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Abstract 

We characterized molecularly the first freshwater member ever reported for the family 

Bathycoccaceae in Lake Musters (Argentinean Patagonia). Members of this family 

are extremely numerous and play a key ecological role in marine systems as primary 

producers. We cloned a fragment comprising the SSU rRNA gene + ITS region from 

environmental DNA using specific mamiellophyte primers. The unique SSU rRNA 

gene sequence obtained clustered robustly with Bathycoccusprasinos. Analysis of 

the two-dimensional structure of the ITS region showed the presence of a typical 

supplementary helix in the ITS-2 region, a synapomorphy of Bathycoccaceae, which 

confirmed further its phylogenetic placement. We finally discuss the possible causes 

for the presence of this organism in Lake Musters. 
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Introduction 

 

Photosynthetic picoeukaryotes have been recognized as essential primary producers 

in aquatic systems (Li, 1994). The advent of molecular methods revealed a 

considerable phylogenetic diversity in marine surface waters (Diez et al., 2001b; 

Moon-van der Staay et al., 2001) showing the existence of several new deep clades 

of photosynthetic organisms (Not et al., 2012) that most likely play an important 

functional role in these ecosystems. Amongst this diversity revealed by 

environmental DNA studies, mamiellophytes are particularly well represented. These 

tiny organisms comprise the smallest known free-living eukaryote, Ostreococcus tauri 

(>1 µm) which became famous also because of the compaction of its genome, which 

turned it into a model organism for studying eukaryotic genome evolution (Derelle et 

al., 2006). Mamiellophytes are believed to play a considerable role in the marine 

ecosystem. Their pivotal role as primary producers has been shown experimentally 

as they responded positively and strongly to CO2 addition (Newbold et al., 2012). 

Indeed, they were shown to be main primary producers in cold waters such as the 

coastal upwelling zone off central Chile (Collado-Fabbri et al., 2011) and the High 

Arctic (Balzano et al., 2012). At the global scale, they compete against 

picocyanobacteria for this role, being more efficient under fast changing light 

conditions, arguably because the architecture of their eukaryotic genome is more 

plastic than their prokaryotic counterparts (Kulk et al., 2011). Mamiellophytes form 

huge populations in the ocean, reaching densities of 103-105 cells/ml (Countway and 

Caron, 2006). This has been confirmed also by environmental sequencing, where 

related sequences were very frequent, sometimes even dominating photosynthetic 

communities (Fuller et al., 2006; Guillou et al., 2004; Not et al., 2004; Worden, 2006).  
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The presence of mamiellophytes is believed to be marginal in freshwater systems. 

Amongst the five families that compose Mamiellophyceae, only one 

(Monomastigaceae) is common in freshwater; members of family Crustomastigaceae 

have been also reported, albeit rarely (Marin and Melkonian, 2010). A recent 

environmental DNA survey based on pyrosequencing revealed also the existence of 

members of a third family (Dolichomastigaceae) in lacustrine environments (Taib et 

al., 2013). But in spite of the accumulation of genetic environmental data produced 

by next generation sequencing techniques, the presence of Mamiellophyceae or 

Bathycoccaceae has never been reported in freshwater systems. 

In the course of a molecular fingerprinting-based study on diversity of eukaryotic 

plankton in a series of lakes located in Southern Argentinean Patagonia (Schiaffino 

et al., 2016), we obtained a partial SSU rRNA gene sequence affiliated to the 

Mamiellaceae/Bathycoccaceae clade as determined with BLAST (Altschulet al., 

1997). Based on this newly obtained sequence, we designed a PCR strategy to 

obtain (1) a longer SSU rRNA sequences from these lakes in order to place it into the 

mamiellophyte tree, as well as (2) ITS 1 and 2 sequences to confirm its position 

based on the presence of a taxonomically relevant supplementary helix in ITS2. 

 

Material and Methods 

In a previous study (Schiaffino et al., 2016), several lakes were sampled along a 

gradient stretching from Patagonia to Maritime Antarctica. Their pico-eukaryotic 

diversity was screened using Illumina HiSeq and denaturing gradient gel 

electrophoresis (DGGE) approaches. Some DGGE well-represented bands were 

excised and sequenced. These bands were fragments comprising the variable 

regions V1-V3 of the gene coding for the SSU rRNA (Diez et al., 2001a). 
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One of the bands (GenBank accession number KC923042) obtained from Lake 

Musters (Chubut Province, Argentina) was affiliated to order Mamiellales. Thus, we 

designed specific primers to amplify a fragment comprising a large part of the SSU 

rRNA gene and the complete ITS1+2 region of the new putative Bathycoccaceae 

from the original environmental sample. We based our primer design an alignment 

comprising SSU and LSU rRNA sequences of several representatives of the 

Bathycoccaceae/Mamiellophyceae clade, both environmental and derived from 

cultures. We chose the primers to be specific only to this clade and not to amplify 

Monomastigales, which can be common in freshwaters (Marin and Melkonian, 2010). 

The resulting primers were BatSSUF 5’- CCGGGCTTTTTCAAGTCTGGT-3’ and 

BatLSUR 5’-CTTGTCTGAACTGAGGTCAAAAGG-3’. We performed a 40 cycles 

PCR with an annealing temperature of 55°C using Promega’s GoTaq polymerase 

(Madison, Wisconsin, USA). Products (ca. 2kb) were cloned into apCR2.1 Topo TA 

cloning vector and transformed into E. coli TOP10’ One Shot cells (both from 

Invitrogen) according to the manufacturer’s instructions. Clone inserts were amplified 

using PCR primers. White colonies were picked and PCR was performed directly 

without any cultivation step of the bacteria. Sequencing was performed on right-sized 

clones with an ABI PRISM 3700 DNA Analyzer (PE Biosystems, Genève, 

Switzerland) using a BigDyeTM Terminator Cycle Sequencing Ready Reaction Kit (PE 

Biosystems). 

 

Phylogenetic analyses 

The obtained sequence was aligned against a set of sequences of families 

Bathycoccaceae and Mamiellaceae plus some Dolichomastigales 

(Dolichomastigaceae + Crustomastigaceae) that were subsequently used to root the 
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tree. We used an alignment built using Clustal W (Thompson et al., 1994) and refined 

it manually. We built a maximum likelihood tree based on 1660 characters using a 

RAxML algorithm (Stamatakis et al., 2008) as proposed on the Black Box portal 

(http://phylobench.vital-it.ch/raxml-bb/) using the GTR+Г+I model. Model parameters 

were estimated in RAxML over the duration of the tree search. Node robustness was 

estimated by bootstrapping (1000 replicates). 

 

Secondary structure analyses 

ITS sequences were aligned against each other and against Bathycoccus and 

Ostreococcus sequences to identify the parts corresponding respectively to ITS1, 

5.8S and ITS2. The secondary structure model of ITS2 was generated with the 

program MFOLD (Zuker, 2003) which can be used online on the site 

http://www.bioinfo.rpi.edu/applications/mfold/. Results were compared with other 

models of secondary structure developed for other members of Bathycoccaceae 

(Subirana et al., 2013). 

 

Results and discussion 

 

Identity and phylogenetic position of the new phylotype 

Our phylogenetic analysis placed the new SSU rRNA gene sequence within 

family Bathycoccaceae with a total support (100% bootstrap support). Furthermore, it 

branched robustly (93% bootstrap support) together with Bathycoccus prasinos. The 

relatively long branch suggests that our freshwater Bathycoccaceae (hereinafter 

referred as freshwater Bathycoccaceae: FB) and B. prasinos have been separated 

since a relatively long time (Figure 1). All obtained SSU rRNA gene sequences from 

http://www.bioinfo.rpi.edu/applications/mfold/


7 

 

clones were identical. The merged sequence has been deposited in GenBank under 

accession file XXXXX (will be provided upon manuscript acceptance for publication). 

 

The most stable energetically model for FB ITS2 secondary structure included all 

universal 4 helices, and presented also a typical supplementary helix between 

universal helices 3 and 4 (Figure 2). This is reported as a synapomorphy of the family 

(Marin and Melkonian, 2010). The other four canonical helices present bi-dimensional 

structures that resemble that of Bathycoccus prasinos and Ostreococcus tauri (clade 

D) in their global shape; they possess, however, enough differences that should 

grant FB its own generic status once the species will be isolated (Figure 1; Subirana 

et al., 2013). Attempts at isolating FB have not been successful yet, possibly due to 

the likely small size of the organism. The remote location of Lake Musters is also a 

major concern for organizing sampling campaigns. 

 

FB is the only reported case of freshwater inhabiting Bathycoccaceae. In spite of the 

wealth of environmental DNA surveys on freshwater planktonic eukaryotic diversity 

based on traditional cloning-sequencing/fingerprinting approaches (Lefranc et al., 

2005; Lepere et al., 2010; Richards et al., 2005; Slapeta et al., 2005; Wu et al., 2009; 

Zhao et al., 2011) or massive (next generation) sequencing (Charvet et al., 2012; 

Mangot et al., 2013; Taib et al., 2013), no single sequence related to these 

organisms has been detected yet before the publication of (Schiaffino et al., 2016). 

However, all mentioned studies were undertaken in the Northern Hemisphere. 

Conversely, Patagonia has undergone a very particular geological history in isolation 

from other regions (Nullo and Combina, 2011), and has been mentioned as an 

endemism hotspot also for micro-organisms (Fernández, 2015; Woelfl, 2006). Marine 
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transgressions occurred periodically in the Mesozoic and Cenozoic, as well as 

volcanic uprisings (Nullo and Combina, 2011) that may have isolated populations of 

the ancestors of FB, which then adapted progressively to freshwater. Capturing the 

diversity of these organisms in surrounding freshwater systems may allow inferring 

phylogeographical hypothesis on their origin. 

FB is possibly more than a simple curiosity of Patagonian microbiota. While its 

marine relatives are key species in oceanic systems, FB seems to be also highly 

abundant as indicated by the intensity of the corresponding DGGE band (Schiaffino 

et al., 2016), which suggests an important role as primary producers. It represents 

also a unique case of adaptation of a marine clade to freshwater systems, which 

deserves to be studied with the appropriate (genomic) tools once the original 

organism will be isolated and described formally. 
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Figures 

Figure 1  

Maximum likelihood tree based on SSU rRNA gene sequence data, including 

sequences from all Bathycoccaceae species plus some Mamiellaceae. Some 

Dolichomastigales sequences were used to root the tree. The phylogeny was 

constructed using the algorithm RAxML under the GTR+Г+I model. Node robustness 

was estimated by bootstrapping. 

Figure 2 

Reconstruction of the secondary structure of the internal transcribed spacer 2 (ITS2) 

of FB, taking into account the energetically most favorable configuration, built using 

MFold (Zuker, 2003). Each helix of FB (c) is compared to its equivalent in 

Osterococcus tauri clade D (a) and Bathycoccus prasinos (b), re-drawn after 

Subirana et al., 2013. 
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