABI PRISM 

BigDye Terminator Cycle Sequencing kit (Applied Biosystems, Carlsbad, CA, USA). 

Sequencing products were purified by exclusion chromatography using the Dye 

Terminator Removal kit (Abgene Ltd., Epsom UK) and the sequences were determined 

using an automated 3130 genetic analyser (Applied Biosystems). For sample 14-236 the 

composition of the PCR reaction differed, being 7.8 µL of PCR Grade water, 0.6 µL of 

each primer and 10 µL of Kod Ho Start Master Mix DNA polymerase (Merck Millipore). 
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Downstream manipulations follow the above description. Furthermore aliquots of the 

MDA amplification products of samples Melo1Para and Ect6para were used to construct a 

genome library NEBNext Ultra DNA Library Prep Kit for Illumina, followed by 

sequencing on Hiseq 3000 150 bp paired end. Paired-end reads were merged and quality 

trimmed in CLC-Genomics Workbench 8 (https://www.qiagenbioinformatics.com/). 

Reads matching the cox1 and cox2 genes were retrieved by tblastn and assembled de novo 

in Geneious 6.1.8 (Kearse et al., 2012). The contigs were curated manually to remove 

contaminants and any chimera retrieving cox1 for Melo1para and cox2 for both 

Melo1para and Ect6para.  

 

Sequence analysis and phylogenetic reconstruction  

Sanger-sequences of the total or partial 18S rDNA of the specimens studied were 

assembled with Geneious 6.1.8 (Kearse et al., 2012). Novel sequences were added to the 

alignment of Gachon et al., (2017a), together with other oomycete sequences from 

GenBank, realigned with MAFFT (Katoh et al. 2002), manually curated and trimmed, for 

a total of 81 sequences. Poorly aligned positions were removed with Gblocks 0.91b 

(Castresana, 2000; parameters in Suppl. Table 3.3), which resulted in a 37 % reduction in 

the length of the aligned sequences (from 1896 bps to 1206 bp). The dataset was then used 

to compute Neighbour Joining (NJ, 1000 bootstraps) tree using the Tamura-Nei genetic 

distance model. A tree following the Maximum Parsimony (MP, 100 bootstraps) criterion 

was computed using MEGA 7.0.14 (Tamura et al., 2007) default parameters. IQ-TREE 

1.5.5 (Nguyen et al., 2015) was used to calculate a Maximum Likelihood (ML, 1000 

bootstraps) phylogeny after assessment of the best fitting model of molecular evolution 

via ModelFinder (Kalyaanamoorthy et al., 2017), resulting in TIM2+R4. As a control the 

manually curated alignment before automated Gblock trimming (1344 positions) was used 

to estimate a phylogeny with ML and NJ methods as described above (Suppl. Figure 3.9). 

To further support the 18S based phylogeny, the amino acid sequences of the 

mitochondrial markers cox1 (260 aa) and cox2 (191 aa) for the parasitoid of Melosira cf. 

nummuloides were concatenated and aligned with a dataset of 25 oomycetes cox1 and 

cox2. Four diatoms were selected as an outgroup. For the parasitoid Ect6para isolated in 

P. australis only the cox2 (156 aa) was retrieved and added to the respective alignment. 

ML reconstruction was performed in IQ-TREE and the best fitting model assessed 

through ModelFinder for the two protein alignments separately. The two best fitting 

models, i.e. mtZOA+G4 for cox1 and mtZOA+F+G4 for cox2 (Rota-Stabelli et al., 2009), 
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were combined in a partition model (Chernomor et al., 2016) allowing each protein to 

have an individual evolution rate (IQ-TREE option -spp). NJ reconstruction under Tamura 

Nei distance model was also calculated, as described above. Results are shown in the 

phylogenetic tree in Figure 3.4.   

 

Assessment of OOM_1 and OOM_2 global distribution and diversity 

The 18S rDNA sequences from samples 12-150, 13-374, 10-044 and 10-045 were used as 

a query to investigate the metabarcode datasets from BioMarKs (Logares et al., 2014), 

Ocean Sampling Day (Kopf et al., 2015) and TARA Ocean (de Vargas et al., 2015, 

http://taraoceans.sb-roscoff.fr/EukDiv/). Pseudo-nitzschia australis parasitoids 10-044 and 

10-045 were merged into a single query, because their 18S rDNA V4 – V9 hypervariable 

regions are identical. 467 runs of the Ocean Sampling Day project (PRJEB8682, 162 

biosamples) were screened using EDirect and SRA Toolkit utilities combined with in-

house scripts referred to as MOULINETTE (Badis et al., subm.). MOULINETTE extracts 

from metabarcoding project deposited in the Sequence Read Archive all reads (if any) that 

match the given query sequence, and their GPS coordinates. For the TARA Ocean and 

BioMarKs datasets, a blastn of respectively the V9 and the V4 hypervariable region was 

conducted (Altschul et al., 1990). Stations were considered positive and GPS points 

retained and mapped if they contained 10 or more merged paired reads with over 99% 

identity to the V4 –V9 hypervariable region of the query sequence of our diatom 

parasitoids. Maps were generated using the open source software GPSVisualizer 

(http://www.gpsvisualizer.com/, Adam Schneider). The global distribution and diversity 

of the OOM_1 and OOM_2 clades were also investigated. Reads related to all the 

sequences of our parasitoids were further clustered into OTUs and their presence in 

metabarcode databases screened. For this purpose, SRA was screened using 

MOULINETTE for 1127 publicly available marine metabarcoding datasets using the 

hypervariable region V4 of the 18S rDNA. MOULINETTE used a relaxed approach, i.e. 

reads were retained when at least 97% identical over 80% of their length to the query 

sequence. Paired reads were filtered (expected error over 1.0) and clustered using 

USEARCH (v9.1.13, Edgar, 2010). All OTUs were then aligned to reference oomycete 

sequences, including the parasitoids described here, using MUSCLE. A Maximum 

Likelihood tree was inferred using MEGA 7.0.14 (100 Bootstrap; T3G parameter; 70% 

site coverage cutoff) and the OTUs clustering with our reference diatom parasitoid 

sequences were selected. Each read was assigned a best-matching OTU using blastn, and 

http://www.gpsvisualizer.com/
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the distribution of each OTU was plotted in GPSVisualizer using GPS coordinates of each 

read with over 97% identity. Furthermore the retrieved OTUs were aligned to our 

reference backbone tree of oomycetes with the same parameters used above. The resulting 

alignment was used to compute a ML tree in MEGA 7.0.14 with bootstrap test of 

phylogeny set to 1000, using the best fitting model Tamura 3 parameters and gamma 

distribution (4 categories) and 80% coverage cut-off. A second screening of SRA 

deposited metabarcoding databases was done to exclude the presence of the studied 

parasitoids in freshwater environments. Metabarcode datasets were selected using the 

keywords “Freshwater”, “Lake”, “Wastewater” and “Aquatic” (see Badis et al., subm. for 

details) resulting in the screening of 19,000 datasets (data not shown). 

 

Assessment of local ecological dynamics  

Niskin bottle sampled water from the bay of Concarneau (Brittany, France47˚ 49’ N 3˚ 

56’ W) was fractionated via filtration upon 20 µm, 3 µm and 0.2 µm mesh-size 

polycarbonate filters. For the two larger size fractions water was driven through the filter 

until filter clogging by a peristaltic pump, resulting in variable amount of filtered sea 

water (1.6-11.2 L).  For the smallest filter, 500 - 1000 mL of residual filtrate from the 

previous steps was used. Slightly disagreeing from the definition of size fractions 

proposed by Sieburth and Smetacek (1978) plankton size categories are here named:  

micro- (> 20 µm), nano- (20-3 µm) and picoplankton (3-0.2 µm). After filtration, filters 

were immediately frozen in liquid nitrogen and then stored at -80°C awaiting analysis.  

The 18S rDNA V4 hypervariable region was chosen as genetic barcode, since this marker 

has been acknowledged to give good taxonomical resolution to distinguish unicellular 

eukaryotes (Stoeck et al., 2010; Behnke et al., 2011; Dunthorn et al., 2012; Pawlowski et 

al., 2012). Genomic DNA was extracted following the DNA extraction kit Nucleospin 

Plant II (Macherey-Nagel, Hoerdt, France). As different water volumes were sampled, 

final DNA concentration was normalized to 5-10 ng/µL of all extracts. In parallel, to 

check and validate the extraction procedure some blank extractions (Millipore filtered 

water) were carried out. DNA quality (proteins/DNA absorbance: A260/A280) 

concentration of purified products was respectively measured using a BioTek FLX 80 

spectrofluorophotometer and a Quant-iT PicoGreen dsDNA quantification kit (Invitrogen, 

Cralsbad, CA, USA) following the manufacturer’s instructions. PCRs were then ran with 

universal V4-targeting primers containing GeT-PlaGe adapters for the sequencing 

platform Genotoul (http://get.genotoul.fr/; Forward : V4f_PlaGe 5’CTT-TCC-CTA-CAC-

http://get.genotoul.fr/


Section II – Diversity and Ecology                               Chapter 3. Novel marine oomycetes parasitising Pseudo-nitzschia   
    

48 

    

GAC-GCT-CTT-CCG-ATC-TCC-AGC-A(C/G)C-(C/T)GC-GGT-AAT-TCC’3, Reverse : 

V4f_PlaGe 5’GGA-GTT-CAG-ACG-TGT-GCT-CTT-CCG-ATC-TAC-TTT-CGT-TCT-

TGA-T(C/T)(A/G)-A’3). Amplification was carried out in triplicate for each sample with 

the following PCR conditions: 98°C for 30 seconds, 12 cycles of 98°C for 10 seconds, 

53°C for 30 seconds, 74°C for 30 seconds, 18 cycles of 98°C for 10 seconds, 48°C for 30 

seconds, 74°C 30 seconds and a final elongation step of 72°C for 10 minutes. Gel 

electrophoresis was used to assess the PCR amplifications. After pooling the triplicate, 

samples were purified using NucleoSpin Gel and PCR Clean-up (Macherey-Nagel, 

Hoerdt, France). Finally, purified products were diluted to obtain equimolar concentration 

before being sequenced by Illumina® MISeq (2x250) at Genotoul. Samples Tagging and 

library pools were performed at Genotoul. Quality check of the sequence data was 

performed via removal of reads with biased nucleotide (i.e. Phred score < 1%) , 

incomplete or wrong primer sequence and chimeras, thanks to USEARCH (Edgar et al., 

2011). After this cleaning step 1,064,259 distinct paired-end sequences remained, 

accounting for 9,562,085 reads, which accounted numbers on average to 39,842 reads per 

sample. In order to eliminate PCR errors and sample cross contaminations within the 

Illumina run, singletons, as well as reads present in less than two samples and having a 

total number of three over the whole data set, were removed. This rather strict selection 

brought to a 55% reduction of the dataset (from 9,562,085 to 472,810 distinct sequences). 

Run sequence data are available here (sextant.ifremer.fr/record/16bc16ef-588a-47e2-

803e-03b4acb85dca/).  Before OTUs clustering, all sequences with percentage of identity 

(ID) to the reference database PR2 (Guillou et al., 2013) =< 80% were removed, 

considering that values under this threshold lead to unreliable taxonomic assignation 

(Stoeck et al., 2010; de Vargas et al., 2015; Mahé et al., 2017). The remaining reads were 

clustered by the agglomerative, unsupervised single-linkage-clustering algorithm Swarm 2 

(Mahé et al., 2014, 2015), with a default clustering threshold of d = 1 (according to Mahé 

et al., 2015). OTU taxonomic assignation was performed comparing the representative 

read of each OTU to the V4 reference database. Metabarcodes matching the 18S rDNA 

sequences obtained by single cell with a similarity above 97% and showing abundance 

above 10 reads in at least one sample were selected for downstream analysis. This resulted 

in one barcode matching the sequences 10-044/10-045 (97.92 % identity), five barcodes 

matching the sequence 13-374 (identity between 96.87% and 97.13%) and one barcode 

matching 12-150 (100% identity). The dynamics of these three groups were studied as a 

proxy for the presence of the subclades OOM_1_1 (seq. 10-045 related barcode), 
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OOM_1_2 (seq. 13-374 related barcodes) and clade OOM_2 (12-150 related barcode), 

within the barcode dataset in relation to diatoms and Pseudo-nitzschia OTUs. 

 

3.4 Results 

Microscopic observation of endobiotic parasitoids of Pseudo-nitzschia spp. 

Endobiotic parasitoids infecting the diatoms Pseudo-nitzschia spp. and Melosira cf. 

nummuloides were observed in plankton samples collected in Brittany (France) and 

Scotland (United Kingdom) between 2010 and 2016. Single cells were isolated by mouth 

pipetting, microscopically observed and processed for PCR amplification of genetic 

markers (Table 3.1, see details in Methods).  

The endobiotic parasitoids infecting the planktonic pennate diatom Pseudo-nitzschia spp. 

share several morphological features (Figure 3.1 A-R). The clearest observable stages of 

infection consist in swollen Pseudo-nitzschia cells symptomatic of the parasite thallus 

growing inside the diatom and pushing the valves apart. This stage has been observed in 

two different hosts; Pseudo-nitzschia australis (Figure 3.1 A-B) and Pseudo-nitzschia cf. 

pungens / multiseries (Figure 3.1 C). The hyaline, naked parasitoid thallus is at this stage 

difficult to visualise using light microscopy, and is most easily distinguished from the host 

cell thanks to the presence of several small refractive globules in the cytoplasm. The host 

plastids start collapsing early (Figure 3.1 A-B) and their colour darkens from the healthy 

golden-yellow to brown (Figure 3.1 C).  

Once the host is completely consumed, the parasitoid thallus condenses and adopts the 

shape of the future sporangium, as seen in P .cf. pungens/multiseries (Figure 3.1 D-E) and 

P. australis (Figure 3.1 F). At this stage, the cytoplasm of the parasitoid has a finely 

granular appearance, due to the increased number of small refractive globules and the 

rearrangement of the cytoplasm towards spore cleavage (Figure 3.1 E-F). The dark brown 

remainders of the chloroplasts are pushed apart by the tip of the growing sporangium 

(Figure 3.1 D), a morphologically distinctive feature often seen in later stages (Figure 3.1 

H-Q).  

Once the sporangium has formed, a rigid cell wall is deposited and the cytoplasm of the 

parasitoid is cleaved into spores that become flagellated (Figure 3.1 G). These zoospores 

are motile within the sporangium, as observed in P. cf. pungens/multiseries. Once mature, 

they are directly discharged (see saprolegnoid discharge behaviour in Padgett and 

Johnson, 2004) outside the frustule via a broadly conical discharge tube (Figure 3.1 H). 
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The zoospores are oblong to nearly spherical, each of them bearing a single refractive 

globule and two flagella (Figure 3.1 I-J). The remaining empty sporangia are the most 

easily identifiable sign of the parasitoid infection (Figure 3.1 K-R). Their overall structure 

is similar regardless the Pseudo-nitzschia host, i.e. a thin-walled sporangium filling almost 

completely the host frustule, and piercing it in the girdle bands region (cingulum) through 

a discharge tube.  

So far, most of the morphological differences observed among the collected specimens 

concern the Discharge Tube (DT). Based on the shape of the mouth of the DT and the 

relative position of cell wall thickenings (also known as “forcing apparatus”), at least four 

different morphologies have been recorded in our observations. Specimens of infected P. 

cf. pungens/multiseries showed that the DT mouth was oval, with the long axis 1.5–1.7 

times its width (n=3) and with extramatrical thickenings, forming a protruding beak-like 

structure (Figure 3.1 K, arrowheads and Figure 3.1 P). The thickenings respond better to 

Calcofluor-White staining compared to the unstained sporangium cell wall (Figure 3.1 Q-

R, arrowheads). In three P. australis specimens empty sporangia could be observed, 

showing thickenings located at the base of an oval discharge tube (Figure 3.1 L, 

arrowheads), itself protruding for ca. 2.5 μm outside the frustule. Two independent 

observations of sporangia from parasitoids infecting P. fraudulenta showed that the 

outline of the mouth of the DT was round (Figure 3.1 N) with lateral, rather than basal, 

thickenings accompanying the 1.5-3 μm long discharge tube (Figure 3.1 M-O). 

Additionally, the sporangium did not adopt the shape of the host frustule, but instead 

developed its own sub-cylindrical/olpidioid shape. Finally, the observation of an empty 

sporangium of infected P. cf. plurisecta showed that the DT was more or less round with 

the long axis 1.2 times its width and with a barely thick base (not shown). Multiple 

sporangia within the same host cell with a DT developing from each sporangium were 

also observed in P. fraudulenta (Figure 3.1 N-O) and P. pungens/multiseries (Figure 3.1 

P). 

 From this sample, sexual reproduction and auxospores of P. pungens/multiseries were 

also observed at the same time as infected cells (not shown). 

 

Microscopic observations of an endobiotic parasitoid of Melosira cf. nummuloides 

An endobiotic parasitoid of the centric benthic diatom Melosira cf. nummuloides, shared 

morphological characters with the parasitoids infecting Pseudo-nitzschia spp., (Figure 3.2 



Section II – Diversity and Ecology                               Chapter 3. Novel marine oomycetes parasitising Pseudo-nitzschia   
    

51 

    

A-H). Heavily infected clonal colonies showed different stages of development (Figure 

3.2 A), and could easily be distinguished from healthy cells (Figure 3.2 B).  

Settled spores could be observed on the host frustule (arrowed in Figure 3.2 C-G-H); they 

were 3 μm in diameter, with refractive globules visible in light microscopy (Figure 3.2 C, 

arrow) and a Calcofluor-White positive cell wall (Figure 3.2 H, arrows). As in Pseudo-

nitzschia spp. the parasitoid starts developing inside the host cell as an unwalled 

cytoplasmic thallus (Figure 3.2 D) and evolves into a coarsely granular cytoplasmic mass 

with many submicrometric refractive globules (Figure 3.2 G, top cell); the light brown, 

plate-like plastids of Melosira quickly condense into few masses of dark brown material 

(Figure 3.2 A-D-E-F-G) and lose chlorophyll autofluorescence (Figure 3.2 H).  

The highly vacuolated thallus shown (Figure 3.2 E) and the spherical body containing a 

dense granular cytoplasm (Figure 3.2 F) were not observed in infected Pseudo-nitzschia 

spp. cells. Two saccate empty sporangia were seen to fill almost completely the frustules 

of the host diatom (Figure 3.2 H asterisks), each with a discharge tube breaking through 

the cingulum (Figure 3.2 G-H, left). Cell wall thickenings were also visible, but their 

position relative to the DT was found to be variable (sometimes completely dissociated 

from the DT) and could not be unambiguously established (Figure 3.2 H, arrowheads).  
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Figure 3.1: Morphological characterisation of the novel oomycete parasitoids of Pseudo-nitzschia described in this study. 

A-C. Unwalled, increasingly granular thalli developing in Pseudo-nitzschia australis (A-B) and Pseudo-nitzschia cf. 

pungens/multiseries cells (C); thalli are progressively pushing apart the degraded, yet still pigmented plastids. D-F. 

Holocarpic syncytia maturing into sporangia, in Pseudo-nitzschia cf. pungens/multiseries (D-E) and Pseudo-nitzschia 

australis (F). G-J. Zoospore release in Pseudo-nitzschia cf. pungens/multiseries. Zoospores bear two flagella (arrows in 

I), a single refractive globule (double arrowheads in I and J) and their shape varies from almost spherical (I) to oblong (J). 

K-R. Empty sporangia. Arrowheads point to thickenings in the discharge tube. K: Pseudo-nitzschia pungens/multiseries, 

valve view. L: Pseudo-nitzschia australis, valve view. M: Empty sporangium within Pseudo-nitzschia fraudulenta, valve 

view. N-P: Two empty sporangia within a Pseudo-nitzschia fraudulenta frustule, girdle view (N) and valve view (O), and 

Pseudo-nitzschia pungens/multiseries, girdle view (P). Q-R: Pseudo-nitzschia cf. pungens/multiseries, girdle view, under 

DIC (Q) and epifluorescence microscopy (R, Calcofluor White staining), to highlight the thickening of the discharge 

tube. Scale bars = 10 μm except in figure I and J (5 μm). Samples in pictures B, E and F were Lugol’s iodine fixed. 

Picture B refers to the sequenced cell P. australis parasitoid 10-044. Th=thallus, Sp=sporangium and P=plastid. 
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Figure 3.2: Morphological characterisation of a novel oomycete parasitoid of Melosira cf. nummuloides. A-B. Highly 

infected diatom chain (A), compared to a healthy one (B). (C) Early stage of infection, with a spore (arrow) bearing 

refractive globules, encysted on a diatom frustule. (D) Unwalled thallus developing within the host cell, the once 

numerous small plate-like plastids are collapsed in two olive-green masses. (E) Highly vacuolised parasitic thallus filling 

the host cell almost entirely. (F) Mature spherical multinucleate thallus filling most of the host cell, the disrupted plastids 

are represented by two brown masses. (G-H) Bright field (G) and epifluorescence (H, Calcofluor White staining) 

microscopy of an uninfected cell (top) and a dead cell bearing one empty sporangium (bottom, asterisk) and an encysted 

spore (arrow). At a different focal plan (H, right panel), a second smaller parasitic sporangium was discernible (top 

asterisk). Sporangial wall thickenings in correspondence of the discharge tube were also visible (arrowheads). Pictures A, 

C-F refers to the single infected colony sequenced to obtain M. cf. nummuloides parasitoid Melo1para sequence. 

P=plastids, V=vacuole, Th=thallus. Scale bars: 10 μm in A and B; 5 μm from C to H. 

 

Phylogeny of the two novel clades of oomycete parasitoids  

The phylogeny of the parasitoids was reconstructed using 18S rDNA and cox1 and cox2 

sequences obtained from the single diatom cells detailed in Table 3.1 and Suppl. Figure 

3.13. In NJ, ML and MP topologies, computed with (Figure 3.3) or without Gblocks 

trimming (Table 3.3), all 18S rDNA sequences of our diatom parasitoids cluster into a 

clade that contains oomycete parasites of brown and red macroalgae, the Anisolpidiales 

and Olpidiopsidales (Figure 3.3). This branch (99 % in ML and 57 % in MP, not 

supported in NJ) forms, together with the Eurychasmales, Haptoglossales and 

Haliphthorales, a group of mostly marine oomycetes, called “early diverging Oomycetes” 

(sensu Beakes et al., 2012). This group is opposed to the well-studied, mainly terrestrial or 

freshwater pathogen and saprobe lineages of oomycetes composed of the Saprolegniales, 

Leptomitales, Atkinsiellales, Peronosporales, Rhipidiales, Lagenismatales and other 

unclassified oomycetes, known as “crown oomycetes”.  
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Our seven new sequences of diatoms parasitoids further separate into two well-supported 

clades, that we named here OOM_1 (OOM : Oomycetes) and OOM_2, designed in 

compliance with the EukRef guidelines for defining environmental clades (Berney et al., 

2017).  

The clade OOM_1 is sister to the order Anisolpidiales (sensu Gachon et al., 2017a); it 

includes M. helgolandica (a parasitoid of P. pungens, Buaya et al., 2017) and the 

parasitoids of P. australis (three sequences), P. pungens and P. fraudulenta as well as one 

parasitoid of Melosira cf. nummuloides (bootstrap value 100% with all clustering 

methods). Within OOM_1, one sub-clade, again supported at 100% in NJ, ML and MP, 

contains the parasitoids of P. australis and M. cf. nummuloides, M. helgolandica and two 

uncultured organisms. OOM_1_1 is sister to P. pungens parasitoid in ML and NJ with 

60% and 100% bootstrap support, and this group is sister to P. fraudulenta parasitoid with 

100% bootstrap in all methods except MP, which fails to retrieve the same topology.  

The parasitoid isolated from P. cf. plurisecta falls into the highly supported clade OOM_2 

(100% ML, NJ and MP). This clade is sister to the Anisolpidiales and OOM_1, and 

includes four environmental sequences previously annotated as Stramenopiles incertae 

sedis, as well as the parasitoid from R. imbricata, O. drebesii.  

Though less informative than the 18S tree, ML and NJ topologies obtained with the 

concatenated mitochondrial markers cox1 and cox2 also confirm the placement of the M. 

cf. nummuloides parasitoid Melo1Para and P. australis parasitoid Ect6para within a 

strongly supported cluster (100% bootstrap with both methods), despite the availability of 

cox2 only for the latter parasitoid. The two parasitoids are placed within a weakly 

supported (54 and 63%, for ML and NJ) [Olpidiopsis & Anisolpidium] clade (Figure 3.4). 
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Figure 3.3 : ML phylogenetic reconstruction based on partial 18S rDNA genes of novel diatom parasitoids within the 

Oomycota (Stramenopila), inferred from 81 sequences on 1206 positions. New sequences are in bold and they are named 

according to the host species and the sample ID within the new clades OOM_1 and OOM_2 (details in Table 1). 

Bootstrap values (1000 replicates for ML and NJ, 100 for MP) are shown at each node as a percentage for the 3 

computational methods tested, with the following order: Maximum likelihood, Neighbour joining and Maximum 

parsimony. X: node not supported; - : bootstrap support < 50%. Bold numbers indicate agreement on the same bootstrap 

value for the three methods. 
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Figure 3.4 : ML phylogenetic reconstruction using 31 concatenated aminoacid sequences for the mitochondrial genetic 

markers cox1 (194 positions) and cox2 (185 positions) of the parasitoid of Melosira cf. nummuloides (in bold) within the 

oomycetes (Stramenopila). The cox2 aminoacid sequence of the parasitoid of P. australis Ect6para (in bold) was also 

included. Four diatoms (Stramenopila, Bacillariophyceae) were defined as outgroup. Bootstrap values (1000 replicates) 

are shown at each node for ML and NJ methods respectively. Bold numbers indicate agreement on the same bootstrap 

value for both methods. 

 

Global distribution, diversity and local ecological patterns   

The V4 and V9 hypervariable regions of the 18S rDNA sequences obtained from our SC 

isolates have been used to perform a stringent screening of public databases. Reads 

matching our reference sequences of parasitoids of P. fraudulenta, P. australis and P. cf. 

plurisecta were found in diverse marine zones, such as semi-enclosed, temperate high 

salinity regions (Mediterranean and Red Sea) and the three major oceans (Indian, Atlantic 

and Pacific, Figure 3.5).  In publicly available databases, reads matching the parasitoid of 

P. australis 10-044 / 10-045 (red) within the OOM_1 clade were not found in the 

Mediterranean Sea, but in the Black Sea. In the Indian Ocean, only reads matching the 

parasitoid of P. cf. plurisecta 12-150 (green) within the OOM_2 clade were found. Using 

all our Sanger sequences as queries (Table 3.1) of public datasets, we identified 11 and 4 
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Figure 3.5 : Worldwide screening for the presence of Pseudo-nitzschia oomycete parasitoid barcodes. The metabarcode 

databases Ocean Sampling Day (triangle), BioMarKs (circle) and TARA (star) were searched for the presence of >10 

paired reads over 99% identical to the V4 or V9 region of the 18S rDNA of the parasitoids P. cf. plurisecta 12-150 

(green) within OOM_2; P. fraudulenta 13-374 (blue), P. australis 10-044 / 10-045 (red) within OOM_1. Small black 

symbols show the absence of reads matching the searched organisms in the relative database. 

additional OTUs that fall within OOM_1 and OOM_2, respectively.  

Within OOM1, two OTUs fall into the subclade defined by the sequences of the P. 

australis and M. cf. nummuloides parasitoids, with 99.9% bootstrap support; four OTUs 

group with the sequence of the P. fraudulenta parasitoid, and define a sub-clade supported 

with 97.5% bootstrap; five OTUs cluster with the parasitoid of P. pungens and form 

another sub-clade supported with 98.9% bootstrap. Therefore, we named these three well-

supported subclades as OOM_1_1, OOM_1_2, and OOM_1_3 respectively (Figure 3.6 a). 

These 15 OTUs further highlights a wide geographic distribution of the taxa within the 

OOM_1 and OOM_2 clades, at a global scale (Figure 3.6 b).  

Bearing in mind that the type species for the genus of diatom parasitoids Ectrogella was 

first described infecting a freshwater diatom species of Synedra, we attempted to detect 

sequences related to OOM_1 and OOM_2 in a custom selection of 19,000 public 

freshwater metagenomic datasets. Some sequences of soil- and freshwater-dwelling 

oomycetes were also included as a positive control. As expected, this screen yielded 

OTUs closely related to “crown” oomycetes (e.g. Aphanomyces, Saprolegnia, 

Phytophthora) and early-diverging terrestrial oomycetes (e.g. Haptoglossa). However, 
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none of the OTUs retrieved from these non-marine environments could be confidently 

assigned to OOM_1 or OOM_2 clades as per their best blast hit against the n/r Database 

and 18S phylogenetic reconstruction (not shown).  

From March to July 2012, during the DYNAPSE cruise in the Concarneau Bay (Brittany, 

France, 47˚ 49’ N 3˚ 56’ W), twelve OTUs annotated as oomycetes were identified by a 

metabarcoding approach of different size-fractioned protists communities. Single 

metabarcodes matching the parasitoid of P. australis (10-044/10-045, 97.9 % identity) and 

the parasitoid of P. cf. plurisecta (12-150, 100 % identity) respectively and five 

metabarcodes matching the parasitoid of P. fraudulenta (13-374, 96.8 % to 97.1 % 

identity) were found. These metabarcodes were used as proxies to investigate the 

dynamics of the subclades OOM_1_1 (related to the parasitoid of P. australis 10-044/10-

045), OOM_1_2 (related to the parasitoid of P. fraudulenta 13-374) and the clade OOM_2 

(related to the parasitoid of P. cf. plurisecta 12-150) (Figure 3.6 a), in particular in relation 

to diatoms and Pseudo-nitzschia OTUs (Figure 3.7).  

Ephemeral increases in read abundance were detected for all the three investigated 

oomycetes, that were otherwise absent or below the threshold value of 10 reads per 

sample in the rest of the time series. The highest recorded number of reads for the 

investigated parasitoid was retrieved on the 6
th

 of June with 1500 reads assigned to 

OOM_1_2 in the microplanktonic (>20µm size-fraction), followed by the 832 in the 

nanoplankton (3-20µm size-fraction)  and 834 in the picoplankton 0.2-3 (µm size-fraction) 

(5.23 %, 3.97 % and 3.05 %, respectively in relative abundances). The peak of the 6
th

 of 

June was preceded (31
st
 of May) and followed (12

th
 of June) by the detection of reads 

belonging to OOM_1_2 in the nanoplankton fraction only. This peak in OOM_1_2 

abundance co-occurred with an early-summer diatom bloom. On June the 6
th

, diatom 

OTUs represented 8 % (microplankton), 2.8 % (nanoplankton) and 56.1 % (picoplankton) 

and Cerataulina pelagica OTU accounted for 7.48 % (microplankton), 2.54 % 

(nanoplankton) and 51.68 % (picoplankton) whilst Pseudo-nitzschia OTUs were below 

the 10 reads threshold (Suppl. Figure 3.10).  

Reads associated to the parasitoid of P. cf. plurisecta in clade OOM_2 appeared at low 

abundances in the samples from the 26
th

 and 29
th

 of June and 2
nd

 of July, in the 

nanoplankton, with read numbers of 27, 27 and 11, respectively (0.10 %, 0.06 %, 0.03 % 

relative abundances). On the 29
th

 of June low presence for this metabarcode was also 

detected in the picoplankton (11 reads, 0.05 % in relative abundance), as it was on the 10
th

 

of July (25 reads, 0.10 % relative abundance). The highest abundance was recorded on the 
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last day of the time series (12
th

 of July) and was 31 reads, 0.09 % of the microeukaryotic 

community. This co-occurred with the third increase in diatom presence in the time series, 

the first being the spring bloom (20
th

 of March – 5
th

 of May) when none of the diatom 

parasitoid barcodes was significantly abundant (Suppl. Figure 3.11).  

From June the 14
th

 diatoms increased, especially in the two smaller size fractions. On this 

occasion Pseudo-nitzschia OTUs were well represented, reaching abundances as high as 

11.59 % of the picoeukaryotes (4.3 % of the nanoplankton and 0.18 % of the 

microplankton) on the 29
th

 of June. Microscopy sample observations (data not shown) 

revealed a higher abundance of cells belonging to the P. delicatissima group (i.e. Pseudo-

nitzschia cells with transapical axis < 3 µm in valve view; this group encompasses P. 

plurisecta) as compared to cells belonging to the P. seriata group (transapical axis > 3 µm 

in valve view, encompassing P. australis, P. fraudulenta and P. pungens/multiseries) 

during these dates.  

Finally the barcode within OOM_1_1 appeared only once at low abundances in the last 

date of the time series (July 12
th

) with 27, 13 and 15 reads (accounting for 0.08 %, 0.05 % 

and 0.05 % of the microeukaryotic community) in the micro, nano and picoplankton 

respectively (Suppl. Figure 3.12). On the same day an increase of an OTU assigned to the 

diatom family Mediophyceae was also observed (12.97 %, 12.84 % and 4.99 % of the 

total eukaryotic community in the micro, nano and picoplankton respectively, data not 

shown).  

Monitoring of environmental conditions showed that salinity was stable during the 

sampling mission (34.8 on average). The surface water temperature ranged from a 

minimum of 10.14 ˚C to a maximum of 17.23 ˚C during the period monitored. The studied 

organisms were detected at water temperatures ranging from 13.77 ˚C to 17.23 ˚C (data 

not shown).  
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Figure 3.6: Diversity and distribution of OOM_1 and OOM_2 related OTUs based on public SRA marine barcoding 

datasets. The colour code identifies each one of the four new clades of diatom parasitoids OOM_1_1 (red), OOM_1_2 

(blue), OOM_1_3 (purple) and OOM_2 (green). a) ML tree of 15 18S rDNA V4 OTUs retrieved by the MOULINETTE 

Pipeline. b) Global distribution of each detected OTU (symbols) based on GPS Coordinates of matching SRA runs. 
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Figure 3.7: Phenology of the parasitoid of P. cf. plurisecta 12-150 (OOM_2, green) and of putative parasitoids within 

the sub-clades OOM_1_1 (red) and OOM_1_2 (blue), in relation to the diatom community during the spring/summer 

2012 in the Bay of Concarneau (France), described by metabarcoding survey. The three left hand-side histograms 

show the total abundance of reads on the Y axis, whilst the ones on the right hand side show the relative abundances 

as a percentage of the total eukaryotic community. The size fractions for microplankton (top, >20 µm), nanoplankton 

(middle, 20-3 µm) and picoplankton (bottom, 3-0.2 µm) are indicated in the middle. Pseudo-nitzschia OTUs are in 

dark grey, other diatom OTUs in light grey. Sampling dates are shown on the bottom x axis. 

 

3.5 Discussion  

Taxonomic affiliation of the new diatom parasitoids  

Among all known holocarpic pathogens of diatoms, OOM_1 and OOM_2 are clearly 

distinct from Lagenisma coscinodisci, both morphologically and molecularly (Thines et 

al., 2015). Aphanomycopsis bacillariacearum and Lagenidium enecans are two lesser 

known parasitoids of diatoms that still remain to be characterised molecularly (Scherffel, 

1925). However, the combined absence in our observations of any branched sporangium, 

any persistent infection tube, any elongated DT, any primary spore encysting at the mouth 

of the DT, and of any thick-walled resting spore make an affiliation of OOM_1 or 
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OOM_2 to either of these taxa most unlikely. Therefore, the only known taxa that 

OOM_1 and OOM_2 might be corresponding (or related) to are either Ectrogella, 

Olpidiopsis, Anisolpidium or Miracula. This hypothesis will be discussed in the following 

paragraphs.  

The morphological and developmental features of the parasitoids observed during this 

study suggest they most closely match the genus Ectrogella, and also closely resemble the 

holocarpic parasitoid observed on P. pungens by Hanic et al. (2009, Figure 3.8). However, 

like these authors, we could not match any of these parasitoids to an already described 

species of Ectrogella, because species delimitation in this genus is based on much-debated 

criteria relating to spores, which were not observed here (Figure 3.8). More precisely, the 

genus Ectrogella was originally described in freshwater diatoms (Synedra spp.) on the 

basis of an intramatrical, unbranched and holocarpic thallus, producing uniflagellate, 

diplanetic spores (Zopf, 1884). Scherffel subsequently gave a conflicting account of spore 

flagellation and generations (Scherffel, 1925). These initial descriptions were followed by 

numerous, sometimes patchy, observations that have aggregated more criteria, such as the 

presence of sexual reproduction or resting spores. In his synthesis, Sparrow (1960) 

recognised 8 species of Ectrogella; seven of them infecting  diatoms, with only three in 

marine hosts: E. licmophorae (characterised by spores encysting at the mouth of the 

sporangium, i.e. achlyoid), E. perforans (direct spore discharge, i.e. saprolegnoid) and E. 

eurychasmoides (primary spores encysting within the sporangium, i.e. eurychasmoid). 

Most recently, all the freshwater species of Ectrogella were synonymised to E. 

bacillariacearum (with the exception of E. monostoma, synonymised with 

Aphanomycopsis bacillariacearum) and the number of extant marine species was reduced 

to two, by including E. licmophorae  into E. perforans, and keeping E. eurychasmoides as 

a “doubtfully distinct” species (Dick, 2001). Overall, this much debated taxonomy is 

based on conflicting accounts of spore morphology (uni- or biflagellate) and debatable 

spore discharge behaviour (Johnson, 1966; Padgett and Johnson, 2004).  

We were largely unable to observe any of these criteria, except for the parasitoid of P. cf. 

pungens / multiseries. Additionally, the clear polyphyly of the parasitoids observed here 

casts serious doubt as to whether all species that have tentatively been synonymised with 

extant Ectrogella taxa really correspond to identical, or even related, species.  

Finally, bearing in mind that the type species for Ectrogella (E. bacillariacearum) was 

described in a freshwater diatom (Synedra sp.), a screening of 19,000 metabarcoding 

datasets from freshwater environments was conducted (totalling 487 Gb of 18S 
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amplicons). Despite Synedra being present, no sequence affiliated to either OOM_1 or 

OOM_2 was retrieved, when in comparison, 15 OTUS affiliated to OOM_1 and OOM_2 

were retrieved from a smaller marine dataset (totalling 43 Gb of 18S amplicons). 

Therefore, a hypothesis that should be fully considered is that OOM_1 and OOM_2 may 

be exclusively marine and that the type species for Ectrogella might be distinct from both 

clades. For all these reasons, the genus name Ectrogella cannot be confidently assigned to 

either OOM_1 or OOM_2 (or a subclade thereof).  

Phylogenetically, OOM_1 and OOM_2 are most closely related to Anisolpidium, and to 

marine species of the genus Olpidiopsis. The genus Anisolpidium was recently reassigned 

to the Oomycota and encompasses endobiotic, holocarpic pathogens of brown algae 

(Gachon et al., 2017). Recent evidence obtained on Olpidiopsis - all molecularly 

characterised species of which are endobiotic, holocarpic pathogens of marine red 

algae - suggests that this genus is possibly polyphyletic (Badis et al. subm.). In the light of 

their different algal hosts and their well-supported molecular divergence, we conclude that 

a distinction should be established between the clades OOM_1, OOM_2, and the genera 

Anisolpidium and Olpidiopsis.  

Our data however do not allow us to decide if the clades OOM_1 and OOM_2 correspond 

to any of the two genera, or if they should be separated at a higher taxonomical rank. 

Subsequently, the sub-clades OOM_1_1, OOM_1_2, OOM_1_3 as well as OOM_2 could 

correspond to four species spanning two genera, or maybe correspond to taxa of higher 

rank. For the time being, awaiting morphological corroborations, life cycle analyses, new 

sequence data, and a taxonomic revision which resolves the exact relationships between 

the orders Anisolpidiales and Olpidiopsidales, a taxonomic rank to the OOM_1 and 

OOM_2 clades, is not assigned to avoid the risk of describing unstable species and genera.  

The Miraculaceae - the only known member of which falls within OOM_1_1 (100% 

bootstrap with all methods) - were described recently as a novel oomycete family sister to 

all other oomycete clades characterised to date, solely on the basis of a long branch in an 

18S rDNA phylogenetic reconstruction (Buaya et al., 2017). The morphology of the DT 

was proposed as the only morphological synapomorphy defining the family and within it, 

its type genus and type species. Our parasitoids of P. australis matched the described DT 

morphology for Miracula (Figure 3.1 L), and both cluster into OOM_1_1. However, the 

parasitoid of Melosira cf. nummuloides, which also falls into OOM_1_1 had conflicting 

DT morphology (Figure 3.2 B, H). This variation of DT morphology that we observed, 

not only within OOM_1_1, but also within OOM_1, unavoidably calls for a 
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morphological re-description of the Miraculaceae, the genus Miracula, and perhaps the 

species M. helgolandica, in order to accommodate our observations.  

Giving the morphological variability of the DT within OOM_1 and its subclades however, 

the validity of using DT morphology to support the delineation of taxa within OOM_1 is 

questionable. In fact, this was already highlighted when distinct sporangium 

morphologies, number and shapes of DTs and spore release methods were observed in a 

single infected population of Licmophora sp. (Johnson, 1966). This author even 

highlighted variations of the cell wall thickenings across several DTs of the same 

sporangium, further suggesting that this criterion is taxonomically unreliable. Our 

observations of the M. cf. nummuloides and Pseudo-nitzschia spp. parasitoids confirm that 

sporangia can greatly vary in shape despite a close molecular relatedness (i.e. within the 

sub-clade OOM_1_1) or appear similar across more distantly related groups (i.e. between 

OOM_1 and OOM_2). In light of this, we consider the taxa Miraculaceae, Miracula and 

M. helgolandica unstable and await additional morphological or ultrastructural data to 

suggest a meaningful species/genus separation within OOM_1.  

This is why, having carefully considered all possibilities and failed to confidently assign 

this novel clade (or a sub-clade thereof) to any taxon, we elect to designate it according to 

a temporary nomenclature compliant with the UniEuk guidelines for naming 

environmental sequences (Berney et al., 2017). In conclusion, the molecular data collected 

here, which include longer 18S rDNA sequences, a much improved representation of 

Olpidiopsis diversity and the inclusion of the genus Anisolpidium (Badis et al. subm., 

Gachon et al., 2017a), as well as the mitochondrial markers cox1 and cox2, all agree that 

Miracula helgolandica in fact belongs to the OOM_1 clade.  

Therefore, the rationale that underpinned the creation of the novel family Miraculaceae on 

the basis of a moderately supported clade sister to all the remaining oomycetes needs to be 

reconsidered and the boundaries of the genus Miracula within OOM_1 remain to be 

determined.  

Within OOM_1, our topology places P. pungens parasitoid (14-236) as sister group to the 

parasitoids of P. australis / M. cf. nummuloides (Figure 3.3) and leaves the parasitoid of 

P. fraudulenta 13-374 sister to the rest of OOM_1. Molecular data obtained from sample 

14-236 contained a lesser amount of phylogenetic information, due to 64 unassigned bases 

and an overall shorter aligned sequence (456 bp). The positions of the parasitoids of P. 

fraudulenta and P. pungens relative to one another or to the parasitoids of P. australis / M. 

cf. nummuloides, is therefore difficult to ascertain.  
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Clade OOM_1_1 however, contains three sequences of parasitoids infecting P. australis 

and one infecting M. cf. nummuloides. The sequence identity between the parasitoid of M. 

cf. nummuloides and the parasitoids of P. australis exceeds 98.6 % over 944 bp within the 

18S rDNA (97.3 % for the 422 bp of the V4 hypervariable region), similar to the identity 

level within the P. australis parasitoids group (above 98.7 % on 944 bp and above 98.3 % 

on the V4 hypervariable region). Typical thresholds used for species delimitation based on 

molecular information vary between 97% and 99% identity, though there is no widely 

accepted consensus threshold for either of the genetic marker used in this study (18S 

rDNA, cox1, and cox2, Caron et al., 2009; Beakes et al., 2012; Choi et al., 2015). Hence 

we cannot exclude that the OOM_1_1 parasitoids are conspecific, despite infecting 

different hosts.  

This potential lack of host specificity further strengthens our choice to not assign a 

taxonomic rank (e.g. genus or species) to OOM_1_1, and to not proceed with its formal 

description. A second implication of this potential lack of host specificity is that it would 

be speculative to match the ultrastructural data acquired by Hanic et al. (2009) on a 

parasitoid of P. pungens with either OOM_1_1 (as described by Buaya et al., 2017), 

OOM_1_3 (our data, Figure 3.6 a) or perhaps even any other of our novel (sub)clade(s).  

OOM_2 forms a discrete and strongly supported clade sister to the [OOM_1 & 

Anisolpidium] group (90% in ML, 50% in MP, unsupported in NJ), that contains the 

parasitoid isolated from P. cf. plurisecta together with two uncultured eukaryotes 

sequenced in the context of marine stramenopiles diversity surveys (Massana et al., 2004; 

Lin et al., 2012), and the recently-defined Olpidiopsis drebesii (Buaya et al., 2017). 

According to the extensive dataset developed here, OOM_2 is only weakly related to 

other Olpidiopsis species, despite it containing Olpidiopsis drebesii (Buaya et al., 2017). 

Additionally the genus Olpidiopsis is widely reckoned as para- or polyphyletic and in 

need of extensive revision (Beakes et al., 2014; Beakes and Thines, 2016; Badis et al. 

subm.), therefore any taxonomical treatment of OOM_2 would at best be hypothetical.  

 

Host preference, ecology and distribution of the new parasitoids 

Although the sampling in this study focussed on the toxigenic genus Pseudo-nitzschia, 

convergent lines of evidence suggest that at least some of the OOM_1 and OOM_2 taxa 

are not strictly host specific. As stated above, parasitoids in sub-clade OOM_1_1 were 

isolated on two different hosts, i.e. Pseudo-nitzschia australis and Melosira cf. 

nummuloides. These two diatoms are both coastal and euryhaline, but fairly distinct in 
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terms of phylogeny and habitat, the former being a raphid pennate planktonic diatom 

whilst the latter is a benthic centric diatom. Furthermore M. helgolandica, also belonging 

to OOM_1_1, has been isolated on a different Pseudo-nitzschia species (Buaya et al., 

2017). Even if our molecular data is insufficient to decide whether the organisms infecting 

Melosira, P. australis and P. pungens are conspecific, the possibility that the clade 

OOM_1_1 coincides with a single generalist or heteroxenous parasitoid should be 

considered.  

The same case applies, within OOM_2, to O. drebesii, isolated from the centric planktonic 

diatom Rhizosolenia imbricata (Buaya et al., 2017) despite a high molecular relatedness 

with the parasitoid of P. cf. plurisecta, yet again advocating the idea of a generalist 

parasitoid. Although the metabarcodes belonging to OOM_1 and OOM_2 were detected 

in the context of molecular environmental sampling, there is no indication that OOM_1 

and OOM_2 would potentially infect hosts other than diatoms.  

The highest abundance of parasitoid reads was recorded on June the 6
th 

and belonged to 

the subclade OOM_1_2, (ca. 97 % similar to the V4 18S rDNA of P. fraudulenta 

parasitoid). The most likely host of this putative parasitoid was the centric planktonic 

diatom Cerataulina pelagica, which accounted for 92.14 % of all diatom reads, thus 

forming a nearly monospecific bloom. On that date, the abundance of Pseudo-nitzschia 

was very low compared to the parasitoid read abundance (Suppl. Figure 3.10), and direct 

cell count confirmed this finding (data not shown). Furthermore, while a crash in C. 

pelagica abundance coincided simultaneously to a peak in OOM_1_2, the abundance of 

Pseudo-nitzschia OTUs grew steadily until June the 29
th

, to reach the highest abundance 

in the dataset, further supporting the idea of Cerataulina as OOM_1_2 host.  

The co-occurrence of a barcode 100 % identical to the V4 18S rDNA region of the 

parasitoid infecting P. cf. plurisecta (OOM_2) with a bloom of Pseudo-nitzschia species 

belonging to the P. delicatissima group may suggest that in this case the oomycete was 

infecting either the same or a closely related diatom host. The same OOM_2 barcode was 

also co-occurring with an OOM_1_1 related barcode (97.9 % similar to the V4 18S rDNA 

of P.australis parasitoids 10-044/10-045) on the 12
th

 of July, when Pseudo-nitzschia were 

virtually absent, whilst OTUs related to an unknown Mediophyceae were increasing (data 

not shown). These results can therefore suggest heteroxeny for the OOM_2 parasitoid 

isolated from P. cf. plurisecta and possibly increase the putative hosts list for the 

OOM_1_1 subclade. Unfortunately microscopic observations of diatom infection could 

not be attempted within the context of the DYNAPSE metabarcoding survey for any of 
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the detected OOM barcodes, since this mission was not specifically conceived to study 

planktonic parasitism.  

Weak read numbers for both OOM metabarcodes and their co-occurrence with multiple 

diatom species complicates the interpretation of the host specificity and temporal 

dynamics of our parasitoids. Our metabarcoding data suggest that the presence of these 

organisms is ephemeral, with occurrences that never last more than one week at most 

(Figure 3.7 and Suppl. Figure 3.10Figure 3.11Figure 3.12). The relatively small read 

numbers retrieved for our parasites might be due to: i) undersampling of the planktonic 

diversity caused by the filtration procedure and/or an unsaturating sequencing depth 

(Smith and Peay, 2014), ii) a very short life cycle and a limited persistence in the water 

column, difficult to capture with our sampling frequency, iii) a genuine rarity in the 

environment. Even if it is hard to disentangle the role of these three factors on the basis of 

this first survey, these data will help designing field missions targeting the ecology and 

host spectrum of OOM parasitoids.  

Moving from a regional to a global perspective, this analysis suggests a broad distribution 

of the sequenced parasitoids, with occurrences of reads spanning water bodies as diverse 

as the Atlantic, Indian and Pacific Oceans, the Mediterranean, Black, Red, North and 

Caribbean Seas (Figure 3.5). This widespread distribution is even broader when OTUs (> 

97%) related to OOM sequences are considered (Figure 3.6 b), although the 

metabarcoding datasets analysed are not time series and accordingly, do not allow the 

inference of clear biogeographical patterns.  

A high sampling frequency will be required to resolve the seasonal and biogeographical 

patterns of such dynamic - putatively rare - protists that interact with other organisms. 

Therefore, the ecological relevance of these organisms needs to be addressed through 

directly targeted plankton surveys. In parallel, the establishment of laboratory cultures is 

paramount to investigate the life cycle and physiological traits of OOM parasitoids, which 

will underpin the understanding of their role and importance in plankton dynamics.  
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Figure 3.8: Mapping observed OOM_1 & Miracula helgolandica (Buaya et al. 2017) and OOM_2 & Olpidiopsis drebesii 

(Buaya et al. 2017) life stages against Pseudo-nitzschia pungens oomycete parasitoid life cycle (Hanic et al., 2009) and 

the defining morphological criteria for the Ectrogella genus (Zopf emend. Scherffel, 1884). The development cycle of the 

oomycete parasitoid of P. pungens described by Hanic et al. (2009) is reproduced in the inner ellipse. The key 

morphological criteria defining the genus Ectrogella Zopf emend. Scherffel are highlighted in the external dark blue 

ellipse. The warning signs highlight contradictions between the original descriptions of the type species given by Zopf 

and Scherffel. The intercalary red and green ellipses highlight the congruence of each criterion (Yes) or lack thereof (?!, 

when morphology unknown or conflicting) between these original Ectrogella descriptions and the morphology of the 

OOM_1 and OOM_2 clades, respectively. The box at the bottom summarises the different DT morphologies as observed 

in different diatom hosts. Black colour highlights the cell wall thickenings (“forcing apparatus” sensu Sparrow, 1960). 
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3.6 Supplementary Materials 

 
Table 3.2 : Primers used to amplify the 18S subunit of the rDNA in this study 

Primer name Reference Sequence 3’-5’ 

18SFW Grzebyk et al., 1998 TCCTGCCAGTAGTCATATGC 

18SRV Grzebyk et al., 1998 TGATCCTTCGGCAGGTTCAC 

D3B Nunn et al., 1996 TCGGAGGGAACCAGCTACTA 

F139 Gachon et al., 2017 AGTCTATTTGATAGTACCTTACTAC 

R1233 Gachon et al., 2017 CAATCCTTACTATGTCTGG 

18R7 Chomérat et al., 2010 TGGAGCTGGAATTACCGCGGCT 

1250R Hoppenrath et al., 2007 TAACGGAATTAACCAGACA 

SR9PR Yamaguchi and Horiguchi, 2005 AACTAAGAACRGCCATGCAC 

SR9FW Freeman et al., 2004 TGCGGCTTAATTTGACTCAAC 

1050F Chantangsi and Leander, 2010 GGGGGAGTATGGTCGCRAG 

28SKARREV Nézan et al., 2012 AAACGGGAYTCTCACCCTC 

 

 
Table 3.3: Gblocks parameters used in this study  

Gblocks 0.91b 

Number of sequences 81 

Alignment assumed to be DNA 

New number of positions 1206 (63% of the original 1896 positions) 

Parameters used 

Minimum number of sequences for a conserved position 41 

Minimum number of sequences for a flanking position 68 

Maximum number of contiguous nonconserved positions 8 

Minimum length of a block 5 

Allowed gap positions All 

Flank positions of the 3 selected blocks Flanks: [154 292] [308 689] [716 1398] 
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Figure 3.9 : Maximum Likelihood phylogenetic tree reconstruction based on partial 18S rDNA genes of the novel diatom 

parasitoids within the Oomycota (Stramenopila), inferred from 81 sequences on 1344positions, before the Gblocks trimming 

step. New sequences are in bold and they are named according to the host species and the sample ID within the new clades 

OOM_1 and OOM_2 (details in Table 1). Bootstrap values (1000 replicates for ML and NJ) are shown at each node as a 

percentage for the 2computational methods tested, with the following order: Maximum likelihood and Neighbour joining. X: 

node not supported; -: bootstrap support < 50%. Bold numbers indicate agreement on the same bootstrap value for the three 

methods.  
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Figure 3.10 : Trend of Pseudo-nitzschia (black) and Cerataulina pelagica (yellow) OTUs in relation to the barcode associated to OOM_1_2 (blue). Solid lines indicate microplankton (> 20 μm), 

dashed lines nano plankton (20 –3 μm) and dotted lines picoplankton (< 3 μm). Y axis indicates the read numbers whilst X axis indicates dates. 
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Figure 3.11 : Trend of Pseudo-nitzschia OTUs (black) in relation to the barcode associated to OOM_2 (green). Solid lines indicate microplankton (> 20 μm), dashed lines nano plankton (20 –3 

μm) and dotted lines picoplankton (< 3 μm). Note that the read numbers for OOM_2 are shown on the left Y axis, whilst read numbers for Pseudo-nitzschia OTUs are shown on the right Y axis. 

X axis indicate sampling dates. 
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Figure 3.12:  Trend of Pseudo-nitzschia OTUs (black) in relation to the barcode associated to OOM_1_1 (red). Solid lines indicate microplankton (> 20 μm), dashed lines nano plankton (20 – 3 

μm) and dotted lines picoplankton (< 3 μm). Note that the read numbers for OOM_1_1 are shown on the left Y axis, whilst read numbers for Pseudo-nitzschia OTUs are shown on the right Y 

axis. X axis indicate sampling dates. 
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Figure 3.13: Sequenced single cell isolates. Pictures show the single cell (or colony) sequenced to obtain the genetic marker 

indicated by the name of the host diatom and PCR code on the top left side.  
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4.1 Abstract 

The diatoms Licmophora sp. and Fragilaria sp. are frequent epiphytes on marine macroalgae, 

and can be infected by intracellular parasitoids traditionally assigned to the oomycete genus 

Ectrogella. Much debate and uncertainty remains about the taxonomy of these oomycetes, 

not least due to their morphological and developmental plasticity. Here, we used single-cell 

techniques to obtain partial sequences of the parasitoids 18S ribosomal gene. The latter fall 

into two recently-identified clades of Pseudo-nitzschia parasites temporarily named 

OOM_1_2 and OOM_2, closely related to the genera of brown and red algal pathogens 

Anisolpidium and Olpidiopsis. A third group of sequences fall sister to the red algal parasite 

Olpidiopsis pyropiae.  In one instance, two oomycete parasitoids seemed to co-exist in a 

single diatom cell; this co-occurrence of distinct parasitoid taxa not only within a population 

of diatom epiphytes, but also within the same host cell, possibly explains the ongoing 

confusion in the taxonomy of these parasitoids. We demonstrate the polyphyly of 

Licmophora parasitoids previously assigned to Ectrogella, and show that parasites of red 

algae assigned to the genus Olpidiopsis are not monophyletic. We conclude that combining 

single-cell microscopy and molecular methods is necessary for their full characterisation. 
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4.2 Introduction 

Parasitoids of phytoplankton play a key role in their host population dynamics and 

phytoplankton succession (Chambouvet et al., 2008). Recent studies in marine and freshwater 

systems, especially when molecular barcoding has been used, have consistently highlighted 

the importance, and still poor knowledge of parasitic relations in structuring pelagic 

microbial communities (Lepère et al., 2008; de Vargas et al., 2015; Lima-Mendez et al., 

2015). Planktonic diatoms are no exception to this pattern, and the most frequently described 

parasites of diatoms are Chytridiomycota (Fungi) or Oomycota (Stramenopila) (Ibelings et 

al., 2004; Hanic et al., 2009; Gutiérrez et al., 2016; Taylor and Cunliffe, 2016). Although less 

extensively studied, recent work has shown that benthic and epiphytic diatoms are similarly 

subject to infection by parasites (Scholz et al., 2014, 2016).  

Abundant literature dating back from the 19
th

 and 20
th

 century describes the presence of 

intracellular oomycetes infecting diatoms and mostly assigns them to the genus Ectrogella. 

The original description of the genus corresponds to Ectrogella bacillariacearum infecting a 

freshwater Synedra; it stresses its spherical shape, lack of pigmentation, intracellular 

coenocytic habit and describes its zoosporogenesis. In this paper, a particular feature of 

Ectrogella is the presence of several discharge tubes in the bigger sporangia, and the 

uniflagellate, monoplanetic zoospores (Zopf, 1884). This original description, however, 

conflicts with a second account given by Scherffel (1925), who stressed that zoospores 

emerging from sporangia were in fact biflagellate and diplanetic. Subsequently, several 

Ectrogella species were defined but in most cases, important criteria, such as 

zoosporogenesis, were not observed; on the other hand, additional criteria absent from the 

original description were added whilst the presence of sexual reproduction or resting spores 

was reported for other species in the genus (Scherffel, 1925).  

Thus, generally speaking, Ectrogella species are described as intracellular, unbranched, 

obligate biotrophic (i.e. infecting a living host), holocarpic parasites. In the late stage of 

infection, the mature zoosporangium occupies the whole cell and disintegrated diatom 

plastids can be seen around it. In his synthesis, Sparrow (1960) recognised eight species of 

Ectrogella; seven of them infecting diatoms, with only three in marine hosts: E. licmophorae 

(diplanetic with spores encysting at the mouth of the exit tube, i.e. achlyoid), E. perforans 

(monoplanetic with spores swarming directly away from the sporangium, i.e. saprolegnoid) 

and E. eurychasmoides (diplanetic with primary spores encysting within the sporangium, i.e. 

eurychasmoid). In 2001, and without much more evidence at hand, Dick proposed to 
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synonymise all the freshwater species of Ectrogella into E. bacillariacearum, to the 

exception of E. monostoma, which was synonymised with Aphanomycopsis bacillariacearum 

(Dick, 2001). Thus, he reduced the number of extant marine species to two, by including E. 

licmophorae into E. perforans, and keeping E. eurychasmoides as a “doubtfully distinct” 

species ( Table 4.1), whereas Johnson (1966) argued to synonymise it with E. perforans and 

keep E. licmophorae a separate entity.  

Recently, molecular data have started to shed light on the phylogenetic relationships between 

these parasitoids of diatoms and other intracellular parasites of brown and red algae. The 

genus of brown algal pathogens Anisolpidium (and the order Anisolpidiales) was transferred 

from the hyphochytrids into the oomycetes (Gachon et al., 2017b). Several species of red 

algal pathogens were assigned to the genus Olpidiopsis (Sekimoto et al., 2008, 2009; 

Klochkova et al., 2016; Kwak et al., 2017; Badis et al., 2018). To date, the species of all such 

red algal pathogens characterised molecularly cluster in three closely related clades; however, 

their monophyly and exact relatedness with Anisolpidium and the pathogen of freshwater 

diatoms Olpidiopsis gillii (Buaya et al., 2019) remain to be established. Garvetto et al., 

(2018) recently identified novel pathogens of the marine diatoms Pseudo-nitzschia and 

Melosira; but in the light of the doubtful typification of Ectrogella and Olpidiopsis and the 

unresolved relationships between different clades, they adopted a transient nomenclature 

OOM_1 (containing three subclades OOM_1_1, OOM_1_2 and OOM_1_3) and OOM_2.  

In parallel, Buaya et al., (2017) described  the species Olpidiopsis drebesii, which falls in the 

OOM_2 clade, and defined a novel monogeneric family, the Miraculaceae. The latter 

contains the genus Miracula, with two species M. helgolandica (Buaya et al., 2017) and M. 

moenusica (Buaya and Thines, 2019), both belonging to the subclade OOM_1_1. Among the 

hosts of E. eurychasmoides, E. licmophorae, E. monostoma, and E. perforans are the diatoms 

Licmophora sp. and Fragilaria sp. ( Table 4.1).  

Licmophora is an almost ubiquitous marine, colonial, mostly epiphytic diatom with wedge-

shaped cells in girdle view; while Fragilaria is a filament-forming diatom which can be 

planktonic, benthic, free living in colonies or epiphytic. E. perforans, has been reported to 

cause epidemics outbreaks affecting 30% of Fragilaria and up to 99% of Licmophora 

populations in the USA (Sparrow, 1969).  

In the early 1980s, Raghu Kumar successfully cultivated a pathogen of Licmophora also 

identified as E. perforans (Raghu Kumar, 1978), and described its ultrastructure (Raghu 

Kumar, 1980b, 1980a). Interestingly however, Johnson (1966) highlighted the variability of 

the morphological criteria used to delimit species amongst Ectrogella parasitoids of 
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Licmophora (namely, L. abbreviata and L. gracilis). In the same paper the author mentioned 

the co-existence in field-collected materials of several modes of zoospore discharge, 

concluding that the morphological features used to define each species were unreliably 

polymorphic. The possibility that several parasites species may co-exist in the same sample 

was not envisaged.  

With the above in mind, we developed single-cell approaches based on individual whole 

genome amplification and subsequent selection of suitable molecular markers, in order to 

understand whether a real genetic diversity supports the traditional species discrimination 

within the genus Ectrogella. Furthermore we aimed at providing sequencing data to increase 

the width of described oomycetes diversity, helping in disentangling the phylogenetic 

relationship among early diverged algal pathogens.  
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Table 4.1 : Summary of the taxonomic treatment and molecular data available for oomycete parasites of diatoms. Species described as or later assigned to Ectrogella are shaded in grey. Habitats 

are defined as M=marine, F=freshwater and B=brackish waters.  

Taxonomic authority Habitat Hosts

Zopf 1884 Ectrogella bacillariacearum Ectrogella bacillariacearum F

Synedra lunularis, S. ulna, S. capitata, Meridion circulare, 

Nitzschia sigmoidea, Gomphonema sp., Pinnularia sp.

Friedmann 1952 eunotiae Ectrogella bacillariacearum F Eunotia arcus

Feldmann 1955 eurychasmoides Ectrogella eurychasmoides M Licmophora lyngbyei

Scherffel 1925 gomphonematis Ectrogella bacillariacearum F Gomphonema micropus

Scherffel 1925 licmophorae Ectrogella perforans M Licmophora sp.

Petersen 1905 perforans Ectrogella perforans M (F,B)

Licmophora lyngbyei, L. abbreviata, L. flagellata, L. gracilis, 

Synedra ulna, S. tabulata, Striatella unipunctata, Podocystis 

adriatica,Thalassionema nitzsachioides, Lauderia borealis, 

Fragilaria islandica

Scherffel 1925 monostoma Aphanomycopsis bacillariacearum F Synedra ulna,Pinnularia sp.

Scherffel 1925 Aphanomycopsis bacillariacearum Aphanomycopsis bacillariacearum F

Pinnularia viridis, Epithemia turgida, Cymbella gastroides, 

Nitzschia sigmoidea, Synedra sp., Surirella sp., Navicula sp.

Zopf 1884 Lagenidium enecans Lagenidium enecans F

Amphora ovalis, Cocconema lanceolatum, Cymatopleura 

solea, Cymbella cistula, C. gastroides, Navicula cuspidata, 

Pinnularia sp., P. viridis, Stauroneis phoenicentron

Scherffel 1925 cyclotellae Ectrogella sp. F Cyclotella kutzingiana

Scherffel 1925 brachystomum Ectrogella sp. F

Synedra sp., S. ulna, Cymbella cymbiformis var. parva, 

Gomphonema constrictum, Nitzschia linearis

(de Wilderman) Friedman 1952 Olpidiopsis gillii Ectrogella bacillariacearum F (M)

Pleurosigma attenuatum, Cocconema lanceolatum, Nitzschia 

sigmoidea, Gyrosigma attenuatum, G. acuminatum

Reference Genus/Group Species/Single-cell Id 18S rDNA Cox2 Habitat Hosts

Thines et al. 2015 Lagenisma coscinodiscii KT273921 // M Coscinodiscus wailesii

Buaya & Thines 2017 Olpidiopsis drebesii MF926410 // M Rhizosolenia imbricata

Buaya & Thines 2017 Miracula helgolandica MF926411 // M Pseudo-nitzschia pungens

Garvetto et al. 2018 OOM_1_1 10-044 MF960901 // M Pseudo-nitzschia australis

Garvetto et al. 2018 OOM_1_1 10-045 MF960902 // M Pseudo-nitzschia australis

Garvetto et al. 2018 OOM_1_1 Ect6para MF960903 MG787100 M Pseudo-nitzschia australis

Garvetto et al. 2018 OOM_1_1 Melo1para MF960907 MF960909 M Melosira cf. nummuloides

Garvetto et al. 2018 OOM_1_2 13-374 MF960905 // M Pseudo-nitzschia fraudulenta

Garvetto et al. 2018 OOM_1_3 14-236 MF960906 // M Pseudo-nitzschia pungens

Garvetto et al. 2018 OOM_2 12-150 MF960904 // M Pseudo-nitzschia cf. plurisecta

Buaya & Thines 2019 Miracula moenusica MK239934 // F Pleurosira laevis

Buaya, Ploch and Thines 2019 Olpidiopsis gillii MH971239 // F Gyrosigma acuminatum

Buaya, Ploch and Thines 2020 Olpidiopsis gillii MH971238 // F Gyrosigma acuminatum

Available molecular data 

Traditional taxonomic treatment

in Sparrow 1960 in Dick 2001
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4.3 Materials and Methods 

 

Sampling and single cell isolation  

On the 11.07.2017 and 27.07.2017, the macroalgae Laminaria digitata and Ulva sp. were 

sampled at Clachan Bridge (56°19'03.2"N 5°34'59.7"W; Isle of Seil, United Kingdom) and 

kept in seawater at 10°C under constant air supply, with a 12h light-dark cycle. Algal 

fragments or their epiphytic community were screened for the presence of infected diatoms 

by bright field optical microscopy (Axioskop 2 plus, Zeiss). The samples were further stained 

with 1% Calcofluor White (CW) for 5 minutes in the dark, to facilitate the detection of 

oomycete infective structures. Pictures were taken with an AxioCam HRc coupled to the 

AxioVision software (version 4.7.1). Samples containing infected diatoms were then 

transferred into sterile Petri dishes with sterile filtered seawater and infected cells were 

isolated through pipetting under an inverse microscope. Single cells (for Licmophora sp.) or 

single colonial chains (for Fragilaria sp.) were washed four times by sequential transfer in 

sterile seawater drops, transferred into sterile Eppendorf-tubes, and stored at -20°C until 

further handling. 

 

Single-cell whole genome amplification, PCR and sequencing 

Multiple displacement amplification (MDA) was carried out using the REPLI-g® Single Cell 

Kit (Qiagen). Briefly: 4 µL PBS buffer and 3 µL lysis buffer were added to single cells. After 

10 minutes of incubation at 65°C, the lysis was stopped with 3 µL of Stop Solution. 40 µL of 

master mix (containing φ-29 polymerase) were added to each single cell and samples were 

incubated for 8 hours at 30°C, when the polymerase was inactivated by heating for 3 minutes 

at 65°C. Aliquots of MDA-amplified material were diluted 1:100 (V:V) in autoclaved Milli-

Q water (Merck Millipore) and 2 µL were used as a template for downstream targeted PCRs. 

Each PCR contained 25 µL of master mix solution (Taq PCR Mastermix, Qiagen), 1 µL (0.2 

ng/µl) of each primer and 20 µL of autoclaved Milli-Q water. Primers and PCR conditions 

used in this study are detailed in Supplementary Table 4.2, including specific primers 

designed to discriminate two oomycetes co-infecting a single Licmophora sp. cell.  PCR 

products were checked by gel electrophoresis. When present, bands of different length were 

excised from the gel and purified with the X-tracta Gel Extraction Tool (Sigma-Aldrich). If a 

single amplification product was detected, the purification was performed using the Thermo 

Scientific GeneJET Gel Extraction and DNA Cleanup Micro Kit, and PCR products were 

Sanger-sequenced (GATC Biotech AG Köln, Germany).  
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Phylogenetic reconstruction 

Sequences were quality-controlled, trimmed and contigged using Geneious 6.1.8 (Kearse et 

al., 2012) The dataset of 18S rDNA sequences of oomycetes used in this study is amended 

from Garvetto et al. (2018) in order to include novel sequences of parasitoid of diatoms. 

Alignments were carried out using the MAFFT (Katoh et al., 2002) algorithm implemented 

in Geneious 6.1.8, manually checked and curated with Gblocks 0.91b (Castresana, 2000). 

Substitution models were assessed through ModelFinder (Kalyaanamoorthy et al., 2017) in 

IQ-TREE 1.5.5 (Nguyen et al., 2015), resulting in TN+R4. IQ-TREE 1.5.5 was also used for 

the phylogenetic reconstruction, which was computed with a Maximum Likelihood method 

using the Ultrafast bootstrap approximation (UFBoot, 1000 replicates) test of phylogeny 

(Minh et al., 2013). Aiming at backing up the results from the 18S, a second phylogenetic 

reconstruction was computed (as described above) based on the aminoacid sequence of the 

mitochondrial marker cox2, under the substitution model mtZOA+F+G4 (Rota-Stabelli et al., 

2009).  

 

4.4 Results and Discussion 

 

Isolation of parasites infecting Licmophora sp. and Fragilaria sp. 

Upon microscopic inspection of the epiphytic microbial community growing on Ulva sp. and 

Laminaria digitata, cells and chains of Licmophora sp. and Fragilaria containing endobiotic 

thalli were recorded (Figure 4.1 A-B). The most developed thalli were stained with CW 

(Figure 4.1 B) and some exhibited discharge tubes, strongly suggestive of an infection by 

Ectrogella sp. Fourteen cells (Licmophora sp.) or colonial chains (Fragilaria sp.) were 

isolated by mouth pipetting, rinsed extensively, subjected to MDA and PCR, leading to the 

successful amplification of genetic markers from 7 isolates (Figure 4.1 C-I). 
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Figure 4.1: Epiphytic diatom community and single cell (chain) isolates molecularly characterised in this study. (A-B) 

Epiphytic diatom community growing on Ulva sp. and Laminaria digitata, without (A) or with (B) calcofluor-white staining. 

Oomycete thalli are visible in Licmophora sp. and Fragilaria sp. (C) Isolate S10InfFrLic: chain of Fragilaria sp. heavily 

infected by endobiotic parasites. Grey ellipsoidal sporangia are surrounded by collapsed phaeoplasts. (D) Isolate 

S10InfLicSC6: single infected cell of Licmophora sp.; the parasite cytoplasm is visible as a grey-blue mass surrounded by 

the host phaeoplasts. (E) Isolate S10InfLicSC: Grey ellipsoidal mature sporangium within a specimen of Licmophora sp. (F) 

Isolate InfLicSC2: Licmophora sp. co-infected by two parasites, for which the putative thalli are indicated by asterisks. Note 

the different dimensions and the highly vacuolised thallus on the left hand side. Isolates InfLicSC3 (G) and InfLicSC1 (H): 

spherical mature sporangia within two Licmophora sp. cells. In both cases the host cytoplasm has been completely consumed 

and the collapsed phaeoplasts surround the sporangium. (I) Isolate InfLicSC4: spore release from an infected Licmophora 

sp. cell. Note the absence of flagellation and the massive, Achlya-like spore release. The spore mass and the carefully rinsed 

sporangium constitute the biological material for this isolate. Scale bars = 10 μm. Asterisks point to parasitic oomycete thalli 

(but not all of them are marked).  
 

Co-existence of two taxonomically distinct oomycetes in a single host cell 

Two distinct oomycete 18S rDNA and Cox2 sequences were amplified from the cell 

InfLicSC2 (noted as InfLicSC2-a and InfLicSC2-b in Supplementary Table 4.3 and Fig.4.3). 

The 18S rDNA InfLicSc2–b was very closely related to Olpidiopsis drebesii within the 

OOM_2 clade whereas InfLicSc2–a was identical with the 18S rDNA sequences retrieved 

from InfLicSC1, InfLicSC3, InfLicSC4. Cox2 data were in full agreement with the 18S 

rDNA result, though less resolutive due to the paucity of reference sequences for the OOM_2 

clade.  
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Thus, controls were run in order to rule out any cross-contamination of InfLicSC2 by 

InfLicSC1 or InfLicSC3 and InfLicSC4: both 18S rDNA and Cox2 sequences were 

repeatedly retrieved from the MDA product after all reagents and laboratory consumables had 

been replaced.  

Bearing in mind that some oomycetes affiliated to the genus Olpidiopsis are themselves 

intracellular parasites of oomycetes (e.g. the type of the genus, Olpidiopsis saprolegniae) and 

that hyperparasites have been reported in endocellular holocarpic oomycetes (e.g. Pythiella 

besseyi in Olpidiopsis schenkiana Sparrow and Ellison, 1949; Sparrow, 1960), we next 

investigated the possibility of a cryptic hyperparasitism of the Ectrogella parasite: we 

reasoned that if a hyperparasite was present, its sequence should always be associated to its 

oomycete host.  

Therefore, two specific reverse primers were designed to target either of the two rDNA 

sequences (18S_SC1spe_R1 and 18S_SC1spe_R2 for the 18S rDNA of InfLicSC1 and 

18S_SC2spe_R3 and 18S_SC2spe_R4 for the 18S rDNA of InfLicSC2-b, Supplementary 

Information 1). Those were used in direct and nested PCRs on the MDA-amplified 

InfLicSC1, InfLicSC2, InfLicSC3, and InfLicSC4. Overall, only one oomycete sequence was 

retrieved from each isolated cell, except InfLicSC2b. On the other hand, the InfLicSC2-b 18S 

and Cox2 sequences have never been obtained in our lab apart from this sample, limiting the 

risk of an external contamination of the InfLicSC2 isolate by foreign DNA. Finally, a close 

re-inspection of our photographs highlighted the possible presence of two thalli inside the 

host diatom cell (Figure 4.1 F).  

Therefore, we conclude that InfLicSC2 was concurrently infected by two taxonomically 

distinct oomycete parasitoids; our data do not give us any reason to suspect a non-random 

association between them, such as a hyperparasitic relationship.  
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Figure 4.2 : Figure 4.3 : Morphological features observed for oomycete parasites infecting Fragilaria and Licmophora. (A) 

Healthy and (B) infected Fragilaria sp. chains, the infected chain shows developing parasitic thalli and empty sporangia (*). 

(C) DIC and CW epifluorescence overlaid picture featuring a growing thallus (left) and three empty sporangia. Note the 

thickened exit tubes (arrowheads) and empty spore cysts (arrows). CW epifluorescence (D) and DIC (E) pictures of an 

infected Fragilaria sp. chain in apical view. Note the thick-walled exit tubes (arrowheads) and a cluster of released spores at 

the mouth of the exit tube at the top of the picture. (F) Healthy uninfected Licmophora sp. cell. (G) Spherical mature 

sporangium surrounded by collapsed red-brown chloroplasts. Note the sporangia wall reacted positively to CW (inlet). (H-I) 

The same empty sporangium featured in two different focal planes showing four exit tubes (arrowheads) and empty spore 

cysts both within and outside the sporangium (arrows). (J) Spherical spores as observed within the sporangium. Note a big 

vacuole seems to occupy the centre of the sporangium. (K) A mature sporangium in Licmophora sp. is filled with zoospores 

and shows an opened discharge tube (arrowhead). (L) The same sporangium marked with CW and observed in 

epifluorescent microscopy highlights a second discharge tube (arrowheads) in a thickened area of the sporangial wall.  

 

Additional morphological features 

Different morphological features were observed in the oomycetes present in the 

environmental samples containing the isolated single cells, but given the taxonomic 

complexity highlighted by our sequencing results we cannot unequivocally assign these 

morphological characteristics to any particular phylogenetic clade.  

Parasitic thalli developed in an ellipsoidal shape in Fragilaria sp., occupying the central 

portion of the cell; generally confined between two collapsed plastids (Figure 4.1 C; Figure 

4.2 B). In one instance a big central vacuole was observed in one thallus, whereas multiple 

thalli in the same diatom cell were often seen (Figure 4.2 B). CW staining highlighted the 

presence of broadly conical discharge tubes (Figure 4.2 C) as well as more elongated ones 

(Figure 4.2 D). Hollow spore cysts have been observed within empty sporangia (Figure 4.2 
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C), although clusters of spore cysts at the mouth of the discharge tube were also observed 

(Figure 4.2 E).  

In parasites of Licmophora sp., thalli were mainly spherical in shape and closely surrounded 

by red-brown degraded plastids when developing (Figure 4.1 G, H; Figure 4.2  G). At 

maturity, the sporangial cell wall was weakly stained by CW (Figure 4.2 G, inlet). Empty 

sporangia observed in our sample were less regular in shape and bore up to four broadly 

conical discharge tubes (Figure 4.2 H-I). In few cases spores could be observed within the 

sporangium, but in no instance we were able to observe their flagellation. Spores are 

spherical and seem to surround a central vacuole when within the sporangium (Figure 4.2  J). 

Empty spore cysts could be observed both within and outside the sporangium (Figure 4.2  H, 

I). Discharge tubes with a circular or broadly ellipsoidal outline were observed to coexist on 

the same sporangium, incorporated in a thickened area of the sporangial wall (Figure 4.2 K, 

L). 

 

Molecular phylogeny of the parasitoids infecting Licmophora sp. and Fragilaria sp.  

Overall three distinct 18S rDNA sequences were retrieved. The 18S rDNA of InfLicSC1 

(identical to InfLicSC2-a, InfLicSC3, InfLicSC4) clusters with Olpidiopsis pyropiae, a 

pathogen of Pyropia sp. recently discovered in Korean laver farms. As alluded above, the 

18S rDNA InfLicSC2-b is closely related to Olpidiopsis drebesii within the OOM_2 clade. 

Finally, the 18S rDNA S10InfFrLic and S10InfLicSC (identical to S10InfLicSC6) fall within 

the OOM1_2 subclade, the only morphologically known member of which is a parasitoid of 

Pseudo-nitzschia fraudulenta (Garvetto et al., 2018).  

Likewise, three distinct Cox2 sequences were retrieved. Their position in the phylogenetic 

tree is consistent with the 18S rDNA data, despite a generally lower resolution of the tree. 

The latter is due to the limited availability of reference sequences in the alignment, and their 

shorter length, a well- known limitation of Cox2-based oomycete phylogenies (Badis et al., 

2018). 
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Figure 4.3 : ML reconstruction (1000 Ultra-Fast bootstrap) of oomycetes (grey area) phylogeny based on the 18S rDNA 

gene sequence, including the parasites of Licmophora sp. and Fragilaria sp. Isolate names in bold indicate parasites 

sequenced in this study. Isolate names in brackets and in smaller font share a > 99% sequence identity with the represented 

sequence and have been therefore omitted from the analysis (Page 85). 

 

Figure 4.4 : ML reconstruction (1,000 Ultra-Fast bootstrap) using amino acid sequences for the mitochondrial genetic 

marker Cox2 (196 positions) of the phylogeny of the parasites of Licmophora sp. and Fragilaria sp. (isolate names in bold) 

within the oomycetes. Isolate names in brackets and in smaller font share a > 99% sequence identity with the represented 

sequence and have been therefore omitted from the analysis. 
 

Parasitoids of Licmophora are polyphyletic 

Here, we show that parasitoids of Licmophora sp. fall into three distinct taxonomic entities: 

all of them belong to the “early diverging oomycetes” (sensu Beakes et al., 2012), a poorly 

known group that contains the Haliphthorales, Anisolpidiales Olpidiopsidales, 

Eurychasmales, Haptoglossales. However, these three parasitoid taxa of Licmophora are 

polyphyletic, and may co-occur in nature. The implications of our findings are several-fold.   
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Firstly, we demonstrate that the genus Ectrogella is polyphyletic. Unfortunately, evidence is 

lacking to link either of our sequences to the type of the genus, the freshwater E. 

bacilliacearum (Zopf, 1884). In fact, an extensive screen of 19,000 public metabarcoding 

datasets of soil and freshwater bodies failed to retrieve any sequence related to OOM_1, 

OOM_2 and red algal Olpidiopsis pathogens (Badis et al., submitted; Garvetto et al., 2018), 

suggesting that both Ectrogella and Olpidiopsis may be exclusively marine. Yet recently 

Buaya and Thines (2019) provided the first morphological description and molecular data for 

an endocellular oomycete parasite of the freshwater diatom Pleurosira laevis, named 

Miracula moenusica, within the clade OOM_1, re-opening the debate on the relationship 

between the so far molecularly characterised diatom parasites and the type species Ectrogella 

bacillariacearum.  

Therefore, in accordance with the EukRef guidelines for naming environmental sequences 

that discourage from erecting novel taxa on the basis of isolated sequences (Berney et al., 

2017), we designate these organisms with the names of the isolates until enough information 

is available to formally describe each taxon.  

Secondly, we demonstrate that the Olpidiopsis parasites of red algae are also polyphyletic, 

and that our parasitoids are distinct from the parasitoid of the freshwater diatom Pleurosigma 

sp., Olpidiopsis gilli (Buaya et al., 2019). Again, evidence is lacking to link either of the 

“pyropiae”, “porphyrae” or “bostrychiae” lineages to the type of the genus, the parasite of 

the freshwater oomycete Olpidiopsis saprolegniae (Badis et al., submitted).  

Finally, the natural co-existence of all taxa means that all morphological observations 

conducted thus far, to the exception perhaps of the ultrastructural work by Raghu-Kumar 

(1980a, 1980b) may have been performed on a mix of several parasitoid species. This co-

existence may explain to some extent the continued disagreement between respected 

taxonomists about species delimitation in Ectrogella; it also means that a very careful 

appraisal of the literature is required to link existing taxonomic descriptions with novel 

molecular data. Although useful, the limited morphological evidence that we have gathered 

on a limited number of cells is insufficient to tackle this question. In the future, only single 

cell approaches, hopefully combined with the laboratory cultivation of clonal isolates will 

enable to resolve the taxonomy of these parasitoids. 
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4.5 Supplementary Materials 

Table 4.2: Summary of primers used in this study  

Primer name Reference Amplified locus Sequence 3'-5' Tm (˚C) 

18S_F1 This study 18S AAACTGCGAATRGCTCATTAT 55 

18S_R1 This study 18S CAAGCTGATGACTTGCGTTT 55 

18S_spe_R1_Lic1_87-88 This study 18S CACATACAAAAATCGTATGCAAAA 61 

18S_spe_R2_Lic1_87-88 This study 18S TCCCTCTAAGAAGTTTTCACATACA 61 

18S_spe_R3_Lic2_91-92 This study 18S CTTAGCACAAACTATTTAGCAGGA 61 

18S_spe_R4_Lic2_91-92 This study 18S AAAAGTCCCTCTAAGAAGTTCGAT 61 

cox2F_1_AB363064 This study Cox2 GCAACACCTGTTATGGAAGG 55 

cox2HF Hudspet et al., 2000 Cox3 GGCAAATGGGTTTTCAAGATCC 51 

cox2HR Hudspet et al., 2000 Cox4 CCATGATTAATACCACAAATTTCACTAC 51 

cox2R_454_KP420743 This study Cox5 ATTTAAACGTCCDGGRCATGC 55 

cox2R_461_KP420743 This study Cox6 WWGTTTGATTTAAACGTCCDG 55 

F139 Gachon et al., 2017 18S AGTCTATTTGATAGTACCTTACTAC 55 

R1233 Gachon et al., 2017 18S CAATCCTTACTATGTCTGG 55 

 

Table 4.3 : Summary of information available for each single cell isolate from this study  

Single-cell Id Image Seq Id 18S Cox2 Clade GenBank accession number 

InfLicSC1 Fig. 2 H InfLicSC1 yes yes New clade Awaiting submission 

InfLicSC2 Fig. 2 F 
InfLicSC2-a yes yes New clade Awaiting submission 

InfLicSC2-b yes yes OOM_2 Awaiting submission 

InfLicSC3 Fig. 2 G InfLicSC3 yes yes New clade Awaiting submission 

InfLicSC4 Fig.2 I InfLicSC4 yes yes New clade Awaiting submission 

S10InfFrLic Fig. 2 C S10InfFrLic yes yes OOM_1_2 Awaiting submission 

S10InfLicSC Fig. 2 E S10InfLicSC yes yes OOM_1_2 Awaiting submission 

S10InfLicSC6 Fig. 2 D S10InfLicSC6 yes no OOM_1_2 Awaiting submission 
 
       

 

Figure 4.5: Schema of PCR conditions used in this study 
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5.1 Abstract 

Chytrids have long been recognised as important parasites of microalgae in freshwater 

systems, able to shape the dynamics of blooms, the gene pool of their host and phytoplankton 

succession. In the sea however, where the presence of these organisms is erratic and 

ephemeral, studies concerning chytrids are sparse and confined to metabarcoding surveys or 

microscopy observations. Despite the scarcity of data, chytrid epidemics are supposed to play 

an important role in marine biogeochemical cycles, being one of the drivers of phytoplankton 

dynamics. Here we combine microscopy observations and in silico mining of a single-cell 

whole genome to molecularly and morphologically characterise a novel chytrid parasite of 

the dominant diatom genus Skeletonema. Morphological observations highlight features of 

the thallus and ascertain the parasitic nature of the interaction whilst the genetic markers 

obtained allows for a phylogenetic reconstruction, placing the new species in the order 

Rhizophydiales. Thanks to the molecular data obtained we are also able to provide a first 

investigation of the global distribution of this organism.   
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5.2 Introduction 

Zoosporic true fungi belonging to the early diverged phylum Chytridiomycota (Hibbett et al., 

2007) are widespread microorganisms known to dominate the fungal community in 

freshwater ecosystems (Monchy et al., 2011; Jobard et al., 2012) where they play an 

important role as parasites and saprobes (Gleason et al., 2008; Frenken et al., 2017).  

Parasitic associations of chytrids with microalgae have long been known in lentic systems 

(Canter and Lund, 1953; Sparrow, 1960), where chytrid propagules act as an important 

carrier of fixed carbon from inedible algae to grazing zooplankters by means of the mycoloop 

(Kagami et al., 2014); and are suspected to be one of the main drivers maintaining the genetic 

diversity of their algal hosts (De Bruin et al., 2008; Gsell et al., 2013c).  

Despite the prevalence of studies targeting lakes, chytrids have been recorded as a major 

component of the microbial community in various ecosystems by means of molecular 

surveys, especially in extreme habitats such as alpine snow (Naff et al., 2013), sea-ice 

(Hassett et al., 2017), high elevation soils (Freeman et al., 2009) and marine hydrothermal 

vents (Le Calvez et al., 2009). Whenever these habitats allow for the survival of 

photosynthetic organisms, the co-occurrence (Freeman et al., 2009; Naff et al., 2013; Brown 

et al., 2015) or parasitic association (Hassett and Gradinger, 2016; Hassett et al., 2017) 

between phototrophs and chytrids has been reported.  

In the sea, recent metabarcoding surveys unveiled an unexpectedly large and undescribed 

biodiversity within the Chytridiomycota (Comeau et al., 2016; Hassett and Gradinger, 2016; 

Hassett et al., 2017). Despite not being the yearlong dominant fungal taxon (Picard, 2017), a 

high abundance of chytrids in the plankton was often recorded in short time windows 

matching coastal blooms of phytoplankters such as diatoms (Taylor and Cunliffe, 2016). In 

less productive marine ecosystems, such as open ocean oligotrophic gyres, chytrids have been 

found parasitising dominant photosynthetic picoeukaryotes within the families 

Chrysophyceae and Prymnesiophyceae (Lepère et al., 2016).  

Even if culturing remains a paramount step to fully appreciate and understand the biology of 

these organisms, establishing and maintaining a dual culture of the parasite and its host (i.e. 

pathosystem) in the laboratory is challenging (Rad-Menéndez et al., 2018).  The isolation of 

chytrids is further complicated by the erratic and ephemeral presence of these “dazzling and 

elusive creatures” in the field (Sparrow, 1958). Therefore, most of the information on chytrid 

ecological role and diversity is underpinned by either sparse microscopic observations that 

are informative regarding the parasitic interaction but often lack taxonomic resolution; or by 

broad molecular surveys; which provide sequencing data and an overview of chytrid 
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phylogenetic diversity, but can only be suggestive in terms of ecological function. For these 

reasons, a big part of chytrid diversity is assigned to the undescribed,  uncultivated and 

functionally uncharacterised dark matter fungi (Grossart et al., 2016), hindering the 

appreciation of their role in ecosystem dynamics and global biogeochemical cycles.  

Diatoms within the genus Skeletonema are among the main contributors to planktonic 

primary productivity in coastal temperate areas worldwide (Borkman and Smayda, 2009). 

This diatom genus often constitutes the basis of food webs (Bergkvist et al., 2012) and can 

account for up to 99% of the microphytoplankton community during seasonal blooms (Canesi 

and Rynearson, 2016). Whilst the contribution and effects of zooplankton grazing has been 

extensively studied (Bergkvist et al., 2012; Amato et al., 2018), only one study reports 

chytrids infecting Skeletonema, addressing their role in bloom dynamics and phytoplankton 

species succession off the Chilean coast (Gutiérrez et al., 2016). In the latter study a chytrid 

is reported parasitising both Skeletonema and Thalassiosira; driving the seasonal diatom 

community towards a Chaetoceros dominated bloom (Gutierrez et al., 2016). Unfortunately 

no genetic barcode has been produced for this fungus.  

Here, using a method that combines microscopy and single-cell whole genome amplification, 

we identify a novel chytrid species infecting Skeletonema sp. from the west coast of Scotland. 

We provide a morphological description, molecular identification and a phylogenetic 

placement for this chytrid within the Rhizophydiales. Finally, thanks to the obtained 

molecular data, we use the Ocean Sampling Day (OSD) worldwide metabarcoding database 

(Kopf et al., 2015) to investigate the global distribution of this new species.  

 

5.3 Methods 

Isolation of the biological material 

Plankton samples were collected on the 25
th

 of April 2016, during the annual Skeletonema 

spring bloom,  off the pontoon of the Scottish Association for Marine Science (56°27'12.6"N 

5°26'12.2"W, Oban, UK) and screened in plastic Petri dishes (145 mm diameter) with a Zeiss 

IDO3 microscope (32X magnification). Skeletonema chains carrying chytrid sporangia were 

isolated by mouth pipetting. Infected chains were transferred into droplets (~ 5 μL) of fresh 

f/2+Si medium into 50 mm glass bottom Petri dishes for microscopy observations. 

Cultivation of the chytrid parasitoid was attempted by inoculating Skeletonema spp. strains 

CCAP 1077/1B, CCAP 1077/1C, CCAP 1077/3, CCAP 1077/4, CCAP 1077/5 and CCAP 
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1077/7 (grown in f/2+Si) with infected environmental samples. None resulted in a successful 

infection.  

 

Microscopy 

Subsamples containing infected cells were treated with the stains Calcofluor White (CW), 

Wheat Germ Agglutinin Fluorescein isothiocyanate (WGA-FITC) and Nile Red (NR). 

Subsamples of 10 mL were incubated in 100X diluted stain stock solutions (final 

concentrations: 5 μg mL
-1

 for WGA-FITC or CW; 1 μg mL
-1

 for NR) for 15-30 minutes at 

room temperature in the dark. After incubation samples were either screened directly in glass-

bottom Petri dishes or transferred onto microscopy slides. Observations were carried out at a 

100X magnification with a Zeiss LSM 510 microscope (equipped with an AxioCam HRC) in 

bright field and UV light, using an excitation wavelength of either ~ 488 nm (WGA-FITC 

and NR) or ~ 360 nm (CW). Unstained infected chains were observed in bright field on glass 

bottom Petri dishes before being isolated singularly for downstream molecular analysis.  

 

DNA amplification and sequencing  

Single infected chains were transferred by mouth pipetting into 1.5 mL sterile Eppendorf 

tubes. Care was taken to sterilise the glass tip of the mouth pipette with boiling freshwater 

before each isolation. Isolated single chains were frozen at -20 ˚C for at least 12 hours before 

being thawed and subjected to multiple displacement whole genome amplification (MDA; 

Lasken, 2007) with the Qiagen REPLI-g® Single Cell Kit, as per the manufacturer’s 

instruction. Amplified material was diluted 100 times in autoclaved Milli-Q water before 

downstream PCR amplifications. PCRs were performed in a total reaction volume of 50 μL 

containing 3 μL of diluted genomic DNA, 1 μL (0.2 ng / μl) of each primer, 25 μL of master 

mix solution (Taq PCR Mastermix, Qiagen) and 20 μL of autoclaved Milli-Q water. Partial 

18S, 28S sequences and the complete ITS region of the chytrid parasite were obtained with 

the following primers: EaF3 (Pröschold et al., 2001), MH2 (Vandenkoornhuyse and Leyval, 

1998), NS1, NS4, ITS4 (White et al., 1990) and D3Ca (Lenaers et al., 1989). The PCR 

parameters for each primer couple are specified in Table 1. Note that the decreasing 

annealing temperature gradient for the primer couple MH2-NS4 aimed at increasing the 

specificity of the reaction in the first steps whilst favouring the DNA yield towards the end of 

the cycle. PCR products were separated by agar gel electrophoresis (35 min at 100 V on 1.5% 

agarose in TBE buffer) and multiple bands isolated by band excision with GeneJET Gel 

Extraction (Thermo Scientific) and purified by DNA clean-up Micro Kit (Thermo Scientific), 
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followed by Sanger sequencing (GATC Biotech, Konstanz, Germany). Partial rDNA operon 

sequences were identified for two single cell isolates, SkChyt5 and SkChyt3. The longest 

sequence was obtained for isolate SkChyt5, for which 1464 bp within the 18S were obtained 

by merging the products of primers EaF3, NS1, MH2 (forward) and NS4 (reverse). The 

products of the reverse primers ITS4 (757 bp in the ITS region) and D3Ca (573 bp in the 

28S), despite a good per base quality, were too short to be assembled with the rest of the 

rDNA operon. The partial 18S of a second single cell isolate, i.e. SkChyt3, was amplified via 

PCR using the primer couple MH2-NS4 and sequenced following the above described 

procedure, resulting in a 933 bp marker gene matching with 100% identity SkChyt5 18S. 

Therefore a 20 µL aliquot of the original MDA product from isolate SkChyt5 was diluted 1:4 

(V:V) in autoclaved Milli-Q water and sent for genome library construction (NEBNext Ultra 

DNA Library Prep Kit) and sequenced via Illumina Hiseq 3000 150 bp paired end sequencing 

(University of Leeds Sequencing Facility, Leeds, United Kingdom). 

 

Table 5.1 : Details of the parameters used for the PCR reactions carried out in this study. 

Primers  1st  Step  
(Denaturation) 

2nd Step  
(Amplification) 

3rd Step  
(Elongation) 

Denaturation  Annealing  Elongation N˚Cycles 

MH2-NS4 94˚C x 3 min  

94˚C x 30 s 58˚C x 1 min 72˚Cx 1 min 5 

72˚C x 5 min 
94˚C x 30 s 55˚C x 1 min 72˚Cx 1 min 10 

94˚C x 30 s 52˚C x 1 min 72˚Cx 1 min 13 

94˚C x 30 s 48˚C x 1 min 72˚Cx 1 min 17 

NS1-ITS4 94˚C x 30 s 94˚C x 15 s 48˚C x 1 min 65˚Cx 3 min 30 65˚C x 10 min 

EaF3-D3Ca 94˚C x 30 s 94˚C x 15 s 58˚C x 1 min 65˚Cx 3 min 30 65˚C x 10 min 

 

 

Genome querying for genetic barcodes 

FastQC (Andrews, 2010) was used to assess the quality of SkChyt5 Hiseq data (200,984,460 

paired end reads) before trimming  with Trimmomatic (Bolger et al., 2014; parameters 

detailed in Supplementary Materials 5.6.1). The resulting SkChyt5 196,165,072 trimmed 

reads were queried via BLAST (Altschul et al., 1990) using in-house scripts (Supplementary 

Materials 5.6.1) designed to extract subsets of reads as per their identity to a given query 

sequence. The best BLAST hit of SkChyt5 18S amongst type material (i.e. Kappamyces 

laurelensis AFTOL-ID 690) was used to generate a concatenated rDNA query sequence 

(GenBank accession numbers: DQ536478, DQ536494 and DQ273824) to extract chytrid 

rDNA reads from the single cell genomic reads pool. The obtained subset of reads (1453 
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merged reads) was de novo assembled into 13 contigs using Geneious 6.1.8 (Kearse et al., 

2012), of which 6 were retained on the basis of BLAST annotation (i.e. fungal rDNA) and 

coverage (i.e. >10 reads; with 5 contigs out of 6 having a coverage >100 reads). The 6 

selected contigs were further merged to the SANGER sequences into two supercontigs, 

spanning the nearly complete rDNA, but not overlapping. In a complementary attempt to 

retrieve the complete rDNA operon, we generated a de novo assembly of SkChyt5 in CLC 

Genomics Work Bench 8.5.1 (https://www.qiagenbioinformatics.com/) and queried the 

resulting 299,415 contigs using the 18S sequence obtained by PCR on SkChyt5. This 

approach resulted in the selection of 2 de novo assembled contigs of 1289 bp and 7688 bp in 

length, both annotated as chytrids rDNA as per their best BLAST hit amongst cultured 

strains, i.e. Kappamyces laurelensis isolate AFTOL-ID 690 18S (DQ536478.1) and 

Boothiomyces macroporosum CBS 122107 28S (NG_027566.1) respectively. These two 

contigs were, when overlapping, 100 % identical to all the sequences previously obtained by 

PCR and in silico. The 18S sequence obtained by PCR filled the gap between the two contigs, 

allowing for the assembly of the complete rDNA operon, which was retained for following 

phylogenetic analysis.  The different methods used to reconstruct the full rDNA operon are 

summarized in Supplementary Figure 5.6. The rDNA operon was manually annotated in 

Geneious 6.1.8, by BLAST against Genebank. Introns were analysed with the same software 

in order to test whether they contained coding DNA sequences (CDS) and further annotated 

via UniProt. The entirety of the rDNA operon for the isolate SkChyt5 was deposited in 

GenBank under the accession number MH643793. 

 

Phylogenetic reconstructions 

A custom dataset of the 18S, 5.8S and 28S rDNA sequences of chytrids was built paying 

particular attention to sample diversity within the Rhizophydiales (Letcher et al., 2006), since 

preliminary analysis pointed towards an inclusion of isolate SkChyt5 into this order. 

Sequences for each gene were aligned separately using the MAFFT (Katoh et al., 2002) 

algorithm implemented in Geneious 6.1.8 and manually curated to remove the non-

informative introns ITS1 and ITS2. Substitution models were assessed for each gene 

separately in IQ-TREE 1.5.5 (Nguyen et al., 2015) through ModelFinder (Kalyaanamoorthy 

et al., 2017), resulting in TIM2+R5 (18S and 28S) and TPM2u+R4 (5.8S). A manual 

concatenation of the three alignments was then analysed in IQ-TREE 1.5.5 with a partitioned 

model (Chernomor et al., 2016), allowing each gene to evolve at its own pace (–spp option). 

Phylogenetic reconstructions were computed with a Maximum Likelihood method using a 

https://www.qiagenbioinformatics.com/
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1000 replicates Ultrafast bootstrap approximation (UFBoot) test of phylogeny (Minh et al., 

2013). Aiming at including a better representation of uncultured environmental diversity, a 

phylogenetic reconstruction based on Rhizophydiales 18S was computed with the same 

above described procedure under the GTR+R4 model of molecular evolution. Finally, for 

consistency with previous work on Alphamycetaceae and Rhizophydiales phylogeny 

reconstructions (Letcher et al., 2012; Seto and Degawa, 2018) we used a concatenation of 

5.8S (substitution model SYM+I+G4) and 28S (substitution model TIM3+G4) to further 

confirm the phylogenetic position of our isolate. 

 

Assessment of global distribution 

The V4 hypervariable region of the 18S rDNA of isolate SkChy5 was used to query the raw 

metabarcode datasets of the Ocean Sampling Day through the Sequence Read Archive (SRA, 

PRJEB8682, Kopf et al., 2015) using an in-house script referred to as MOULINETTE which 

implements EDirect and SRA Toolkit utilities (Badis et al., subm.). Briefly, MOULINETTE 

extracts from SRA deposited metabarcoding datasets all reads matching a given query 

sequence above given identity, coverage and e-value thresholds. Here a rather stringent 

approach was used, i.e. reads were only retained when at least 99% identical over 80% of 

their length to the query sequence (refer to Supplementary Materials 5.6.1 for details on the 

parameters used). Paired reads were filtered (expected error over 1.0) and aligned to the V4 

hypervariable region of the 18S of isolate SkChyt5 in Geneious 6.1.8, resulting in two 

clusters divided by a shared synapomorphy (OTU1 and OTU2). Identity matrices were 

generated to investigate the percentage of identity between the reads and SkChyt5-V4-18S-

rDNA with the same software. Sampling stations were deemed positive for the presence of 

the investigated organism, and therefore retained, when >10 merged paired reads were 

detected. For these stations GPS coordinates were extracted and maps generated using the 

open source online platform GPSVisualizer (http://www.gpsvisualizer.com/, Adam 

Schneider). 

 

5.4 Results 

Morphology 

Infected Skeletonema cells were distinguished from healthy ones (Figure 5.1 A) thanks to the 

presence of nearly spherical sporangia growing epiphytically on diatom colonies (Figure 5.1 

B). Infected cells showed signs of plasmolysis, chloroplast collapse (Figure 5.1 B) and 
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decreased (if any) chlorophyll fluorescence in UV light (Figure 5.1 C). The majority of the 

observed sporangia had a diameter of ~ 5 μm, but reached 7.5 μm across in fully mature 

specimens. Sporangia were usually attached to the girdle band region of the infected cell. In a 

few instances however, sporangia could also be observed growing on the valvar surface 

within the cage of intercalary fultoportula processes connecting two adjacent Skeletonema 

cells (Figure 5.1 B, inlet).  

Examination of CW-stained sporangia under UV light highlighted the presence of a cell wall 

with distinct zones of wall thickening in mature sporangia (Figure 5.1 C arrowheads). A 

reduced, unbranched rhizoidal system (Figure 5.1 C arrow) developed from the germ tube 

observed in encysted zoospores (Figure 5.1 C, arrow in the inlet). The presence of chitin was 

detected in sporangia cell walls, as shown by the positive reaction to the N-acetylglucosamine 

specific stain WGA-FITC (Figure 5.1 D).  

Sporangia contain refractive lipid globules variable in size and number (Figure 5.1 E), whilst 

encysted zoospores contain a single lipid droplet (Figure 5.1 C, arrowhead,).  

Zoospores were sub-spherical, ~ 2.5 μm across, bearing a single whiplash flagellum (Figure 

5.1 F-G, arrows) and a single refractive lipid droplet (Figure 5.1 F, arrowhead). Zoospores 

release or zoospore locomotion could never be directly observed.  

In one occasion a putative resting spore, with a thick cell wall and bearing a single eccentric 

refractive globule was observed (Figure 5.1 H). CW/NR staining highlighted the presence of 

a zoospore encysted on this structure, possibly suggestive of sexual reproduction (Figure 5.1 

I).   

https://en.wikipedia.org/wiki/N-acetyl-D-glucosamine
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Figure 5.1 : Microscopy observations of the chytrid parasite of Skeletonema. (A)Uninfected Skeletonema sp. chain; (B) 

Infected Skeletonema chain showing two spherical sporangia filled with refractive globular structures. Inset: Spherical 

sporangium filled with refractive globules, growing on the valvar surface of the host frustule, among fultoportula processes. 

(C) Calcofluor White staining (in blue) of the chytrid sporangia shown in (B). Note the presence of an infection plug (arrow) 

and various cell wall thickenings (arrowheads). Red chlorophyll autofluorescence of diatom phaeoplasts highlights the 

suffering of the sporangia-bearing cells. Inset: Encysted zoospore showing a germination tube (arrow) and a small Nile Red-

positive lipid globule (arrowhead). (D) WGA-FITC staining (in green) of a chytrid sporangium in DIC (left) and 

epifluorescence (right). (E) Epifluorescence picture of a Nile Red-stained sporangium, highlighting the lipidic nature of the 

refractive globules observed in the sporangium. (F-G)  Zoospores settled on the valvar surface of Skeletonema, showing the 

refractive lipid globule (arrowhead) and flagellum (arrows). (H) Putative resting spore, with thick cell wall and eccentric 

lipid globule in DIC. The blue colouring observed in DIC stems from the Evans Blue counterstaining of Calcofluor White. 

(I) Epifluorescence observation of an attached zoospore to the putative resting spore shown in (H). Scale bars = 5 μm.   
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Phylogenetic placement of isolate SkChyt5 

Our maximum likelihood phylogenetic reconstruction on the concatenated rRNA encoding 

genes 18S, 5.8S and 28S (Figure 5.2), retrieves the class Chytridiomycetes (sensu Powell & 

Letcher, 2014) and all the major chytrid orders, most of them with a high (> 98% UFBoot) 

support. The core order Rhizophydiales is retrieved with 100% support to the exclusion of the 

genera Batrachochytrium, Entophlyctis and Homoloaphlyctis.  

The isolate SkChyt5 appears to cluster in a highly supported clade containing the family 

Kappamycetaceae and Alphamycetaceae; it falls within the latter family although with very 

weak support (43% UFBoot). In a second reconstruction, consistently with previous 

Rhizophydiales phylogenies (Letcher et al., 2012; Seto and Degawa, 2018), we assessed the 

phylogeny of the order Rhizophydiales using a concatenation of 5.8S and 28S (Figure 5.3). 

Even if the clade composed by Kappamycetaceae and Alphamycetaceae was still retrieved 

with high support (99.2% UFBoot), the overall result slightly changed, by including isolate 

SkChyt5 as a sister clade to Gammamyces ourimbahiensis and Alphamyces chaetifer, with 

moderate support (91% UFBoot). Furthermore the family Alphamycetaceae appeared to be 

paraphyletic, with the genus Betamyces (93.5% UFBoot) clustering as sister clade to the 

Kappamycetaceae.  

Finally, in order to be able to assess the relationships between our isolate and the 

environmental diversity of Rhizophydiales, we computed an 18S-based phylogeny including 

environmental molecular data (Figure 5.4). In this phylogenetic reconstruction, isolate 

SkChyt5 was found to be sister (96% UFBoot) to Betamyces sp. isolate Barr-316 and three 

environmental sequences. The clade composed of Alphamycetaceae and Kappamycetaceae 

was once more strongly supported (100% UFBoot) and encompassed a rich environmental 

diversity from lakes and high elevation soils from around the world.  

Within the 18S of SkChyt5 we identified two intronic sequences, one of which contained a 

CDS encoding a His-Cys box homing endonuclease as per its UniProt annotation (Q8TGE3).  
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Figure 5.2 : Maximum Likelihood reconstruction (1000 Ultra-Fast Bootstraps) of chytrid phylogeny based on three 

concatenated rRNA encoding gene sequences (18S, 5.8S and 28S). Symbols near the species name indicate the presence (*) 

or absence (-) of genes encoding 18S, 5.8S and 28S respectively in the alignment. The chytrid parasitoid of Skeletonema sp. 

SkChyt5 is highlighted in bold (Page 103). 

Figure 5.3 : Maximum Likelihood phylogenetic reconstruction (1000 Ultra-Fast Bootstraps) of the order Rhizophydiales 

based on the concatenated rDNA genes 5.8S and 28S. The chytrid parasitoid of Skeletonema sp. is in bold. 
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Global distribution 

Screening of the Ocean Sampling Day (Kopf et al., 2015) metabarcoding dataset revealed the 

presence of organisms closely related to isolate SkChyt5 in 6 sampling stations across the 

North Atlantic (Figure 5.5).  

Paired reads were from 96.5% to 100% identical to SkChyt5-V4-18S-rDNA and clustered in 

two different OTUs. Reads below an identity threshold of 98.4 % to SkChyt5-V4-18S-rDNA 

clustered in OTU2 (blue in Figure 5.5) and shared a synapomorphy, which was not detected 

in any of the reads belonging to OTU1 (> 98.4 %, red in Figure 5.5) nor in SkChyt5 18S 

sequence (Supplementary Figure 5.7). OTU1 was detected on both sides of the North 

Atlantic, in particular in Raunefjorden (Norway, 60°09'40.4"N, 5°06'54.1"E) and Booth Bay 

(Maine, USA, 43°50'39.8"N, 69°38'27.2"W), the former with a higher number of retrieved 

reads (n=67) as compared to the latter (n=34).  

Reads belonging to OTU2 were retrieved from the European Atlantic coasts only, with the 

highest read abundance (n=67) offshore Pasaia (Basque Country, Spain, 43°20'00.0"N, 

1°55'30.0"W). Weaker read abundances associated to OTU2 have been detected in two 

sampling stations offshore Belgium (n=27 in 51°16'10.3"N, 2°54'16.9"E and n=12 in 

51°26'27.7"N, 3°08'23.8"E) and as far north as the Orkney Islands (n=21, 60°08'36.0"N 

1°16'57.0"W).
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Figure 5.4 : Maximum Likelihood phylogenetic reconstruction (1000 Ultra-Fast Bootstraps) of the order Rhizophydiales 

based on the 18S rDNA, taking into account environmental sequences from metabarcoding surveys. The coloured dots 

besides the entries highlight ecological annotations: freshwater (light blue), soil (brown), high elevation soil/snow/ice (grey), 

marine (dark blue), brackish water (light and dark blue). A red “P” indicates entries known to be parasites. A white dot with 

“?” indicates lack of information. Sequences of known taxonomic affiliation are in bold. The chytrid parasitoid of 

Skeletonema SkChyt5 is highlighted by a larger font. 
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5.5 Discussion  

The overall thallus morphology of the parasitic organism infecting Skeletonema during the 

2016 spring bloom already suggested its inclusion within the Chytridiomycota.  

Zoospores with a single whiplash flagellum and a lipid globule (Figure 5.1 C inlet, F, G), 

later developing in an endogenously generated monocentric thallus (Figure 5.1 B inlet), are in 

line with extant descriptions of chytrid zoospores and with the definition of the Chytridium-

type development given by Sparrow (1960). WGA-FITC highlighted the presence of chitin in 

the sporangia cell wall (Figure 5.1 D),  a characteristic of true fungi useful in distinguishing 

chytrids from other unicellular parasites (Sparrow, 1960). As already observed in previous 

studies (Rasconi et al., 2009), a better labelling of the rather inconspicuous intracellular 

rhizoidal system was obtained with the less selective stain Calcofluor White (Figure 5.1 C 

arrow). Such a reduced rhizoidal system has already been reported for other parasitic 

Rhizophydiales interacting with their algal host via a “peg-like” rhizoid (Van den Wyngaert 

et al., 2017). Calcofluor White staining also highlighted the presence of cell wall thickenings 

on the surface of mature sporangia (Figure 5.1 C), reminiscent of the papillae, later 

developing into discharge pores, reported for many Rhizophydiales (Longcore, 2004; Letcher 

et al., 2015) and other chytrid orders (Simmons et al., 2009; Davis et al., 2016). 

Unfortunately, spore discharge could not be directly observed in our samples; therefore the 

fate of the sporangia wall thickenings remains hypothetical. The rarely observed thick-walled 

structures, bearing a single eccentric lipid globule, clearly remind typical chytridiaceous 

resting spores (Longcore, 2004; Letcher and Powell, 2005; Letcher et al., 2006). In Figure 5.1 

(H-I) epifluorescence microscopy and CW staining highlighted the presence of an encysted 

spore on one of these structures, consistent with one of the modality of sexual reproduction in 

the order Rhizophydiales, where a contributing spore (male  gamete) encysts on a receptive 

thallus (female gamete), to which it transfers its cytoplasmic contents resulting in the 

formation of the thick-walled resting spore (Sparrow, 1960; Van den Wyngaert et al., 2017).  

In line with morphological evidence, the nearly complete rDNA operon obtained in silico for 

isolate SkChyt5 confirmed that this epibiotic parasite of Skeletonema belongs to the order 

Rhizophydiales in the phylum Chytridiomycota. Within this order, our isolate is firmly placed 

within a well-supported group composed of the families Alphamycetaceae and 

Kappamycetaceae (Letcher and Powell, 2005; Letcher et al., 2012). 
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Figure 5.5 : Map showing the distribution of OTUs related to the parasitoid of Skeletonema SkChyt5, as reconstructed from 

the Ocean Sampling Day database. OTU1 (red) comprises reads matching SkChyt5 rDNA-18S-V4 with an identity above 

98,4 %, whilst OTU2 (blue) comprises reads identical to the reference from 98,4 to 96.5 %. The diameter size of the points 

on the map is proportional to the number of reads retrieved in the related sampling station, expressed by the digits within the 

circle. The red star indicates the isolation point of SkChyt5 and the other biological samples used in this study. 

 

However the Skeletonema-infecting chytrid does not clearly belong to any of these two 

families in our concatenated phylogenetic reconstruction (Figure 5.2); instead, isolate 

SkChyt5 clusters sister to the Alphamycetaceae with a very weak ultrafast bootstrap support 

(43%). The family Alphamycetaceae is divided in two main groups; the first composed of the 

genus Betamyces alone and the second composed of the genera Alphamyces and 

Gammamyces. Those two main sub-clades have previously been found not to be supported by 

strong bootstraps (Letcher et al., 2012; Seto and Degawa, 2018), a feature consistent with our 

5.8S-28S phylogenetic reconstruction where the Alphamycetaceae appear paraphyletic 

(Figure 5.3).  

Even if in this latter phylogenetic reconstruction the parasitoid of Skeletonema clusters closer 

to the genera Alphamyces and Gammamyces, any conclusion on the affinity of SkChyt5 to 

extant taxa would be assumptive. In the absence of taxonomically informative features on 

zoospore ultrastructure (James et al., 2000), and of a broader sequenced diversity within the 

Rhizophydiales as comparison, we refrain from any taxonomic treatment of the investigated 
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Skeletonema parasitoid and we adopt the provisional name SkChyt, following published 

guidelines for temporary nomenclature for protists (Berney et al., 2017).  

We used phylogenetic analyses of molecular data from 18S-based metabarcoding surveys to 

assess whether chytrids related to SkChyt shared similar habitats or ecological strategies. 

High bootstrap support (96%, Figure 5.4) places SkChyt5 sister to the saprobe Betamyces sp. 

Barr-316 (Smith et al., 2014) and to a well-supported clade of isolates from freshwater 

Antarctic cyanobacterial mats (Jungblut et al., 2012), a glacier forefield in Tibet (Khan and 

Kong, unpublished) and Japanese lakes (Ishida et al., 2015). No marine isolate clusters close 

to SkChyt5 and only three isolates come from marine/brackish water in our phylogenetic 

reconstruction. This result is likely an artefact due to the undersampling of the marine 

environment, potentially coupled with the marked seasonality shown by chytrids in the 

plankton (Picard, 2017); the latter can be exacerbated in the case of parasites, whose 

ephemeral presence and short lasting dynamics remain often undetected by molecular surveys  

(Garvetto et al., 2018).  

The global distribution of the SkChyt highlighted its presence in coastal areas around the 

north Atlantic (Figure 5.5). Since the Ocean Sampling Day  campaign is limited to coastal 

areas sampled at one time point (21
st
 of June, Kopf et al., 2015), we cannot exclude that 

SkChyt may also occur in the open sea. Likewise, we cannot rule out the hypothesis that a 

strong seasonality for the studied chytrid (possibly driven by its diatom host) might have 

prevented its detection in the southern hemisphere, where Skeletonema is virtually absent 

during the austral winter.  

Indeed, microscopic evidence of a chytrid parasite infecting Skeletonema sp. in the Humboldt 

Current System off central Chile was recently reported, but unfortunately no matching 

molecular data was available (Gutiérrez et al., 2016). This chytrid was hypothesised to infect 

both Skeletonema sp. and Thalassiosira sp. during the austral spring and late summer, 

therefore driving the phytoplankton succession by allowing for the development of blooms of 

the immune diatom Chaetoceros sp. On the other hand, one operational taxonomic unit 

(OTU14) closely related to Betamyces americaemeridionalis ARG063, and therefore to 

SkChyt,  was detected for three years (2008, 2009 and 2011) in co-occurrence with 

Chaetoceros sp. dominated blooms in the English Channel (Taylor and Cunliffe, 2016). 

Although no direct observation of parasitism exists, these results strongly suggest that 

Chaetoceros might be a host of OTU14. Our observations do not allow speculations on the 

infection of hosts other than Skeletonema, since both Thalassiosira and Chaetoceros were 

present only in very low abundances in our samples, and none was found to bear sporangia. 
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The peculiar detached sporangia described in Gutiérrez et al. (2016) were not observed in the 

samples investigated here, where all chytrid thalli grew epiphytically on Skeletonema 

colonies.  

Our screening of metabarcoding datasets highlighted the presence of two OTUs clustering 

around SkChyt5 with an identity varying from 100 to 98.4% (OTU1) and from 98.4 to 96.5% 

(OTU2). Each of them shared synapomorphies on the V4 hypervariable region of the 18S 

rDNA gene (detailed in Supplementary Figure 5.7), suggesting that these two OTUs 

correspond to genuine, distinct taxa. Whether or not the two OTUs retrieved in this study 

belong to different yet closely related species, the possibility that other chytrid parasites 

infecting marine diatoms fall within the clade Alphamycetaceae/Kappamycetaceae should 

also be considered.  

Thanks to the combination of PCR and Hiseq sequencing, we identified an intronic sequence 

one base pair upstream the priming site used for the amplification of the V4 hypervariable 

region; a second intron contains a coding sequence for a homing endonuclease enzyme, 

indicating that it is active and spreading within SkChyt population (Chevalier and Stoddard, 

2001). The presence of intronic sequences, a well-known feature for the 18S ribosomal RNA 

of chytrids and other fungi (Karpov et al., 2017), may therefore interfere with the 

amplification of metabarcodes. It should be envisaged that metabarcoding studies, despite 

their proven power in unveiling hidden planktonic microbial diversity (de Vargas et al., 

2015), may suffer from such biases, especially towards certain taxa.  

We hope that the molecular data provided here will help triggering further investigation on 

the presence and function of marine chytrids, which have the potential to be important drivers 

of phytoplankton dynamics and associated biogeochemical cycles in the ocean. 
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5.6 Supplementary Materials 

 

Figure 5.6 : PCR and in silico reconstruction of SkChyt5 rDNA 

 

 

Figure 5.7 : Synapomorphies detected in OTU1 and OTU2. 
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5.6.1 Bioinformatics details 

 

Trimmomatic: parameters used: java -jar trimmomatic.jar PE -threads 32 -phred33 -trimlog 

SkChyt5_trimming SkChyt5_S2_L002_R1_001.fastq SkChyt5_S2_L002_R2_001.fastq 

SkChyt5_paired1 SkChyt5_unpaired1 SkChyt5_paired2 SkChyt5_unpaired2 

ILLUMINACLIP:FastQC_detected_IlluminAdapters.fasta:2:30:10 SLIDINGWINDOW:4:15 

LEADING:3 TRAILING:3 MINLEN:36 

Adapters detected by FastQC: 

>TruSeq Adapter, Index 4 (100% over 50bp) 

GATCGGAAGAGCACACGTCTGAACTCCAGTCACTGACCAATCTCGTATGC 

>Illumina Single End PCR Primer 1 (100% over 50bp) 

GATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCG 

 

Customised script to retrieve target genes from transcriptome/genome datasets 

#!/bin/bash 

#input: positional arguments:  1) assembled transcriptome or genome (.fasta), 2) seq(s) of 

gene(s) (.fasta) of interest to be searched in the genome/transcriptome  

#usage example: ContigBlaster_V8.sh genome_transcriptome.fas query_seqs.fas 

#step 1: Transform the genome in a BLAST database 

 

for i in $1; do 

BLASTDB=$(makeblastdb -in $i -dbtype nucl -title "$1-BLASTdb" -out "$1"bdb -

parse_seqids) 

Done 

 

#step 2: search the gene(s) of interest in the genome and extract the names of the matching 

contigs and use them to retrieve their sequences. 

#linearizes and shortens the name to produce a fasta as below: 

#>CONTIG1_NAME 

#sequence1atgtgtggttgagcgtagtcgatcgtatagct 

#>CONTIG2_NAME 

#sequence2atgcgcgctgctagtcgtagctagtcgtagct 

#remove useless file and store BLASTdb in a single folder 

#message: how many Hits your gene(s) have in the genome, i.e. how many contigs were 

retrieved by the gene. 

 

for i in $2; do 

SEARCHDB=$(blastn -db "$1"bdb -query $i -outfmt "10" > "$i"_bestHits.csv) 

NAMEXTRACT=$(awk -F "\"*,\"*" '{print $2}' "$i"_bestHits.csv > "$i"_besthits_Ids) 
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SEQSEXTRACT=$(blastdbcmd -db "$1"bdb -dbtype nucl -entry_batch 

"$2"_besthits_Ids -outfmt %f -out "$2"_seqs.fasta) 

LINEARIZE=$(sed -e 's/\(^>.*$\)/#\1#/' "$2"_seqs.fasta | tr -d "\r" | tr -d "\n" | sed -e 

's/$/#/' | tr "#" "\n" | sed -e '/^$/d' > "$2"_blastres.fasta) 

NAMESHORTENING=$(sed 's/len.*//g' "$2"_blastres.fasta > "$2"_contigs.fasta) 

CLEANING=$(rm "$i"_bestHits.csv | rm "$i"_besthits_Ids | rm "$2"_seqs.fasta | rm 

"$2"_blastres.fasta) 

ORGANIZEBDB=$(mkdir "$1"BLASTdb | mv "$1"bdb.* $1BLASTdb)  

echo "$2 have $(grep -c '^>' "$2"_contigs.fasta) hits in $1" 

done 

 

#step 3: BLAST each retrieved contig against GenBank and gather the first 10 hits 

#retrieves the corresponding accession numbers and the contig Id 

 

for i in "$2"_contigs.fasta; do 

BLASTNCBI=$(blastn -db nr -query $i -outfmt "10" -max_target_seqs 10 -

perc_identity 98 -max_hsps 1 -remote > BLAST.csv) 

ACCESSIONS=$(awk -F "\"*,\"*" '{print $2}' BLAST.csv > accessionumbers.txt) 

done 

echo "Accession numbers retrieved... looking for taxonomy" 

 

#step 4: use the accession numbers to retrieve the taxonomy of the organism (according to 

GenBank).  

#produces a .csv file containing the contig ID - 10 accessions and their taxonomy. 

#removes useless files 

 

echo "BLASTing $(grep -c '^>' "$2"_BLASTres.fasta) contigs" 

for i in $(cat accessionumbers.txt); do 

TAXLINAG=$(esearch -db nucleotide -query $i -sort id | efetch -db nucleotide -format 

fasta | awk -F '>' '{print $2}' | sed -n 1p| sed 's/,//g' >> GeneId.txt) 

CONCATENATE=$(paste BLAST.csv GeneId.txt > BLASTtax.csv | sed 's/\t/,/g' 

BLASTtax.csv > BLAST_"$2"_contigs.csv) 

done 

CLEANING2=$(rm accessionumbers.txt | rm GeneId.txt | rm BLASTtax.csv | rm 

BLAST.csv)  

echo "DONE! Output contains: retrieved contig sequences in "$2"_contigs.fasta + 

BLAST results for each contig in BLAST_"$2"_coontigs.csv" 

 

Parameters used for the MOULINETTE script. 

QUERY= SkChyt5_v4_rDNA.fasta; LIST= OSDlist.txt; PERCID= 97; MAXTARGET= 100 

READCOVER= 0.8; EVALUE= 1e-130 
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Chapter 6 - Rediscovering Zygorhizidium affluens 
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6.1 Abstract 

Parasitic Chytridiomycota (chytrids) are ecologically significant in various aquatic 

ecosystems, notably through their role in controlling bloom-forming phytoplankton 

populations, and in facilitating the transfer of nutrients from inedible algae to higher trophic 

levels. The diversity and study of these obligate parasites, whilst critical to understand the 

interactions between pathogens and their hosts in the environment, has been hindered by 

challenges inherent to their isolation and stable long-term maintenance in laboratory 

conditions. Here, we isolated an obligate chytrid parasite (CCAP 4086/1) on the freshwater 

bloom-forming diatom Asterionella formosa and characterised its infectious cycle in 

controlled conditions. Phylogenetic analyses based on 18S, 5.8S and 28S rDNA revealed that 

this strain belongs to the recently described clade SW-I within the Lobulomycetales. All 

morphological features observed agree with the description of the known Asterionella 

parasite Zygorhizidium affluens Canter. We thus provide a phylogenetic placement for this 

chytrid, and present a robust and simple assay that assesses both the infection success and the 

viability of the host. We also validate a cryopreservation method for stable and cost-effective 

long-term storage and demonstrate its recovery after thawing. All the above tools establish a 

new gold standard for the isolation and long-term preservation of parasitic aquatic chytrids, 

thus opening new perspectives to investigate the diversity of these organisms and their 

physiology in a controlled laboratory environment. 
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6.2 Introduction 

Fungi belonging to the phylum Chytridiomycota (i.e. chytrids) are important parasites of 

freshwater phytoplankton (Wurzbacher et al., 2010). Their multifaceted contribution to food 

web dynamics is increasingly recognised (Sommer et al., 2011; Rasconi et al., 2014): chytrid 

infections have been shown to be one of the main factors controlling the density and genetic 

structure of their host population (Gsell et al., 2013; Gsell et al., 2013; Gerphagnon et al., 

2013) with a huge impact on the succession of phytoplankton species and the entire trophic 

food web (Sime-Ngando et al., 2016).  

In particular, chytrid infections of phytoplankton drive the mycoloop, a trophic shortcut that 

facilitates the transfer of organic carbon and key nutrients from inedible phytoplankton to 

higher trophic levels (Grami et al., 2011; Sommer et al., 2011; Kagami et al., 2014; 

Haraldsson et al., 2018). Large and heavily silicified diatom cells are a good example of 

inedible phytoplankton exploited by chytrids, the outbreaks of which can inhibit the 

development of blooms, as observed in Synedra (65.5% prevalence) and Asterionella (51.3% 

prevalence) from lake Pavin and lake Aydat (France) (Rasconi, Niquil and Sime-Ngando 

2012; Sime-Ngando, 2012).  

Studies on the interactions between chytrids and their hosts are rapidly moving from field-

based observations to integrated ‘-omics’ and ‘meta-omics’ investigations, the former 

requiring chytrid cultures and resource pooling. For this purpose however, establishing and 

maintaining pure laboratory cultures of obligate parasites of phytoplankton remains a 

bottleneck. Renewed efforts are currently being made, leading to the successful cultivation of 

chytrids parasitising diatoms (Kagami et al., 2007; Seto et al., 2017), cyanobacteria 

(Sønstebø and Rohrlack, 2011) and green algae (Hoffman et al., 2008; Van den Wyngaert et 

al., 2017, 2018). Short life cycles, usually complete within few days, require frequent 

medium transfer and supply of fresh host to ensure the viability of cultures. This skill- and 

labour-intensive sub-culturing restricts the availability of isolates and makes them potentially 

subject to discontinued maintenance.  

To enable in-depth long-term studies of this group of organisms, there is a need to ease the 

maintenance burden of cultures, whilst also guaranteeing their phenotypic and genotypic 

stability. Cryopreservation is thus an attractive option for long term storage, both reducing 

the time employed in maintaining the culture and the risks associated with serial transfer, 

minimising genetic drift, as well as the possibility of contamination and accidental loss (Ryan 

and Smith, 2004; Day et al., 2005). Whereas several cryopreservation methods have been 
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proposed for Chytridiomycota, further protocol optimisation is needed to achieve quantitative 

recovery of infectivity post-cryopreservation (Gleason et al., 2007). It is widely known that 

cryopreservation protocols need to be adapted to individual species or even strains of the 

same species due to variable susceptibility to cryoinjury (Morris and McGrath, 1981; Ryan et 

al., 2000; Boyle et al., 2003).  

In lakes, the freshwater diatom Asterionella formosa Hassall is one of the principal bloom 

forming diatom species inedible to zooplankton (Kagami et al., 2007; Ibelings et al., 2011) 

and is known to be susceptible to chytrid parasitism (Canter and Lund, 1953; Kagami et al., 

2014). A. formosa is infected by three well-described chytrid species, Rhizophydium 

planktonicum Canter emend., Zygorhizidium planktonicum Canter and Zygorhizidium 

affluens Canter. The morphological similarities among these three species led to initial 

misidentification, later resolved by extensive morphological observation on sporangia 

operculation (Canter and Lund, 1948, 1953). Further studies on zoospore ultrastructure 

confirmed the existence of the three species, whilst also suggesting that the two 

Zygorhizidium species should be separated at a higher taxonomical level (Beakes et al., 1988, 

1993). Subsequently, molecular investigation resulted in placement of R. planktonicum and Z. 

planktonicum into the order Chytridiales and “Novel clade II” (sensu Jobard et al., 2012), 

respectively (Seto and Degawa, 2015). To the best of our knowledge, the phylogenetic 

position of Z. affluens remains to be ascertained with molecular methods, despite it being one 

of the major players in the epidemic outbreaks that control its host population (Canter and 

Lund, 1969).  

Molecular ecology techniques have been applied to investigate chytridiomycosis outbreaks 

and, more generally, to explore fungal ecology in freshwater lakes (Jobard et al., 2012; Ishida 

et al., 2015; Song et al., 2018) and in a range of other aquatic ecosystems spanning deep-sea 

hydrothermal vents (Le Calvez et al., 2009), Arctic Ocean and sea-ice (Hassett et al., 2017) 

and coastal marine habitats (Picard, 2017). Chytridiomycota are an important component of 

the fungal diversity in all aquatic ecosystems surveyed and are often the dominant fungal 

taxon especially in the context of phytoplankton blooms (Taylor and Cunliffe, 2016). Despite 

their prevalence, the bulk of this environmental diversity remains unannotated both 

taxonomically and functionally (“dark matter fungi” sensu Grossart et al., 2016). 

Phylogenetic reconstructions show that novel chytrid lineages are almost entirely composed 

of uncultured organisms (Comeau et al., 2016). Therefore, bringing chytrids into culture is 

needed not only to investigate their biology but also to establish a reference enabling the 

annotation of metagenomic data.  
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Here, we isolated and characterised molecularly and morphologically an obligate chytrid 

parasite on the freshwater bloom-forming diatom A. formosa and described its infectious 

cycle in controlled conditions. Furthermore, we developed a method for the cryopreservation 

of the chytrid that will allow us to continue the studies on this organism. Quantitative data on 

the chytrid life cycle pre and post-cryopreservation was obtained including infection 

parameters (prevalence and intensity of infection, Bush et al., 1997) and host viability over 

time. To our knowledge, this is the first time that a quantitative comparative study on 

infectivity levels after cryopreservation has been done on chytrid parasites. To investigate the 

putative conservation of the relationships within the host-parasite pairing as well as the 

infectivity of the chytrid after cryopreservation, we also propose a double staining method 

based on a combination of two fluorochromes  (calcofluor  white  [CW] and  

carboxyfluorescein succinimidyl ester [CFSE])  coupled with epifluorescence microscopy.   

 

6.3 Materials and Methods 

Sample collection 

Samples were collected in Lake Pavin (45°29’41”N, 002°53’12”E), an oligotrophic deep 

volcanic mountain lake (Z max = 92 m), characterized by small surface (44 ha) and small 

drainage basin (50 ha) areas. A weekly sampling mission was undertaken from March to 

April 2013 during the annual diatom bloom, near the centre of the lake, at the point of 

maximum depth. Twenty litres were sampled using an 8-L Van Dorn bottle at the middle of 

the euphotic layer (estimated from Secchi depth). To eliminate the metazoan zooplankton, 

collected samples were immediately prefiltered through a 150 µm-pore-size nylon filter. The 

filtrate was then concentrated on a 25 µm-pore-size nylon filter collected by washing the 

filter with 0.2- µm-pore-size-filtered lake water, poured into sterilized transparent recipients, 

and then transferred immediately to the laboratory for processing.  

 

Strains isolation, purification and culture conditions 

A. formosa was isolated by micropipetting using a 20 µL glass capillary (BRAUBAND, 

intraMARK, Germany). Single colonies of A. formosa were picked and transferred into 6 

multi-well plates containing fresh sterile Diatom medium (DM, Beakes et al., 1988). The 

diatom was maintained at 20°C under a 12/12h light/dark regime (irradiance~ 64 µmol. m
-2

.s
-

1
). Likewise, colonies of A. formosa infected with one sporangium of the chytrid were 

isolated following the same method and incubated under 15°C using the same light 



Section III – Physiology of the Interaction  Chapter 6: Rediscovering Zygorhizidium affluens 
   

119 

    

conditions as above. A number of strategies were combined to purify these clonal cultures. 

Initially, serial dilution was used, by micropipetting single colonies and inoculating them into 

fresh sterile medium; A. formosa infected with chytrids was then filtered on 50 µm and 20 

µm filter units (Celltrics, PARTEC, Germany); the diatom colonies were retained by the filter 

and then washed into sterile medium. This was repeated until bacteria were the only other 

organisms present in the culture. Once established in culture, the chytrid-A. formosa pairing 

and the uninfected A. formosa strain were maintained by serial transfer every 6 days. 

Specifically, 180 mL 1-week-old A. formosa culture was infected with 20 mL of a 1-week-old 

chytrid culture. All strains used in this study are freely available from the Culture Collection 

of Algae and Protozoa (CCAP) under the following accession numbers: A. formosa CCAP 

1005/23 and chytrid CCAP 4086/1.  

 

Strain Characterisation and Culture Synchronization 

In order to characterise the chytrid strain and quantify the infection process under optimal 

conditions (as described above), a synchronized chytrid culture was studied over six days. To 

get a synchronized chytrid culture; a one-week-old chytrid culture was filtered successively 

through 25 µm, 10 µm and 5 µm nylon meshes to obtain a suspension of fungal zoospores 

(ZP), free of host cells. As previously observed, the filtration process does not affect the ZP 

swimming activity (Kagami et al., 2007). After one week, the chytrid culture was subcultured 

as described above (10% [vol/vol]) into one week-old A. formosa previously grown at 20°C 

under a 12/12h light/dark regime (irradiance~ 64 µmol. m
-2

.s
-1

). Daily, the host density, the 

chytrid life cycle, as well as, the Prevalence (Pr, percentage of infected cells in a host 

population) and Intensity (I, number of sporangia per infected cell) of infection, two classical 

parameters used to study this group of organisms (Bush et al., 1997) were studied. Diatom 

concentrations were determined with a Sedgwick-Rafter counting chamber (Hausser 

Scientific, Horsham, PA, USA). To determine the Pr and I, 1mL of the chytrid culture was 

stained with the fluorochrome calcofluor white (CW final concentration, 2.5% [vol/vol]) and 

examined using UV excitation (405 nm) under an inverted Zeiss Axioskop 2 epifluorescence 

microscope (Carl Zeiss, Germany). Systematically, 100 colonies, representing at least 400 

cells were examined and both, the prevalence and intensity of infection as well as the chytrid 

life stage and morphological characteristics, were recorded. 
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Transmission electron microscopy 

Fixation of biological material for transmission electron microscopy was achieved by 

combining protocols from Beakes et al. (1988) and Murúa et al. (2017). Briefly, the fixation 

buffer solution was prepared with 2.5% glutaraldehyde, 0.1 M cacodylate buffer (pH 7.0) and 

0.5% caffeine in DM; whilst a washing buffer was prepared with 0.1 M cacodylate buffer in 

DM. 200 mL infected cultures and uninfected controls were harvested at 24 and 78 h.a.i. by 

filtration through syringe-driven 5 μm cell strainers (Pluriselect, Germany). A previous 

filtration step on 50 μm cell strainers was occasionally added to avoid filters clogging when 

clumps of cell were visible in the culture flask (usually in infected cultures 78 h.a.i.). Filters 

were kept moist with DM, cut by scalpel and soaked into 1 mL TEM fixation buffer for 1 

hour in 1.5 Eppendorf tubes therefore allowing the cells to get in suspension. Filters were 

discarded and Eppendorf tubes were centrifuged for 15 minutes at 2 X g to pellet the cells. 

Fixation buffer was carefully removed by pipetting, the pellet resuspended in washing buffer 

and the tube centrifuged with the same parameters. The washing procedure was repeated 3 

times. Pellets were then embedded in 2 % warm (60 ˚C) DM agar on ice to avoid cell 

disruption by heat, and soaked in 1 mL washing buffer. Samples were sent to Aberdeen 

microscopy facility (Institute of Medical Sciences, University of Aberdeen) and stored at 4 

˚C, waiting further processing. Samples were then fixed in 1% OsO4 and washed once with 

OsO4 buffer (100 mM sodium cacodylate in PES). Subsequent dehydration was carried out 

by ethanol series (1 hour 30%, 1 hour 50%, 3 hours 70%, 3 hour 95% and three series of 

100% acetone, 3 hours each). Infiltration with Spurr’s resin was subsequently performed 

through incubation for 12 h each in a series of Acetone:Spurr’s mixtures: 7:1, 3:1, 1:1, 1:3, 

1:6; until finally being incubated in 100% Spurr’s resin and polymerized at 60 – 70 ˚C. 

Samples were then sectioned at 90 nm using a Leica UC6 ultramicrotome and placed on 

copper grids before being contrast stained with Uranyl Acetate (Ultrostain 1, Leica 

Microsystems) and lead citrate (Ultrostain 2).  Sections were imaged using a JEM- 1400 Plus 

(JEOL) TEM with an AMT UltraVue camera. 

 

Retrieving CCAP 4086/1 rRNA genes 

A transcriptomic database generated from the pathosystem involving the chytrid CCAP 

4086/1 and A. formosa CCAP 1005/23 was queried for the presence of the parasite and its 

host. Briefly, reads for each sample were quality checked with FastQC (Andrews, 2010), 

trimmed using Trimmomatic (Bolger et al., 2014), quality checked a second time (FastQC) 

and then each sample lane-wise assembled via Trinity (Grabherr et al., 2011). Using BLAST 
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and NCBI E-utilities de novo assembled contigs from a heavily infected sample of A. formosa 

and CCAP 4086/1 were queried  to obtain rDNA belonging to the host diatom and the chytrid 

parasite using GenBank 18S rDNA sequences of A. formosa (HQ912633) and “Uncultured 

Chytridiomycota Ay2007E7” (JQ689413). Contigs whose similarity to the query sequences 

was above 95% were further BLASTed against GenBank and via this procedure contig 

TRINITY_DN14199_c0_g7_i3 (4.962 bp containing 18S, ITS1, 5.8S, ITS2 and 28S) has 

been identified as belonging to the chytrid parasite (99.48 % identity to JQ689413 over 1162 

bp) and subsequently chosen as genetic marker for further phylogenetic analysis. The rDNA 

sequence is available in GenBank under the accession number MH626496. 

 

Phylogenetic analysis   

We assembled a dataset of the 18S, 5.8S, and 28S rDNA sequences of chytrids based on the 

work of Seto et al. (2017) in order to encompass all the known molecular diversity of chytrid 

parasite of A. formosa. Since preliminary findings pointed towards an inclusion of CCAP 

4086/1 into the recently established order Lobulomycetales (Simmons et al., 2009), long and 

informative rDNA sequences within this order were included in the tree (Simmons et al., 

2012; Seto and Degawa, 2015; Van den Wyngaert et al., 2018). Finally “Uncultured 

Chytridiomycota Ay2007E7” was included as best GenBank match against CCAP 4086/1 

and three 18S sequences from environmental surveys (uncultured fungi 3c-D9, 5-C10 and 

VM3-110) matching with ID values > 95% the query sequence were also added to our dataset 

(Majaneva et al., 2012). Sequences were aligned in Geneious 6.1.8 (Kearse et al., 2012) 

using MAFFT (Katoh et al., 2002), manually checked and trimmed for the presence of 

introns. In IQ-TREE 1.5.5 (Nguyen et al., 2015) substitution models best fitting the data were 

assessed for each gene separately via ModelFinder (Kalyaanamoorthy et al., 2017), resulting 

in TIM2+R5 (18S and 28S) and TPM2+I+G4 (5.8S). A concatenated alignment was analysed 

in the same software using a partitioned model (Chernomor et al., 2016) under the –spp 

option, i.e. allowing each gene to evolve at its own speed, and a maximum likelihood tree 

was inferred using a bootstrap test of phylogeny with 1000 replicates.  

 

Diversity assessment in environmental barcode datasets 

An in-house script combining EDirect and SRA Toolkit utilities referred to as 

MOULINETTE (Gachon et al., 2017) was used to screen ~19,000 metabarcode datasets from 

projects deposited in the NCBI Sequence Read Archive (SRA). Those were selected using the 

keywords “Freshwater”, “Lake”, “Wastewater” and “Aquatic” (see Gachon et al., 2017  for 
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details). Briefly reads are retained when at least 97% identical over 80% of the length of the 

query sequence (in this case CCAP 4086/1), extracted, paired and filtered (expected error 

over 1.0). Paired reads that survived the filtering process were then clustered into OTUs using 

usearch (v9.1.13, Edgar, 2010). All OTUs were then aligned to reference Lobulomycetales 

sequences, including the parasite CCAP 4086/1, using MAFFT (Katoh et al., 2002). A ML 

tree (1000 bootstrap) was inferred using IQ-TREE 1.5.5 (Nguyen et al., 2015) and 

ModelFinder (Kalyaanamoorthy et al., 2017) to assess the best fitting model of molecular 

evolution (i.e. HKY+R3). 
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Figure 6.1 : Schematic representation of the cryopreservation procedure (left, gray flasks) and control conditions (right, 

black flasks). An inoculum of a three-day-old infected culture (A) was mixed with the cryoprotectant DMSO (B) in a 

cryovial. The chytrid culture was then cryopreserved using a two-step cooling approach involving initial controlled-rate 

cooling followed by plunging into liquid nitrogen. Immediately after thawing, the samples were inoculated into cell culture 

flasks containing 3-fold more fresh A. formosa CCAP 1005/23 (C) to allow the development of chytrid CCAP 4086/1. 

Finally, DM (D) was added to dilute the DMSO 10-fold, avoiding possible toxicity. Viability was assessed by cell counts 

and subsequent determination of prevalence and intensity of infection. 

 

Cryopreservation  

A range of cryoprotectants, cooling and thawing procedures were tested on cultures at 

different life stages (Table 6.1). After this initial screen, the following optimal protocol was 

used for all subsequent experiments. Cultures were cryopreserved in triplicate, using 
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dimethyl sulphoxide (DMSO, 10% [v/v]) as a cryoprotectant and following a two-step 

cooling approach involving initial controlled-rate cooling followed by plunging into liquid 

nitrogen. Three day-old infected cultures were employed since they had both a high 

prevalence and a low intensity of infection. Aliquots of the chytrid-A. formosa pairing 

(0.5mL) were dispensed into cryovials (Greiner Bio-One GmbH, Germany). DMSO (Sigma-

Aldrich Ltd., UK), was filter-sterilized in sterile DM medium to a final concentration of 20% 

[v/v] using a 0.20μm sterile syringe filter (ANACHEM, UK). An aliquot (0.5mL) of the 20% 

[v/v] DMSO solution was added to the harvested cells to give a final DMSO concentration of 

10% [v/v]. This was then incubated at room temperature (~20°C) for 20 minutes prior to 

cryopreservation. The cryovials were then transferred to a controlled rate cooler (Kryo 360 

3.3, Planer plc, UK), cooled at 1
o
C.min

-1
 between 20

o
C and -40

o
C. After being held for a 

further 15 min at -40
o
C, the cryovials were rapidly removed, plunged into liquid N2 and then 

transferred to a cryostorage container filled with liquid N2. To investigate the potential effect 

of the DMSO in the infectivity pattern of the chytrid, the same procedure (except for the 

cryopreservation/cooling of the samples) was followed to establish 3 control replicates. After 

incubation with DMSO, the control samples were inoculated into 9 mL sterile DM to dilute 

the DMSO ten-fold and an inoculum of the diatom host (3 fold more than the density in the 

initial sample) was added. The control replicates were then incubated under the same light 

and temperature conditions used for the cryopreserved samples (see Thawing and recovery 

section), and sampled daily for 6 days by removing 1mL and inspecting at least 100 A. 

formosa colonies (Figure 6.1). For each colony encountered, the number of A. formosa cells, 

their viability, number of chytrid in each cell as well as the chytrid life cycle stage were 

recorded. 

 

Thawing and recovery  

After 1 week, the samples were transferred in liquid N2 from the cryostorage facility to the 

lab. They were then thawed by direct immersion in a preheated water-bath at 30°C and were 

removed as soon as all visible ice had melted. Immediately after thawing, the samples were 

aseptically inoculated into 50 mL cell culture flasks containing fresh A. formosa CCAP 

1005/23 to allow the development of chytrid, in the proportion of 1 thawed: 3 fresh A. 

formosa cell. The flask was topped up with 9 mL sterile DM to dilute the DMSO ten-fold. 

The flasks were then transferred at 15°C under reduced light intensity (irradiance of ca. 12 

µmol photons.m
-2

.s
-1

) and a 12/12h light/dark regime for the first 24 hours to reduce potential 

light-induced stress (Day et al., 2005). The samples were then incubated at an irradiance of 
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ca. 64 μmol photons.m
2
.s

-1
 for another 6 days to generate sufficient material to undertake 

post-preservation functional stability assessment. 

 

Table 6.1 : Regeneration of viable cultures of CCAP 4086/1 using various cryopreservation procedures and a range of 

developmental stages of chytrid culture 

  Regeneration obtained with the following conditions and thawing temp (C˚) 

  Nalgene   Controlled cooler 

  10% Glycerol   10% DMSO   10% Glycerol   10% DMSO 

Stage (culture age, 

days) 30 40   30 40   30 40   30 40 

Zoospores only No No 

 

No No 

 

No No 

 

No No 

I (1) No No 

 

No No 

 

No No 

 

No No 

I, II, III, and IV (6) No No 

 

No No 

 

No No 

 

No No 

III (3) No No   No No   No No   Yes Yes 
 

 

 

Figure 6.2 : Infected A. formosa stained by CW and CFSE in bright-field (A) and UV (B) illumination as observed by 

optical microscopy. D, dead cell; L, living cell; C, chytrid. Scale bars, 10 μm. 

 

Post-cryopreservation viability assay 

To assess post-cryopreservation viability, we developed a double staining method including 

carboxyfluorescein diacetate succinimidyl ester (CFSE) used as a vital stain (Müller et al., 

2008) together with the fluorochrome calcofluor white (CW), allowing us to simultaneously 

assess the viability of the diatom host and stain the chytrid cell wall (Figure 6.2). CFSE in the 

form of a 10 mM stock-solution in DMSO was freshly prepared and added to the samples to 

give a final concentration of 2 µM and then the cells were incubated at room temperature for 

15 min (Gachon et al., 2006). Following this, CW was added to the samples as a 2.5% [v/v] 
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final concentration following the protocol of Gerphagnon et al. (2013) and incubated for a 

further 10 min before examination under a Zeiss Axioskop 2 epifluorescence microscope 

(Carl Zeiss, Germany) fitted with 100W UV illumination and two filter sets: type 09 filter 

(excitation: 450-490 nm, dichroic mirror: 510 nm, emission: long path 515 nm), and type 02 

filter (excitation: 365 nm, dichroic mirror 395 nm, emission: long path 420 nm). Chitin walls 

stained with CW were examined using UV excitation (405 nm); viability of diatoms stained 

with CFSE was explored under blue light illumination (488 nm) using UV light excitation. 

Micrographs were taken with an AxioCam HRc camera (Carl Zeiss, Germany) using the 

AxioVision software, version 4.7.1 (Carl Zeiss, Germany). Viability of thawed samples was 

estimated by systematically inspecting at least 100 A. formosa colonies. For each colony 

encountered, the number of A. formosa cells, their viability, number of chytrid on each cell as 

well as the chytrid life cycle stage were recorded to elucidate the prevalence and intensity of 

infection (Bush et al., 1997).  These parameters were recorded 6 days (~2 life cycles) after 

thawing to allow the culture to recover from the stress induced by the cryopreservation 

method. After this, a new inoculum of the diatom host (3 fold cell/cell) was added to allow 

the development of the infection, and then repeated the same counts after periods of 3 days 

(~1 life cycle) for 3 times, adding a new inoculum of the host (3 fold) each time. Following 

this, the samples were left for 3 days under normal conditions and a new inoculum of the host 

(3 fold) added; the samples were then left to develop a normal infection and the counts were 

repeated to be able to compare the infection levels after 2 life cycles (~6 days) post-

cryopreservation with the control. All the procedure is summarized in Figure 6.1.  

 

Statistical Analysis 

Due to the non-normal data, differences in the prevalence and intensity of infection among 

dates and experimental conditions were tested with the nonparametric Kruskal-Wallis, 

followed by a Mann-Whitney pairwise comparison with Bonferroni correction. All statistical 

analyses were conducted using PAST 3.08 

(http://palaeo-electronica.org/2001_1/past/issue1_01.htm). 

 

http://palaeo-electronica.org/2001_1/past/issue1_01.htm
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Figure 6.3 :  Life cycle of Zygorhizidium affluens CCAP 4086/1. (A) Spherical zoospore with posterior flagellum (F), lipid 

globule (LG), and nuclear cap (NC). (B) Encystment of zoospores to diatom cells. (C) Development of a zoospore into 

a young sporangium (stage I) and appearance of a germination tube (GT). (D and E) Development of a young 

sporangium followed by further maturation with visible zoospores inside (stage II) and rhizoid (R) growth into the 

host cell. (F) Fully mature sporangium with numerous zoospores inside (stage III). (G) Empty sporangium after 

release of zoospores (stage IV). (H) Sporangia at stages I, II, and III stained with CW. Note the ring-shaped shade 

(RS) on the mature (stage III) sporangium. (I) Operculate (OP) empty sporangium (stage IV) stained with CW. Scale 

bars, 5 μm. 

 

 

6.4 Results  

Morphological and ultrastructural characterisation of chytrid strain CCAP 4086/1 

The progression of the chytrid through its life cycle is described in Figure 6.3. Dissemination 

is ensured by a spherical zoospore (2-3.7 µm of diameter) bearing a posterior flagellum (F), a 

large lipid globule (LG) and a crescent-shaped nuclear cap (NC) (Figure 6.3 A). The spore 

swims towards the host cell and encysts at its surface (Figure 6.3 B). The initial phase (stage 

I, Figure 6.3 C) corresponds to the direct development of the zoospore into a young 

sporangium (endogenous development), characterised by the appearance of a germination 

tube (GT) which penetrates the diatom wall on the girdle region. It is followed by a 

maturation phase that comprises the development of the young sporangium and the growth of 

the germination tube into the host cell (Figure 6.3 D). This is followed by the differentiation 

of visible zoospores inside the sporangium, as well as the growth of a mainly unbranched 

(rarely laterally unibranched) rhizoid (R) into the host cell (stage II, Figure 6.3 E). Finally, a 

fully mature sporangium with numerous zoospores inside is produced (stage III, Figure 6.3 
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F). During the dehiscence phase, the mature sporangium releases zoospores via a lateral 

operculum (rarely basal or apical). The first sign of operculation can be observed with 

calcofluor White staining as a ring-shaped shade on the sporangium (Figure 6.3 H, RS). The 

operculum (OP) is rarely seen attached to the empty sporangium, most often detaching 

completely from it. The sporangium keeps its shape after spore release (stage IV, Figure 6.3 

G). No sign of sexual reproduction or resting spores formation was observed in the cultured 

strain CCAP4086/1. 

 

TEM observations 

TEM observations on the pathosystem Asterionella formosa / Zygorhizidium affluens were 

consistent with the ones in Beakes et al., 1992. As in Beakes’ work despite the asynchronous 

nature of the studied cultures, we were able to infer a temporal sequence of chytrid 

development. Encysted spores (Figure 6.4 A) lack a flagellum and the ER-delimited ribosome 

core typical of Z. affluens zoospore is already dispersed. In Figure 6.4 A the close association 

of the lipid globule (LG), nucleus (N) and mitochondrion (Mt) as well as the presence of a 

lipid globule-associated microbody (Mb), all traits observed in zoospores (Beakes et al., 

1988), still subsist but these features disappear in later stages of development.  

Cysts germinate in a ~ 0.4 μm wide germ-tube (Figure 6.4 B, GT) surrounded by a cell wall 

of the same thickness as the one around the cyst body (~ 50 nm). At this stage of 

development a peculiar structure, here called rhizoidal root (Rh.r) was observed (Figure 6.4 

B, Rh.r). This structure was found at the proximal end of the germ tube, within the 

cyst/sporangium body. The rhizoidal root is composed of large electron transparent vesicles 

likely originating from the Golgi apparatus as already hypothesised by Beakes et al., 1992 

(Figure 6.4 D, G/ER).  

Young sporangia were characterised by many lipid globules and small peripheral electron 

opaque vesicles (Figure 6.4 C and D, arrowheads). In agreement with previous studies 

operculum (Op) formation precedes zoospores cleavage (not shown), and is characterised by 

the formation of a circular thinning of the sporangium, i.e. the opercular rim (Figure 6.4 E 

and F, Op.r). Fibrillar material perpendicular to the chitin wall detaches the latter from the 

cytoplasm in mature sporangia (Figure 6.4 F, Fb).  

Zoospores are generated through cleavage furrows (Figure 6.4 E, CF) separating cytoplasmic 

masses aggregated around one lipid globule and containing mitochondria (Figure 6.4 E, LG 

and Mt). Cross sections of flagella and flagellar axonemes were visible in mature sporangia 

(Figure 6.4 E and F, asterisks). In one occasion a single zoospore was found within a 
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sporangium and a longitudinal section of the flagellum highlighted the presence of an 

electron dense flagellar plug at the base of the flagellum, consistent with the taxonomic 

description of Z. affluens (Beakes et al., 1988; Figure 6.4 G, Fl.p).  

Empty sporangia feature a septum dividing the abandoned rhizoid system from the 

sporangium body, still containing fibrillar material (Figure 6.5 H inset, S and Fb). Thorough 

investigation of the rhizoid, penetrating the host’s frustule (Fr) through the girdle bands, 

found it filled with membranous structures (Figure 6.5 I-M). Such membranous structures 

could be divided into loose electron transparent vesicles reminiscent of the pattern associated 

with the rhizoidal root (Figure 6.5 J-M, lm) or in a coarser  electron opaque pattern, more 

similar to the cytoplasm observed in cysts and growing sporangia (Figure 6.5 M, om). 

Osmiophylic bodies similar to the one observed in cysts cytoplasm were also observed in the 

rhizoid system (Figure 6.5 I and J, arrowheads). Septa other than the one separating the 

sporangium body from the rhizoid were observed in one instance, although the possibility of 

a sectioning artefact cannot be ruled out completely (Figure 6.5 I, S).   

 

Molecular characterisation of chytrid strain CCAP 4086/1    

In the concatenated maximum likelihood (ML) tree of 18S, 5.8S and 28S rDNA sequences, 

CCAP 4086/1 is firmly placed in the order Lobulomycetales (Figure 6.6); it does not group 

with any other sequenced Zygorhizidium or Rhizophydium species, which all fall in the 

“Novel Clade II” (sensu Jobard et al., 2012) and in the order Chytridiales respectively. 

Together with “uncultured Chytridiomycota Ay2007E7” from Lake Aydat in France (Jobard 

et al., 2012), CCAP 4086/1 defines a novel clade (100% support). The latter is sister to a 

second well-supported (100%) clade that contains uncultured chytrids from the Baltic Sea 

(3c-D9, VM3-110, 5-C10; Majaneva et al., 2012). In turn, these two clades are sister to the 

recently described chytrid parasite Algomyces stechlinensis within the robust group (100% 

bootstrap support) named SW-I (Figure 6.66, Van den Wyngaert et al., 2018). Analysis of the 

environmental molecular diversity surrounding CCAP 4086/1 confirms the existence of a 

well-defined SW-I clade (100% support) within the Lobulomycetales and reveals substantial 

diversity within it (Figure 6.7, grey clade). 
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Figure 6.4: TEM micrograph resuming the development of Z. affluens from encysted zoospore (A) to mature sporangium (E-

G). Scale bars 500 nm; except for F, 100 nm. 
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Figure 6.5: TEM micrograph showing details of the sporangium after zoospore release (H) and of the rhizoid system (I-M). 

Scale bars 500 nm for H, I and M; 100 nm for J-L and H inlet.



Section III – Physiology of the Interaction  Chapter 6: Rediscovering Zygorhizidium affluens 
   

132 

    

 
Figure 6.6 : Maximum-likelihood reconstruction (1,000 bootstraps) of chytrid fungal phylogeny based on three concatenated 

rRNA-encoding gene sequences (18S, 5.8S, and 28S). Symbols near the species name indicate the presence (*) or absence  

(-) of genes encoding 18S, 5.8S, and 28S rRNAs, respectively, in the alignment. Species names in bold indicate known 

parasites of the diatom Asterionella formosa. 
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Figure 6.7 : Maximum-likelihood reconstruction (1,000 bootstraps) of the phylogeny of the order Lobulomycetales based on 

the 18S rRNA gene sequences. Alignedreference sequences of OTUs from environmental barcode surveys in aquatic 

ecosystems highlight the hidden diversity of close relatives of Zygorhizidium affluens CCAP 4086/1 (bold) within the novel 

clade SW-I (gray background). 

 

Quantitative data on the life cycle of the chytrid strain CCAP 4086/1 in culture  

In order to obtain a clear understanding of the chytrid development and the diatom viability 

upon infection, we developed a double staining method combining the vital cytosolic stain 

CFSE with the chytrid stain CW. CFSE is a lipophilic molecule that easily permeates the cell 

membrane and it is intracellularly sequestered after hydrolysis by esterases and covalent 

conjugation with cytoplasmic amino groups (Parish, 1999). Therefore, no interaction can 

occur with calcofluor white, which stains extracellular N-acetylglucosamine in the cell wall 

(Herth and Schnepf, 1980; Berglund et al., 1987). It allowed us to follow live and dead 

diatom cells in A. formosa colonies, the number of chytrid per host cell and the 

developmental stage of the chytrid (Figure 6.2, see details in Methods).  

In optimal temperature conditions for the chytrid (15
o
C), the maturation of young sporangia 

occurred in 24 h, as judged from the maturation of stage I and II at day 1 into mature 

sporangia (stage III) at day 2. At day 3, 75.6% of the chytrid population was back to stage I, 

demonstrating that the entire development cycle (transformation of stage I into stage IV, and 

release of new infectious spores) was completed in less than 3 days (Figure 6.8 A). The 

prevalence of infection rose steadily from 12.5±1% to 26.4±0.8% for the first three days, 
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increasing significantly (Kruskal-Wallis test, p value < 0.05) from day 4 to day 6 to reach a 

maximum of 72.7± 3.6% at the end of the experiment (Figure 6.8 B). Accordingly, the 

number of stage I sporangia increased significantly between day 2 and day 3 (37.66±1.5 to 

107.33±3.05 sporangia.mL
-1

, respectively) and then again between day 4 and day 5 

(133.3±6.1 to 378±45.4 sporangia.mL
-1

, not shown). The intensity of infection stayed stable 

for the first four days (1.33±0.07 to 1.34±0.06, at day 1 and day 4 respectively), before 

increasing significantly (p<0.05) to reach 2.79 ± 0.26 at day 6 (Figure 6.8 B).  

 

Quantitative Assessment of chytrid infectivity post-cryopreservation 

Several methods were tested for the cryopreservation of CCAP 4086/1 (Table 6.1). The 

optimal protocol involved DMSO (10% [v/v]) as a cryoprotectant and a two-step cooling 

approach. However, it was apparent that chytrid zoospores lost their ability to swim very 

rapidly and died within minutes during incubation in 10% DMSO. Cultures with a majority 

of stage I sporangia, as well as one week-old cultures, with a high intensity of infection and a 

range of life cycle stages, all failed to survive the process. After several attempts to find the 

optimal developmental stage of the chytrid, it was concluded that a 3-day old culture with 

high prevalence but low intensity of infection and with a majority of mature sporangia (stage 

III) was most suitable to ensure successful cryopreservation. The diatom host did not survive 

cryopreservation, regardless of the conditions used.  

The capability of the chytrid to infect its host after cryopreservation was compared with 

quantitative data gathered from the culture and a control containing 10% DMSO, in order to 

check for the stability of infectivity post-cryopreservation and optimise propagation / 

recovery (Figure 6.8). The use of the vital staining CFSE together with CW allowed 

witnessing the propagation of the chytrid to freshly added diatom cells that had not 

undergone cryopreservation. Initially during the first 2 days, in the DMSO control, the 

prevalence of infection on life cells appeared stable (Figure 6.8 D); however, as the 

prevalence on live cells increased at day 3 to reach 32.9±6.7%, the number of live cells 

started to decline from 1.78.10
4
 to 1.05.10

4
 cells/mL at day 3 and day 6 respectively (not 

shown). This occurred as the development of the chytrid life cycle progressed through a 

majority of young sporangia (stage I) at day 4 exactly when the intensity started to 

dramatically rise from Id4=1.47±0.05 to Id6=2.28±0.91 (Figure 6.8 D).  After this, the young 

sporangia developed into stage II (Figure 6.8 C) at day 5 followed by further maturation over 
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the course of a day into mature and then dehiscence sporangia releasing the zoospores and 

generating a majority of young sporangia again at day 6 (Figure 6.8 C). 

 

 

Figure 6.8 : Chytrid infection development in culture (A and B), under control DMSO conditions (C and D), and after 

cryopreservation (E and F). Chytrid sporangium development (A, C, and E) and prevalence (Pr) and intensity (I) of infection 

(B, D, and F) were assessed over 6 days (A, B, C, and D) or 28 days (E and F). dx/y indicates x days after the yth event with 

introduction of fresh A. formosa cells (see Fig. 6. for details). Panels B, D, and F show means of replicates +/- standard 

deviation.  

Initially, 6 days after the samples were thawed (Figure 6.8 F at d6/1 i.e. at day 6 and after one 

addition of fresh A. formosa host), the prevalence of infection was significantly lower 

(14.8±3.13%, p<0.05) than in the DMSO control at day 6 (54.6±28.1%, Figure 6.8 D), 

showing that the infectivity of the chytrid was reduced by the cryopreservation process. After 

addition of a second batch of fresh host (Figure 6.8 F), the prevalence of infection remained 

low (9.8±3.2%); however, it rose steadily after the addition of a third batch of diatoms. After 

two further additions of bait (Figure 6.8 F, day 6/5), the prevalence of infection in the 

cryopreserved culture finally reached 67.7±10.9%, a level comparable to both the non-

cryopreserved DMSO-containing control (Figure 6.8 D) and the reference culture (Figure 6.8 
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B) at day 6 (P>0.05, 54.6±28.1% and 72.7±3.6%, respectively). At that point, a high 

proportion of the chytrid was at young or maturing developmental stages (stage I and II), 

demonstrating the dynamism of infection. We also verified that the life cycle was completed 

in less than 3 days.  

 

6.5 Discussion 

Identification of CCAP 4086/1 as Zygorhizhidium affluens, and its taxonomic 

implications 

The establishment of a co-culture from a single sporangium of the chytrid CCAP 4086/1 on a 

monoclonal culture of A. formosa revealed that the morphological features and the 

development stages of this parasite are extremely similar to those described for Rhizophydium 

planktonicum (Canter and Lund, 1948, 1953): spherical zoospores with a posterior flagellum 

and a single large lipid globule attach (encyst) to the host frustule where they develop directly 

(endogenous growth) into a eucarpic monocentric sporangium; the rhizoidal system is long 

and thread-like (rarely with a single lateral branch), occupying nearly the entire infected cell. 

However, careful observation revealed the presence of an operculum detaching after zoospore 

release. Coupled with the robust and firm nature of the sporangium that does not collapse 

after spore release, this observation ruled out R. planktonicum as a plausible affiliation for 

CCAP 4086/1 (Canter and Lund, 1948, 1953, 1969). We also ruled out rarely reported chytrid 

parasites of A. formosa such as Species 4 and Species 5 (observed only once in Tarns, Canter 

and Lund, 1953), because they are characterised by an obovoid or irregularly-shaped 

sporangium derived by the asymmetrical swelling of the encysted zoospore, coupled with a 

long, laterally-branched rhizoid, in sharp disagreement with the morphology of CCAP 

4086/1. The peculiar sporangial morphology of Rhizophydium tetragenum, i.e. a tetroid later 

sarcina-like zoosporangium (Pongratz, 1966), made it easy to dismiss this species as a 

possible candidate for our organism.  

Of the remaining described chytrid parasites infecting A. formosa, only Zygorhizidium 

planktonicum and Zygorhizidium affluens are operculated (Canter and Lund, 1953, 1969). Z. 

planktonicum is distinct from both R. planktonicum and Z. affluens on the basis of i) an 

obpyriform sporangium that is taller than broader; ii) a short and heavily branched rhizoidal 

system and iii) the presence of an apical papilla where the operculum is formed (Canter and 

Lund, 1953;  Beakes et al., 1992). This operculum tends to remain hinged to the empty 

sporangium (Canter and Lund, 1953), in contrast to our observations where the operculum 
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had a tendency to be cast off after dehiscence. Similar to CCAP 4086/1, the operculum of Z. 

affluens tends to detach, leaving behind only a long-lasting spherical sporangium with a 

broad lateral opening. The development of the operculum starts with a circular thinning 

usually on one side of the sporangium, observed in TEM and identified as “opercular rim” by 

Beakes (Beakes et al., 1992). A similar feature was observable in mature CW-stained 

sporangia of CCAP 4086/1 and in TEM (Figure 6.3 H, RS; Figure 6.4 E and F, Op.r), 

consistent with a degradation of the chitinous cell wall around the opening of the forming 

operculum. We were also able to detect the presence of a “nuclear cap” in zoospores (Figure 

6.3 A, NC), already reported as a character specific to Z. affluens in bright field optical 

microscopy (Canter and Lund, 1969) and TEM observations (Beakes et al., 1988; 1993).  

In summary, our observations match in all respect the description of Zygorhizidium affluens 

Canter (Canter and Lund, 1969) and distinguish the isolate CCAP 4086/1 from Z. 

planktonicum, R. planktonicum and all other known species of chytrid parasites infecting A. 

formosa. On these premises, CCAP 4086/1 is hereafter named Zygorhizidium affluens CCAP 

4086/1. 

Recent multigene phylogenetic analysis of the rDNA of chytrids morphologically identified 

as Z. planktonicum and Zygorhizidium melosirae Canter emend. confirmed their close 

relationship (Seto et al., 2017) and placed these two species in the so-called “Novel Clade II” 

(sensu Jobard et al., 2012); that is otherwise composed only of environmental sequences. In 

the same study, a multigene rDNA sequence of R. planktonicum was produced, confirming its 

affiliation to the Chytridiales (Lefèvre et al., 2010; Seto et al., 2017). Our data show that Z. 

affluens CCAP 4086/1 belongs to the order Lobulomycetales (Simmons et al., 2009) and is 

thus distantly related to both R. planktonicum and the Zygorhizidium species already 

sequenced.  

The order Lobulomycetales has been described on the basis of genetic markers and zoospore 

ultrastructure (Simmons et al., 2009) and so far contains eight characterised species 

(described in Beakes et al., 1992; Simmons et al., 2009; Lefèvre et al., 2010; Jobard et al., 

2012; Van den Wyngaert et al., 2017), to which metabarcoding surveys added a high richness 

of environmental sequences from habitats including corn rhizosphere (Hussels, unpublished 

data), salt marshes (Stoeck et al., 2003) abyssal hydrothermal vents (Le Calvez et al., 2009), 

alpine snow (Naff et al., 2013) and the Arctic Ocean / sea ice (Hassett et al., 2017). The 

brown and red seaweeds obligate parasite Algochytrops polysiphoniae (Küpper et al., 2006; 

Doweld, 2014) and the recently described parasite of volvocacean algae, Algomyces 

stechlinensis (Van den Wyngaert et al., 2018) are so far the only known parasitic members of 
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the order. In the phylogenetic reconstruction presented here, both Z. affluens CCAP 4086/1 

and Algomyces stechlinensis belong to the well-supported novel clade SW-I (Van den 

Wyngaert et al., 2018). Within SW-I, Z. affluens CCAP 4086/1 groups together with 

“Uncultured Chytridiomycota Ay2007E7”, retrieved from the eutrophic freshwater lake 

Aydat (France), close to lake Pavin where our strain was isolated (Jobard et al., 2012). These 

two organisms are sister to a robust clade composed of three environmental sequences from 

the Baltic Sea (Majaneva et al., 2012, Montonen et al., unpublished), whilst Algomyces 

stechlinensis (basal taxon within SW-I in our phylogenetic reconstruction) infects Eudorina 

elegans in the oligotrophic lake Stechlin (Germany). Within SW-I Zygorhizidium affluens 

CCAP 4086/1 and Algomyces stechlinensis are the only two species for which the ecological 

function is ascertained, being both parasites of microalgae in freshwater habitats. It is worth 

mentioning that environmental 28S sequences from the Arctic Ocean which have been 

coupled to observations of chytrid parasitism on diatoms (Hassett et al., 2017) clustered as a 

sister taxon to the above described group within clade SW-I in the phylogenetic tree 

presented in (Van den Wyngaert et al., 2018). This suggests that algal parasitism could be a 

conserved or widespread ecological strategy within SW-I.  

Our phylogeny agrees with Beakes et al. (Beakes et al., 1988) who already hypothesized that 

Z. planktonicum and Z. affluens belonged to different genera on the basis of zoospore 

ultrastructure. In particular, Beakes observed that Z. affluens zoospores lack microtubule 

roots, Golgi apparatus and a rumposome (fenestrated cisterna; Beakes et al., 1988; 1992; 

1993). The lack of these features together with the presence of an opaque flagellar plug 

bearing extensions are the principal ultrastructural characteristics used to define the order 

Lobulomycetales (Simmons et al., 2009). On this basis, Simmons et al., 2009 already 

hypothesized the possibility of an inclusion of Z. affluens into the Lobulomycetales, in 

agreement with our phylogenetic conclusions. The only zoospore observed in our TEM 

analysis of Z. affluens CCAP 4086/1 bear an electron opaque structure at the base of its 

flagellum (Figure 6.4 G, Fl.p), in agreement with Beakes observations and Simmons 

descriptions of the genus Lobulomycetales.  

OTUs retrieved using Z. affluens CCAP 4086/1 18S gene as a query to screen metabarcoding 

datasets from different aquatic ecosystems support the evidence of a high diversity within 

SW-I, which is confirmed as a well-defined sub-clade in the order Lobulomycetales. Our 

results do not allow us to speculate on the habitat preferences within SW-I, since we did not 

investigate ecosystem others than aquatic ones. However, our results suggest that SW-I can 
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potentially be a high rank taxon within the Lobulomycetales, although this hypothesis will 

need further molecular and ultrastructural data to confirm.  

Overall, our data add weight to the hypothesis that the genus Zygorhizidium is polyphyletic 

and therefore will need revision. For this purpose, more ultrastructural data for CCAP 4086/1 

would be required, together with a better resolution of the position of Z. affluens CCAP 

4086/1 within the SW-I subclade, and ideally, the ultrastructural characterisation of the 

closely related species Algomyces stechlinensis, in order to identify morphological 

synapomorphies defining the clade. Finally, molecular investigation of the type species for 

Zygorhizidium (i.e. Zygorhizidium willei Löwenthal parasitic on the green alga Cylindrocystis 

brebissonii) is required to determine which, if any, between clade SW-I or Novel clade II 

(sensu Jobard et al., 2012) should retain the name Zygorhizidium.      

 

Cryopreservation 

The cryopreservation method proposed here uses the standard cryoprotectant (DMSO) and 

cooling rate already proposed for other fungi (Smith et al., 2001). However previous studies 

have highlighted the need of incorporating the physiological state of the organism and the 

analysis of infectivity post-treatment (Gleason et al., 2007). In the present study, the 

biological condition of the organism pre-cryopreservation was assessed and the comparison 

on infectivity pre and post-treatment investigated to ensure the stability of the culture 

allowing the long-term study of the organism. Samples with a majority of just encysted 

sporangia (stage I) did not survive the cryopreservation process, probably related to the fact 

that they are trophically dependent on their host cell (Ibelings et al., 2004), which also did not 

survive cryopreservation. Likewise, we assume that one-week old cultures with a high 

intensity of sporangia in all development stages did not survive because the host was unable 

to support the further development of the chytrid after thawing. As previously described 

(Boyle et al., 2003), motile zoospores did not survive cryopreservation, therefore we 

hypothesized and experimentally verified that best results would be obtained with stage III 

chytrids that do not trophically rely on the host any more, i.e. mature sporangia full of 

zoospores.  

Once thawed, the zoospores are released and continue the infection upon addition of fresh 

host cells. This addition of fresh host is imperative because A. formosa did not survive the 

cryopreservation process. Repeated inoculation of new host after each life cycle (~3 days) 

allowed the propagation of the chytrid. The decrease of prevalence and intensity of infection 
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observed immediately after cryopreservation was likely due to increased stress levels 

resulting from tissue damage due to ice formation and other cryopreservation-related 

drawbacks (Meryman et al., 1977; Smith, 1983; Smith and Thomas, 1998). However, after 6 

life cycles (~18 days) and 5 inoculums of the host, both prevalence and intensity of infection 

steadily rose to become comparable to those pre-treatment (Figure 6.8 B-D).  

Although cryopreservation protocols must be tailored to species level with specific 

cryoprotectants and cooling rates (Morris and McGrath, 1981; Ryan et al., 2000; Smith et al., 

2001; Gleason et al., 2007), the tools described here are the basis for the appropriate study of 

infectivity pre- and post-cryopreservation. Thus, they illustrate the reliability of the method. 

We hope that the novel protocols established here will ease the maintenance burden of 

obligate chytrid parasites and therefore stimulate efforts into the isolation of novel strains, the 

investigation of their physiology and phenotypic plasticity, and the generalisation of our 

results. We also hope that these protocols may inspire future research on other parasites, for 

example obligate biotrophic plant pathogens. 
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Chapter 7 - General discussion 
 

7.1 Mining microbial diversity in the “omics” era 

Recent technological advances (and mainly the application of NGS techniques and high 

throughput data analysis) have revolutionised the field of microbial ecology enabling 

researchers to acquire huge amounts of molecular data from a diverse array of habitats and 

organisms previously inaccessible. This has widely increased the rate of discovery of 

microbial diversity, far beyond the classical prioritisation towards human or livestock/crop 

pathogens (Castelle and Banfield, 2018). Metagenomics in particular already shed light on 

the roles of many uncultivated prokaryotes in carbon, nitrogen and sulphur cycling, 

inferring their ecological role from the metabolic capacity encoded in their genome (Adam 

et al., 2017; Delmont et al., 2018). Eukaryotic microbial communities have been the target 

of molecular ecology studies as well, via metagenomic, metatranscriptomic but mainly 

metabarcoding surveys, highlighting an unexpectedly high diversity of uncultured 

microeukaryotes both in the sea and on land (de Vargas et al., 2015; Mahé et al., 2017).  

In fact whilst in prokaryotes much functional information for a species is encoded in 

metabolism, and thus in their genomic sequence, eukaryotic microbes dwell in a grey zone 

where, despite the unarguable value of genomic data, much ecological information lays in 

the morphology and behaviour of the cell (Keeling, 2013). Shape and actions are not 

independent from the genome, but ruled by complex and finely regulated multi-gene traits, 

not easily inferred from molecular data. In addition to that, given the sheer size and 

structural complexity of eukaryotic genomes, metagenomics are unlikely to be as 

successful in assembling whole genomes from uncultured organisms as they have been in 

environmental bacteriology (Keeling and del Campo, 2017). Concerning the functional 

interpretation of molecular studies focussing on protists, as stated by the same authors 

(2017) “We lack genomic flags for even the broadest of defined ecological roles such as 

‘parasitic’, or ‘predator’, and most likely such flags simply do not exist”.  

Molecular ecology studies of protists are therefore heavily relying on comparative 

methods, under the assumption that ecological roles can be estimated from the close 

relatives of an organism in a phylogenetic reconstruction. Recent studies validated this 

view by demonstrating that a strong link often exists between phylogeny and function in 

many microeukaryotic taxa (Keck et al., 2016; Ramond et al., 2019). For example, short 

genetic barcodes can successfully be placed in a curated diatom phylogeny and these 
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results used to accurately estimate habitat preferences based on sister taxa (Keck et al., 

2018).  

Nevertheless one cannot ignore obvious caveats when trying to generalise this concept to 

the overall diversity of protists: “rebel” taxa (i.e. organisms with an ecological function 

completely different from their parent taxon, for instance the green alga Polytomella, Smith 

and Lee, 2014); polyfunctional organisms (Zubkov and Tarran, 2008) and even the lack of 

suitable genetic markers for certain clades (Flegontova et al., 2016).  

All these issues bring the spotlight back to the “most important organizing principle in 

biology”, the phylogenetic tree (Hug et al., 2016). The more we gain in resolution and 

understanding of the tree of life the better we will be able to interpret our samples, so the 

focus is today heavily directed towards the study of the neglected branches of microbial 

eukaryotes. Indeed, as far as data interpretation is based on a comparative approach, a 

sample is only as good as its reference. The first section of this thesis deals with the 

detailed exploration of the diversity of oomycete and fungal parasites of diatoms; where 

the application of single cell methods has proven a useful tool to increase our 

understanding of this underinvestigated organisms. 

 

7.2 Making sense of the tree, leaf by leaf and cell by cell. 

Our perception of protistan diversity, and hence of the eukaryotic tree of life, has long 

suffered from the same biases that afflicted all other microorganisms being skewed towards 

easily sampled, cultivable and economically relevant organisms (Castelle and Banfield, 

2018). Recently, improvements in single cell analysis are making it possible to overcome 

the narrow bottleneck of cultivation, thus granting access to the eukaryotic microbial dark 

matter one cell at a time.  

In this thesis we focussed on understudied marine taxa (oomycetes and chytrids) occupying 

an understudied ecological niche (parasites of diatoms) and applied single cell molecular 

techniques to investigate their diversity and ecology. Those were coupled with 

morphological investigation and attempts of cultivation to maximise the information 

gathered and maintain the precious link between identity and function. Furthermore we 

tried to broaden the scope of our study with in silico analyses that contextualised our 

results within the frame of the global efforts in exploring microbial diversity. This hybrid 

approach mixing classical microscopy, modern NGS techniques and bioinformatics starting 

from single cell samples granted access to an unexpected diversity of marine oomycetes 
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(Chapters 3 and 4), so far coarsely overlooked by classical protistology and molecular 

ecology alike.  

Our effort in populating the oomycete branch of the tree of life suggests for those parasites 

of diatoms, a molecular diversity far beyond what was expectable from microscopy 

observations and morphological features. In fact data are supportive of a high diversity for 

marine oomycetes thus challenging the traditional plant pathogen dominated tree topology 

for this phylum (Figure 7.1). Despite the limited number of samples analysed, single cell 

approaches allowed for a fine phylogenetic resolution of parasitic dynamics leading to 

results both exciting and counterintuitive.  

For instance closely related taxa within OOM_1_1 were consistent in their host preference 

(Pseudo-nitzschia australis) across time and space; but infected different diatom species 

(Melosira cf. nummuloides) in the same location (Chapter 3). A second survey 

demonstrated the coexistence of many morphologically and ecologically homogenous, yet 

phylogenetically distant, species of parasitic oomyectes sharing the same habitat and host 

(in one occasion literally the same host cell), thus pointing towards even more complex 

dynamics which might involve parasite-parasite interactions additionally to the classical 

parasite-host ones (Chapter 4). The complexity observed in our investigation further 

support the necessity of integrating single cell approaches to be able to understand the 

biology of these organisms. Data from single cell exploration of diversity (like those 

presented in this thesis) can then be fed back to molecular surveys, strengthening the 

interpretation of observed correlations, or can be used to target the analysis towards 

previously unsuspected interactions all together (for example in the case of Cerataulina 

pelagica and OOM_1_2 in Chapter 3).  

In this context the isolation and molecular characterisation of a chytrid parasite on 

Skeletonema provide a good example of how much the availability of molecular markers 

tightly intertwined with an ecological function can be used to inform the design of future 

molecular ecology experiments (Chapter 5). Additionally, selecting particular taxa or 

organisms based on their function in the ecosystem for single cell molecular analyses 

enables to highlight, when present, peculiarity and issues that might hinder the detection of 

certain groups in much broader studies, such as the presence of active introns inserted in 

routinely used barcode genes (Chapter 5).  

Yet again this approach might serve to detect those keystone species whose relevance is 

widely unappreciated in molecular surveys and design suitable tool for their investigation. 

Overall the exploration of microbial eukaryotes’ biodiversity through single cell methods is 
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a potent tool displaying a strong complementarity with contemporary molecular ecology 

methods, informing it through fine scale functional annotation, but also informed by them, 

when molecular surveys highlight abundant yet underinvestigated clades, thus directing 

single cell analyses and the effort to establish new laboratory models.   
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Figure 7.1 : 18S rDNA based phylogenetic trees of oomycetes. On the left the traditional view, heavily biased towards the diversity of the "crown 

oomycetes", in green (Peronosporales) and light blue (Saprolegniales). The red branch Olpidiopsidiaceae includes mainly marine parasites of red 

algae. On the right a phylogenetic reconstruction integrated with the diversity of diatom parasites (in bold) from our studies and Buaya et al., 2017, 

2019; Buaya and Thines, 2019, showing the important expansion of the diversity in the red branch. Adapted from Beakes and Thines, 2016. 
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7.3 Can RNA sequencing provide a suitable alternative to study neglected eukaryotes? 

If direct investigation of diversity in the field is paramount, establishing models by 

bringing this diversity in the controlled conditions of a lab is still the best way to gain 

experimental knowledge and predictive power on the reactions of said diversity to 

changing conditions. Culturing therefore remains a critical step for a better understanding 

of eukaryotic diversity, and should be attempted in a phylogenetically informed way so to 

fill in the gaps of our knowledge.  

Transcriptomic data have been deemed a suitable way to bypass many of the drawbacks of 

genome complexity when dealing with eukaryotic microbes, providing insights in 

functional genes but decreasing the effect of genome size and issues related with intronic 

regions and repetitive DNA (Keeling et al., 2014). Therefore RNA sequencing could be a 

useful tool to establish reference model organisms for particularly neglected taxa or 

ecological functions, providing their availability in culture. This is a particularly hard 

challenge especially in the study of heterotrophic organisms, which cannot survive on light, 

carbon dioxide and a handful of nutrients alone. Unfortunately recent studies demonstrate 

that much of the unexplored diversity is indeed composed by parasitic and, generally 

speaking, heterotrophic organisms (de Vargas et al., 2015; Flegontova et al., 2016; Mahé et 

al., 2017).  

The establishment and cryopreservation of the pathosystem Asterionella formosa / 

Zygorhizidium affluens is in this respect an important “asset” (Chapter 6). If fungi cannot 

be considered a neglected taxon, since many international projects are especially dedicated 

at increasing the availability of genomic data for this group of organisms (Grigoriev et al., 

2013), the ecological function represented by Zygorhizidium affluens, i.e. fungal obligate 

parasite of diatoms, certainly falls in an underrepresented ecological guild.  

Here we provide an accurate phylogenetic and taxonomic classification, which acquires 

even more importance in this context: I) data on a model organism needs to be available to 

comparatively annotate future studies in a phylogenetically informed way; II) a clear link 

with previous investigations on the same organism, thanks to clarification of its 

taxonomical features, grants the exploitation of this information in the future (Chapter 6). 

A transcriptome analysis has been initiated and, despite results is still missing at the point 

of writing this thesis, we expect to be able to identify key genes involved in the process of 

nutrition and lipid metabolism on the chytrid side, whilst the diatom might provide 

molecular signature for cellular reaction to parasitism (Appendix, Ch. 8). The final aim is 
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to have a first glance in the interaction between a diatom and a parasitic chytrid at the 

molecular level, thus providing a standard to compare metatranscriptomic data (ecological 

perspective) and to be compared with genes involved in plant fungal interactions or absent 

in closely related chytrids (evolutionary perspective).  

 

7.4 Future perspectives: integration of old and new, automated and manual  

The future of research in the ecology and diversity of microbial eukaryote lies in the 

integration of different techniques and tools, rather than in the invention of new ones. In 

this project classical microscopic observations and genome amplification applied to single 

cell was sufficient to highlight an important and undescribed diversity within marine 

oomycetes and, more generally, within diatom parasites providing valuable data for the 

interpretation of metabarcoding surveys. It is likely that such approaches will become 

widely used in the study of microeukaryotes in the field, with the due adaptations to the 

organism of interest.  

High throughput methods have already been tested in small microbial eukaryotes  with a 

synergistic approach between single cell whole genome amplification and flow cytometric 

cell sorting providing interesting results on small heterotrophic stramenopiles (Seeleuthner 

et al., 2018). Given the size of diatoms and the epiphytic nature of some of their parasites 

this example would not fit ours, and other systems. Yet, automated high quality imaging 

have already helped disentangle the ecological dynamic of the infection of the cercozoan 

parasite Cryothecomonas on the diatom Guinardia (Peacock et al., 2014).  

The integration and automatization of single cell whole genome amplification with high 

quality automated imaging will be a big leap forward to integrate ecological functions and 

molecular data, with the additional potential of exploiting archived time series and gather 

information on long term ecological patterns and evolutionary changes. Nonetheless 

prediction of ecological functions based on comparative approaches will still be widely 

used in this field of study, thus the establishment of new model organisms scattered around 

the eukaryotic tree of life remains a crucial step. In case such as ours, where more than one 

organism are involved and intimately linked in a symbiotic interaction, the establishment 

of this model system is even harder.  

Single cell genomics could provide first insight in these interactions as we showed in 

Chapter 5, but the drawbacks are still too many for them to gather real robust genetic 

information on the organisms of interest. On the other hand, the advantages of 
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transcriptomics have been pointed at before and first attempts at single cell whole RNA 

sequencing have been made with microbial eukaryotes (Kolisko et al., 2014). Would these 

approaches become routinely used in the future, it would allow mining the eukaryotic 

diversity at an unprecedented level. 

 

7.5 Final conclusions 

In this thesis we applied single cell analyses and contemporary molecular biology 

techniques to explore the diversity of neglected oomycete and chytrid parasites of diatoms, 

producing new knowledge on their phylogenetic identity, ecology and distribution.  

The application of contemporary molecular biology techniques to a single cell level has 

revealed extremely useful in the characterisation of the ecological role of the investigated 

marine oomycetes and chytrids. Oomycete parasites of marine diatoms cluster in three 

distinct taxa within a coherent group of algal pathogens. Analysis of metabarcoding 

datasets highlighted a broad geographical distribution and a high diversity within this 

group of organisms, which is suggestive of an important ecological role which remains to 

be explored. Their characterisation and the molecular data provided here will hopefully 

trigger more research, further pushing the boundaries of our knowledge and their role in 

the ecosystem.  

Similarly the molecular characterisation of a parasitic chytrid affecting Skeletonema 

provides novel data to shed light on fungal epidemics in marine phytoplankton, potentially 

as impacting as the one described in freshwater habitats. 

The model system Asterionella formosa / Zygorhizidium affluens further moves in the 

direction of characterising novel ecological functions, in this case via the investigation of 

the molecular bases of the interaction between diatoms and chytrid parasites. The 

pathosystem also offers a potential to open the way to the investigation of the immune 

response in phototrophic organisms other than the usual plant models and to gain a novel 

view point on the evolution of parasitism in the fungal lineage. 
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Appendix 
 

Chapter 8 – How to kill a diatom: transcriptomic investigation of chytrid parasitism on 

diatoms  

 

This paragraph features preliminary work undertaken on the transcriptomic dataset issued 

from the pathosystem introduced in Chapter 6 in the format of a draft paper. No results are 

available at the moment of writing this thesis. 
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8.1 Introduction 

Chytrid fungi are important players in aquatic microbial communities were they act 

principally as saprobes and parasites (Frenken et al., 2017). In freshwater habitats, chytrid 

parasites of diatoms have been shown to be capable of influencing their host population 

dynamics by terminating blooms (Ibelings et al., 2011), driving diatom species succession 

(Van Donk and Ringelberg, 1983) and structuring the genotypic pool of their host population 

(Gsell et al., 2013c).  The diatom Asterionella formosa is an ecologically relevant diatom in 

temperate freshwater bodies (Krivtsov et al., 2000) where it dominates the photoautotroph 

microbial community during the spring bloom. A. formosa is a recalcitrant prey for grazing 

zooplankters as per its large cells and colonial habit. Parasitism by chytrids enables the 

transfer of carbon from inedible diatoms to zooplankters via the release of small free living 

fungal zoospores readily preyed upon by cladocerans and copepods in a process called 

mycoloop (Kagami et al., 2014). Asterionella is infected by at least 6 species of chytrids 

(Canter and Lund, 1953; Pongratz, 1966), 3 of which have been extensively studied as per the 

high abundance and strong impact on bloom demises: Zygorhizidium planktonicum, 

Rhizophydium planktonicum (Kagami et al., 2007a) and Zygorhizidium affluens (Rad-

Menéndez et al., 2018).  Recently, cultured pathosystems involving the latter chytrid parasite 

and A. formosa have been used as lab models to investigate changes in the lipid profile from 

the host to the parasite, highlighting how Zygorhizidium affluens concentrates 

monounsaturated fatty acid of algal origin in its zoospores, whilst newly synthesizing a broad 

diversity of sterols, although those do not include the characteristic fungal sterol ergosterol 

(Gerphagnon et al., 2018). This evidence is in line with results from the study of lipid 

metabolism in the Glomeromycota (Schüβler et al., 2001; Parniske, 2008), where 

transcriptomic evidence shows a strong upregulation of lipid biosynthesis and export in the 

plant host during arbuscular mycorrhizal symbioses, supporting the idea that glomeromycetes 

are fatty acid auxotrophs (Luginbuehl et al., 2017). Furthermore, studies on Rhizophagus 

irregularis (Fungi, Glomeromycota) demonstrated the absence of ergosterol in this species as 

well, leading to the hypothesise that the lack of this peculiar fungal lipid evolved as a way to 

avoid triggering the immune response of the plant host during the symbiotic relationship 

(Wewer et al., 2014). Host lipid metabolism is not only an interesting target pathway for 

biotrophic (or hemibiotrophic) parasites aiming at maximise the extraction of resources form 

the host, but is also involved in the manipulation of the host immune response. In the model 

pathosystem involving the marine prymnesiophyte Emiliania huxleyi and its associated virus 
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EhV, on the one hand the infecting agent modulates the production of sphingolipids to induce 

programmed cell death (PCD, Ziv et al., 2016) whilst  triacylglycerols (TAGs) are believed 

to reduce the impact of reactive oxygen species (ROS) (Malitsky et al., 2016). Asterionella 

formosa has been proven an interesting diatom model to study the physiology of chytrid-

diatom interactions even in this respect, with previous reports of plant-like hypersensitive 

response (HR, Canter and Jaworski, 1979) in addition to the recent studies on lipid 

remodelling (Gerphagnon et al., 2018). In an effort to ascertain the taxonomic position of Z. 

affluens the system A. formosa / Z. affluens has been extensively investigated by transmission 

electron microscopy (TEM), providing interesting information on the cellular ultrastructure 

of the zoospore and sporangium of this chytrid (Beakes et al., 1988; Beakes et al., 1992; 

Beakes et al., 1992). In our study, we aim at investigating the interaction of Z. affluens with 

its host during a permissive interaction from the ultrastructural and molecular points of view 

by combining TEM and transcriptomics. Changes in Asterionella expressed genes between 

infected and uninfected cultures will highlight the putative remodelling of diatom metabolism 

by the parasite, whilst two time points at 24 and 72 hours after inoculation (h.a.i.) will 

provide valuable information on the transcription profile of the parasite during its 

development.  

 

8.2 Material and methods  

Biological material 

For more details on the isolation and cultivation of Asterionella formosa and Zygorhizidium 

affluens strains used in this study please refer to Rad-Menéndez et al., 2018. Briefly 200 mL 

of Asterionellla formosa strain CCAP 1005/23 in Diatom Medium (DM, Beakes et al., 1993) 

were grown in 650 mL flasks at 20°C under a 12/12-h light/dark regime (irradiance, ~64 

μmol · m
-2

 · s
-1

). Cultures were maintained by serially transferring a 20 mL 6-days-old 

inoculum of A.formosa CCAP 1005/23 into 180 mL of fresh DM. Zygorhizidium affluens 

CCAP 4086/1 was maintained by infecting 180 mL of 6-days-old culture of A.formosa CCAP 

1005/23 with a 20 mL 6-days-old chytrid inoculum and transferring the co-cultured 

organisms at 15°C (same light conditions described above).  

 

Experimental setup for RNA extraction and Illumina sequencing 

The experimental set-up for the generation of the transcriptome dataset was designed to 

synchronise the onset of the infection and to harvest biological material 24 and 72 hours after 
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inoculation (h.a.i.); aiming at investigating Z. affluens development and the diatom response 

in the early and late stages of infection. Therefore zoospore suspensions free of diatom host 

cells were obtained by successively filtering 6-days-old infected cultures through 25 µm, 10 

µm and 5 µm nylon meshes. The filtration process was found not to affect the swimming 

activity of Z. affluens spores, consistently with previous observations on Z. planktonicum 

(Kagami et al., 2007b). Asterionella formosa CCAP 1005/23 cultures were scaled up to a 500 

mL volume (50 mL 6-days-old inoculum in 450 mL DM medium, same light and temperature 

conditions as described above during 2 weeks) and acclimate for 1 week at 15°C before 

chytrid zoospore (or mock) inoculation. The concentration of zoospores and Asterionella 

cells in the zoospore suspension and in the receiving host culture respectively, were 

established by counting (Sedgwick-Rafter counting chamber Hausser Scientific, Horsham, 

PA, USA). Zoospore density was adjusted to reach a final ratio of 10:1 zoospores to host cells 

in the inoculated 6-days-old A. formosa CCAP 1005/23 cultures. Control cultures were mock-

inoculated with fresh DM. All experimental conditions and counts were done in triplicates. 

The 500 mL cultures were harvested at 24 and 72 h.a.i. by splitting each flask contents into 

ten 50 mL Falcon tubes subsequently centrifuged for 10 minutes at 3000 rpm at 15°C. 

Supernatant was removed and the remaining pellets pooled in one Falcon tube, covered with 

RNA Later and stored at -80°C awaiting extraction and sequencing. Cells were lysed using a 

TissueLyser II (QIAGEN, Germany) by crushing for three times 100 mg subsamples frozen 

in liquid nitrogen for 1 minute at 30Hz with a sample to beads ratio of 1:2. Total RNA was 

then extracted via a Qiagen RNeasy Plant kit (QIAGEN, Germany) as per the manufacturer’s 

instructions. RNA integrity and quantity were assessed via Bioanalyser (Agilent, USA). 

Samples were sent for sequencing at Genoscreen (France) where cDNA Illumina libraries 

were constructed after polyA mRNA selection and paired-end (2 × 150 bp) sequenced with 

Illumina HiSeq2500. Details concerning RNA quality for each sample are presented in Table 

8.1. 
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Table 8.1 : Experimental design and RNA quality for each sample 

  

 

Bioinformatics pipeline 

A diagram summarising the data analysis pipeline used in this study is represented in Figure 

8.1.  

 

Reads processing and de novo assembly of reference transcriptomes 

Raw sequencing reads were quality-checked via FastQC (Andrews, 2010) and MultiQC 

(Ewels et al., 2016); trimmed via Trimmomatic (Bolger et al., 2014) and quality-checked 

again to assess the successful removal of adapters and low quality bases. To generate a 

reference de novo transcriptome for the diatom Asterionella formosa, processed reads from 

all uninfected samples were pooled together and assembled via Trinity (Grabherr et al., 

2011). Reads from infected samples were mapped against A. formosa transcriptome using 

Bowtie2 (Langmead and Salzberg, 2012) and unmapped reads were assembled to generate 

Zygorhizidium affluens reference transcriptome with the same software. The obtained lists of 

transcripts for both A. formosa and Z. affluens were analysed via Transdecoder 

(http://transdecoder.sf.net) in order to detect coding regions (CDs) and generate a list of 

translated peptides from them. Lists of peptides were annotated using EggNOG-mapper 

(Huerta-Cepas et al., 2017) using the pipeline implementing the DIAMOND alignment tool 

(Buchfink et al., 2014).  

  

Further transcriptome analyses to be undertaken 

Reference transcriptomes quality and completeness will be assessed via BUSCO (Simão et 

al., 2015), RSEM (Li and Dewey, 2011) and TransRate (Hibberd et al., 2016); and annotation 

will be pursued and refined via InterProScan (Potter et al., 2018) and Blast2GO (Talon et al., 

2008). RSEM (Li and Dewey, 2011) will be used to map reads against transcripts and 

Time point Organisms Sample ID RNA conc. ng/µL A260 A280 260/280 260/230 Volume µL

A. formosa 4 389.6 9.739 4.371 2.23 2.31 9

A. formosa 10 153.9 3.848 1.743 2.21 2.27 9

A. formosa 11 346.4 8.659 3.866 2.24 2.35 9

A. formosa + Z. affluens 8 231.9 5.798 2.61 2.22 2.32 9

A. formosa + Z. affluens 14 294.4 7,36 3.283 2.24 2.37 9

A. formosa + Z. affluens 15 248.2 6.205 2.787 2.23 2.33 9

A. formosa 19 211.6 5.290 2.399 2.21 2.31 9

A. formosa 20 147.1 3.677 1.663 2.21 2.35 9

A. formosa 24 206.3 5.157 2.325 2.22 2.34 9

A. formosa + Z. affluens 18_bis 252 6.300 2.838 2.22 2.32 9

A. formosa + Z. affluens 30 235.5 5.888 2.664 2.21 2.33 9

A. formosa + Z. affluens 31 230.5 5.761 2.583 2.23 2.38 9

24 h.a.i.

72 h.a.i.

Schematic view
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produce a count matrix to be analysed via edgeR (Robinson et al., 2009) leading to the 

analysis of differential gene expression levels between infected and uninfected cultures. 

 

 

Figure 8.1: Workflow of bioinformatics data analysis pipeline (at the exclusion of assembly assessment steps). 
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