Novel red algae in the marine coastal picoplankton
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Abstract

Picoplankton, i.e. cells smaller than 3 µm play an important role in the worlds oceans. The eukaryotic portion is highly diverse in that all important algal groups contribute to it. The only major algal taxon not yet found in the picoplankton are the red algae. Here we describe the detection of  red algal sequences in environmental clone libraries from European coastal waters. In phylogenetic analyses these are grouped at the basis of the red algal clade and are affiliated to Cyanidium caldarium and Galdieria sulfuraria. Based on the known novel sequences an oligonucleotide probe was designed specific for a subset of these sequences. With this oligonucleotide probe we detected cells in the picoplankton that probably possess a phycobilin-containing plastid. The novel red algae constitute a minor, but reoccurring, fraction of the eukaryotic picoplankton and they are least abundant in oligotrophic waters.

Introduction

Cells smaller 3 µm (= picoplankton) are an important component of the marine plankton that can contribute more than 50% of the total chlorophyll in areas with nutrient limitations (ref). Therefore the photosynthetic picoplankton has received considerable attention during the last decade. The prokaryotic picoplankton mainly belong to two cyanobacterial  genera , Synechococcus and Prochlorococcus. Perhaps surprisingly also eukaryotic photoautotrophs occur in the picoplankton fraction, the smallest of which are less than 1 µm in diameter. In contrast to the cyanobacterial picoplankton the eukaryotic one is highly diverse in that all major algal groups are contributing to it with the exception of the red algae. Recently,  new algal classes have been detected in the eukaryotic marine picoplankton, e.g. the bolidophytes (ref) and the pelagophytes (ref). Major progress on eukaryotic picoplankton diversity has been made by sequencing of environmental clone libraries. This approach has revealed that especially among the stramenopiles and alveolates novel clades exist that exclusively contain large numbers of potential new picoplankton species (ref). However, for none these novel clades are corresponding morphologies known. 

To date, analysis of the marine picoplankton has been restricted mainly to open ocean waters. This seemed reasonable because “picoplanktonic life” is also an adaptation to low nutrient conditions. The smaller the cell, the larger is its surface to volume ratio, therefore decreasing the diffusion barrier for nutrients. Nutrient and physical living conditions in marine coastal environments are significantly different from open ocean and therefore one might expect to find a different picoplankton community in coastal environments  . As for the open ocean new algal groups may await their detection. 

Here we describe the detection of novel groups of  red algae that constitute a minor fraction in the picoplankton of European coastal waters. We were able to identify corresponding cells in environmental picoplankton samples. 

Materials and Methods

Sampling sites and clone libraries (shall we include a map of Europe here?)

Seawater samples were taken during an annual cycle at three different coastal locations: at Helgoland, North Sea (54o 11.3’N, 7o 54.0’E), at Roscoff in Brittany, and in Blanes close to Barcelona  (Insert lat and logn for each site). An additional sample was taken in April 2000 at the Orkney Islands. Of the four sites Blanes is the most oligotrophic one, followed by the Orkney Islands, Roscoff, and Helgoland.   

For all three sites environmental 18 S rDNA clone libraries were established throughout the years 2000 and 2001 (details will be published elsewhere) on a bimonthly or quarterly basis.  From each library ~ 80-100 clones were analysed by partial sequence analysis (~ 500 bp) using an internal eukaryotic 18S primer (528 F  Elwood et al. 1985). Clone identities were determined by blasting the sequences against various gene banks (GENBANK, EMBL, and RDP) and by including them into an ARB tree. 

Full length sequences and phylogeny

A subset of clones of interest, i.e. 15 of the 27 grouping with red algae in the initial ARB tree (see results), was fully sequenced.  The basis of tree construction was a tree for the red algae recently published by Mueller et al (2001). We used the dataset  from these authors and added full length sequences from putative rhodophytic picoplankton species to the tree. The same outgroup , i.e. the Chlorophyta was used. The tree shown was constructed using neighbour-joining and the TREECON program because this fast algorithm allows the construction of many trees within a reasonable amount of time with bootstrap analyses for different distance methods. First trees were constructed only with full sequences. Then partial sequences were added (i.e. from the Cyanidium caldarium isolates). As a result the bootstrap values decreased because only part of the alignment could be used for tree construction. The tree shown in figure 1 is based on full-length sequences only and the partial sequences were added at their respective positions according to the trees based on partial alignments. Bootstrap values are given for the full-length based tree. The given range corresponds to different distance algorithms. Other programs (PAUP) and tree construction algorithms (Parsimony, ML) produced similar results (not shown). 

TSA FISH 

TSA Fish with environmental samples from Roscoff was done as follows: sea water samples were taken, filtered through 3 µm and then through 0.2 µm. the 0.2µm filters were fixed for 1 hour in X % PFA/ X% GA and dehydrated through a 50%/80%/100% ethanol series. Then .. (Fabrice)

Results

Detection of  putative red algal sequences in environmental clone libraries

Throughout the years 2000 and 2001 in total 15 (7 Roscoff, 6 Helgoland, 1 Orkney, 4 Blanes?) environmental eukaryotic clone libraries were constructed from these  coastal sites , and one from a sample taken in April 2000 at the Orkney Islands. From these in total XXX (->Daniel) partial sequences were determined and aligned to an ARB alignment (Details will be published elsewhere). Of the xxx sequences 27 (= x.x%) formed a cluster at the basis of the red algae (not shown) and were therefore tentatively named “novel red clade”. XX of them where from Helgoland, xx from Roscoff, XX from the Orkneys, and 1 from Blanes. In Helgoland novel red clade sequences were found in the April, August, and December libraries, and peaked in October; none were found in February and March. In Roscoff novel red clade sequences were present in the April, June, and September libraries (-> Khadidja), the single corresponding sequence from Blanes was from the September 2000 library. (here we should have a figure showing the relative abundance of the reds throughout the year in the different libraries, in which case I would need more data from Roscoff, i.e. total number of red sequences versus total number of sequences and the same numbers for the individual libraries). 

Phylogeny of full-length sequences from the red clade 

As a basis for our phylogenetic analysis we used a thorough analysis of red algal phylogeny by Mueller et al. (2001). In their study they identified three independent lineages of Porphyridiales (i.e. unicellular “primitive” red algae) branching out at the basis of the red algae. At the very bottom of the red algal tree they found Galdieria sulfuraria, an ancestral unicellular red alga that lives in hot and acidic springs and is unique with respect to its physiological abilities. 

For our analysis we used the dataset from Mueller at al. (2001) and added 15 full-length sequences from the novel red clade. Also we included three partial sequences (~ 700 bp each) from different isolates of Cyanidium caldarium, another primitive unicellular red alga from hot acidic springs.  The resulting tree is shown in Figure 1. It is very similar to the Mueller et al. (2001) tree and shows the novel red clade sequences at the base of the red algal clade. Depending on the stringency applied concerning the bootstrap values (in this case 80%) one may distinguish up to three different clades within the novel red clade: the most ancestral one groups together with Galdieria sulfuraria. A second group is separated from the aforesaid and is located at the bottom of the remaining red algal clade. The third one groups with a Cyanidium isolate. When the bootstrap criterion is set higher, e.g. at 95%, these separations would collapse and all novel red sequences would be found at the basis of the red tree (not shown). 

It is perhaps surprising that the three Cyanidium caldarium sequences do not group together in our analysis. However, these were only partial sequences of approx. 700 bp and, moreover, these partial sequences did not fully overlap. Therefore the placement of the Cyanidium sequences in the tree is less certain than for the other full-length sequences.

Detection of novel red algal cells in environmental picoplankton samples

In order to visualise cells in the environment that belong to the novel red algal clade we developed an oligonucleotide probe specific for a subset of the novel group (xxxxx sequence, specific for which sequences? -> Daniel and Fabrice). The  oligonucleotide probe did not cross react with known unicellular red algae (e.g. Rhodella violacea, not shown) or other heterkont or chlorophytic algae (not shown) but recognised small cells in environmental samples from Roscoff approximately 3 x 5 µm in size (fig 2). These cells contained an organelle showing an orange fluorescence never observed when the FISH protocol is applied to  chlorophytic or heterkont algae. Therefore we used the same protocol with algae containing phycobiliproteins, i.e. Rhodomonas salina (Cryptophyta) or xxxxxxxxxxx (->Fabrice). Figure 3 demonstrates that a similar orange fluorescence can be observed in the phycobiliprotein containing plastids from these two species. We conclude that the orange-fluorescing organelle seen in the putative novel red alga cells likely is a red algal plastid. 

Discussion

We have demonstrated that novel red algal sequences occur in clone libraries from three different sites of European coastal waters and that they constitute a minor but reoccurring proportion of such clone libraries. Species from the clade seemed to be more abundant during summer and fall and they exhibit lowest abundance in oligotrophic waters as at the Blanes site. This might explain why up to now no such sequences were found in previously published picoplankton clone libraries. All previous published clone libraries form eukaryotic populations were constructed from samples from oligotrophic open ocean samples. Also, only limited numbers of clones were analysed in these studies.  

Phylogenetic analysis of a subset of full-length sequences from the putative red algal clade revealed that these sequences in fact belong to the red algae and that they are located at the base of the red algal clade. This statement is based on the assumption (1) that Galdieria sulfuraria is truly a red alga and (2) that the plastids of red algae and green algae are monophyletic. The latter implies that the corresponding eukaryotic host cells of chlorophytic and rhodophytic plastids are sister groups and therefore the chlorophytes are the correct outgroup. One should at least mention that there are alternative models for the relationship between Rhodophyta and Chlorophyta (Nozaki et al. 2003) and that the use of another phylum as an outgroup may influence the outcome of the tree. 

The closest relatives to the novel red clades are two ancestral unicellular red algae, Cyanidium caldarium and Galdieria sulfuraria and all novel red algal sequences are located at the basis of the red algal tree. None of the novel red sequences is closely related to one of the three known groups of red unicells (i.e. Porphyridiales 1-3 as defined by Mueller et al.). It is likely therefore, that picoplanktonic life was developed early in red algal evolution and may be regarded as a primitive feature. Interestingly this early branching of picoplankton clades was also observed for other groups, i.e. the novel alveolates and the novel stramenopiles. It is likely therefore that the eukaryotic picoplanktonic life style in the oceans has existed already for a long time and that it was invented early during evolution. 

A general short-come of the clone library approach to determine environmental biodiversity is that it is quite straightforward to generate many sequences but much more difficult to actually identify the corresponding organisms. One may use specific oligonucleotide probes deduced from the sequences but, of course, testing these oligos without a positive control (i.e. the cultured organisms) is difficult. This can only be done in a dot blot format and then the hybridisation conditions transferred to FISH.  In principal, this should work but without a positive control one can only  be sure of targeting the appropriate cell if the cell can be identified by sequence analysis. If the cells are abundant, then they can be sorted by flow cytometry and then analysed. With the red algae we were in a very lucky situation because they possess plastids with a unique feature, i.e. the presence of phycobiliproteins. As we have demonstrated these pigments are not removed during fixation and dehydration in the TSA FISH procedure because they are water soluble not ethanol soluble. Moreover they show a significant orange fluorescence. We have demonstrated that there are longitudinal small picoplanktonic cells detectable with oligonucleotide probes specific for the novel red clades and that these cells contain a rhodophytic plastid-like organelle. This finding provides additional evidence that the clustering of the novel red clades at the base of the red algae is not artificial and that these organisms are real red algae. Now that we know about their size and shape, and with the availability of a specific oligonucleotide the basis is set to isolate living cells from the environment. 
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Figure 1

Schematic phylogenetic 18S rDNA-based tree of  the red algae and the novel red clade. The nomenclature of Porphyridiales 1-3 and the other known red groups is according to Müller at al. (2001). Sequences from Helgoland, Roscoff, and Blanes are labelled He, Ra, and Bl, respectively. Numbers give the range of bootstrap support in different neighbour-joining trees based on full-length alignments. 

(Note: there still is a problem in transferring the Powerpoint files into the word document. In the submitted version I will include the original powerpoint file which looks fine. )
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Figure 2 (A)

 Detection of a member of the novel red algae in an environmental sample from Roscoff. 

The figure shows the combined fluorescences of a DAPI stain of the nucleus (blue) and of the Cy3 (?) labelled oligonucleotide probe specific for this clade (green).  There is an organelle in the cell showing an orange fluorescence (see Figure 3). 

(Perhaps we should make figures 2 & 3 next to each other as figures 2a and 2b?) 


Figure 3/2B

Double fluorescence image of Rhodomonas salina (Cryptophyta)

A double fluorescence image of a DAPI stained Rhodomonas salina is shown using wavelengths to induce DAPI and Cy3 fluorescences. Under these conditions the nucleus shows a blue fluorescence whereas the Cy3 fluorescence should be green. This is not visible because the oligonucleotide probe specific for the novel red algae did not bind as was to be expected. Instead the plastid shows an orange fluorescence, similar to that seen in Figure 2. 
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