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Croucher course 2 outline

I. Genetic diversity and evolution of picocyanobacteria

II. Ecological distribution of picocyanobacteria: are clades equivalent to 
ecotypes ?

III. Outcomes from comparative genomics

IV. Outcomes from metagenomics

Course 3: A multi-scale study of Synechococcus pigment types: 
From genes to the global Ocean



Most of the Ocean is -N, -P or -Fe-limited or co-limited by several nutrients and this 
creates different nutrient niches for the phytoplankton, especially picocyanobacteria

 N limitation in surface tropical ocean (Indian Ocean, most Atlantic and N Pacific oceans). 
 P is a (co-) limiting factor in the Med Sea, N Atlantic and Gulf of Mexico.
 Fe limits productivity in the Southern Ocean as well as in the equatorial and subtropical S Pacific 

(HNLC areas). 

Moore et al. 2013, Nature Geoscience

Background : annual mean surface 
concentrations of nitrates

Primary (central circles) and secondary 
(outer circles) limiting nutrients: 
N (green), P (black), Fe (red)
    

Limitations were inferred from chlorophyll 
and/or primary productivity increases after 
experimental amendment of N, P or Fe.

HNLC areas
    



                        Marine Cyanobacteria and diazotrophy 

Synechococcus Prochlorococcus 

Free-living non-diazotrophs

Symbiotic diazotrophs

Calothrix       
(Host: Chaetoceros)

Richelia                                  
(Host: Hemiaulus) 

UCYN-A
Candidatus 

Atelocyanobacterium 
thalassa

UCYN-B
Crocosphaera watsonii

Trichodesmium spp. 

Free-living diazotrophs

UCYN-C
Cyanothece sp.
(Crocosphaera
subtropica)
Mares et al. J. Phycol. (2019)
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Photoheterotrophy in Prochlorococcus

  About 25% of total bacterioplankton consumption of amino acids can be assigned to Prochlorococcus

  Pro LRF (= HL) have on average a comparable uptake rate than a marine bacterial cell, while the uptake rate 
of the Pro HRF (= LL) is 2.5–7 times higher.

Picocyanobacteria compensate for the absence of diazotrophy by their small size (high surface/volume ratio 
and thus better nutrient absorption capacity) and specific abilities for photoheterotrophy.

Method: Incubation of natural 
populations with radioactive 
35S-Methionine followed by 
flow cytometric cell sorting

=  HL phototype
= LL phototype



Photoheterotrophy in marine picocyanobacteria

More examples later on from metagenomics… 



Phylogenomic tree based on 29 
concatenated markers

Partensky, Hess & Garczarek (2022)
Book chapter 

Non-marine
Brackish
Marine 
planktonic
Marine benthic

The Cyanobacteria Phylum

The first cyanobacteria       
3 Ga ago were likely 
terrestrial or freshwater. 
The marine environment 
was then colonized several 
times during Evolution by 
members of different 
lineages. 

ProSyn 
group

ca. 550 My 



α-Cyanobacteria

a-carboxysomes 
Form-IA RuBisCO

b-Cyanobacteria

b-carboxysomes 
Form-IB RuBisCO

The Cyanobacteria Phylum

Phylogenomic tree based on 29 
concatenated markers

Partensky, Hess & Garczarek (2022)
Book chapter 

Non-marine
Brackish
Marine 
planktonic
Marine benthic



Organization of the carboxysome gene cluster 

  Differences between Forms IA and IB RuBisCo 

Kerfeld Microbe magazine (2010)

Cabello-Yeves et al. ISME J. (2022)

De Pins et al. EMBO J (2024)

A high-throughput kinetic characterization of >100 bacterial Form-I 
RuBisCos has revealed that α-cyanobacteria’s RuBisCos exhibit the highest 
carboxylation rates (≈10 s−1 median vs. <7 s−1 in other groups). 
=> Potential competitive advantage over b-cyanobacteria.  

Badger et al. Funct. Plant Biol. (2002)

Carboxysome = a 
polyhedral structure 
that locally 
concentrates CO2  
around RuBisCo



The paradigm of a separation in carboxysome type across the salinity divide does not hold true!
 

  α-cyanobacteria dominate not only in oceans but also great lakes



Non-marine
Brackish
Marine 
planktonic
Marine benthic

The Cyanobacteria Phylum

Genera named “Synechococcus” 
occur everywhere in the phylum 
=> the taxonomy of this 
polyphyletic group needs being 
revised…

α-C
yanobacteria

Phylogenomic tree based on 29 
concatenated markers

Partensky, Hess & Garczarek (2022)
Book chapter 



16S rDNA tree, made by A. Wilmotte 

The Cyanobacteria Phylum

The a-Cyanobacteria radiation is called “Cluster 5” in the Bergey’s 
manual and is subdivided in two different Syn. “subclusters” and 
two Cyanobium groups; while the type species Synechococcus 
elongatus belongs to “Cluster 1”.
 

Cluster 5



Phylogenomic tree 
Cabello-Yeves et al. 
ISME J. (2022)

= subcluster 5.4 ?

Genetic diversity within a-Cyanobacteria 

Using a highly resolved phylogenomic tree and many more sequences, 
a-cyanobacteria actually encompass 5 deep monophyletic lineages 
called subclusters 5.1 to 5.3, Ca. Synechococcus spongarium (= SC 5.4?), 
and Prochlorococcus. 



Johnson et al., 2006; Malmstrom et al. 2010, Rusch et al. 2010

Modified from Partensky & Garczarek, ARMS (2010)

Tem
p

N
itrates

-Fe

Low Latitude
Oligotrophic, 

stratified waters

High Latitude
Nutrient-rich, 
mixed waters

+Fe

Low Light (LL)
phototypes

High DV-Chl b/a

High Light (HL)
Phototypes 

Low DV-Chl b/a  , 1979Johnson and Sieburth

Genetic diversity within Prochlorococcus

(AMZ-I)
(AMZ-II)

Tree from Biller et al. (2015) Nature Rev. Microbiol.

Prior to 2010, the Proc. genus was thought to account       
4 HL-adapted clades (HLI-IV) and 4 LL-adapted clades    
(LLI-IV) occupying different niches in the Ocean. 

By 2015, several studies had unveiled novel clades 
in previously under-sampled environments (arrows). 

log-linear relationship between 
the HLII/HLI ratio and temp. : 
neither ecotype is outcompeted 
to (local) extinction.

21°C
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New Clade

ITS tree

Genetic diversity within Prochlorococcus

The ITS region from Proc. populations 
from 10 sites in the Atlantic and Pacific 
Ocean was PCR-amplified, cloned and 
sequenced. 

=> Detection in the deep euphotic zone 
of a new deeply branching LL group 
termed NC1 (for « Non-Cultured 1 ») 
and later renamed LLVII. 

It comprised as much as 61.7% (mean= 
23.1%) of the Proc. sequences detected 
in the lower euphotic zone.

LLIV

LLII

LLI

HLI

HLII



Genetic diversity within Prochlorococcus

ITS tree 
Huang et al. (2012)

Classification of Proc. ITS sequences 
retrieved from the GOS database 
(only the surface was sampled)

DNA sequences from diverse marine ecosystems, including the tropical, 
subtropical and high-latitude N Atlantic Ocean, equatorial Pacific Ocean, 
subtropical S Pacific Ocean, S China Sea, Bering Sea and Chukchi and 
combined with previous sequences.



Some Prochlorococcus from Anoxic Marine Zones* 
possess complete phycobilisomes

ML tree based on 49 conca-
tenated ribosomal proteins

AMZ-I =  LLV
AMZ-II = LLVI

*Use of new high sensitivity analytical technologies for 
measuring O2 concentrations in OMZs indicated that 
OMZs are essentially anoxic marine zones (AMZs).

Ulloa et al. PNAS 2012 109:15596-160003

Syn. WH8102

Syn. CC9311

Syn. WH7803

Syn. WH7805

Proc. AMZ II

Proc. AMZ III

Syn. RS9917
Proc.
Syn. 

< 0. 05 µmol O2 kg-1

Syn.

Pro.



Genetic diversity within Prochlorococcus

Despite its LL-adapted physiological characteristics, the LLVIII strain MIT1223 has a low chl b2 content 
like HL-adapted strains, challenging the paradigm that all LL-adapted Proc. exhibit high chl b/a2 ratios.

(LL-V)

(LL-VI)

To date, still no culture representatives from HLIII through VI clades as well as LLV-VI and AMZ-III clades.

Phylogenomic tree 
using 44 marker genes

Characterization of novel LL-adapted Proc. strains that fill in evolutionary 
gaps. This includes the first cultivated representatives of the paraphyletic 
grades LLVII and LLVIII, which are adapted to growth at very low light and 
possess unique light-harvesting gene signatures and pigmentation. 
Their ITS proved particularly hard to align…



Martiny et al. 2015 Science

HLI

LLI-VIII

HLIII, IV, V

HLII, HLVI

Prochlorococcus Evolution has been conditioned by different 
environmental factors



Prochlorococcus Evolution has been conditioned by different 
environmental factors

Martiny et al. 2015 Science (modified)

HLI

LLI-VIII

HLIII-IV

HLII

AMZI-III
Low O2

High O2



Phylogenomic tree (extract)
Cabello-Yeves et al. BMC Biol. (2022)

Phylogenomic tree (extract)
Cabello-Yeves et al. BMC Biol. (2022)
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Diversity within a-Cyanobacteria 

Subcluster 5.2 (= Cyanobium) is widely diversified and encompasses 
brackish/halotolerant and freshwater, but no strictly marine representatives.Phylogenomic tree 

Cabello-Yeves et al. 
ISME J. (2022)

Phylogenomic tree (extract)
Cabello-Yeves et al. BMC Biol. (2022)

a-cyanobacteria actually encompass 5 deep monophyletic lineages called 
subclusters 5.1 to 5.3, Ca. Synechococcus spongarium (=SC 5.4?), and Proc.
 



Phylogenomic tree 
Cabello-Yeves et al. ISME J. (2022)

= subcluster 5.4 ?

Diversity within a-Cyanobacteria 

Phylogenomic tree (extract)
Cabello-Yeves et al. BMC Biol. (2022)

a-cyanobacteria actually encompass 5 deep monophyletic lineages called 
subclusters 5.1 to 5.3, Ca. Synechococcus spongarium (=SC 5.4?), and Proc.
 

Subcluster 5.3 is fairly little diversified yet encompasses both strictly marine 
and freshwater (Syn. lacustris), but no brackish representatives.

Subcluster 5.2 (= Cyanobium) is widely diversified and encompasses 
brackish/halotolerant and freshwater, but no strictly marine representatives.



Phylogenomic tree 
Cabello-Yeves et al. ISME J. (2022)

= subcluster 5.4 ?

Diversity within a-Cyanobacteria 

a-cyanobacteria actually encompass 5 deep monophyletic lineages called 
subclusters 5.1 to 5.3, Ca. Synechococcus spongarium (=SC 5.4?), and Proc.
 

Subcluster 5.3 is fairly little diversified yet encompasses both strictly marine 
and freshwater (Syn. lacustris), but no brackish representatives.

Subcluster 5.2 (= Cyanobium) is widely diversified and encompasses 
brackish/halotolerant and freshwater, but no strictly marine representatives.

Subcluster 5.1 is also widely diversified and encompasses mainly strictly marine 
representatives, except for clade VIII whose members are found in brackish 
waters. 



ITS tree. Huang et al. (2012)

Classification of Syn. ITS 
sequences retrieved from 
the GOS database

The number of clades within SC 5.1 varies between 16-20, depending on 
the marker. In this tree, Huang et al. found 18 clades but clades VII and 
CRD1 are merged, whereas they correspond to different clades. 

Genetic diversity within Synechococcus SC 5.1

Clades that have different names between markers can be reconciled 
using genomes, since they contain all markers: 
e.g., CRD2 defined using ITS = EnvB using petB = FLU1 using rpoC1  

 CyanoMarks DB: 
16S rRNA, ITS, rpoC1, 

petB, psbO, 
pigment markers

/CRD1



Pelagic heterotrophic dinoflagellates of the genus 
Ornithocercus possess Syn.-like symbionts in a crown-
shaped extension of the thecal plate which forms an 
extracellular chamber. 

Phylogenetically these symbionts fall at the basis of SC 5.1.

Phylogenomic tree 
Nakayama et al. (2019)

Genetic diversity within Synechococcus SC 5.1



Croucher course 2 outline

I. Genetic diversity and evolution of picocyanobacteria

II. Ecological distribution of picocyanobacteria: are clades equivalent to 
ecotypes ?

III. Outcomes from comparative genomics

IV. Outcomes from metagenomics



Ecological distribution of Synechococcus SC 5.1 clades 

Method: Relative clade abundance determined 
using dot blot hybridization or 16S rRNA probes 
for 8 cruises.
• Clades I and IV co-occur at high latitudes (>30°N/S) 

predominantly in coastal areas.

• Clade II is their (sub)tropical counterpart occurring 
between 30°S-30°N, usually in coastal/continental 
shelf zones.

•  Clades III and V/VI/VII occur in moderate 
abundance.

• Clades VIII, IX and X occur in low abundance.



Ecological distribution of Synechococcus SC 5.1 clades 

Method: Abundance of 10 Syn. Clades measured 
by quantitative qPCR of ITS amplicons in surface 
waters of the Atlantic and Pacific Oceans. 

• Clades I and IV prevalent in colder, mesotrophic waters. 

• Clades II, III and SC 5.3 (= clade X) dominated in warm, 
oligotrophic waters.

• Clades CRD1 and CRD2 restricted to low-Fe areas.



petB reference database                 
(585 non-redundant sequences

incl. outgroups)

Retrieve only tags assigned to 
Proc. or Syn.

METAGENOME
Complete
sequencing

in silico
extraction

miTag

DNA/RNA
extraction

petB  (cytochrome b6)

Assign reads to Proc. or 
Syn. clades

Ecological distribution of Synechococcus SC 5.1 clades 

Farrant, Doré et al. (2016)against the petB reference database

Non-specific Field Proc. or Syn petB

After adding 136 newly 
assembled environ. petB 

sequences from Tara



Essentially HLI-IV ecotypes in surface waters.
 

LLI ecotype dominates at the DCM (few LLI-IV) 
located deeper in the euphotic zone 

Large dominance (90%) of Proc. over Syn.
because Tara Oceans essentially sampled open 

ocean waters.

SURFACE + DCM

Farrant, Doré et al. 2016 PNAS

Proc

Syn

Relative clade abundance of Prochlorococcus and Synechococcus
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                                  Distribution pattern of petB OTUs (94% ID)

                                 Prochlorococcus clades encompass between 1 and 4 ESTUs. 

Defining « Ecologically Significant Taxonomical Units » within Clades
Method: Determination of ESTUs based on the distribution patterns of within-clade 94% OTUs. 

At each station, the number of reads assigned to a given OTU was normalized by the total number of reads 
assigned to the clade at this station. OTUs were then hierarchically clustered (Bray–Curtis distance) according 
to their distribution pattern and those sharing a significantly  similar pattern were grouped into ESTUs.

Farrant, Doré et al. (2016)



Distribution of Synechococcus 
ESTUs  along the Tara Oceans 
transect

Prochlorococcus
MS IO SAO SPO NAON S OA

O RS NPO

Profile confidence
< 25 raw reads
25 ≤ raw reads <100
≥ 100 raw reads
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subclades
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Farrant, Doré et al. (2016)



Global niche distribution of Prochlorococcus ESTUs

Farrant, Doré et al. (2016)



Global niche distribution of Prochlorococcus ESTUs

Farrant, Doré et al. (2016)

HLIA: Cold and 
temperate waters



Global niche distribution of Prochlorococcus ESTUs

Farrant, Doré et al. (2016)

HLIA: Cold and 
temperate waters

HLIIA: Warm 
oligotrophic

Fe-replete waters



Global niche distribution of Prochlorococcus ESTUs

Farrant, Doré et al. (2016)

HLIA: Cold and 
temperate waters

HLIIA: Warm 
oligotrophic

Fe-replete waters

HLIIIA/HLIVA: 
Warm 

N- and P-rich
Fe-poor waters



Atypical distribution of some minor Prochlorococcus ESTUs

Even though all clades comprised one major ESTU 
(generally called « A », e.g. HLIA, HLIIA, ...) that 
behaves like previously known for the whole clade, 
the study revealed minor ESTUs with a strikingly 
different distribution, such as:

• HLIC has a wide niche/temperature range: it 
co-occurs with HLIA at high latitude and is the 
major HLI population in warm oligotrophic 
waters where HLIIA dominates the Proc. 
community.

• LLIB, entirely comprised of newly assembled 
petB sequences, dominates the LLI population 
in low-iron (HNLC) areas where HLIIIA and 
HLIVA co-dominate in surface.



                                  Distribution pattern of petB OTUs (94% ID)

Most major Syn. clades encompassed two or more ESTUs.  

Defining « Ecologically Significant Taxonomical Units » within Clades

Farrant, Doré et al. (2016)

Method: Determination of ESTUs based on the distribution patterns of within-clade 94% OTUs. 

At each station, the number of reads assigned to a given OTU was normalized by the total number of reads 
assigned to the clade at this station. OTUs were then hierarchically clustered (Bray–Curtis distance) according 
to their distribution pattern and those sharing a significantly  similar pattern were grouped into ESTUs.



Clustering (Bray-Curtis distance) of 
stations based on ESTU Assemblage

Global niche distribution of Synechococcus ESTUs

Farrant, Doré et al. (2016)
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chemical parameters



Clustering (Bray-Curtis distance) of 
stations based on ESTU Assemblage

Global niche distribution of Synechococcus ESTUs

Farrant, Doré et al. (2016)

NMDS analysis of 
stations with physico-
chemical parameters
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Warm 

Chl- and N-poor
Fe-replete waters



Clustering (Bray-Curtis distance) of 
stations based on ESTU Assemblage

Global niche distribution of Synechococcus ESTUs

Farrant, Doré et al. (2016)

NMDS analysis of 
stations with physico-
chemical parameters
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dominated 

assemblage :
Temperate 

P-poor 
Fe-replete waters



Clustering (Bray-Curtis distance) of 
stations based on ESTU Assemblage

Global niche distribution of Synechococcus ESTUs

Farrant, Doré et al. (2016)

NMDS analysis of 
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chemical parameters
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Clustering (Bray-Curtis distance) of 
stations based on ESTU Assemblage

Global niche distribution of Synechococcus ESTUs

Farrant, Doré et al. (2016)

NMDS analysis of 
stations with physico-
chemical parameters
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 ESTU IA and/or IVA-
dominated 

assemblages :
Cold 

Chl-rich
nutrient-rich waters

Contrary to the major ESTU IIA, the 
minor ESTU IIB preferentially 
thrives in  fairly cold (14.0 –17.5°C), 
mixed waters often in co-occur-
rence with ESTUs IVA and IVB.



Clustering (Bray-Curtis distance) of 
stations based on ESTU Assemblage

Global niche distribution of Synechococcus ESTUs

Farrant, Doré et al. (2016)

NMDS analysis of 
stations with physico-
chemical parameters
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 CRD1A and/or 
EnvA/EnvB-
dominated 

assemblages :
Warm or temperate 

N and P-rich 
Fe-poor waters



Clustering (Bray-Curtis distance) of 
stations based on ESTU Assemblage

Global niche distribution of Synechococcus ESTUs

Farrant, Doré et al. (2016)

3 distinct CRD1 ESTUs:

CRD1C/EnvBC: warm 
HNLC regions 

CRD1B/EnvBB: cold 
upwelling/coastal waters

CRD1A/EnvBA: both areas
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Ferrieux et al. Front. Microbiol. (2022)
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Realized environmental niches of Synechococcus ESTUs 

Although most previous field diversity studies on picocyanobacteria focused on clades, 
generally considered as distinct “ecotypes”, this study showed that ESTUs appear to provide 
a better appraisal of “ecotypes” than do clades.

ESTU distribution patterns shows the tight control of Proc. and Syn. communities by abiotic 
parameters (mainly, temperature, Fe- and P- availability). 



Croucher course 2 outline

I. Genetic diversity and evolution of picocyanobacteria

II. Ecological distribution of picocyanobacteria: are clades equivalent to 
ecotypes ?

III. Outcomes from comparative genomics

IV. Outcomes from metagenomics



Prochlorococcus and Synechococcus : more and more genomes ! 

12 Proc. & 11 Syn. genomes in 2008

As of today >2,000 more Proc. & 
Syn. genomes, MAGs and SAGs 
available in public databases!



Core genome: The pool of genes shared by all Proc. : 
1,273 genes for 12 genomes
Predicted size of the core genome of ca. 1,250 genes

Accessory (or flexible) genome: Number of genes that are 
present in some but not all strains of Proc.: 
4,463 genes for 12 genomes
=> ca. 160 new genes for each new genome (5-8%)

Kettler et al., 2007, PloS Genetics

Pan-genome: The global gene repertoire of Proc.: 
core genome + accessory genome: 
5,736 genes for 12 genomes
Gene accumulation curve far from saturated: 
Proc. pan-genome estimate: 57,792 genes 

Core, accessory and pan genomes 

Biller et al. 2015 Nature Microbiol. Rev.

Re-evaluation with 41 Proc. genomes: 
• Core genome: about 1,000 genes
• Pan-genome: 84,872 genes.



Core, accessory and pan genomes 

The proportion of accessory genes 
(including unique genes) is highly 
variable from genome to genome.



Variability of Prochlorococcus Genome Characteristics:
Evidence for Genome Streamlining and GC% Drift
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Based on an estimated genome size of 2.5 Mbp for the ancestral 
Prochlorococcus genome and a gene density of 1 gene every 874 bp, one may 
assess the total gene loss for HL and LLII/III strains as ~930 genes (or ~740 for 
NATL strains).

However, only ~101 genes are present both in all Synechococcus and 
Prochlorococcus LLIV strains but absent in other Prochlorococcus (Dufresne et 
al. 2008 Genome Biol.)

=> Different ecotypes have lost (or retained) different sets of genes… 

Consequences of Genome Streamlining



Role of Genomic Islands in Niche Adaptation

 Presence of five genomic islands containing accessory and unique genes : 

     => Privileged areas for laterally transferred genes.

Whole-genome alignment

inversion

translocation

Recruitment of Global Ocean Survey (GOS) reads
against the MIT9312 genome 

Genomic differences between Proc. 
MED4 (HLI) and MIT9312 (HLII) 

 Genomic island genes comprise about 25% of all genes of a genome.

 Genomic islands harbor > 2/3rd of all accessory genes of the Prochlorococcus pangenome.
Hackl et al., 2023, Cell



 81 high-quality, non redundant genomes
o 28 Prochlorococcus 

o 53 Synechococcus/Cyanobium

H. Doré     G. Farrant    U. Guyet

Comparative genomics of picocyanobacteria

High genomic diversity in terms of sequence identity e.g. 
Clade II (10 strains): most of them share less than 94 % ID



Doré et al. (2020) Front Microbiol

Green line: % of gained genes in 10 kb windows w 100 bp step

Black line: 50% cut-off applied to delineate genomic islands

Network based on the partial similarity of gene 
contents between islands shared by pairs of genomes 
(edge when 2 islands shared at least 10% of their 
gene content
Node = one genomic island in a given strain
Red edges = short phylogenetic distance 
Blue edges = long phylogenetic distance (≠ clades)

Genomic islands can be determined automatically using sliding 
windows (size 10 kbp, interval 100 bp) as regions where the 
ratio of nt from gained CDS to total coding nt > 50%.

Genomic islands network in Prochlorococcus

Coleman et al. (2006)

Dufresne et al. (2008)



‘Shared’ gene islands between two genomes share only a subset of genes

Dufresne et al., Genome Biology, 2008



A dedicated database for comparative genomics of picocyanobacteria 

Version 3.0 (April 2024) is accessible here:

https://cyanorak.sb-roscoff.fr/ck_97/

Cyanorak is a database of Cluster of Likely 
Orthologous Genes (CLOGS) developed by 
the ECOMAP team and local bioinformatics 
platform ABIMS since 2008. CLOG numbers 
are maintained over the time.

Cyanorak is used for comparative 
genomics and as a reference database 
for annotating both new genomes and 
metagenomes (detailed 
demonstration upon request!)



Cyanorak Search Page



Cyanorak CLOG Page (top)



Cyanorak CLOG Page (bottom)
Phyletic pattern : Pattern of presence/absence of the gene in the different strains



Genomic context : 4 genes before and after the selected gene

Cyanorak Genomic Context



Cyanorak : Organisms Page

Click on genome name to access individual genome description

Click on J to access the Jbrowse viewer



Cyanorak : Jbrowse Genome viewer



Cyanorak : Blast Tools (all and selection)
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-> Exception: brackish clade VIII  
strains phylogenetically distant from 
SC 5.2 but their gene content is 
closer than it is from other SC 5.1. 

 Similar topology
-> Gene content and protein 
sequences evolved concomitantly

Comparing genetic diversity and gene content 

 Relative size of internal 
and terminal branches 
-> More variability in 
sequence between clades

-> More variability in gene 
content between strains



Croucher course 2 outline

I. Genetic diversity and evolution of picocyanobacteria

II. Ecological distribution of picocyanobacteria: are clades equivalent to 
ecotypes ?

III. Comparative genomics

IV. Outcome from metagenomics



Proc. populations thriving in P-poor areas 

(Sargasso Sea and Caribbean Sea) are 

enriched in genes allowing P transport and 

assimilation. 

These genes are located in two genomic 

islands: the phoB region and MED4-ISL5, 

whose genes respond to P limitation.

       

Genomic adaptation to nutrient depletion: Phosphorus

GOS = Global ocean survey 



Genomic adaptation to nutrient depletion: Nitrogen

Analysis of hundred of Proc. genomes 
showed that while genes for nitrite 
assimilation are distributed across the 
tree, the full pathway of nitrate 
assimilation is restricted to particular 
clades or low-N habitats. 

Berube et al. 2019, eLife

Syn.

Martiny et al. 
2009, PNAS

First Proc. narB sequences from the field 
retrieved from GOS metagenomes.

        Proc. long thought to be unable to assimi-
late nitrates since none of the 12 first 
sequenced genomes had narB. 



Rusch et al. 2010, PNAS

Garcia et al. 2020, Phil Trans Roy Soc B

In many ecosystems, it is challenging to quantify microbial stress. A genomic approach can be 
used for understanding microbial responses to environmental changes.

The distribution of Prochlorococcus accessory genes involved in nutrient metabolism 
can be used to determine which nutrient is limiting



The distribution of Prochlorococcus accessory genes involved in nutrient metabolism 
can be used to map nutrient stress type and severity

Moore et al. 
2013, Nature 
Geoscience

Ustick et al. 2021, Science

   Background : annual mean surface concentrations of nitrates (left) and phosphates (right)
   Primary (central circles) and secondary (outer circles) limiting nutrients: N (green), P (black), Fe (red)
    

Presence/absence of Proc. 
nutrient stress genes used 
to draw a highly resolved 
map of phytoplankton 
nutrient stress in the global 
ocean



Studying the functional diversity of picocyanobacteria using Tara Oceans metagenomes

Recruitment against
256 reference genomes

Metagenome

Cyanorak CLOGs
with functional annotation

Taxonomic assignment
to Synechococcus 
or Prochlorococcus

Functional assignment 
(Cyanorak)

CK_1 CK_2 CK_3 CK_n

ST1 2 10 0 2
ST2 0 5 20 2
ST3 5 5 15 5

Prochlorococcus genes

St
ati

on
s

CK_1 CK_2 CK_3 CK_n

ST1 1 5 2 7
ST2 5 2 10 3
ST3 1 3 12 3

Synechococcus genes

Tables of genes relative 
abundance at each 

station



Niche-specific genes

M
od

ul
es

Doré et al. ISME J., 2023

Building ecologically representative clusters of adjacent genes (eCAGs)

Gene 1 Gene 2 Gene 3 Gene n

ST1 2 10 0 2

ST2 0 5 20 2

ST3 5 5 15 5St
ati

on
s

Correlations between genes 
based on shared distribution

Correlation 
network

Groups of genes (or modules) 
displaying a similar distribution

In the field

module
detection

Low-Fe niche

Low-N niche



-Fe-N, +Fe

HLIIA-D HLIIIA/IVA; LLIB HLIAMajor ESTUs: LLIA

-P, cold, +Fe cold, mixed waters

Modules

Env. Niches

Building ecologically representative clusters of adjacent genes (eCAGs)



Synteny in Cyanorak reference genomes

(gene adjacency matrix within each module)

Niche-specific genes

M
od

ul
es

Doré et al. ISME J., 2023

Building ecologically representative clusters of adjacent genes (eCAGs)

Gene 1 Gene 2 Gene 3 Gene n

ST1 2 10 0 2

ST2 0 5 20 2

ST3 5 5 15 5St
ati

on
s

Correlations between genes 
based on shared distribution

Correlation 
network

Groups of genes (or modules) 
displaying a similar distribution

In the field

module
detection

eCAGS = clusters of genes that are both :
- adjacent in reference genomes, 
- displaying  a similar distribution in situ

 potentially involved in the same metabolic pathway 

Identification of not only single genes but entire gene clusters, potentially involved in the adaptation 
to specific ecological niches  

Low-Fe niche

Low-N niche



Genomic adaptation to ecological niches: a comprehensive study

Network of accessory genes that are 

adjacent in reference genomes and 

found in specific niches in the field 

(eCAGs).

Doré, Guyet et al. ISME J. 2023

Some eCAGs involved in the metabolism 

of complex organic forms of nutrients

=> directly used by cells, for e.g. the 

biosynthesis of proteins or DNA or 

degraded into inorganic N and/or P 

forms.

Prochlorococcus



Prochlorococcus

Synechococcus

The nirA gene and narB operon are present in a large proportion of natural Proc. populations in N-
poor areas, a much lower proportion in P-poor areas, and completely absent in low-Fe areas:

 => The only inorganic form of N for the latter is NH4
+. But they also have access to organic N forms.

Pro-eCAG_001

Pro-eCAG_002

nirAnar
BTransport/assimilation of inorganic nitrate and nitrite

Genomic adaptation to N-limitation

Doré, Guyet et al. ISME J. 2023



1) Most Prochlorococcus
In P‐limited areas possess an 
accessory phosphonate ABC 
transporter (phnC2‐D2‐E2‐E3), 
present only in a few reference 
Prochlorococcus and no 
Synechococcus genomes. 
Phosphonates could be 
incorporated into cell surface 
phosphono-glycoproteins that may 
act to mitigate cell mortality by 
grazing and viral lysis. 

Genomic adaptation to P-limitation

2) Only a low proportion of the 
Prochlorococcus population in low‐P 
areas possess the phnYZ operon, 
involved in C‐P bond cleavage, the 
putative phosphite dehydrogenase 
PtxD as well as the phosphonate 
transporter PtxABC.

Proc

Proc

Doré, Guyet et al. ISME J. 2023



1) Most Prochlorococcus
In P‐limited areas possess an 
accessory phosphonate ABC 
transporter (phnC2‐D2‐E2‐E3), 
present only in a few reference 
Prochlorococcus and no 
Synechococcus genomes. 
Phosphonates could be 
incorporated into cell surface 
phosphono-glycoproteins that may 
act to mitigate cell mortality by 
grazing and viral lysis. 

Genomic adaptation to P-limitation

2) Only a low proportion of the 
Prochlorococcus population in low‐P 
areas possess the phnYZ operon, 
involved in C‐P bond cleavage, the 
putative phosphite dehydrogenase 
PtxD as well as the phosphonate 
transporter PtxABC.

Proc

Proc

Doré, Guyet et al. ISME J. 2023



7‐gene CAG encompassing the 
nitrilase gene (nitC)
=> most Synechococcus cells
and a variable proportion of 
Prochlorococcus could use nitriles or 
cyanides in warm, Fe‐replete waters 
(e.g. low‐N areas of the Indian 
Ocean). 

In Pseudomonas fluorescens, the 
whole operon (nitHBCDEFG) is 
upregulated in the presence of 
cyanide triggering an increase in the 
rate of NH4

+ accumulation

=> cyanide could constitute an 
alternative nitrogen source in marine 
picocyanos as well though its source 
is yet unknown. 

The operon might also be involved in 
cell detoxification.

Genomic adaptation to N- and/or P-limitation

Doré, Guyet et al. ISME J. 2023

Proc.

Syn.



The vast majority of Proc cells 
in low‐Fe regions possess an 
eCAG encompassing the ctaC2‐
D2‐E2 operon, encoding the 
alternative respiratory terminal 
oxidase (ARTO), involved in the 
reduction of Fe(III) into Fe(II) 
prior to its transport through 
the plasma membrane. 
 ARTO is critical for Proc. 

adaptation to low-Fe areas 
while it is almost core in Syn.

Proc

Syn

Doré, Guyet et al. ISME J. 2023

Genomic adaptation to N- and/or P-limitation



How is genome flexibility generated and how is it transferred between cells?



Generation of genomic islands : The role of “Tycheposons”

 Tycheposons are novel, transient DNA transposons promoting genomic adaptation in Proc.

Hackl et al. 2023, Cell

 About 4/5 of the tycheposons carry “cargo”, such as nutrient-acquisition gene cassettes

 Tycheposons accelerate genomic island formation and remodeling

YR: tyrosine recombinase, a 
site-specific integrase 

Target: one of 7 tRNAs



Transfer of genetic material between Prochlorococcus cells ?

- Prochlorococcus have no plasmid nor pili (except LLIV) => no possible conjugation ?

- Likely role of cyanophages to transfer genes between cells (auxiliary genes/tycheposons)

- Recent discovery of vesicle production and release by Prochlorococcus cells 

Biller et al. (2014) Science 

Credit Image: P. Huey
Vesicles contain :

- Periplasmic and outer membrane proteins 
- Membranes 
- DNA and RNA
- Tycheposon hallmark genes

Likely role: 
- Release of genetic material (lateral transfer)
- Release of nutrients for ‘helper’ bacteria 
  (e.g. catalase-producing) ?
- Defense against viruses (lure)? 

Alteromonas 
growth 

phage vesicle



Inter-and intra-genus exchange of 
cytoplasmic material can also occur 
directly between neighboring and 
distant cells of cyanobacteria 
mediated by inter-cellular membrane 
(lipidic) nanotubes (distinct from Type 
IV pili). 

Transfer of genetic material between Prochlorococcus cells ?

Angulo-Cánovas et al. (2024) Science Adv. 

Nanotubes project from the cell surface at 
different positions, each mediating a 
connection with another cell, so that one cell 
can be connected to several others 
simultaneously.

These cell-cell connections were long 
overlooked since they are much less 
frequent in planktonic given how dilute
they are. 
So, in the extremely dilute oligotrophic 
oceans (ca. 200 cell length between 
two cells) nanotubes could be 
important only in some specific 
conditions, e.g. in marine snow, where 
the bacteria-bacteria separation on 
average is about 10 μm, or in marine 
biofilms. 

Biller et al. (2014) Nature Rev. Microbiol.



Take home messages

 Picocyanobacteria display an extraordinary genetic and functional diversity to cope with the variety of 
niches they occupy in the Ocean, resulting from subtle combinations of temperature, light and nutrient 
gradients.

Picocyanobacteria are ideal models to understand the links between biology and ecology thanks to:

Picocyanobacteria can be used in models of the current and future marine Ocean as biomarkers of the 
fate of phytoplankton communities in the context of global change, with Proc. being a marker of 
oligotrophic areas, and Syn. being a generalist and behaving more like larger phytoplankton species.

 in situ abundance and ubiquity, and so abundance in metagenomes

 Presence in fairly ‘easy-to-access’ ecological niches: the lit layer of aquatic systems  

 Availability of numerous strains & reference genomes

Many biologists are working all their carrer on single model organisms maintained for years in culture, 
such as Synechocystis PCC 6803. The lesson from studying picocyanobacteria is that cyanobacteria are 
a collective, not a single organism, and one cannot understand the collective by studying just one 
strain.

 This genomic diversity is reflected by the huge toolbox of accessory genes (the pan-genome), in which 
locally useful genes can be recruited by natural selection, and we are only starting to decipher what 
mechanisms picocyanobacteria actually use to do that. 
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Codon Usage in Marine Picocyanobacteria

Ala Cys Asp Glu Phe Gly His Iso Lys Leu Asn Pro Gln Arg Ser Thre Val Tyr
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For any given amino acid, MED4 and SS120 always preferentially use AT-rich codons => 
the bias toward AT strongly influences codon usage 

Dufresne et al., 2005, Genome Biology



Use of Amino acids  in Marine Picocyanobacteria

MED4 and SS120 use more AT-rich (and less GC-rich) amino acids than the two other strains 
=> the bias toward AT strongly influences protein composition 
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Dufresne et al., 2005, Genome Biology



Differential Distribution of DNA Replication and DNA Repair Genes  
Among Prochlorococcus Ecotypes

LLIV

dprA     DNA protecting protein
recQ

...
ATP-dependent DNA helicase

Other Prochlorococcus
(HLI-II + LLI-IV)

 ybaZ codes for an alkyl transferase involved in the repair of GC=>AT transversions, like ada 
and ogt, which are mutator genes in E. coli  (i.e., when inactivated, they provoke an 
increase of mutation rate).

ybaZ

?
Synechococcus

Synechococcus

Partensky & Garczarek (2010) Ann. Rev. Mar. Sci.



 mutY codes for an A/G-specific adenine glycosylase, a mutator gene in E. coli
            (repair of GC=>AT transversions)

ybaZ
dprA
recQ

Other LL

mutY

LLIV

xseAB Exonuclease VII?

HLI+II

Synechococcus

Synechococcus

Differential Distribution of DNA Replication and DNA Repair Genes  
among Prochlorococcus Ecotypes

Partensky & Garczarek (2010) Ann. Rev. Mar. Sci.



Gene Evolution Rate in Prochlorococcus

● HLII / LLIV ratio = 5.51

Data unpublished but derived 
from a similar analysis in 
Dufresne et al. (2005) using 
only 4 genomes.

NJ tree using concatenated sequences of 1,014 core proteins from 15 genomes, including 

Syn. WH8102 as outgroup: branch lengths are proportional to aa substitution rate (i.e., the 

# of aa substitutions per site).

Significant differences in the evolution rates of protein-coding genes between lineages:

    => A significant acceleration of mutation rates seemingly occurred twice during Proc. Evolution

         In comparison, no such acceleration occurred within the Syn. lineage. 

AS9601
  MIT9301
  UH18301

  MIT9202
  MIT9215
 MIT9312

  MED4
  MIT9515

  NATL1A
  NATL2A

  MIT9211
  SS120

  MIT9313
  MIT9303

  WH8102 (outgroup) 

LLIV
LLII/LLIII
LLI

HLI

HLII

0.116

0.169
0.185

0.212

0.309

0.056

0.045

0.021

0.050
0.047

0.035

0.021
0.026

0.024

0.024

● HLII / LLI ratio = 1.84Loss of mutY?
● LLI / LLIV ratio = 2.95

Loss of ybaZ?

0.116

0.107



Pairwise Distance Computation using 16S rRNA gene

 16S rRNA gene tree; Neighbor-Joining tree with Kimura 2-parameter correction

Evolution rates of the 16S rRNA gene in MED4, SS120 & MIT9313 are not statistically 
different (relative rate tests)

=> Hypothesis of a constant evolutionary rate valid for the 16S rRNA gene

Dufresne et al., 2005, Genome Biology



SS120
36,4 % 

GC

CBS Genome Atlas Database http://www.cbs.dtu.dk/services/GenomeAtlas/

Ori
C

MED4
31 % GC

SS120
36,4 % GC

Ori
C

rRNA operon
~ 50% GC

No bias in the composition  of 
the rRNA operon

The rRNA operon, a GC-rich island in an AT-rich Sea



Summary: Hypotheses for the occurrence of Genome Streamlining 

The loss of DNA repair genes in some genotypes could have created 'mutator strains‘ 

(increased mutation rate) => selective advantage to conquer new ecological niches. 

Several ‘mutator’ events could have occurred during the evolution of Prochlorococcus: 

    1) Differentiation of the ancestor of all streamlined genomes from the LLIV branch 

      => Loss of ybaZ, potentially a ‘strong’ mutator gene

    2) Differentiation of the HL branch 

     => Loss of mutY, a ‘mild’ mutator gene

 
These events must have been followed each time by restoration of a normal mutation rate.

Dufresne et al. 2005, Genome Biol. 

Partensky & Garczarek (2010) Ann. Rev. Mar. Sci.

‘Genome streamlining was probably driven by strong,  genome-wide selection for 
the removal of genes with only a small fitness benefit that was outweighed by the 
associated costs.’ 
                                                                        Biller et al. (2015) Nature Reviews in Microbiology



Remarks about Genome Streamlining

Prochlorococcus is not the only free-living prokaryote with reduced genome and GC%  

=> SAR11, the most abundant bacteria in the ocean, particularly abundant in 

oligotrophic areas.

Similar genome evolution to that of host-dependent microorganisms (parasites,   

endosymbionts, etc.), but with different causes (rich vs. poor environment, small vs. large 

populations, strong vs. weak genetic drift, etc.) 

=> ex: UCYN-A



An example of endosymbiont : UCYN-A, an anoxygenic cyanobacterium !

Reduced genome (1.44 Mb) compared to Cyanothece (> 5.4 Mb) but with :

- no PSII nor antenna genes => no O2 produced! 
- no genes for Calvin Cycle => no CO2 fixation! 
- no Krebs cycle genes => no ATP generated by oxidation of acetate).  

 UCYN-A: Photoheterotroph that uses PSI for energy generation ? 
 Symbiont of microalga sharing functions with its host (it fixes N2 but uses organic C from its host).

Tripp et al. (2010) 
Nature



 The “genome streamlining” theory posits that Proc. have 
extremely large effective population sizes (Ne) so that 
selection for metabolic efficiency acts to drive genome 
reduction. Because genome reduction largely took place 
anciently, this theory builds on the assumption that their 
ancestors’Ne was also large.

Method: Simulate changes in ratio of radical to conservative 
non-synonymous nt substitution rate (dR/dC) in a range of Ne 
in ancestral populations. This proxy showed decreases of Ne 
only when Ne falls to about 104−105 or lower, magnitudes 
characteristic of Ne of obligate endosymbiont species where 
drift drives genome reduction. 

=> Simulations would support a scenario where the primary 
force of Proc. genome reduction was drift rather than 
selection.

Recent alternative theory for Prochlorococcus genome streamlining
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