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Abstract / Résumé 
 

Our understanding of the microbial world is living a true paradigm shift. The advent of 

next generation sequencing in molecular biology, offers, via metagenomics and 

metatranscriptomics, unprecedent measures of both taxonomic and functional biodiversity of 

hitherto hidden worlds. However, as current inference tools mostly rely on species names or 

function names, a significant part of the available meta-omic sequences are currently ignored. 

Improving culture methods and increasing the number of model organisms help to reduce the 

proportion of unknown sequences, but these solutions remain expensive and time-consuming. 

At the present time, bioinformatics methods exist that can exploit the massive amount of known 

and unknown sequences, thus allowing to go beyond our still uncomplete view of the microbial 

communities. In this memoire, I expose bionformatics methods that are currently used in my 

team in order to mine the microbial (meta-)omic dark matter. I notably present the work I have 

recently supervised based on the use of sequence similarity networks and co-oocurence 

networks. These networks enable to study without a priori the adaptative and evolutionary 

processes shaping the taxonomical and functional diversity of protists in the environment. 

 

Notre compréhension du monde microbien vit un changement de paradigme. La 

révolution technologique du séquençage dit haut-débit en biologie moléculaire, offre, via la 

métagénomique et de la métatranscriptomique, des mesures sans précédent de la biodiversité 

taxonomique et fonctionnelle des communautés microbiennes. Cependant, comme les outils 

d'inférence actuels reposent principalement sur des noms d'espèces ou des noms de fonctions, 

une partie importante des séquences (méta-)omiques actuellement disponibles est ignorée. Les 

progrès des méthodes de culture et l’augmentation du nombre d’organismes modèles aident à 

réduire la proportion de séquences inconnues, mais ces solutions restent coûteuses et prennent 

beaucoup de temps. À l'heure actuelle, il existe des méthodes bioinformatiques capables 

d'exploiter l'énorme quantité de séquences connues et inconnues, et qui nous permettent ainsi 

de dépasser notre vision encore incomplète des communautés microbiennes. Dans ce mémoire, 

j’expose les méthodes bionformatiques actuellement utilisées dans mon équipe afin d’explorer la 

« matière noire » omique microbienne. Je présente notamment les travaux que j'ai récemment 

encadrés et qui utilisent des réseaux de similarité de séquences et des réseaux de co-

occurrence. Ces réseaux nous permettent d'étudier sans a priori les processus adaptatifs et 

évolutifs qui façonnent la diversité taxonomique et fonctionnelle des protistes dans 

l'environnement. 





 
 

 

Contents 
Contents 1 

List of figures 2 
1. Foreword - Why and how I became a (demanding) environmental genomicist 3 
2. From collaborations to supervisions 9 
3. State of the art (or brief introduction of my favorite bugs) 11 
3.1. Meta-omics studies and their current caveats 11 
3.2. Protists : from History to current knowledge 15 

Diversity of morphologies, sizes, trophic modes and roles of protists in the ecosystems 15 
History of protists delineation 17 
Overview of protistan phylogeny and evolution (modern studies) 20 
Genomic and transcriptomic of protists 22 
Metagenomic and Metatranscriptomics of protists 30 

3.3. Next challenge: investigating the microbial omic dark matter of protists 36 

4. Investigating the microbial omic dark matter of protists using networks 40 
4.1. Introduction to Biological Networks 40 
4.2. Sequence Similarity Networks 41 

       Selected article 1 # Meng et al., 2018 (Molecular Ecology) 43 
       Selected article 2 # Meng et al., 2018 (Microbiome) 64 
4.3. Co-occurrence or association networks 81 

5. Perspectives: next research and developments - ongoing and future collaborations 87 
Perspective 1: exploring the microbial omic dark matter at the global scale 87 
Perspective 2: from omics to modelisation via the use of traits 88 
Perspective 3: from microbial omic dark matter to evolutionary questions 89 

Final words 90 
6. Career and detailed CV 91 
Glossary 114 
Abbreviations 119 
Bibliographical references 121 
Acknowledgements 131 
Annexes 133 

 	



 
 
 

 2 

List of figures 
Figure 1 - Current microbial genomic data are heavily biased towards bacteria. ........................ 6 
Figure 2 - A monist explanation of speciation processes. .......................................................... 6 
Figure 3 - Schemes of the area of application from the lineage species concept. ...................... 7 
Figure 4 – Evolution of the number of sequencing projects from 1998 to 2017 ....................... 11 
Figure 5 – Decreasing cost of DNA sequencing in the past 10 years ....................................... 12 
Figure 6 – Contribution of different factors to the overall cost of a sequencing project across 

time ................................................................................................................................. 12 
Figure 7 – Approximate size ranges for protists. ...................................................................... 15 
Figure 8 – Ecological and biogeochemical roles of protists in the marine plankton ................... 17 
Figure 9 - Tree of life in 1866 and 1969 ................................................................................... 18 
Figure 10 – The rapidly changing landscape of protistan phylogeny ........................................ 21 
Figure 11 - Relative representation of protists in current databases ......................................... 23 
Figure 12 – Top 25 eukaryotic lineages among databases ...................................................... 24 
Figure 13 – Genome size and gene density for various eukaryote genomes. ........................... 27 
Figure 14 – Geographical origins of approximately half of the strains from the MMETSP. ........ 28 
Figure 15 - A schematic of the major lineages in the eukaryotic tree of life. .............................. 29 
Figure 16 – Genomes and transcriptomes across the eukaryotic tree of life ............................ 30 
Figure 17 – Relative abundance patterns of the most common microbial eukaryotic OTUs in 

Tara Oceans .................................................................................................................... 33 
Figure 18 – The known versus the unknown omic diversity from environmental Haptophyta ... 34 
Figure 19 - Unknown and known components of eukaryotic plankton diversity ....................... 37 
Figure 20 - Similarity of environmental protists to the taxonomic reference database. ............. 37 
Figure 21 – The microbial omic dark matter. ........................................................................... 39 
Figure 22 – Example of a sequence similarity network ............................................................. 41 
Figure 23 - Formalisation of four connected components. ....................................................... 41 
Figure 24 - SSN building and mining. ...................................................................................... 42 
Figure 25 – Abundance of homologous sequences from a symbiotic CC. ............................... 61 
Figure 26 - Diagram of the dataset analysed in Meng et al. in prep. ......................................... 62 
Figure 27 – Summary of ecological interactions between partners of different lineages ........... 81 
Figure 28 - Principle of association network building ............................................................... 82 
Figure 29 – Classical and omics view of the Biological Carbon Pump. ..................................... 84 
Figure 30 – Key bacterial functional categories associated with carbon export. ....................... 85	
 



 
 

 

1. Foreword - Why and how I became a 
(demanding) environmental genomicist  
 

‘‘It is of great use to the sailor to know the length of his line, though he cannot with it 
fathom all the depths of the ocean. It is well he knows that it is long enough to reach the 
bottom at such places as are necessary to direct his voyage, and caution him against 
running upon shoals that may ruin him.’’ 
Essay Concerning Human Understanding (1689), John Locke 
Locke was writing about understanding the tools of human thought, but it is every bit as 
sensible to understand the limits of those tools that contributed to the creation of a 
body of data as well, because these affect our interpretation every bit as acutely. 
(Keeling & del Campo, 2017) 

    
“scio me nihil scire” statement attributed to the greek philosopher Socrate 
… but doubt pushes me forward ! 

 
 

This manuscript is obviously an excellent occasion to “force me” to take few minutes to 

sit and to have a look at the past (since my PhD defense already nine years ago), to make a 

summary of my present research, and to clarify my goals for the coming years. 

 

Since I was a child, I am attracted by Natural sciences and by the exploration of our 

surrounding living world. For my higher education, I looked towards Biology and, quickly and 

clearly, nothing made sense to me except in the light of Evolution. I made a master in 

Systematics and Evolution at the University Pierre et Marie Curie, in Paris, in which I definitely 

enjoyed learning about phylogeny, genetics, molecular ecology, and diversity of eukaryotic 

organisms. At this time, I discovered Paris, its national history museum, and I also travelled for 

the first time to Brittany for a 2 weeks course hosted at the Marine Biological Station from 

Roscoff. Sampling marine macro-organisms and discovering the beautiful tidal variations, under 

the eye of a group of kind and extremely pedagogic professors, showed me the way for my 

future. A few months later, I obtained a PhD bursary and I was able to study for the next three 

years the evolutionary biology and molecular diversity of a red macro-algae lineage. Thanks to 

my supervisors, in the first months of my PhD, I took part to an exotic sampling in the Vanuatu 

and in New Caledonia to collect new specimens, which then kept me busy in Paris to get their 

DNA sequences and to perform various analyses. My Phd thus consisted in building and 

resolving phylogenetic trees and testing methods to delineate species. I rapidly realize the 
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importance of developing pragmatic and pluralistic approaches to reveal the processes leading 

to organisms’ environmental diversity. I definitely enjoyed working with these non-model macro-

organisms and with (relatively for this period, i.e. 2006-2009) big molecular datasets. In the 

second part of my third and last PhD year, my participation to the Marine Ecological and 

Evolutionary Genomics summer course in Roscoff in May 2009, initiated me to metagenomics 

for the first time. It was obviously a decisive event in my career. During this course, Dr. Chris 

Bowler presented the Tara Oceans expedition which was about to start 4 months later. I may 

seem presumptuous, but I knew at this exact moment that this is exactly where I wanted to be 

for the next coming years: working with a growing amount of datasets, with poorly/unknown 

and molecularly complex organisms (i.e. unicellular eukaryotes), tackling diversity, adaptation 

and evolutionary questions from these microorganisms in their environment, exchanging and 

building a common language with scientists from different fields. The same week, I discussed 

with Dr. Colomban de Vargas, and fortunately for me, they were looking for motivated post-

docs. 

 

During my post-docs, from 2010 to 2013, I expanded the scope of my research to 

microbial eukaryotic lineages, studying their environmental diversity using large high-throughput 

sequencing datasets. I jumped into the metagenomics and I notably developed skills in 

microbes field sampling and also in bioinformatics. These post-docs years were extremely 

stimulating and rich in connexions. Since 2010, I work in the international Tara Oceans 

consortium (focusing on open-ocean planktonic communities) and I took part to the european 

BioMarKs consortium (focusing on coastal planktonic and benthic communities), which has 

enabled me to create a strong interdisciplinary network of collaborators, specialized in microbial 

diversity and ecology, functional genomics, bioinformatics, oceanography and notably with 

experts from the biogeochemists and modelers. These consortia offered me 3 years and a half 

of post-doc contracts in excellent conditions, joining consecutively 3 teams in different institutes 

(cf. CV).  

 

In March 2013, during the beginning of my third post-doc, I wrote a project aiming at 

developing a protocol to study the evolutionary and functional adaptations of protists 

(unicellular eukaryotes) via the analyses of transcriptomes and metatranscriptomes. I submitted 

it and I was consequently recruited at Sorbonne Université (former Université Pierre et Marie 

Curie) as associate professor in the team High-Throughput Sequencing Data Analysis in 

Genomics from Professor Stéphane Le Crom. Since September 2013, I am teaching 

Bioinformatics, Evolution and Environmental Microbiology to bachelor and master students, 
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while conducting research on various questions. I must admit, that on one hand, I did not yet 

implement the integrality of my initial research project, principally because I was not successful 

in my grants application (e.g. ANR, ERC), but on the other hand my fruitful collaborations make 

me work on exciting questions, which also allow me to develop my own research interests and 

offer me the opportunity of (co-)supervising master and PhD students. My general line is, as 

long as the analyses are involving unicellular eukaryotic molecular data and are somehow 

related to evolution, adaptation and ecology, I am interested in playing with them !  

 

Since my PhD, I have developed the idea that the majority of the studies from non-

model organisms (e.g. non cultivable organisms, and/or organisms for which no or just few 

molecular data were produced, and/or for which life-cycle is poorly known), and in particular, 

from protists, are still biased by a metazoa-like/anthropocentric vision (del Campo et al., 2014; 

Sibbald and Archibald, 2017) (Figure 1). For instance, diversity studies are still currently 

majoritarily based on metabarcoding data, which might make sense for multicellular lineages, 

but which potentially largely underestimate the number of eukaryotic unicellular lineages 

because of their large effective population sizes (Piganeau et al., 2011), and most certainly 

skewed our vision about their functional and adaptation potentials. A further example, even if 

eukaryotic sex (i.e. cell fusion-making diploid or meiosis-producing haploid cells meiosis) is 

widespread and might be already present in the last eukaryotic common ancestor, the general 

mode of existence of protists is best described by clonally propagating cell lines with episodic 

sex triggered by external or internal clues (Speijer et al., 2015). A ‘classical’ biological species 

concept (sensu Mayr 1942 (De Queiroz, 2007)) may rarely be operational to define evolutionary 

or diversity units (Figure 2). In fact, I am deeply convinced that a metazoa-like/anthropocentric 

(Caron et al., 2009) as well as a prokaryotic vision (Keeling and Campo, 2017) might be both 

barriers to the study and understanding of protists adaptive and evolutionary processes (Figure 

3).
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Figure 1 - Current microbial genomic data are heavily biased towards bacteria (Keeling and 
Campo, 2017) (A) The current number of completed genomic projects (retrieved from the Genomes 
OnLine Database (GOLD) in 2017 (Pagani et al., 2012)). (B) The current number of tag sequencing 
studies using 16S rRNA for bacteria as opposed to 18S rRNA for eukaryotes (retrieved from the 
Sequence Read Archive (SRA) (Leinonen et al., 2011)). (C) The current number of environmental 
metagenomics and metatranscriptomic studies in EBI Metagenomes database (Mitchell et al., 2016) and 
iMicrobe database (http://imicrobe.us/ (Hurwitz et al., 2017)). 

 

 
Figure 2 - A monist explanation of speciation processes (from De Queiroz, 2007).The process of 
metapopulation lineage divergence (speciation) is here illustrating. Progressive darkening and lightening 
of the daughter lineages represent their progressive divergence through time (bottom to top), and the 
numbered lines labeled SC (species criterion) 1– 8 represent the times at which the daughter lineages 
acquire different properties relative to one another (e.g., when they become phenetically distinguishable, 
diagnosable by a fixed character difference, recipro- cally monophyletic, reproductively incompatible, 
ecologically distinct, etc.). Before evolution of the first property (SC1), authors will agree there is a single 
species, and after evolution of the last property (SC8), they will agree there are two. Between these 
events, however, there will be disagreement among authors about whether one vs. two species are 
involved. The ‘gray zone’ is the conflicting zone. Disagreements result from authors adopting different 
contingent properties (species criteria) as the basis for their species definitions. 
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Figure 3 - Schemes of the area of application from the lineage species concept (LSC) proposed 
by (De Queiroz, 2007) (symbolized in yellow)  (adapted from Bittner Lucie’s PhD Manuscript and from 
(Bittner et al., 2010)). Figure SC means species concepts. (A) is a theoretical scheme. Circles symbolize 
the species that have been delimited using different data (in bold) and different species concepts 
(indicated into brackets). Other data and concepts could have been used (i.e. behavioral data, 
caryological data). DNA data can also be split in several circles (for instance one circle per marker). The 
size of the circle is also proportional to the amount of data available (size can vary between the different 
species concept and can change through time). The more the circles are overlapping, the less conflicts 
between species delimitation there are, the more applicable and . If circles are only overlapping on a 
small common area, the LSC is not pertinent. (B) and (C) correspond to application of the theoretical 
scheme to current studied lineages. My vision is that protists study framework can not be a priori 
defined, and that it should be addressed for each protistan lineage.  
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Due to the vast number of protists lineages, their various size range (appromatively 

between 0.8 µm to 10 nm), their diverse morphologies, their great deal of behaviours, trophic 

strategies and metabolisms, as well as the complexity and the potential huge size of their 

genomes (Caron et al., 2017, 2009; Carradec et al., 2018; Vargas et al., 2015), defining a 

single and simple model (i.e. either a Metazoan-like model or a Prokaryotic-like model) to 

formalise the framework of diversity and evolution studies from all protist lineages seems 

unrealistic. In my opinion some lineages might follow a more metazoan-like trend, some others 

a prokaryotic-like trend, and some others might mix characteristics from both with varying 

degrees. As datasets issued from cultures and experiments (e.g. (Keeling et al., 2014)) and 

from natural populations (e.g. (Carradec et al., 2018; Vargas et al., 2015)) are currently growing 

up, it is now the adequate time to study, without a priori, the adaptative and evolutionary 

processes shaping protistan lineages and functional diversity thanks notably to the mining of 

high-throughput molecular datasets. However, studying bigger datasets is a chance, but it 

does not mean there could not be biased. Implementing tests, adapting and building rigorous 

and reproducible analyses pipelines, favoring the cross-checking of information from various 

sources, as well not over-interpreting the results, remain the base to avoid many pitfalls. 

 

In summary, since a decade, the common thread of my research lies in, not only using 

cutting-edge bioinformatic tools, but also developing new methodologies and concepts which 

can overcome the current (methodological and conceptual) pitfalls of classical methods used to 

study non-model and non-cultivable organisms. From a very broad point of view, I have tried 

since then, along with my collaborators (permanents and non-permanents, i.e. masters & PhDs) 

to investigate in an innovative way the two following questions: 

- what is the diversity and how do eukaryotic microbes evolve and adapt in the 

environment? And how can we answer to these questions by investigating high-

throughput omics datasets? 

- as the majority of protist (and microbial in general) lineages are and will remain 

uncultured (Burki and Keeling, 2014; Keeling and Campo, 2017; Waller et al., 2018), 

can we develop in silico methods to analyze and make inferences about the natural 

populations while taking into account the massive quantity of taxonomical and/or 

functional unknown sequences? 
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2. From collaborations to supervisions 
These past years, I have learned a lot from my collaborators. Dr. Fabrice Not convinced 

me that symbiosis was the most interesting (and beautiful) phenomenon to study for micro-

organisms. Dr. Lionel Guidi initiated me to the biological carbon pump issue. Dr. Sakina-

Dorothée Ayata enrolled me for linking omics and functional traits, towards population and 

biogeochemical modeling. Dr. Chris Bowler offered me to work in an original way several times 

with diatoms datasets. Dr. Stéphane Le Crom showed me how to conduct a research project 

in a realistic, reliable and professional way. 

Since 2014, thanks to my collaborators, I co-supervised three PhDs (who all obtained 

grants from the French minister of research) and nine Master internships, who allowed me to 

develop several research questions (more details are given in the supervision section of the CV). 

With Dr. Arnaud Meng (PhD grant 2014-2017, defense in December 2017; co-

supervision with Dr. Fabrice Not and Dr. Stéphane Le Crom), we worked in revealing the 

genomic bases of symbiosis in marine planktonic protists. We developed a bioinformatic 

pipeline dedicated to de novo transcriptomic assembly of non model organisms and notably of 

holobionts (Meng et al., 2018b)°. We also developed an original analysis strategy through the 

use of sequence similarity networks, which enable to detect Open Reading Frames (ORFs) 

linked to symbiosis from un-annotated sequences of cultivated protists (Meng et al., 2018a)° in 

Molecular Ecology, or of protists isolated from the environment (Meng et al. in prep.). 

Anne-Sophie Benoiston (PhD grant 2016-2019; co-supervision with Dr. Lionel Guidi 

and Dr. Stéphane Le Crom) is revisiting the Biological Carbon Pump issue in the global ocean 

by using an high-throughput and omics vision of the planktonic communities (Guidi et al., 

2016)°. We are implementing co-occurrence networks calculations on metabarcoding and 

metagenomic datasets in order to detect the entire community of planktonic sequences (taxa, 

functions, and/or unknown sequences) as well as the main drivers of the net primary 

production, the carbon export and the remineralization processes. We are trying to integrate as 

much as possible non-annotated sequences in the analyses. In this way, un-annotated 

sequences can be linked to functions in the ecosystem and their abundance information give 

information about the importance and variability of these processes in the ocean. 

Emile Faure (PhD grant 2017-2020; co-supervision with Dr. Sakina-Dorothée Ayata and 

Dr. Dominique Higuet) is investigating the impacts of planktonic diversity on oceanic 

biogeochemical cycles by integrating high-throughput sequencing data into marine ecosystems 

models. We focused recently on the environmental diversity and structure of mixotrophic protist 

lineages, which are thus far poorly or non involved in biogeochemical models. Our first analyses 
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were based on metabarcoding data, and will be in the coming month extended to 

metagenomics species (MGS or Co-Abundance gene Groups (CAGs) (Nielsen et al., 2014)) and 

to metagenome-assembled genomes (MAGs (Delmont et al., 2018; Parks et al., 2017)), which 

will enable to build a more exhaustive and accurate picture of mixotrophy in the global ocean, 

while also integrating taxonomical and/or functional unknown sequences. 

 Finally, Ophelie Da Silva who performed her master internships in the lab (spring 2017 

and 2018; co-supervision with Dr. Sakina-Dorothée Ayata and Dr. Lionel Guidi), obtained in 

July 2018 a PhD bursary from the French minister of research. For the three coming years 

(October 2018-September 2021), she will be based in the Laboratoire Océanologique de 

Villefranche-sur-mer with Dr. Fabien Lombard and Dr. Lionel Guidi, and we will continue on 

collaborating to work on population (meta)genomics analysis from non-model planktonic 

organisms, and notably using sequences which are currently only found in the environment. 
 

Exchanging and interacting with all these people makes my day every single working 

day. I am pleased to present and develop in the following memoire the results of our 

collaborative work. 
 

N.b. During the last decade, I have explored many questions from phylogeny to 

ecology. In this manuscript, I choose to focus on a reduced number of research that I have 

made these last years, and I will here only develop the research in which I am involved as a 

supervisor. Throughout this manuscript, articles in which I have been involved as a collaborator 

are indicated with a bubble (°), and an exhaustive list of my publications can be found in the CV 

section. 
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3. State of the art (or brief introduction of my favorite 
bugs) 

3.1. Meta-omics studies and their current caveats 
 

Meta-omics or environmental genomic sensu largo correspond to the data and 

knowledge acquired on present or past organisms and ecosystems, by analyzing the 

sequences from a sample. The sequences (e.g. DNA, RNA, proteins) reveal the presence and / 

or the expression of organisms and / or functions for a given environment. Environmental 

genomic focuses mainly on microbial populations (i.e. organisms corresponding to prokaryotic 

and protistan lineages), and its evolution is intimately linked to technological advances (e.g. 

sampling methods, sequencing techniques). Therefore, a 'revolution' of the study of microbial 

communities has been taking place since the 2000s and is accelerating concurrently with the 

popularization in laboratories of high-throughput sequencing (HTS) or next-generation 

sequencing (NGS) techniques (Figure 4).  

 
Figure 4 – Evolution of the number of sequencing projects from 1998 to 2017 (source JGI GOLD 
database (Pagani et al., 2012) https://gold.jgi.doe.gov/ - data from February 2018) 

 
The first NGS/HTS methods appeared in 2005 (Reuter et al., 2015). These methods, 

from which Illumina technology is currently the most used (i.e. in 2018), can sequence millions 

of sequences simultaneously, reducing significantly the time required to obtain a complete 

genome. In 1996, 1 Mb (thousands or 106 bases) was sequenced per day, whereas in 2015, a 

sequencing experiment can read up to 500 Gb (billion or 109 bases) per day (Reuter et al., 

2015). The methods are faster and their cost has also decreased (Figure 5): reading a single 

base costed 10 $ in 1985, whereas reading of 1 Mb costs 0.05 $ today (Pettersson et al., 
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2009) (information from the National Human Genome Research Institute (NIH) on 

https://www.genome.gov/). In parallel, a paradigm shift is also observed in the cost of the 

different steps of a sequencing project across time (Figure 6). 
 

 
Figure 5 – Decreasing cost of DNA sequencing in the past 10 years compared with the 
expectation if it had followed Moore’s law (Sboner et al., 2011)  

 

 
Figure 6 – Contribution of different factors to the overall cost of a sequencing project across 
time (Sboner et al., 2011). Left, the four-step process: (i) experimental design and sample collection, (ii) 
sequencing, (iii) data reduction and management, and (iv) downstream analysis. Right, the changes over 
time of relative impact of these four components of a sequencing experiment. (BAM, Binary Sequence 
Alignment/Map; BED, Browser Extensible Data; CRAM, compression algorithm; MRF, Mapped Read 
Format; NGS, next-generation sequencing; TAR, transcriptionally active region; VCF, Variant Call 
Format.)   
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This increasing productivity of sequencing methods coupled with bioinformatic analyzes 

has enabled large-scale projects to emerge. In genomics, one can notably mention the “1000 

human genomes project” (initiated in 2008, http://www.internationalgenome.org/ (Siva, 2008; 

The 1000 Genomes Project Consortium, 2015)) the TCGA project (The Cancer Genome Atlas, 

initiated in 2005, https://cancergenome.nih.gov/ (Tomczak et al., 2015)), the “1000 Plant 

genomes project” (announced in 2008 and initiated in 2012, www.onekp.com (Matasci et al., 

2014)), or the very recently Earth BioGenome Project (EBP, launched by the Sanger Institute on 

November the 1st, 2018, which aims to sequence, catalogue and categorise the genomes of 

all of Earth’s eukaryotic biodiversity over a period of ten years, 

https://www.earthbiogenome.org/). These large initiatives, as well as individual or smaller 

genome sequencing projects, have led to the exponential creation of reference genomes since 

2005 (Figure 4). Furthermore, HTS technologies represent the most evident solution to extend 

our knowledge to relatively unexplored and non currently / uncultivable microbial lineages, 

insofar as they can be punctually isolated from the rest of the community in which they live (Hug 

et al., 2016). 

In the field of meta-genomics, large projects are also increasing over the years (Knight 

et al., 2012) (Figure 4): e.g. the HMP (Human Microbiome Project) / meta-Hit project 

(Metagenomic of Human intestinal tract, initiated in 2008, http://www.metahit.eu/ (Qin et al., 

2010)), the Tara Oceans expedition as early as 2009 (https://www.embl.de/tara-oceans/ (Bork 

et al., 2015; Karsenti et al., 2011)), the Ocean Sampling Day (OSD (Kopf et al., 2015)), the EMP 

and EMP500 project (Earth Microbiome Project launched in 2010 

http://www.earthmicrobiome.org/ (Gilbert et al., 2010; Thompson et al., 2017)), the MetaSUB 

project (The Metagenomics and Metadesign of the Subways and Urban Biomes, 

http://metasub.org/, initiated in 2015, (The MetaSUB International Consortium, 2016)). These 

projects often starts with metabarcoding approach (based on amplicons or on miTAGs 

(Logares et al., 2014b)), and continue with metagenomics and metatranscriptomics analyses. 

These projects also focus generally on prokaryotic microbes which size is inferior to 3 µm (i.e. 

size fractions dominated by Eubacteria and Archaea), and rarely on eukaryotic microbes / 

protists (which size is predominantly superior to  3 µm). Regarding the ocean microbiome, in 

2015, a first article based on the analysis of 68 stations and 246 samples of the Tara Oceans 

expedition provided more than 7.2 Tb (terabases or 1012 bases) of raw metagenomic data from 

which resulted a first reference genes catalog of marine picoplanktonic organisms. The 

analyzed fraction was between 0.2 and 3 µm, and was mainly dominated by Eubacteria, but 

involved also Archaea, virus/girus and pico-eukaryotes sequences (Sunagawa et al., 2015). 

Simultaneously, the diversity and structure of eukaryotic fractions from the Tara Oceans 
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expedition (i.e. planktonic samples which size was comprised between 3 and 2000 µm) were 

analysed through metabarcoding at 334 samples from 47 stations (Vargas et al., 2015)°. Three 

years later, the metatranscriptomics from these eukaryotic fractions obtained at 68 stations 

produced 16.5 Tb of raw data from which 116 million of ‘unigenes’ were infered, representing 

as of now the largest reference collection of eukaryotic transcripts from any single biome 

(Carradec et al., 2018). Even if these Tara Oceans catalogues were built on snapshot samples 

taken irregularly during a four-year cruise, hence allowing no proper seasonal variations 

investigations, these exhaustive and large / global scale environmental genomic catalogues 

offer however the unique opportunity to study the evolution and adaptation of microbes in their 

living environments. 
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3.2. Protists : from History to current knowledge 

Diversity of morphologies, sizes, trophic modes and roles of protists 

in the ecosystems 

The term 'protist' is historical, and refers to a taxonomic rank ('the kingdom of protists') 

in Whittaker's tree of life (Whittaker, 1969), which is currently commonly used to refer to all 

eukaryotic lineages that are neither plants, nor animals, nor fungi (Pawlowski et al., 2012). 

Protists do not form a monophyletic group (i.e. a common hypothetical ancestor and all its 

descendants) and correspond to the majority of eukaryotic phylogenetic lineages (Baldauf, 

2003; Burki et al., 2016; Burki and Keeling, 2014). The protists are unicellular, but some 

lineages form colonies with a coordinated behavior (Caron et al., 2017). Discussions persist 

whether or not the term protists should be extended to multicellular eukaryotic lineages with 

weak / undifferentiated tissues and non-specialized cells (e.g. red macroalgae (Rhodophyta), 

Phaeophyceae (Adl et al., 2018, 2012)). Most protists are microscopic, but collectively they 

cover more than five orders of magnitude (from 10-1 to 103 µm) (Caron et al., 2017, 2009) 

(Figure 7).  

 

 
Figure 7 – Approximate size ranges for protists (Caron et al., 2009) (A) as currently placed within 
eukaryotic supergroups, as well as Eubacteria. Colored columns represent approximate size ranges 
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among taxa within each group. The dotted line indicates the approximate limit of resolution of the human 
eye. Note that the overall range of single-celled eukaryotic organisms spans several orders of magnitude 
and can be smaller than 1 mm. Examples of small and large organismal sizes within each supergroup are 
(columns from left to right): Eubacteria, Pelagibacter ubique and Thiomargarita namibiensis (pink); 
Archaeplastida, Ostreococcus tauri and Chlamydomonas sp. (green); Chromalveolata, Cafeteria roenber- 
gensis and Stentor roeseli (red); Excavata, Bodo saltans and Euglena sp. (brown); Rhizaria, Bigelowiella 
natans and Hastigerina pelagica (blue); Amoebozoa, Platyamoeba sp. and Pelomyxa palustris (dark gray); 
Opisthokonta, Encephalitozoon intestinalis and Diaphanoeca grandis (gray). Asterisks indicate the 
existence of colonial forms within these supergroups (for example, Volvox, a member of the 
Archaeplastida, which can be 2mm). New protists are discovered each year, we have only molecular 
marker sequences and no morphological characterization for some of these; therefore this figure is 
meant only to provide a rough overview of cell sizes. Note the log y-axis scale. (B) A single cell of the 
largest described bacterium, Thiomargarita namibiensis (diameter E180 mm) forms the back-drop for a 
variety of phototrophic and heterotrophic protists that are shown at the same scale as T. namibiensis. 
Counterclockwise from the lower right, the protists include a ciliate, a dinoflagellate, two diatoms, a 
silicoflagellate, a colony of small chlorophytes and three minute heterotrophic flagellates. 

     
Protists display a huge variety of morphologies, behaviors and nutritional modes (Figure 

8). They are present in all environments, but preferentially in aquatic environments (e.g. oceans, 

lake) and they notably play a central role in marine ecosystems (Falkowski, 2012; Falkowski et 

al., 2008; Worden et al., 2015). The nutritional modes of protists range from pure phototrophy 

(n.b. aquatic lineages are traditionally referred as phytoplankton, and phytoplankton involves 

cyanobacteria and all protists lineages using chlorophyll for photosynthesis)) to pure 

heterotrophy (referred as protozoa, or also in aquatic environment as zooplankton). Protozoa 

usually get their nutrition from the ingestions of bacteria, archaea, or other eukaryotes, or can 

be parasites of others protists and metazoans. In addition, many protists can perform both 

photosynthesis and phagocytosis simultaneously, they are called mixotrophs (e.g. 

Chrysochromulina species (Prymnesiophyceae, Haptophyta) have chloroplasts and performed 

photosynthesis but they also consume preys (Jones et al., 1993)) (n.b. more information on 

mixotrophy are developed in annexe 4). 

Protists reproduce through mitotic division rather than through sexual reproduction, 

which enables populations to double in a few hours to a few days (Caron et al., 2017). Their 

rapid growth rates enable them to contribute to important ecosystem functions. Photosynthetic 

protists have been recognized as major contributors to the existing stock of biomass and 

primary production in almost all aquatic ecosystems. In the ocean, photosynthetic protists 

accounts for about 40 Pg C year−1 of primary production (i.e. the photosynthetic production of 

organic carbon from carbon dioxide - inorganic carbon - dissolved in the water), rivaling that of 

terrestrial plants which is about 50 Pg C year−1  (Caron et al., 2017; Field et al., 1998). Protists 

are partners in various symbiotic relationships and, at multiple trophic levels, as links between 

the small Metazoa (e.g. shrimps, copepods) that prey on them and the vast numbers of 

bacteria, archaea, protists and even some metazoa that they consume (Figure 8). These links in 
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the food web are essential for the biogeochemical cycles of the ocean, including the transport 

of carbon to the deep ocean. 
  

 
Figure 8 – Ecological and biogeochemical roles of protists in the marine plankton (Caron et al 
2017). Protists are an important part of living biomass in oceanic ecosystems and are central to a wide 
array of food web processes and biogeochemical cycles. Phototrophic, heterotrophic and mixotrophic 
protists span several trophic levels at, and near, the base of the food web. Complex predator–prey 
relationships that involve protists make photosynthetically produced organic material (red arrows) and 
bacterial biomass (black arrows) available to higher trophic levels and also remineralize a substantial 
fraction of this material back to inorganic nutrients and carbon dioxide to support new primary 
production. Protistan parasites are also important players in marine food webs, as they prey on 
microplanktonic and mesoplanktonic species (blue dashed arrows). In addition to the myriad of predator–
prey relationships, the interactions of protists with other microorganisms and multicellular organisms 
include a wide range that are not depicted here (involving competition, commensalism and mutualism). 

 

History of protists delineation 

Protists were among the first microbial taxons to be observed and described by Anton 

van Leeuwenhoek in 1670 and by other pioneers of microbiology in the 17th century 

(Ereshefsky, 2000). The protists were described as microscopic organisms assimilated to small 

plants or small animals. The description and inventory of a wide variety of forms and functions 

in these organisms developed over the following centuries. Among these descriptions, the 

illustrations of Ernst Haeckel (1899-1904) (Haeckel, 1899) during the nineteenth century are 

some of the most beautiful scientific illustrations ever made, focusing largely on Radiolarians. As 
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early as the 19th century, biologists noticed that many micro-organisms were not just animals 

or unicellular plants: for example, there were Plants-like Animals (Phytozoa) and Animal-like 

Plants (e.g. the green alga Volvox (Chlorophyta) moves like an animal with a flagellum). Haeckel, 

who was conscious of the problem of classification posed by these organisms not presenting 

more convincing affinities with the Animals than with the Plants, erected in 1866 a third 

kingdom: the Protista. This branch included at the time most eukaryotic microorganisms (e.g. 

diatoms, radiolarians) but also the Monera (Bacteria), and the sponges. The ciliates, on the 

other hand, were classified with the animals (because Haeckel thought them multicellular), and 

the cyanobacteria, the green, red and brown macro-algae, the mushrooms and the lichens 

formed the Inophyta within the Plantae. 

The definition of protists evolved also with Haeckel. At first, he classified unicellular and 

multicellular, as well as organisms with and without nucleus, within the Protista. Then in 1869, 

he redefined this kingdom on the basis of the absence of sexual reproduction (Whittaker, 

1969). Haeckel also considered unicellularity as a criterion for defining protists. It also uses the 

terms protozoa (Protozoa, etymologically the first animals) to designate the unicellular animals, 

and protophytes (Protophyta, the first plants) to designate the unicellular plants, considering 

these groupings as sub-kingdoms of the Protista. Haeckel's tree is cited as a reference today, 

but in his time, the suggestion of a third kingdom ran counter to mainstream ideas. The Protista 

kingdom gained credibility in 1911, with what is considered to be the birth of Protistology : a 

founding article by Dobell explained that Prostista do not have a simple organization but a 

rather alternative one, very different from Plants or Animals. For Dobell, it is obvious that the 

current Protists (and in his mind the Protozoa) are in no way the ancestors of the contemporary 

Metazoans. In conclusion, the Protista can not be called with misleading terms such as 

« simple », « inferior » or « primitive », and because of their own specific organizations, they 

should be studied specifically. 

 
 

 
 
 
 
Figure 9 - Tree of life in 1866 and 1969. (On the upper part) Tree of Life according to Haeckel (1866). 
First tree represented with a common ancestry to all living organisms. The branch represented at the 
center includes all members of the Protista sensu Haeckel group (i.e. prokaryotes and protists). (On the 
lower part) Tree of Life according to Whittaker (1969) composed of five kingdoms. For Whittaker, protists 
are an evolutionary stage and a transition between Monera (prokaryotes) and Plants, Fungi and Animals. 
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Overview of protistan phylogeny and evolution (modern studies) 

Our vision of evolutionary relationships between protistan lineages has changed 

dramatically in recent decades. Whittaker's system (Figure 9, Figure 10) (Whittaker, 1969), which 

prevailed for two decades, grouped the organisms into five kingdoms (Monera, Protista, 

Plantae, Fungi and Animalia) according to their mode of nutrition (i.e., photosynthesis, 

absorption, ingestion). Unicellular eukaryotes were contained in the Protista, and were 

themselves organized according to their morphology and nutritional preferences. This practical 

system, influenced by an ecological and gradual vision, however, separated closely related taxa 

with different nutritional modes (e.g. dinoflagellates predominantly photosynthetic and 

dinoflagellates predominantly heterotrophic). The use of ultrastructural informations and DNA 

sequences allowed to build and infer a new system, placing all eukaryotes in a single domain, 

with animals, plants, and fungi represented as minor branches among a wide variety of protist 

lineages (Sogin, 1991) (Figure 10). Nearly 20 years of reorganization followed (Adl et al., 2018, 

2012; Baldauf, 2003; Burki, 2014; Simpson and Roger, 2004; Tekle et al., 2009), in which all 

eukaryotes were classified as "supergroups". This pattern continues to be revised, to a smaller 

extent, in order to resolve the order of the roots and ramifications of various lineages (Figure 10) 

(Brown et al., 2018; Burki et al., 2016). Current studies of protistan evolution incorporate now 

large amounts of genomic and transcriptomic information (Brown et al., 2018; Burki et al., 

2016; Grant and Katz, 2014). 
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Figure 10 – The rapidly changing landscape of protistan phylogeny (Caron et al., 2017). From 
Whittaker (1969, a four kingdoms vision of eukaryotes: animals, plants, fungi and protists) to Burki (2014, 
eight ‘super-groups’): DNA sequences and ultrastructural observations from electron microscopy have 
substantially changed our view of the evolutionary relationships among protistan groups. Our present 
understanding of protistan evolution (Brown et al., 2018; Burki, 2014; Burki et al., 2016; Grant and Katz, 
2014) now relies on large amounts of genomic and transcriptomic information. 
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Genomic and transcriptomic of protists 
The study of eukaryotes arises from an anthropocentric view of life. More than 96% of 

the described eukaryotic species are either Metazoa (animals), Fungi, or Embryophyta (land 

plants) (Pawlovski et al. 2012) (Figure 11), which correspond to multicellular organisms (even 

though the Fungi include unicellular members such as the yeasts) and which collectively 

represent two of the eukaryote super-group (Figure 10, phylogenetic tree from (Burki, 2014)). 

However, in 2014, these three lineages (i.e. Metazoa, Fungi, Embryophyta) only represent 62% 

of the 18S rDNA Genbank sequences (which is also a biased sample) and 23% of all 

operational taxonomic units (OTUs) in environmental surveys (Figure 11). In genomics this bias is 

amplified: in February 2017, the Genomes On-Line Database (GOLD) (Pagani et al., 2012) listed 

more than 7,500 eukaryotic genome sequencing projects as completed or underway, but 

nearly 90% of them correspond to Metazoa, Embryophyta or Fungi. Moreover, while most of 

the eukaryotic diversity is in the microbial domain, about 90% of the 200 protist genomes 

sequenced to date belong to parasites. In fact, genomics studies have first focused on protists 

impacting humans (e.g. human and other animal parasites, plant pathogens, or lineages of 

economic interest) (table 1). The 13.4 Mb genome of the yeast Saccharomyces cerevisiae 

(Fungi, Opisthokonts), which has enormous beneficial attributes and is well known for 

application in the food industry, was the first completely sequenced from a eukaryote (Goffeau 

et al., 1996). The project started in the early 1990s, and was achieved by an international 

consortium of researchers from 19 countries working in 94 laboratories using several different 

sequencing methods and technologies. The 23 Mb genome of the parasite Plasmodium 

falciparum (Alveolata), which causes the malaria in humans and which directly or indirectly 

causes up to 2.7 million deaths per year (Caron et al., 2009) was sequenced in 2002 (initiative 

launched in 1996 and published in (Gardner et al., 2002)). The 26 Mb genome of Trypanosoma 

brucei (Excavata), on other human parasite which causes sleeping sickness, was sequenced in 

2005 (Berriman et al., 2005). The 240 Mb genome from the plant pathogen Phytophthora 

infestans (Oomycetes, Stramenopiles), which is the causal agent of the late potato blight 

disease and also infects tomatoes and other members of the Solanaceae, was published in 

2009 (Haas et al., 2009). 

 

Many eukaryotic lineages still have only one or a few representatives with sequenced 

genomes, and many remain completely unsampled (Figure 11). Archaeplastida and 

Stramenopila have more cultured species than other eukaryotes as a result of a long 

phycological tradition and of phycological culture collections (e.g. RCC (Roscoff Culture 

Collection, Roscoff, France, http://www.roscoff-culture-collection.org), ATCC (American Type 
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Culture Collection; Manassas, Virginia, USA, http://www.atcc.org), CCAP (Culture Collection of 

Algae and Protozoa; Oban, Scotland, UK, http://www.ccap.ac.uk )), and also because they are 

easier to maintain in culture than heterotrophs. A comparatively larger number of genome 

projects targets photosynthetic stramenopiles (Armbrust et al., 2004; Bowler et al., 2008; Cock 

et al., 2010) and, owing to their economic relevance in the agriculture, oomycetes (Pais et al., 

2013) (Pais et al. 2013) (Figure 11, Figure 12). The apicomplexans (Alveolata) are also relatively 

well studied at the genomic level because they contain parasites (e.g. Plasmodium, 

Toxoplasma). When looking at the number of sequenced strains rather than species, these 

biases are increased further. A significant proportion of the retrieved cultures and genomes 

corresponds to different strains of the same dominant species, so a pool of species have been 

redundantly cultured and sequenced (Figure 12). 

 

 
Figure 11 - Relative representation of protists in current databases (del Campo et al., 2014). On 
the left, pie charts showing the relative representation of metazoans, fungi, and land plants versus all the 
other eukaryotes in different databases. (A) Relative numbers of described species according to the 
CBOL ProWG (Consortium for the Barcode of Life Protist Working Group, Pawlowski et al . 2012) (n = 2 
001 573). (B) Relative numbers of 18S rDNA OTU97 (operational taxonomic unit at >97% sequence 
identity) in GenBank in 2014 (n = 22 475). (C) Relative number of environmental 18S rDNA OTU97 in 
GenBank in 2014 (n = 1165). (D) Relative number of species with a genome project completed or in 
progress according to GOLD in 2014, per eukaryotic group (n = 1758). On the right, barplots illustrating 
the relative representation of eukaryotic supergroup diversity in different databases (excluding 
metazoans, fungi, and land plants). (A) Percentage of described species per eukaryotic supergroup 
according to the CBOL ProWG. (B) Percentage of 18S rDNA OTU97 (operational taxonomic unit at 
>97% sequence identity) per eukaryotic supergroups in GenBank. (C) Percentage of environmental 18S 
rDNA OTU97 per eukaryotic supergroups. (D) Percentage of species with a cultured strain in any of the 
analyzed culture collections (details in del Campo et al. 2014). (E) Relative numbers of species with a 
genome project completed or in progress according to GOLD, per eukaryotic group. 
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Figure 12 – Top 25 eukaryotic lineages among databases (del Campo et al. 2014)  (some strains 
are not described at the species level and have been grouped by genus, so they may represent more 
than a single species) [*Parasitic organisms , red = colorless, green = pigmented] 

 

 

Unlike most Eubacteria, Archaea and Viruses, the genomes of protists tend to be larger 

and more complex, which is a limiting factor for genomic level of assembly and annotation 

steps. The genome sizes of protists are also highly variable, covering about six orders of 

magnitude (from 106 to 1011 bp (table 1), e.g. the Dinoflagellates genome sizes are estimated as 

between 0,5 and 40 times the size of the human genome (Wisecaver and Hackett, 2011); the 

smallest protist genome reaches 2.3 Mb and belongs to the parasite Encephalitozoon 

intestinalis (microsporidia, Fungi or related to Fungi (Keeling, 2014)) (Corradi et al., 2010); the 

biggest eukaryotic genome belongs to Polychaos dubium, an amoeba, and is supposed to 

reach 670 Gb (Parfrey et al., 2008)). 
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Taxa Taxonomy  
(based on Burki et 
al. 2016 phylogeny) 

Notes Genome size 
estimation 

Number of 
protein 
coding 
genes 

(estimation) 

References 

Encephalitozoon 
intestinalis 

Obazoa, 
Microsporidia, 
Fungi or related to 
Fungi 

parasite, smallest 
eukaryote genome 

2.3 Mb 1,833 (Parfrey et al., 2008) 

Escherichia coli Eubacteria strain K-12 (non 
pathogen strain) 

4.6 Mb 4,288 (Blattner et al., 1997) 

Ostreococcus 
tauri 

Archaeplastida, 
Prasinophyceae 

smallest free-living 
eukaryotic genome 

12.6 Mb 8,166 (Derelle et al., 2006)  

Saccharomyces 
cerevisiae 

Obazoa, Fungi yeast, economic 
interest 

13.4 Mb 6,091 (Goffeau et al., 1996) [first 
publication], then re-analysis : (Lin 
et al., 2013) 

Plasmodium 
falciparum 

Alveolata causes malaria 22.8 Mb 5,268 (Gardner et al., 2002) 

Entamoeba 
histolytica 

Amoebozoa anaerobic 
parasitic, 
pathogen 

23.7 Mb 9,938 (Loftus et al., 2005) 

Trypanosoma 
brucei 

Excavata parasite, causes 
sleeping sickness 

26.1 Mb 9,068 (Berriman et al., 2005) 

Dictyostelium 
discoideum 

Amoebozoa soil-living amoeba, 
‘social’ amoeba 

33 Mb 12,500 (Eichinger et al., 2005) 

Oxytricha trifallax Alveolata, Ciliates analysis of the 
macronucleus 

50 Mb 18,400 (Swart et al., 2013) 

Toxoplasma 
gondii 

Alveolata parasite, causes 
toxoplasmosis 

60-80 Mb  (Bontell et al., 2009; Lau et al., 
2016) 

Arabidopsis 
thaliana  

Archaeplastida, 
Embryophyta 

 115 Mb 28,000 (Arabidopsis Genome Initiative, 
2000) 

Emiliania huxley Haptophyta Pan-genome effect 142 Mb 30,569 
(but pan-
genome 
effect) 

(Read et al., 2013) 

Symbiodinium 
spp. 

Alveolata, 
Dinoflagellates 

sometimes involve 
in coral symbiosis 

1,03-4,8 Gb 57,000 Lajeunesse et al 2005; Bayer et al 
2012; Lin et al 2015; Liu et al 
2018 

Homo sapiens Obazoa, Metazoa  3 Gb 23,000 (Lander et al., 2001) 

 Alveolata, 
Dinoflagellates 

 1.03-112 Gb 33,000 - 
76,000 

(Lie et al., 2018; Murray et al., 
2016) 

Psilotum nudum Archaeplastida, 
Embryophyta 

fern, polyploïdy 250 Gb  (Hidalgo et al., 2017) 

Polychaos 
dubium or 
Amoeba dubia 

Amoebozoa freshwater 
amoeboid, the 
numbers are 
controversial, 
certainly polyploïd 

670 Gb  (Friz, 1968; Parfrey et al., 2008) 
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Table 1. Non-exhaustive list of the genome size of protists (for comparative purpose Homo 
sapiens and Escherichia coli information were also indicated). Rows are sorted by increasing genome 
size. 

 

Spectacular differences are observed between eukaryotic closely related organisms and 

also within species (Parfrey et al., 2008; Read et al., 2013). Genome size is not, as it is often 

too simply assumed, linked to the ‘complexity’ of an organism or even to the number of genes 

in its genome, an observation known as the C-value paradox (Keeling, 2007; Mirsky and Ris, 

1951). The study of eukaryotic and, more precisely of protistan genome heterogeneity (e.g. 

based on the %GC content; the length, structure and distribution of introns; the abundance, 

structure and function of non-coding DNA; composition, abundance and dispersal of repeats 

and/or transposable elements) constitutes a wide and continuously promising field of research. 

In light of our current view of eukaryotic (nuclear and organellar) genomes, one of the most 

striking features is , for instance, that the 12.6 Mb genome of the pico-eukaryotic prasinophyte 

green alga Ostreococcus lucimarinus (which is also reported as the smallest free living 

eukaryotic genome), has one of the highest gene densities known in eukaryotes, yet it contains 

many introns (Derelle et al., 2006; Lanier et al., 2008) (Figure 13). Phylogenetic studies suggest 

this unusually compact genome (12.6 Mb) is an evolutionarily derived state among 

prasinophytes. An other important trend was observed in diatoms (based on Thalassiosira 

pseudonana (32.4 Mb (Armbrust et al., 2004)) and Phaeodactylum tricornutum (27.4 Mb 

(Bowler et al., 2008)) genomes): approximately 95% of their DNA is reported as non-coding 

(Vardi et al., 2008)), which stimulates epigenomic studies for these lineages (Loftus et al., 2005; 

Rogato et al., 2014). 

An other interesting pattern was highlighted by the sequencing of 14 strains from the 

same species, Emiliania huxleyi (Haptophyta, coccolithophore) (142 Mb (Read et al., 2013)), 

which revealed a pan genome (core genes plus genes distributed variably between strains) 

probably supported by an atypical proportion of repetitive sequences. E. huxleyi genome is 

indeed dominated by repetitive elements, constituting more than 64% of the sequence, much 

greater than seen for instance in sequenced diatoms (i.e. 15% in P. tricornutum). This extensive 

genome variability, reflected in different metabolic repertoires, seems to underpin the capacity 

to thrive in a broad scale of habitats and to form large-scale episodic blooms under a wide 

variety of environmental conditions. 
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Figure 13 - Genome size and gene density for various eukaryote genomes (Derelle et al., 2006). 
Cp, Cryptosporidium parvum; Ag, Ashbya gossypii, Sp, Schizosaccharomyces pombe; Sc, 
Saccharomyces cerevisiae; Ot, Ostreococcus tauri; Cm, Cyanydioschyzon merolae; Eh, Entamoeba 
hemolytica; Af, Aspergillus fumigatu; An, Aspergillus niger; Dd, Dictyostelium discoidum; Tp, 
Thalassiosira pseudonana; Ao, Aspergillus oryzae; Nc, Neurospora crassa; Ce, Caenorhabditis elegans; 
At, Arabidopsis thaliana; Dm, Drosophila melanogaster; Hs, Homo sapiens. 

 
Each sequenced genome of an unicellular eukaryote has provided a bevy of new and 

unexpected insights (e.g. (Armbrust et al., 2004; Bowler et al., 2008; Derelle et al., 2006; Read 

et al., 2013; Worden et al., 2009). However, because nuclear genomes can be large, difficult to 

sequence and to assemble (e.g. when repeat elements constitute a large proportion of a 

genome - as in eukaryotic genomes - de novo assembly methods failed (Haas et al., 2013; 

Koch et al., 2014), the most obvious alternative to generate new datasets from non-model 

organisms is transcriptomics. Transcriptomics (currently called RNASeq when it is obtained by 

NGS) correspond to the large-scale sequencing of an organism’s mRNA. RNASeq allows the 

rapid and efficient characterization of expressed genes without spending sequencing resources 

on the large intergenic regions, introns, and repetitive DNA, while at the same time eliminating 

many problems with assembly as well as gene prediction and modeling. As a first step, 

transcriptomes from pure cultures or from single-cell organisms isolated from the environment 

(i.e. either from pool of similar cells, or from single-cell alone - with or without random 

amplification steps) are suitable building blocks to begin to assemble reference databases for 

eukaryotic microbial ecology. This approach generates a large number of coding sequences (in 

the form of assembled contigs) from a known organism. 

N.b. Genomic and transcriptomic approaches have different strengths and weaknesses and 

are better viewed as complementary rather than ‘‘either/or.’’ Indeed, nuclear genome 

sequencing generally requires substantial transcript sequencing to inform gene prediction 
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algorithms. As sequencing and computational methods grow increasingly powerful, many of 

the challenges to genome sequencing are being reduced. Nevertheless, until more genomes 

are available, transcriptomes from a sufficient number of representative species from a given 

environment could provide a valuable benchmark against which environmental data can be 

analyzed. 

From 2008, the year of the first RNA-Seq publication on the Sequence Read Archive 

(SRA) database, an increasing and exponential growth of transcriptomics has been conducted 

(e.g. 74 runs in 2008, 208,892 runs in 2014 (Jazayeri et al., 2014)). In 2014 was officially 

launched the Marine Microbial Eukaryotic Transcriptome Sequencing Project (MMETSP) 

(Keeling et al., 2014). This global community effort targeted to augment the available DNA 

sequence information on ecologically relevant protists. The overall goal was to substantially 

increase the sequence datasets from cultured, well-curated protistan lineages (originated from 

all around the world (Figure 14), to provide a resource for gene annotation throughout the 

Eukarya (Figure 15, Figure 16) and for the interpretation of metagenomic and metatranscriptomic 

datasets from diverse marine ecosystems. Supported by the Gordon and Betty Moore 

Foundation, the project directly involved nearly 70 laboratories engaged in protistan research, 

and more than 200 investigators worldwide participated by submitting material for sequencing. 

The project entailed the sequencing and assembly of 678 transcriptomes that encompassed 

210 unique genera, 305 species and 396 strains of protists, and the results were released to 

the public in June 2014 and are now publicly available through the iMicrobe website 

(https://www.imicrobe.us) (n.b. a new re-assembly was published in by (Johnson et al., 2018)). 

 

 

Figure 14 – Geographical origins of approximately half of the strains from the MMETSP (Keeling 
et al., 2014), indicating the degree of global coverage (Caron et al., 2017). 
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Figure 15 - A schematic of the major lineages in the eukaryotic tree of life (Keeling et al., 2014), 
showing the relationships between lineages for which genomic resources are currently available and 
those that have been targeted by the MMETSP. Lineages with complete genomes according to the 
GOLD database, are indicated by a solid line leading to that group, whereas lineages with no complete 
genome are represented by a dashed line. Lineages where at least one MMETSP transcriptome is 
complete or underway are indicated with a red dot by the name. 

 

 

As a conclusion, our eukaryotic and protistan genomic view is thus currently biased 

(Figure 11, Figure 12, Figure 16), however, in the past few decades, a lot of DNA sequence 

information has become available for protistan marker genes (from reference databases (Guillou 

et al., 2013)°, since 2018 http://www.eukref.org/, and from the environment (e.g. Vargas et al., 

2015°), transcriptomes (e.g. Keeling et al., 2014), genomes (almost 20 complete genomes in 

total) (Del Campo et al., 2014), metatranscriptomes (e.g. Keeling et al., 2014; Carradec et al., 

2018) and even few on metagenomes (e.g. (Cuvelier et al., 2010)). 
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Figure 16 – Genomes and transcriptomes across the eukaryotic tree of life (Sibbald and 
Archibald, 2017). The cladogram summarizes the diversity of eukaryotes based on phylogenetic 
relationships in Burki et al. 2016 The histogram shows the number of genome and transcriptome 
sequencing projects listed as complete or in progress in the GOLD as of February 2017. Transcriptome 
data also include sequences from the MMETSP (Keeling et al., 2014).    

 

 

Metagenomic and Metatranscriptomics of protists 
The application of culture-independent molecular approaches to the study of natural 

assemblages of protists has revealed a ‘hidden world’ of microbial eukaryotic diversity (Caron 

et al., 2009). Such studies started with the use of plastid-targeted primers, both for the plastid-

derived 16S rRNA genes (Rappé et al., 1998) and rbcL genes (Pichard et al., 1997). 

Subsequently, publications mainly based on the nuclear encoded 18S ribosomal (r)DNA genes 

(i.e. Small Subunit (SSU) ribosomal DNA), have established the presence of a large number of 

‘undescribed, un-cultured’ taxa and whole lineages in natural protistan assemblages (e.g. 

(Countway et al., 2007; Cuvelier et al., 2008; Groisillier et al., 2006; López-García et al., 2003, 

2001; Massana et al., 2002; Moon-van der Staay et al., 2001; Not et al., 2007; Romari and 

Vaulot, 2004; Shi et al., 2009). These first molecular surveys (from 2000 to 2010) were based 

on clone libraries of near full‐length 18S rDNA followed by Sanger sequencing of a subset of 

the clones. The resulting, often manually checked, environmental sequences have been crucial 

for the phylogenetic placement of novel clades (e.g. the supposedly heterotrophic Picozoa (Not 

et al., 2007b; Seenivasan et al., 2013), the marine parasitic alveolates (MALV) (Guillou et al., 
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2008) and the marine bacterivorous stramenopiles (MAST) (Massana et al., 2004)). These ‘long’ 

environmental sequences, associated with sequences from monoclonal cultures, are the 

current basis of reference rDNA databases (e.g. (Guillou et al., 2013)° (Decelle et al., 2015)). 

However, it was then commonly thought that traditional clone libraries only capture the most 

dominant species in the community (Pedrós-Alió, 2006), a limitation which should be bypassed 

by high‐throughput sequencing (HTS) methods which is providing in comparison deeper 

inventories on a larger number of samples. Since 2009, metabarcoding approaches using HTS 

(i.e. 454 and then Illumina sequencing technologies) has been applied to study protist diversity 

in a wide variety of ecosystems, including surface and deep marine waters (e.g. (Amaral-Zettler 

et al., 2009; Edgcomb et al., 2011) (Bittner et al., 2013; Egge et al., 2015; Logares et al., 

2014a; Massana et al., 2015; Vargas et al., 2015)°), marine sediments (e.g. (Bik et al., 2012) 

(Forster et al., 2016a; Massana et al., 2015)°), lakes (e.g.(Mangot et al., 2013)), soils (e.g. (Bates 

et al., 2013; Fiore-Donno et al., 2016; Mahé et al., 2017)) and metazoan hosts (e.g. (He et al., 

2014)). These surveys used environmental mainly DNA and more occasionally RNA as template 

for PCR amplification, and it has been shown that using both can provide a different picture of 

biodiversity (Not et al., 2009; Stoeck et al., 2007) and useful complementary information 

(Blazewicz et al., 2013) (Bittner et al., 2013)°. 

The choice of the marker gene for the survey or of the relatively short targeted marker 

subregion (e.g.  (Dunthorn et al., 2012; Stoeck et al., 2010) (Bittner et al., 2013)°) or of the PCR 

primers sets (e.g.  (Amaral-Zettler et al., 2009; Antoine-Lorquin et al., 2016; Egge et al., 2013; 

Stoeck et al., 2010)), the nature of the sequencing platform (e.g. (Mahé et al., 2015)), as well as 

the pipeline to analyse the metabarcodes (e.g. quality filtering parameters (removal of low 

quality sequences and / or singletons), (Egge et al., 2013); clusters OTU building algorithms 

and potential similarity threshold, (Callahan et al., 2017; Egge et al., 2013; Forster et al., 

2016b)), have all a strong and significant impact on the inferred results. Morevover, only very 

few studies are concretely addressing the issues about the link between the abundance and 

richness of metabarcodes, the number of species present in the corresponding sample, as well 

as their relative abundance in terms of cell numbers and biomass (e.g. (Egge et al., 2013; 

Malviya et al., 2016)°). These relationships are complicated by the extreme variation in the 

number of marker gene copies per nucleus among species ((Godhe et al., 2008; Zhu et al., 

2005); which can differ even within a single species, (Wang et al., 2017)) and the number of 

nuclei per individual. While bacteria have between one and ten copies of the SSU in their 

genomes, microbial eukaryotes can have a number of copies that differ by many orders of 

magnitudes. Some groups, like dinoflagellates, can have up to 12,000 copies (Zhu et al., 2005) 

while others, like MAST-4, have only 30 (Rodríguez‐Martínez et al., 2009). A current practical 
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solution to this problem is to compare environmental communities only in terms of relative 

taxon abundance (e.g. normalizing sequence reads per OTU). 

Despite these numerous, now well-known biases, today in 2018, metabarcoding 

studies involving PCR amplification steps (i.e. which involve more artefacts than the miTags 

approach sometimes used in prokaryotic metabarcoding studies (Logares et al., 2014b; 

Sunagawa et al., 2015), are routinely (and pragmatically) used to assess the diversity and 

structure of eukaryotic microbial communities. Metabarcoding at a very broad scale is also 

again stimulating hypotheses regarding the protistan rare biosphere (Figure 17) — diverse taxa 

present at low relative abundances in virtually all natural ecosystems — which may play 

important parts in the evolution of eukaryotes as well as in the stability and functional resilience 

of microbial communities (Logares et al., 2014a; Ser-Giacomi et al., 2018). Furthermore, a clear 

and recurrent pattern is found in the environmental surveys: lineages without cultured 

representatives dominate in the environment (e.g. (Liu et al., 2009; Shi et al., 2009) (Bittner et 

al., 2013 ; Forster et al., 2015)° (Figure 18): any newly produced environmental sequences are 

in majority more closely related to previous environmental sequences than to sequences 

obtained from organisms relatively well-studied in the laboratories. 
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Figure 17 - Relative abundance patterns of the most common microbial eukaryotic OTUs in 
Tara Oceans (Keeling and Campo, 2017). (A) The relative abundance of the most common operational 
taxonomic units (OTUs) within 12 well-defined and diverse protist lineages (Vargas et al., 2015). For each 
lineage, the total number of reads for the entire group is shown as a grey circle (the size shown to scale 
between lineages), and the ten most common individual OTUs are shown as coloured circles of 
descending size. (B) The 25 most abundant protist OTUs in the entire Tara Oceans metabarcoding 
eukaryotic data set,  in which as above, the grey circle represents the size of the whole data set, while 
the coloured circles represent individual OTUs, colour coded according to lineage as in panel A. The first 
eight OTUs account for over 50% of the total number of reads in the entire data set. 
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Figure 18 – The known versus the unknown omic diversity from environmental Haptophyta. 
Metabarcoding study of LSU markers (i.e. 28S rDNA) targeting planktonic Haptophyta (Bittner et al., 
2013). (A) Number of clusters as a function of clustering level. (B) Proportion of unassigned vs. assigned 
reads as a function of clustering level. Full lines indicate the proportion of reads clustering at least with 
one reference sequence obtained by Sanger sequencing of environmental or cultured samples. Dashed 
lines indicate the proportion of reads clustering with reference sequences from cultured Haptophyte 
strains. This figure clearly illustrates that newly produced environmental sequences are in majority more 
closely related to previous environmental sequences than to sequences obtained from organisms 
relatively well-studied in the laboratories.  
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Large genome sizes and complexity of their structure (e.g. predominance of non coding 

and / or repeated sequences; cf. previous section on the Genomics of protists), considerable 

diversity and largely unexplored physiology, sequencing depth and cost of sequencing have 

limited the number of available metatranscriptomic and metagenomic datasets of natural 

eukaryotic assemblages. These approaches are becoming every day more tractable, in part 

owing to the still, constant decreasing costs of HTS and in part through the improvements and 

growing amount of reference datasets for gene annotation. Most of the studies yet published 

are focusing on communities with limited species richness and are restrained to small size 

fractions (e.g. for the planktonic communities, only the pico- and (rarely) the nano-eukaryotes 

are analyzed, and sequences were also obtained serendipitously from studies focusing on 

prokaryotic communities, (Cuvelier et al., 2010; Delmont et al., 2015; Ottesen et al., 2011; 

Piganeau et al., 2008)). By contrast, global surveys of the functional potential of microbes which 

size is inferior to 3 μm and double- stranded DNA viruses are advancing rapidly (e.g. gut, 

ocean) mainly because of the availability of comprehensive gene catalogs (e.g. (Brum et al., 

2015; Qin et al., 2010; Roux et al., 2016; Sunagawa et al., 2015)). However, a cornerstone 

study in the environmental omics study of marine protists has been recently published 

(Carradec et al., 2018): compiling informations from reference transcriptomes and genomes, 

and newly produced metagenomes and metatranscriptomes from the Tara Oceans expedition, 

a eukaryotic gene catalogue of 116 million unigenes (i.e. a complete or partial transcript 

assembled from metatranscriptomic reads of at least one Tara Oceans station) has been 

created based on the analysis of 16.5 Tb of raw data. Four main organismal size fractions (from 

0.8 to 2000 μm) at 68 stations corresponding to 441 samples were sampled independently to 

optimize the recovery of comprehensive metatranscriptomes from protists to zooplankton and 

fish larvae (Alberti et al., 2017; Pesant et al., 2015). One of the main results is that the gene 

repertoire of planktonic eukaryotes is massive and diverse, much more than the prokaryotic 

gene space (i.e. rarefaction analysis revealed that the sampling effort did not result in near 

saturation of the eukaryotic gene space, contrasting with the metagenomic results obtained 

from the prokaryote-enriched size fractions (Sunagawa et al., 2015)). This catalog unveils thus 

at a broad and global scale the functions expressed by planktonic communities, and 

constitutes an unprecedented resource to study the functional biogeography of protists. For the 

principal groups of phytoplankton, it was possible to obtain insights between adaptive and 

acclimatory processes underlying organismal responses to their environment using as proxies 

the contrasts between metagenomics and metatranscriptomics. The results indeed suggested 

that nutrient limitations are dealt with in different ways among the main photosynthetic taxa, 

either by a genotypic commitment to a specific regime (observed in Diatoms), or by the 
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maintenance of transcriptional flexibility (observed in Haptophyta, Chlorophyta and 

Pelagophyta). This catalog is thus an extremely useful resource to distinguish the strategies of 

any plankton group to adapt to environmental conditions when transcript regulation or gene 

copy number is implicated. 

3.3. Next challenge: investigating the microbial omic dark matter 
of protists 
 

Thanks to the advances of HTS and to the growing amount of environmental genomic 

datasets from various environments and of reference genomes/transcriptomes, ‘classical’ 

microbial genomic questions, such as who is there ? what is done ? with whom ? in which 

conditions ? in which abundance ? in which intensity ? can be tackled at a very broad and 

global scale. However as the majority of the current analyses (e.g. diversity analyses, trait-

based analyses) are relying on a species name or on a function name, a significant part of the 

newly produced sequences in an environmental sample are ignored. Depending if one is 

looking at species or functions, and depending on the annotation strategy and / or on the 

sequence similarity threshold set up for the assignation, in average between 30 and 80% of the 

microbial environmental data are generally considered as « unknown » sequences (Sunagawa 

et al., 2015; Carradec et al., 2018; Bernard et al., 2018). This is particularly true for protists, for 

which even with metabarcodes studies focusing on the currently best referenced marker (i.e. 

18S rDNA, Guillou et al., 2013), a significant amount of unknown lineages can still be found. For 

instance in 2015, the V9 metabarcoding global survey of the protistan planktonic fractions was 

highlighting between ¼ and ⅓ of taxonomically unknown OTUs (Figure 19). In 2017 these data 

were re-analyzed and by contrast, the most abundant V4 metabarcodes and OTUs from 

neotropical soil communities display only about 70% similarity with reference databases (Figure 

20 (Mahé et al., 2017)).  

   



 

 37 

 
Figure 19 - Unknown and known components of eukaryotic plankton diversity (adapted from De 
Vargas et al., 2015). All Tara Oceans V9 rDNA reads (metabarcodes) were clustered in OTUs using 
Swarm (Mahé et al., 2014) and were then classified among the recognized eukaryotic supergroups, plus 
the known but unclassified deep-branching lineages (incertae sedis). The relative richness of the different 
eukaryotic supergroups in each organismal size fraction, from pico to meso, is here displayed. Note that 
~5% of metabarcodes were assigned to prokaryotes, essentially in the piconano fraction, witnessing the 
universality of the eukaryotic primers used. Metabarcodes are “unassigned” (i.e. correspond to 
taxonomical microbial dark matter) when sequence similarity to a reference sequence is <80% and 
“undetermined” when eukaryotic supergroups could not be discriminated (at similarity >80%). 

 
Figure 20 - Similarity of environmental protists to the taxonomic reference database (Mahé et 
al., 2017). In contrast to marine data, most of the reads and OTUs from the Neotropical rainforest soils 
(based on V4 metabarcodes) were <80% similar to references in the PR2 database. Only 8.1% of soil 
reads had a similarity ≥95%, whereas 68.1% of the marine reads from the Tara Oceans (based on V9 
metabarcodes) study of the world’s open oceans had a similarity ≥95%. The most abundant reads and 
OTUs in soils display only about 70% similarity with reference databases (n.b. by analogy, these highly 
abundant sequences belongs to the taxonomical microbial dark matter). 
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From the functional point view, despite its unprecedented sampling effort and 

sequencing depth, the 116 million eukaryotic unigenes catalog from Carradec et al. (2018) is 

not saturated, and 59.6% of (taxonomically and functionally) unknown unigenes were observed. 

A clustering of the unigenes, still reveals 3.26 million of highly expressed gene families in the 

global ocean, which do not correspond to defined protein domains. These new gene families 

are distributed relatively less globally than the known families, which might suggested that they 

correspond to genes that are necessary only in some conditions, potentially related to the 

adaptation of organisms to specific environments. However, the impressive number of genes 

without functionally characterized homologs in databases points to the large numbers of 

understudied yet widely distributed lineages inhabiting marine ecosystems and highlights the 

need to develop methods for revealing their roles in the ecosystems. 

Producing more reference genomes and transcriptomes (Keeling et al 2014), improving 

culture methods and increasing the number of experimental model systems (Waller et al 2018), 

will of course help to reduce the proportion of unknown sequences, however these solutions 

remain expensive and very time-consuming. I am deeply convinced that is essential to develop 

methods which integrate the massive amount of environmental sequences in order to go 

beyond the biased view to the strain concept in phytoplankton ecology (Lakeman et al., 2009). 

In the following sections of this memoire, I will expose which bionformatics methods were and 

are currently developed and used min my team in order to mine and exploit the microbial 

(meta-)omic dark matter (Figure 21). 

 
Figure 21 - The microbial omic dark matter. The “unknowns” of the microbial world (e.g., 

unknown genes, genomes, functions, organisms, processes, and communities associated with 
uncultured microbes) are often popularized under the catch-phrase “microbial dark matter” (Rinke et al., 
2013).  (A) When a new genome or transcriptome is sequenced, the functionally unannotated Open 
Reading Frames (ORFs) could be referred as genomic functional dark matter (DM). Here the figure from 
(Worden and Allen, 2010) highlights the proportion of functional DM in sequenced eukaryotic genomes. 
The compiled data for euKaryotic Orthologous Groups (KOGs) was obtained from the JGI. (**Total 
haploid gene count is probably incorrect, potentially skewing percentages). In most cases here, 
approximately 30% of the ORFs have no known function and another 10% are poorly characterized. 
Functional knowledge is strongest for core ORFs — usually central metabolic processes, and weakest 
for ‘accessory ORFs’. (B) Classification of the “unknowns” sequences from meta-omic analyses (Bernard 
et al., 2018. Environmental sequences can be classified based on their taxonomical annotation 
(horizontal line) and their functional annotation (vertical column). The cells in purple (functional DM or 
taxonomical DM) and black (functional and taxonomical DM) correspond to categories that are not readily 
explained based on current biological knowledge. (C) Classification of a newly produced set of 
environmental sequences according to Antonio Fernandez-Guerra (Max Planck Institute, Bremen): the 
knowns are sequences which have at least a match in reference databases, the known unknowns are 
sequences which have a match with previous unknown sequences from other environmental project (e.g. 
the human gut and the ocean share unknown sequences (Wyman et al., 2018), the unknown unknowns 
correspond to sequences which have never been seen before. 



 
 

 

 
Figure 21 – The microbial omic dark matter. 



 
 

 

4. Investigating the microbial omic dark matter of 
protists using networks 

4.1. Introduction to Biological Networks 
 

Networks are central to the understanding of biological systems. They are used to 

model cells development, communication and connectivity, to study the immune system or the 

brain, or even in genetics to build linkage maps among genes, and between genes and 

phenotypes. They are the basis for our understanding of transcriptional circuits and molecular 

signaling and as the structure of food webs and ecosystems. The recent and rapid 

development of social media added a new dimension to biological networks, notably through 

their charted and online quantification (Ideker and Nussinov, 2017). In the field of computational 

biology, the last decade has thus seen networks become a major mode of analysis. Networks 

provide both new data and a conceptual framework for computation. Networks are being 

generated in ever increasing sizes due to the advanced, the improving and expanding of 

experimental techniques. The accrual availability of large network data sets drives inherently the 

creation of bioinformatics methods to analyze these data to extract biological insights. On the 

other hand, networks correspond to a theoretical model for representing biological structure : 

i.e. a graph and the flow of information through this structure. In addition, since graphical 

models are core representations that arise in science (e.g. engineering or physics), they greatly 

unify the development of computer algorithms and their application across domains. 

The ever-increasing amounts of data to be processed in the omic domain makes its 

comparative and exhaustive analysis increasingly challenging. Network analysis methods are 

powerful tools which can efficiently process these very large volumes. During the last several 

years, I used two types of biological network to explore the taxonomical and functional diversity 

of protists through the analysis of omics and meta-omics datatasets: (1) sequence similarity 

networks and (2) co-occurence networks. 

 

 



 

 41 

4.2. Sequence Similarity Networks       

With the advent of HTS technologies and its inherent massive production of data, 

sequence similarity network (SSN) approaches (Atkinson et al., 2009; Cheng et al., 2014; 

Méheust et al., 2016) offer an alternative to classical methods, enabling inclusion of unknown 

sequences in the global analysis (Bittner et al., 2010; Forster et al., 2015; Lopez et al., 2015). 

SSN are indeed useful to visualize and explore genomic diversity to a very large scale, but also 

to study relationships between and within protein families (e.g. (Alvarez-Ponce et al., 2013; 

Atkinson et al., 2009; Bittner et al., 2010; Corel et al., 2016; Forster et al., 2015; Lopez et al., 

2015; Méheust et al., 2016). Sequence similarity networks model a set of homologous 

sequences in the form of a graph in which the sequences correspond to the nodes and edges 

represent similarity relations between sequences (Figure 22, Figure 23).  

 

Figure 22 – Example of a sequence similarity network (A. Meng’s Phd manuscript). In the upper 
part is represented a global alignment of the sequences A, B, C and D, and in the lower part,  its 
corresponding SSN. The nodes correspond to the sequences (A, B, C & D) and the edges represent the 
alignment between each pair of sequences. 

 
Figure 23 - Formalisation of four connected components (1, 2, 3 and 4) (A. Meng’s Phd 
manuscript). The letters P and G correspond to two fictive taxa. The color of the nodes corresponds to 
fictive functional annotation (four distinct one here: blue, red, green and orange) or to the absence of 
functional annotation (grey color). The shape of the nodes (squared or round) corresponds to a fictive 
trait (e.g. a round corresponds to a sequence obtained from a species producing a toxin whereas the 
square correspond to a sequence obtained from a species which is not producing this toxin). This figure 
illustrate how (1) functionally unknown sequences can be linked to functionally known one, (2) the 
genomic bases of traits can be exhaustively investigated (while including functional dark matter). 
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To build SSN, similarity is computed between each pair of sequences (e.g. DNA, RNA, 

protein) from a dataset (Figure 24). Then the similarity value are screened (i.e. a rule to define a 

threshold is defined, e.g. 80% of sequence overlap and 80% of similarity or cf. Figure 24). 

Groups of related nodes or subgraphs or connected components (CCs) are thus defined, 

representing sub-communities of the network. The nodes and the edges of the SSN can be 

labelled. For instance, when available, nodes can be labelled with information on taxonomy, 

gene functions, organismal trait (Figure 23). Each of the CCs can be treated independently, 

which greatly speeds up calculations and provides the opportunity to explore issues specific to 

certain sequence populations (for instance CCs linked to a trait).  

In the framework of a functional genomic study, SSNs facilitate large-scale comparison 

of sequences, including functionally unannotated sequences, and hypothesis design based on 

both model and non-model organisms. For instance, SSN has been used to define enolase 

protein superfamilies and assign function to nearly 50% of sequences composing the 

superfamilies that had unknown functions (Gerlt et al., 2012). These methods facilitate the 

exploration of genomes or transcriptomes or proteomes composed of several thousands to 

millions of sequences. For example, in 2009 Atkinson et al. explore 3 super-families of proteins 

from the comparison of 773, 621 and 1330 sequences in the form of SSN. In 2016, Méheust et 

al. studied the cross-linked evolution in eukaryotic lines from SSN comparing 2,192,940 protein 

sequences. 

 
Figure 24 - SSN building and mining. To build a SSN, similarity is computed between each pair of 
sequences (e.g. here ORFs sequences). The similarity value are screened, for instance here, links were 
keep in the sequences overlap was at minimum of 80% and if the resulting subgraphs (CCs) were 
showing homogeneous functional annotation). Here the information of nodes were highlighted : 
taxonomic origin and information of their corresponding symbiotic trait.  
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Selected article # Article 1   

Analysis of the genomic basis of functional diversity in dinoflagellates using 

a transcriptome-based sequence similarity network 
Arnaud Meng, Erwan Corre, Ian Probert, Andres Gutierrez-Rodriguez, Raffaele Siano, Anita Annamale, 

Adriana Alberti, Corinne Da Silva, Patrick Wincker, Stephane Le Crom, Fabrice Not †, Lucie Bittner † 

(† co-senior authors) 

 

2018, published in Molecular Ecology as an original article 

 

Outline: In the framework of Arnaud Meng’s PhD, we explored the functional genomics of 

dinoflagellates (i.e. protists which have enormous genomes (cf. table 1)) with a specific focus on 

the genomic bases of the symbiotic and toxic trait. The article Analysis of the genomic basis of 

functional diversity in dinoflagellates using a transcriptome-based sequence similarity network 

was published in February 2018, and corresponds to the first article of Arnaud’s PhD. The 

study was first only focused on four new transcriptomes produced by Dr. Fabrice Not, but in 

interaction with Arnaud, Fabrice and Erwan Corre, we conceived a larger study in order to 

involve all MMETSP dinoflagellate transcriptomes, which enable us to explore more exhaustively 

the functional diversity of this hyperdiverse lineage. This publication involves the de novo 

assembly transcriptomics pipeline from non model organisms 

(https://github.com/upmcgenomics/dntap) , which Arnaud conceived during his master 2 

internship and his first PhD year, which I co-supervised with Dr. Stéphane Le Crom (n.b. this 

pipeline was used in (Botebol et al., 2017), in which Arnaud, Stéphane and I were co-authors). 

The bioinformatic improvements made by Anita Annamale during her master 1 internship in our 

team (cf. C.V.) were also implemented in the pipeline 

(https://github.com/upmcgenomics/PREMSEQ). To explore simultaneously the largest number 

of transcriptomes, I supervised Arnaud in the SSN analysis. The nodes of the SSN were labeled 

with information (e.g. taxonomy, traits of the organisms, and the functional annotation of the 

sequence). This approach constitutes the most comprehensive picture to date of the genomic 

potential of dinoflagellates and enabled to identify a core-predicted proteome composed of 252 

connected components (CCs) of putative conserved protein domains (pCDs). Of these, 206 

were novel and 16 lacked any functional annotation in public databases. Finally, the SSN 

enabled to explore the data in several dimensions and notably to extract CC specific to traits 

(as in Figure 24).  
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Meng et al. 2018, in Molecular Ecology, illustrates how SSNs are useful to perform 

large-scale comparative omics analyses, while exploiting the functionally unknown sequences. 

In this article, sequences were obtained from cultivated, known organisms, from which traits 

were defined. Consequently, we pointed out clusters of sequences or CCs, which constitute 

groups of homologous sequences (i.e. when CCs form cliques, they correspond to gene 

families) with additional potentially distant homologs (i.e. when CCs also involve chain in their 

structure). We highlighted CCs which are putative markers or proxies of organismal traits. 

These markers need to be classified to extract a top list of markers: i.e. 45 207 toxic CCs were 

observed, but the most shared CC (5 CCs, involving 2 totally functionally unknowns CCs) 

constitutes a reasonable top list of sequence (here ORFs) to further study in wet lab (e.g. via 

qPCRs) and which can be searched in environmental data. 

Ophélie Da Silva, who did a M1 internship in our team (2 months of internship in June 

2017, cf. section student supervision in CV), developed a script for our team 

(https://github.com/upmcgenomics/HomDistrib) which takes as input a fasta file of sequences of 

interest, and then searches their homologs in the Tara Oceans metagenomic and 

metatranscriptomic dataset. The Figure 25 represents one of the output from this tool.  

 

Figure 25 – Abundance of homologous sequences from a symbiotic CC only composed of 
functionally unknown sequences, found in the metatranscriptomics dataset (fraction 0.8-5 μm) of the 
Tara Ocean expedition. 

The (homologous) sequences which are linked to a trait can be found in the 

environment, and their corresponding abundance matrix can be analysed in lights of abiotic 

and biotic parameters. One of the next step can be the analysis of the structure of the variants 

and the highlight of ecological niches. I have implemented this whole reasoning and analysis in 
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a tutorial course, which I have taught for the first time in October 2018 to masters students in 

microbiology at the Observatoire Océanologique de Banyuls-sur-mer. 

 

In the framework of Arnaud Meng’s Phd, a specific focus has been done on the 

symbiotic trait. His co-supervisor, Dr. Fabrice Not, who is a specialist of protistan symbioses, 

generated transcriptomes of several Rhizarian specimens, which are living in symbiosis with 

photosynthetic protists (presumably Dinoflagellates). Our goal was to de novo assembled these 

holobiont transcriptomes, and then to search for transcript markers of symbiosis by compiling 

in the same SSN transcripts from dinoflagellates (Meng et al. 2018 Molecular Ecology), and 

transcripts from some non-symbiotic Rhizaria (Figure 26). 

 
 

Figure 26 - Diagram of the dataset analysed in Meng et al. in prep (working title: Key functions 
involved in the establishment and the maintenance of marine plankton symbiosis revealed by a meta-
transcriptome approach) (study of holobionts: the host is a Rhizaria, the symbionts are supposed to be 
dinoflagellates). (A) Datasets and corresponding flags which will be used in the SSN: transcripts from 
Rhizaria are squared (involving symbiotic (holobiont) and non symbiotic Rhizaria), the one from 
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dinoflagellates are round (Meng et al., 2018a). The presence of the symbiotic trait is indicated in green, its 
absence is indicated in blue. (B) different classes of CCs which will be obtained in the SSN. The class of 
CCs on which the analysis will mainly focus is circled in red (i.e. CCs only composed of transcripts 
obtained both in holobionts (symbiotic Rhizaria) and in dinoflagellates alone - the labels h/s/u/c refer to 
the methodology developed in (Meng et al., 2018b)). 

 
In order to minimize the proportion of chimeric transcripts obtained from the de novo 

assembly of the holobionts transcriptomes (i.e. holobionts correspond to Rhizaria and 

presumably dinoflagellate symbionts), we debated with Arnaud about a strategy to overcome 

this bioinformatics challenge. Concurrently, in October 2016, Dr. Pierre Peterlongo invited me 

to visit the GenScale team at INRIA in Rennes (https://team.inria.fr/genscale/). We discussed 

and I explained that I was dreaming about a tool which would allow me to calculate similarity 

between pair of sequences at a very broad scale (e.g. for the Tara Oceans catalogs: 40 M of 

genes (Sunagawa et al., 2015) and 116 M of unigenes (Carradec et al., 2018)) in order to build 

the most inclusive as possible SSNs. I also exposed them our de novo assembly issue from 

holobionts transcriptomes. From our discussions, they developed the highly scalable tool Short 

Read Connector (SRC) (Marchet et al., 2018)° 

(https://github.com/GATB/short_read_connector). SRC is a k-mer based similarity method 

which relies on a very lightweight data structure called a quasi-dictionary that enables to work 

with voluminous sequence sets. SRC enables thus to estimate the similarity between numerous 

(meta-)omic datasets by extracting their common sequences. Camille Marchet (PhD who was 

supervised by Pierre Peterlongo) and Arnaud interacted and this collaborative work conducted 

to a publication in the journal Microbiome in 2018. 

     
 
 
 
 
 
      



 
 

 

Selected article # Article 2      

A de novo approach to disentangle partner identity and function in 

holobiont systems 
     

Arnaud Meng †, Camille Marchet † († co-first authors), Erwan Corre, Pierre Peterlongo,  

Adriana Alberti, Corinne Da silva, Patrick Wincker, Eric Pelletier, Ian Provert, Johan Decelle, 

Stéphane Le Crom, Fabrice Not, Lucie Bittner 

 

2018, published in Microbiome as a research article 

 
Outline: In order to minimize the proportion of chimeric transcripts obtained from the de novo 

assembly of non-model holobiont transcriptomes, we designed an innovative bioinformatic 

strategy and tested it on marine models as a proof of concept. We considered three holobiont 

models and sorted their raw reads using Short Read Connector (SRC), a k-mer based similarity 

method (Marchet et al., 2018)°. Before assembly, we thus defined four distinct categories for 

each holobiont metatranscriptome: host reads, symbiont reads, shared reads, and unassigned 

reads. Afterwards, we observed that independent de novo assemblies led to a diminution of the 

number of chimeras. Moreover, the separation of each partner’s transcriptome offered the 

independent and comparative exploration of their functional diversity in the holobiont. Finally, 

our strategy allowed to propose new functional annotations for two well- studied holobionts (a 

Cnidaria-Dinophyta, a Porifera-Bacteria) and a first metatranscriptome from a planktonic 

Radiolaria-Dinophyta system forming widespread symbiotic association for which our 

knowledge is considerably limited. In conclusion, in contrast to classical assembly approaches, 

our strategy generates less chimera and allows biologists to study separately host and 

symbiont data from a holobiont mixture. The pre-assembly separation of reads using SRC is an 

effective way to tackle metatranscriptomic challenges and offers bright perpectives to study 

holobiont systems composed of either well-studied or poorly characterized symbiotic lineages 

and ultimately expand our knowledge about these associations. 
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4.3. Co-occurrence or association networks  
      

Organisms do not exist in isolation but form complex ecological interaction webs. 

Interactions within these ecological webs can have a positive impact (that is, a win), a negative 

impact (that is, a loss) or no impact on the partners involved. The possible combinations of win, 

loss and neutral outcomes for two interaction partners allow the classification of various biotic 

interaction types (Figure 27).     

 
Figure 27 –Summary of ecological interactions between partners of different lineages (Faust 
and Raes, 2012). All possible pairwise interactions are here summarized. For each interaction partner, 
there are three possible outcomes: positive (+), negative (–) and neutral (0). For instance, in the parasitism 
relationship (+ –), the parasite benefits from the relationship (+), whereas the host is harmed (–). 
     

During the last decade, it has been clearly shown that microbial communities structure 

and function are heavily influenced by abiotic interactions (i.e. environmental conditions) but 

also by biotic interactions (e.g. microbe–microbe interactions, microbe–host interactions) (e.g. 

(Chaffron et al., 2010) (Lima-Mendez et al., 2015)°). In this way, understanding the microbial 

communities as a whole, including the complex interplay among microbial taxa, is becoming a 

routine in microbial ecology. Network theory, in the form of systems-oriented, graph-theoretical 

approaches, is an exciting holistic methodology that enhances the understanding of the 

complex ecological and evolutionary processes of microbial communities. Using network 

theory, one can model and analyze a microbial communities and all its complex interactions in a 

single network. 

Hypotheses about interactions may be derived from co-occurrence or association 

networks, built from the analysis of OTUs or genes sampled across different locations, 

replicates or time points. Co-occurrence networks building techniques can rely on pairwise 

Pearson on Spearman (e.g. (Arumugam et al., 2011; Barberán et al., 2012)), local similarity 

analysis (LSA; e.g. (Durno et al., 2013)), compositionality-robust estimation of correlations (e.g. 

SparCC; (Friedman and Alm, 2012), CCLasso; (Fang et al., 2015)), Gaussian graphical models 

(e.g. (Kurtz et al., 2015)), sparse regression (e.g. (Faust et al., 2012)), or assessment of co-
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occurrence probability with the hypergeometric distribution for presence/absence data 

(e.g.(Chaffron et al., 2010)). Depending on the techniques, co-occurrence networks are built on 

presence/absence or abundance data (Figure 28). In the resulting networks, nodes correspond 

to OTUs (or lineages) or more rarely functions, and the edges represent the significant 

relationships between them (e.g. either only positive, or positive and negative).  
 

 
Figure 28 - Principle of association network building based on similarity- and regression-based 
network inference (Faust and Raes, 2012). The goal of network inference is here to identify combinations 
of microorganisms that show significant co-presence or mutual exclusion and to combine them into a 
network. (a) Network inference starts from an incidence (presence/absence) or an abundance matrix, 
both of which store observations across different samples, locations or time points. (b) Pairwise scores 
between taxa are then computed using a suitable similarity or distance measure (e.g. Pearson, 
Spearman, hypergeometric distribution, Jaccard index). In contrast to similarity-based approaches, 
multiple regression can detect relationships that involve more than two taxa. To reduce over-fitting, 
sparse multiple regression is usually carried out — that is, the source taxa subset that best predicts the 
target taxon’s abundance is selected. In addition, the regression model is cross-validated: that is, after 
regression coefficients have been identified with a training data set, the model’s prediction accuracy is 
quantified on a test data set. (c) In the next step, a random score distribution is generated by repeating 
the scoring step a large number of times (i.e. 1,000 times or more). The random score distribution 
computes the P value (that is, the probability of obtaining a score by chance that is equal to or better 
than the observed score) to measure the significance of the predicted relationship. The P value is usually 
adjusted for multiple testing with procedures such as Bonferroni or Benjamini–Hochberg (Benjamini & 
Hochberg 1995). (d) Taxon pairs with P values below the threshold are visualized as a network, where 
nodes represent taxa and edges represent the significant relationships between them. 

     

The network properties — such as modularity, degree, closeness, betweenness 

distribution, assortativity, or the average path length, nestedness — are often calculated and 

ecologically interpreted (n.b. the same metrics can be calculated with SSNs, e.g. (Forster et al., 
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2015)°. Through the use of incidence or abundance matrices obtained from NGS, researchers 

can go beyond the knowledge based actors from classical interaction networks and food 

webs, and can now exhaustevely describe the potential interactions within the microbial 

communities. The matrices correspond to sequences (corresponding to e.g.  OTUs/lineages 

and / or to clusters of genes / functions) which might involved known and unknown actors, so 

the networks might involved many dark matter nodes. By mining the numerous interactions 

from the association network and the properties of the nodes and edges, one can retrieve 

known interactions and one can predict new ones (e.g. (Lima-Mendez et al., 2015)°, (Mordret 

et al., 2016), (Vincent et al., 2018)°) as well as suggesting new hub actors (e.g. (Qin et al., 2010) 

(Guidi et al., 2016)°). Network association analyses can be used to determine drivers in 

environmental ecology (e.g. (Steele et al., 2011) (Lima-Mendez et al., 2015)°) or contribution to 

habitat niches or disease (e.g. (Arumugam et al., 2011; Chaffron et al., 2010)). Since 

approximately a decade, studies are multiplying thanks to the growing amount of meta-omic 

datasets (n.b . the increasing number of samples are improving the statistical power of the 

methods), and microbial association networks have been inferred for a range of communities 

from soil (e.g. (Barberán et al., 2012; Mandakovic et al., 2018), ocean (e.g. (Guidi et al., 2016; 

Lima-Mendez et al., 2015)°) and human body communities  (e.g. (Qin et al., 2010)). It is 

however interesting to note that interpreting these networks is not always straightforward, and 

the biological implications of network properties are unclear. Only few articles review thus far 

the factors that can result in spurious predictions for that kind of analysis. A major problem is 

that inference are now made from observational data, whereas the few simulations, which have 

been published so far, show that network properties are affected by tool choice and 

environmental factors (Röttjers and Faust, 2018; Weiss et al., 2016). For example, hub species 

might not be consistent across tools, and environmental heterogeneity induces modularity. In 

the coming years, it is likely that the field of co-occurrence network inferences will be enriched 

and strengthened by the recommendations which will arise from more simulations, tools 

benchmark and cross biome comparisons.  

 

During the last five years, I co-authored 3 articles involving co-occurrence networks 

analyses (Lima-Mendez et al., 2015 ; Guidi et al., 2016 ; Vincent et al., 2018)°. In Guidi et al. 

(2016), we (Dr Lionel Guidi, Dr Samuel Chaffron, Dr Damien Eveillard and I) revisited the issue of 

the Biological Carbon Pump on the global ocean - which is a ‘classical’ subject for 

biogeochemists and oceanographers - in lights of meta-omics datasets (cf. annexe 2). From 

the omics abundance matrices of OTUs and functions generated in 2015 by the first large-

scale Tara Oceans articles (Brum et al., 2015; Sunagawa et al., 2015; Vargas et al., 2015), we 
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built co-occurrence networks using the WGCNA method (Aylward et al., 2015; Langfelder and 

Horvath, 2008) and extracted modules (or sub-communities or sub-graphs, i.e. here 

corresponding to co-abundant sequences across the samples) linked to carbon export. The 

entire community of planktonic actors involved in this process was highlighted (involving 

eukaryotes, prokaryotes and viruses) as well as their hub nodes (Figure 29).  

 

 
Figure 29 – Classical and omics view of the Biological Carbon Pump. On the left, ‘classical’ vision 
of the actors and mechanisms involved in the biological carbon pump in the ocean (figure from(Benoiston 
et al., 2017)). On the right, interactome of planktonic communities involved in carbon export (network 
nodes correspond to organisms, and edges to copresence (black) or mutual exclusion (red) relationships) 
(fig. from Guidi et al., 2016). This integrated network was built from the selection of the VIP nodes in the 
eukaryotic, prokaryotic and viral subnetworks related to carbon export at 150 m. Co-occurrences 
between all lineages of interest were extracted, if present, from a previously established global co-
occurrence network (Lima-Mendez et al., 2015). The resulting graph is composed of 329 nodes, 467 
edges, with a diameter of 7, and average weighted degree of 4.6. The key nodes (whose taxonomic 
affiliation is reported) correspond here to the hubs of the network. 

 

From the study of the orthologous genes (OGs) of the pico-planktonic fractions, two 

modules (FNET1 and FNET2) were highlighted as associated with the carbon export process 

(Figure 30). The relevance of these OGs to predict carbon export was confirmed by PLS 

regression. FNET1 and FNET2 predict 41% and 48% of carbon export variability respectively, 

with a minimal number of functions (123 and 54 OGs with a VIP score >1 corresponding to the 

best OGs predictors, for FNET1 and FNET2, respectively). FNET1 involves functions linked to 
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photosynthesis and growth and FNET2 involves functions linked the formation and degradation 

of marine aggregates (Figure 30). Furthermore, 77% and 58% of the best OGs predictors in 

FNET1 and FNET2, respectively, are functionally uncharacterized, pointing to the strong need 

for future molecular work to explore these functions and the tremendous potential of co-

occurrence network analyses to reveal the relevance from dark matter sequences in 

biogeochemical processes.  

     

 
Figure 30 – Key bacterial functional categories associated with carbon export at 150 m (Guidi et 
al., 2016). A bacterial functional network was built based on orthologous group/gene (OG) relative 
abundances using the WGCNA methodology (see Methods) and correlated to classical oceanographic 
parameters. Two functional subnetworks (FNET1 (n = 220) and FNET2 (n = 441)) are significantly 
associated with carbon export. Higher functional categories are depicted for functions with a VIP score 
>1 in both subnetworks. One module (FNET1) contains many functions specific to the Synechococcus 
accessory photosynthetic apparatus (e.g. function related to phycobilisomes, phycocyanin and 
phycoerythrin), as well as functions related to carbohydrates, inorganic ion transport and metabolism, 
and transcription, suggesting overall a subnetwork of functions dedicated to photosynthesis and growth. 
The second module (FNET2) contains several functions encoded by genes taxonomically assigned to 
Candidatus pelagibacter and Prochlorococcus, known as occupying similar oceanic regions as 
Synechococcus, but overall most of its relative abundance (74%) is taxonomically unclassified. Top VIP 
scoring functions in FNET2 are membrane proteins and ABC-type sugar transporters, as well as 
functions involved in carbohydrate breakdown such as a chitinase . These features highlight the potential 
roles of bacteria in the formation and degradation of marine aggregates.  

 

     

This reassessment of the study of the Biological Carbon Pump (BCP) is currently being 

pursued by Anne-Sophie Benoiston (cf. students supersing section in the CV), a PhD co-

supervised by Dr. Lionel Guidi and myself. She is repeating the omic-based co-occurrence 

network analyses with an extended dataset (more samples have been sequenced since 2010, 

and e.g. new oceanic regions are now available such as the Arctic zone) while using another 

tool (i.e. using SPIEC-EASI, (Kurtz et al., 2015)). She is comparing modules related to three 

quantifiable processes or states of the BCP (i.e. net primary production, carbon export, 
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remineralisation). She is exploring if the community of lineages and functions are driven by the 

same VIP actors, and as common actors can be found, she is examining the potential changes 

in network structure from one BCP state to an other by using a graph alignment method 

(Malod-Dognin and Pržulj, 2015; Mandakovic et al., 2018). Anne-Sophie is currently writing an 

article highlighting her new results, which will be submitted to the ISME Journal in the coming 

months.  

Finally, Marie Soret, who did a M2 internship in our team (6 months of internship in 

2018, cf. section student supervision in CV), tested and compared different machine learning 

algorithms in order to highlight the most efficient one(s) to identify the best predictors (i.e. here 

omic sequences) of the BCP states. Our goal was to be able to predict from a sample its 

contribution to one of the BCP state just based on omic data. The use of machine learning 

algorithms in order to exploit the growing amount of omics and / microbial datasets is a hot 

topic (e.g. (Cordier et al., 2018; Farrell et al., 2018; Perkel, 2018; Sauzède et al., 2017; 

Tackmann et al., 2018)) and the identification of microbial biomarkers and their use for 

classification tasks have promising applications in the field of microbial ecology and ocean 

monitoring (Armbrust, 2014; Bohan et al., 2017; Ottesen, 2016). The results obtained by Marie 

will thus be developed in a manuscript, which will be submitted at the latest at spring 2019. 
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5. Perspectives: next research and developments - 
ongoing and future collaborations 
 

In the next coming years, I will keep on working at the interface between environmental 

genomics, bioinformatics, ecology and adaptation, I will keep on learning modelisation from my 

collaborators, and if possible, in the very near future, I wish to reconnect more concretely with 

evolutionary questions. Thanks to my very nice current collaborations and certainly thanks to 

additional new ones, I intend to continue and develop the three main research axes detailed in 

the following perspectives. 

Perspective 1: exploring the microbial omic dark matter at 

the global scale 

In the coming years, I will keep on submitting projects and applying for grants aiming at 

studying the microbial omic dark matter (nb. I have submitted until now 5 grants (e.g. ANR, 

ERC starter, CNRS call, Sorbonne Université call) but none of them was successful, even if 

some of them reached the second round). I thus intend to keep on developing strategies to 

exploit already available but under-studied large meta-omics datasets , with a specific focus on 

protists lineages, by using both sequence similarity networks and co-occurrence networks (an 

example of overarching analysis strategy can be found in annexe 3, project submitted at the 

ANR2017 call). The global analyses of the largest number of transcriptomes and 

metatranscriptomes of eukaryotes involving their dark matter, will help to study and to better 

understand the evolutionary and functional adaptations of protists in their environment. I have 

already conducted tests on the eukaryotic (uni)genes catalogs (Carradec et al 2018), and 

thanks to the tool SRC developed by Dr. Pierre Peterlongo and Dr. Camille Marchet (Marchet et 

al, 2018°), a SSN was built with the 116 million of unigenes. In collaboration with the Dr. Eric 

Pelletier (Genoscope, CEA, Evry, France), we intend to continue this research, and we notably 

wrote a PhD subject in the framework of an ITN project lead by Dr. Sakina-Dorothée Ayata (ITN 

dedicated to the study of the plankton functions and services in marine ecosystems), which will 

be submitted in January 2019. From this work, a most wanted list of conserved microbial 

protein families with no known domains will be obtained (as Wyman et al. 2018 have done for 

prokaryotic fractions). Interactions with Dr. Antonio Fernandez-Guerra (currently working at the 

Max Planck Institute, Bremen), who is conducting research on prokaryotic fractions with similar 

questions, will be set up. Finally, one of our other major objectives will be to detect clusters of 
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dark matter sequences which will play a major role at the global oceanic scale or in certain 

niches, and which can be used as proxies to monitor marine ecosystems (Armbrust 2014, 

Bohan et al 2017, cf. annexe 3 and 4). 

 

Perspective 2: from omics to modelisation via the use of 

traits  

From known organisms transcriptomes and genomes, sequences can be suggested as 

biomarkers of organism traits (cf. methodology developed in Meng et al 2018, Mol ecol), and 

homologs of these sequences can be found in the environment. From meta-omics datasets, 

sequences can also be suggested as predictors of a biogeochemical process (Guidi et al 

2016°, and on going work from Anne-Sophie Benoiston detailed in section 4.3., pp85-86).  

A validation work of a top list of these markers should be considered. Dr. Raffaele Siano 

(researcher at Ifremer, Brest, France), who co-authored Meng et al 2018, is considering to test 

in vivo markers of toxicity on dinoflagellates cultures. A SSN study performed by Quentin 

Letourneur (M1 internship during spring 2016, cf. student supervision section in CV) on 

Ostreococcus strains revealed a list of transcript specific from low iron adaptation conditions. 

Our collaborator Dr. François-Yves Bouget (DR CNRS, Observatoire Océanologique de 

Banyuls-sur-mer) intended to confirm in vivo the expression of these markers. My collaboration 

with Dr. Fabrice Not will continue to explore the genomic bases of microbial symbioses, notably 

through the study of Rhizarian holobiont transcriptomes and the writing of Dr. Arnaud Meng’s 

last PhD article. The expertise of Dr. Fabrice Not is also very useful to guide Emile Faure (PhD 

grant from october 2017 to septembre 2020, co-supervised by Dr. Sakina-Dorothée Ayata and 

my-self, cf. student supervision section in CV) to explore the impact of mixotrophic organisms 

(on notably the symbiotic one) on biogeochemical cycles. Emile studied the environmental 

diversity and structure of mixotrophic protist lineages during his master 2 internship and his first 

PhD year based on metabarcoding data. In the coming months, he will extend his research to 

metagenomics species (MGS or Co-Abundance gene Groups (CAGs) (Nielsen et al. 2014)) and 

to metagenome-assembled genomes (MAGs, Parks et al. 2017), which will enable to build a 

more exhaustive and accurate picture of mixotrophy in the global ocean, while also integrating 

taxonomical and/or functional unknown sequences. SSNs and gene-based predictive models 

(Burns et al. 2018) will be used in order to predict mixotrophic markers. These research 

focussed on the genomic bases of mixotrophy will be part of emerging collaborations, which I 

am starting to initiate at the national scale (cf. annexe 4, project MixOmics submitted at the 
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EC2CO call in September 2018), and which will be continue with European partners (I will also 

submit a Working Group project at the next EuroMarine call in 2019). The goal of these projects 

and collaborations will be to better characterize the role of mixotrophy in marine ecosystems 

and marine biogeochemistry, particularly its impact on the carbon cycle, from the 

individual/species to the community/ecosystem scale. To do this, bridges between 

omics/bioinformatics, experimentation and modeling will be created, in order to maximize the 

interactions between fields. In this way, mixotrophic markers defined by in silico analyses will be 

then (1) tested by experimentalists and (2) will be used by modelers in order to build species-

centered and also global / large scale biogeochemical models (collaborators at the LOCEAN in 

Paris (Dr. Olivier Aumont), at the LOPS (Dr. Thomas Gorgues) and at the PELAGOS (Dr. Marc 

Sourisseau) in Brest). I wouldn’t have been able to develop this research axis (i.e. the impacts 

of planktonic diversity and trophic mode / strategy on oceanic biogeochemical cycles by 

integrating high-throughput sequencing data into marine ecosystems models) without the input 

and discussions from my collaborator Dr. Sakina-Dorothée Ayata (cf. section research projects 

in CV). 

 

Perspective 3: from microbial omic dark matter to 

evolutionary questions 

The outcomes from perspective 1 and 2 will contribute to a more inclusive and accurate 

picture of microbial diversity and functioning within ocean ecosystems, and will ensure solid 

bases for (i) understanding the adaptation processes of microbial eukaryotes in their 

environments ; and (ii) improving modeling studies of ecosystem carbon dynamics or fluxes in 

general. Such studies aim to renew and to become references for future microbial 

environmental surveys and for “ocean ecosystemics”. Furthermore, the exhaustive omic study 

of organisms (here mainly protists) in their real environment, without a priori, i.e. without the 

constraint of a metazoa-centric or bacteria-centric vision, will help to build their own conceptual 

adaptive and evolutionary framework (and I am very concerned about this point since my PhD, 

cf. the foreword section). In this vein, during the coming years, I intend to turn a few ideas and 

discussions into research projects tackling different evolutionary aspects of protists: e.g. the 

mechanisms of Dinoflagellates genome evolution with Dr. Laure Guillou (DR CNRS, Station 

Biologique de Roscoff), the quantification of recombination events in the environment with Dr. 

Olivier Jaillon (Genoscope, CEA, Evry, France). 
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Final words 
 

As this memoire hopes to demonstrate, we (environmental genomicists) are living a 

tremendous time: the omics data stream is still exponentially increasing and there is a critical 

need of new and original methods to explore them and to address ecological and evolutionary 

relevant questions. New thinking frameworks are also possible, which can emerge from 

multidisciplinary approaches and synergies created between molecular biology, bioinformatics, 

microbiology, plankton ecology, marine biogeochemistry, oceanography, numerical ecology, 

and system biology.  Interactions, discussions, ideas sharing and transfer, training and 

transmission will be the keys from fulfilling environmental geneticists, which makes - in my 

opinion - the future looks always more exciting and pleasant. 
 

 

Every day, searching, teaching and mentoring is a sincere pleasure. I even more 

realized it when I listened to the very inspiring Dr. Louis Legendre, a few years ago in 

Villefranche-sur-mer, who really put words on my every day feelings. 
 

“Discoveries are not made by committees and do not result from accretion of 

knowledge. Discoveries are products of the imagination of creative researchers.” 

 

“The process leading to discovery requires a pertinent question, which strongly involves 

intuition, the ripeness of time and creative imagination; the latter combines intuition, the 

scientific method and pleasure” 

 

Louis Legendre, in Scientific Research and Discovery : Process, Consequences and 

Practice, 2004 
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Glossary 
16S rDNA: genes encoding the RNA of the small ribosomal subunit (SSU) found in all Eubacteria and 
Archaea 

18S rDNA: genes encoding the RNA of the small ribosomal subunit (SSU) found in eukaryotes. Many 
copies are found per genome. They are highly expressed and their nucleotide structure combine well-
conserved and variable regions. It is the most widely used eukaryotic phylogenetic marker. Because of 
these characteristics, and for pragmatic reasons, 18S rDNA has been used as a marker to identify and 
barcode eukaryotes at the species or genus level (with some exceptions).  

28S rDNA: genes encoding the RNA of the large ribosomal subunit (LSU) found in eukaryotes. 

454: common term for the Roche GS platforms that use bead emulsion methods. It is a next-generation 
sequencing / NGS / HTS method, classified in the second generation. Reads measures on average 350–
450 bp. Homopolymer errors are characteristics from this technology. 

Accessory genome: (or accessory genome, also: flexible, dispensable genome) refers to genes not 
present in all strains of a species. These include genes present in two or more strains or even genes 
unique to a single strain only, for example, genes for strain specific adaptation such as antibiotic 
resistance. 

Alveolata: a widespread group of unicellular eukaryotes that have adopted diverse life strategies such as 
predation, photoautotrophy, and intracellular parasitism [29]. They include some environmen- tally 
relevant groups such as the Syndiniales, the Dinoflagellata, and the ciliates (Ciliophora), as well as the 
Apicomplexa group that contains notorious parasites such as Plasmodium sp. (the agent of malaria), 
Toxoplasma sp. (the agent of toxoplasmosis), and Cryptosporidium sp. 

Amoebozoa: this group consists of amoeboid organisms, most of them possessing a relatively simple 
life cycle and limited morpholo- gical features, as well as a few flagellated organisms. They are common 
free-living protists inhabiting marine, freshwater, and terrestrial environments. Some well-known 
amoebozoans include the causative agent of amoebiasis (Entamoeba histolytica) and Dictyostelium sp., a 
model organism used in the study of the origin of multicellularity. 

Animal: cf. the definition of Metazoa. Often refers to an heterotrophic cell / organism. 

Archaeplastida: also known as ‘the green lineage’ or Viridiplantae, this group comprises the green 
algae and the land plants. The Archaeplastida is one of the major groups of oxygenic photosynthetic 
eukaryotes [31]. Green algae are diverse and ubiquitous in aquatic habitats. The land plants are probably 
the most dominant primary producers on terrestrial ecosystems. Both green algae and land plants have 
historically played a central role in the global ecosystem. 

Assortativity: measure of the preferential connection between a set of nodes of interest in a graph or in 
other words, assortativity quantifies to what extent sequences with the same label (for example, with the 
same taxonomy) connect with each other rather than with differently labelled sequences. 

Average shortest path length (AL): AL is calculated as the average number of steps in the shortest 
paths between each node to each other node in a network. Networks with a small AL are also known as 
small-world networks. Microbial association networks have a mostly small AL. A small AL has been 
interpreted to increase the speed of the network’s response to perturbations. 

Betweenness: node centrality in a graph, which measures the extent to which a node lies on paths 
between other nodes. Nodes with high betweenness may have considerable influence within a network 
by virtue of their control over information passing between others. They are also the ones whose removal 
from the network will most disrupt communications between other nodes because they lie on the largest 
number of paths taken by messages. 

Biological Carbon Pump (BCP): process by which CO2 is transformed to organic carbon via 



 

 115 

photosynthesis, exported through sinking particles, and finally sequestered in the deep ocean. 

Carbon export : component of the BCP, carbon which is export from the surface layer to the deep 
ocean (i.e. sinking particules and aggregates (e.g. dead organic matter of faecal material) which reaches 
the sea floor where it is sequestred for long geological times). 

Clique : in a graph/network, subsets of nodes, all adjacent to each other, also called complete 
subgraphs. In a SSN, a clique corresponds to sequences which  can all aligned to each other (and 
thus potentially to a gene family). 

Closeness : measure of the centrality/peripherality of a node in a network or in other words measure of 
the mean distance from a node to other nodes 

Connected component (CC): connected component of an undirected graph is a maximal set of nodes 
such that each pair of nodes is connected by a path. 

Contig(s) : a set of reads that are related to one another by overlap of their sequences 

Core genome: set of genes that are present in all compared genomes (e.g. at the species level, the 
core genome represents the genes present in all strains of this species). 

Culturing bias: cultured microbial strains do not necessarily represent, and usually are not, the 
dominant members of the environment from which they were isolated. This bias affects bacteria, viruses, 
and protists. The culturing bias can be the result of a lack of continuous culturing efforts, or inadequate 
isolation and/or culturing strategies – or because, for whatever reason, some species in the environment 
may be refractory to isolation and culturing. 

dark matter: microbial dark matter refers to the 99% of microorganisms that have never been cultivated 
in the laboratory. Advances in high throughput sequencing allow now their exhaustive exploration in the 
environment. However as current inference tools mostly rely on taxonomically or functionally identified 
sequences, a significant part of the currently available meta-omic data is ignored and our current 
inferences might be biased. When studying omics, one can considered taxonomical dark matter, 
functional dark matter or taxonomical and functional dark matter (cf. Figure 21). 

Degree (node) : centrality measure that counts how many neighbors a node has. 

Ecosystem : biological community of interacting entities and their physical environment. 

Environmental genomic (sensu largo) or environmental omic: cf. definition of meta-omics. 

Eukaryotes: are defined as organisms whose cells have a nucleus enclosed within membranes. 

Excavata: the group Excavata was proposed based of shared morphological characters [32], and was 
later confirmed through phylogenomic analyses [33]. Most members of this group are heterotrophic 
organisms, among them some well-known human parasites such as Trichomonas vaginalis (the agent of 
trichomoniasis) and Giardia lamblia (the agent of giardiasis), as well as animal parasites such as 
Leishmania sp. (the agent of leishmaniasis) as well as Trypanosoma brucei, and Trypanosoma cruzi (the 
agents of sleeping sickness and Chagas disease respectively). 

Genomes OnLine Database (GOLD): an online resource for comprehensive access to information 
regarding genome and metagenome sequencing projects, and their associated metadata 
(http://www.genomesonline.org/) (Pagani et al., 2012). 

Graph : a set of nodes and edges. 

Heterotrophy: nutritional mode that involves the use of preformed organic matter for the acquisition of 
carbon and energy. 

Hub nodes : scale-free networks have many nodes with few links and a few highly connected nodes 
that are termed hubs. They are therefore supposed to be robust towards random node removal but 
sensitive to the removal of hub nodes. The hub nodes can been linked to the ecological concept of the 
keystone species. 
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Illumina: company producing the Hi-Seq and MiSeq platforms, which uses bridge amplification. This 
calssical Illumina sequencing technology belong to the  has a 

Incertae sedis: Latin for ‘of uncertain placement’, a term used to indicate those organisms or lineages 
with unclear taxonomical position. 

k-mer : refers to all the possible substrings of length k that are contained in a string 

Large-subunit (LSU) ribosomal DNA (rDNA) : cf. 28S rDNA definition 

Meta-omics: (meta refers to the environement) generic term to designate meta-genomics, meta-
transcriptomics, meta-proteomics, meta-bolomics, etc. 

Metabarcoding or Marker gene surveys: high-throughput environmental sequencing utilizing 
homologous genetic loci (e.g. 16S rDNA for prokaryotes, 18S rDNA for eukaryotes) amplified via 
theoretically universal and conserved primer sets. 

Metagenomes: collections of all the DNA present in communities of microorganisms, representing all 
the genetic potential of the communities. The metagenome of a community can be used to reconstruct 
the genomes of the individual species comprising that community, thus assigning specific metabolic 
roles to those taxa. 

Metagenomics: high-throughput, random sequencing of genomic DNA from environmental isolates. 

Metatranscriptomes: Collections of all the transcriptomes (all RNA transcripts) present in communities 
of microorganisms; a metatranscriptome of a community is derived from RNA extraction and purification, 
reverse transcription of RNA to cDNA and sequencing of the resulting cDNA. 

Metatranscriptomics: high-throughput sequencing of expressed gene transcripts (mRNA) from 
environmental isolates. 

Metazoa: multicellular, eukaryotic organisms (animals) that have differentiated cells and tissues. 

Microbe(s): microscopic organism or or micro-organisms is a living thing that is too small to be seen 
with the naked eye (involving Prokaryotes, Viruses/Giruses, Protists). 

Microbial Dark matter: cf. dark matter definition and (Rinke et al., 2013)  

Microbiome: sensu stricto refers to microbial functions from an environment, sensu largo refers to 
microbial species and functions from an environment. 

Microbiote (plural microbiota or microbiotes) : refers to microbial species from an environment.  

Mitags : SSU rDNA fragments derived from Illumina-sequenced environmental metagenomes (Logares 
et al., 2014). 

Mixotrophy : the physiological feature of an organism whose cells (at least some cells, for multicellular 
organisms) use both photosynthesis and external organic matter as a source of carbon and/or non-
carbon elements. It is now considered that the majority of protists are mixotrophs (more details in annexe 
4). 

Modularity: networks can be divided into clusters either manually or by using a network cluster 
algorithm. More modular networks have a higher number of within-cluster edges than between-cluster 
edges compared to random expectation. 

Module (in the framework association / co-occurrence network analyses) : clusters of highly 
interconnected genes. In an unsigned co-expression network, modules correspond to clusters of genes 
with high absolute correlations. In a signed network, modules correspond to positively correlated genes. 

Nestedness: nested neighborhood structure of the nodes in a network. A network exhibits nestedness if 
the neighborhood of a node is contained in the neighborhoods of the nodeswith higher degrees. 

Next Generation Sequencing : sequencing technologies following the first generation (i.e. first 
generation correspond for instance to ABI 3730xl DNA Analyzer sequencer). Cf. below chronology of 
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sequencing technologies (figure shared by S. Le Crom). 

 
Node degree distribution: the distribution of the number of neighbor each node has in a network. In 
random interaction networks, the node degree distribution follows a Poisson distribution. However, for 
most biological networks, the degree distribution is better described by a power law distribution (‘as seen 
in scale-free’ networks). Although the node degree distributions of microbial assocatioan networks are 
not always fit by a power law, they are clearly far from being random. 
Omics: refers to genomics, transcriptomics, proteomics, metabolomics etc. 

Operational taxonomic unit(s) (OTU(s)): an operational definition which is supposed to be a proxy for 
a species or group of species. In microbial ecology, and in particular protist ecology, this operational 
definition is generally based in a percentage similarity threshold of the 18S rDNA (e.g., OTU97 refers to a 
cluster of sequences with >97% similarity that are inferred to represent a single taxonomic unit). 

Opisthokonta: the opisthokonts include two of the best-studied kingdoms of life: the Metazoa (animals) 
and the Fungi. Recent phylogenetic and phylogenomic analyses have shown that the Opisthokonta also 
include several unicellular lineages. These include the Choanoflagellata (the closest unicellular relatives of 
the animals) and the Ichthyospora (that include several fish parasites that impact negatively on 
aquaculture). 

Pangenome: is the entire gene set of compared datasets (e.g. the entire gene set of all strains of a 
species). It includes genes present in the core genome and genes present only in some datasets 
(variable or accessory genome). 

Phototrophy: A nutritional mode that involves the use of light for the production of organic carbon and 
the acquisition of energy. 

Phytoplankton: Planktonic protists that use phototrophy as their nutritional mode. The term has 
ecological importance but no phylogenetic correspondance because the behaviour occurs across many 
lineages of protists. 

Plankton: aggregate of passively floating or drifting organisms occurring in a body of water (e.g. ocean, 
lake). By contrast to the planktonic organisms, the benthic organisms are the organisms living on the 
bottom of the seafloor (i.e. not in the water column). Plankton corresponds to a wide range of organisms 
(from viruses to fish larvae), is usely classified accoding to their size (e.g. pico-, nano-, micro-, meso-) 
and / or to their trophic mode (e.g. phytoplankton, zooplankton).  



 
 
 

 118 

Group  Approximative size range  

Megaplankton > 20 cm 

Macroplankton 2→20 cm 

Mesoplankton 0.2→20 mm 

Microplankton 20→200 µm 

Nanoplankton 2→20 µm 

Picoplankton 0.2→2 µm 

Femtoplankton < 0.2 µm 

Plants: or land Plants or  Embryophyta (cf. (Adl et al., 2012)) 

Primary production: the photosynthetic production of organic carbon, carried out by a wide variety of 
protists, macroalgae and plants. 

Prokaryote(s): microscopic single-celled organism that lack a membrane-bound nucleus, mitochondria 
or any other membrane-bound organelles. Bacteria and Archaea are prokaryotes. 

Protist(s): term currently commonly used to refer to all eukaryotic lineages that are neither plants, nor 
animals, nor fungi (Pawlowski et al., 2012) 

Protozoa: Protists that are not photosynthetic, but are instead dependent on the ingestion of preformed 
organic matter (usually prey) for their nutrition. This older term is still in use; ‘heterotrophic protists’ is 
used synonymously. 

Pyrosequencing: general term referring to light-based high-throughput sequencing techniques (e.g. 
454). 

rDNA: is the DNA-part that encodes for rRNA 

Read(s): sequence(s) obtained by HTS / NGS 

rRNA: is the RNA component of the ribosome 

Remineralization: component of the BCP, remineralization corresponds to the transformation of 
organic carbon into CO2 by the process of respiration. 

Rhizaria: diverse group of protists, mostly heterotrophic unicellular eukaryotes including both amoeboid 
and flagellate forms. Two iconic protist groups, Haeckel’s Radiolaria and the Foraminifera, are members 
of the Rhizaria. Foraminifera have been very useful in paleoclimatology and paleoceanography due to 
their external shell that can be detected in the fossil record. 

SAR (Stramenopila - Alveolata, and Rhizaria): three protistan groups that have been historically 
studied separately. Phylogenetic analyses, however, have shown that those three groups share a 
common ancestor, forming a supergroup known as SAR (e.g. Burki et al., 2016). 

Scale-free network: is a network whose degree distribution follows a power law, at least 
asymptotically. 

Shortest path : shortest distance between a pair of nodes (in a graph) 

Single amplified genomes (SAGs): the products of single cell whole-genome amplification that can be 
further analyzed in similar ways to DNA extracts from pure cultures. 

Single cell genomics (SCG): a method to amplify and sequence the genome of a single cell. The 
method consists of an integrated pipeline that starts with the collection and preservation of environmental 
samples, followed by physical separation, lysis, and whole-genome amplification from individual cells. 
This is followed by sequencing of the resulting material. 

Small-subunit (SSU) ribosomal DNA (rDNA): cf. 18S rDNA or 16S rDNA definition 
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Stramenopila: also known as heterokonts, the stramenopiles include a wide range of ubiquitous 
phototrophic and heterotrophic organisms. Most are unicellular flagellates but there are also some 
multicellular organisms, such as the giant kelps. Other relevant members of the Stramenopila are the 
diatoms (algae contained within a silica cell wall), the chrysophytes (abundant in freshwater environ- 
ments), the MAST (marine stramenopile) groups (the most abundant microbial predators of the ocean), 
and plant parasites such as the Peronosporomycetes. 

Taxon (plural taxa): group of one or more populations of an organism or organisms 

Trait: phenotypic characteristic of a (micro)organism. Functional traits are morphological, biochemical, 
physiological, structural, phenological or behavioural characteristics of organisms that influence 
performance or fitness of the organisms.   

   
 

Abbreviations :  
BCP : Biological Carbon Pump 
bp : base pair 
CC(s): connected component(s) 
DNA : Deoxyribonucleic acid 
Gb : gigabase or 109 base 
HTS : high-throughput sequencing 
LSU : large ribosomal subunit (cf. 28S 
Mb : megabase or 106 base 
NGS : next generation sequencing 
NPP : net primary production 
nm: nanometer or 10-9 meter 
ORF(s) :  Open Reading Frame(s) 
OTU(s) : Operational taxonomic unit 
PCR : Polymerase chain reaction (PCR) amplification 
RNA : Ribonucleic acid 
SSN : Sequence Similarity Network (cf. Atkinson et al., 2009) 
SSU : small ribosomal subunit (cf. definition 18S rDNA  and 16S rDNA  ) 
Tb : terabase or 1012 base 
µm : micrometer  
VIP : variable importance in projection (cf. Guidi et al., 2016) 
    

n.b. Metric prefix 

 1012  tera T   
 109  giga  G   
 106  mega  M   
 
10−3  milli  m  

 
 
10−6  micro µ  

 

 
10−9  nano  n  

 
 
10−12  pico  p  
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