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Station Biologique, Roscoff, Brittany, 
France

About 350 people.

2 Research units:
• Adaptation & Diversity in the Marine Environment
• Integrative Biology of Marine Models

Main platforms and services : 
Roscoff culture collection, Bioinformatics, Flow 
cytometry, DNA sequencing, Microscopy, Mass 
spectrometry, etc.

PARIS

Not far from Asterix’s 
village…  



Station Biologique, Roscoff, Brittany, France

The SBR was founded in 1872 by Henri de Lacaze-Duthiers
Professor of zoology at Sorbonne 
University in Paris.

He also founded the Banyuls station 
near the spanish border.



Station Biologique, Roscoff, Brittany, France



The ECOMAP team studies the diversity, ecology, physiology and evolution of marine planktonic 
organisms and their interactions across various scales from viruses to radiolarians and from the 
molecule to the global Ocean.

Dinoflagellates

Cyanobacteria

Viruses

Heterotrophic 
prokaryotes

Diatoms

Coccolithophores

Prasinophytes

Micromonas sp.

Perkinsidae
Cryptophytes

The Ecology of Marine Plankton (ECOMAP) 
Team

Trophic modes
symbiosis
parasitism
mutualism, etc.

Size classes

Molecules 
Cells 
Communities 
Ecosystems 
Global ocean 

Levels of organization 

20 μm

Radiolarians



The Ecology of Marine Plankton (ECOMAP) Team

• 12 000 entries
• >450 Synech. 

© C. Sardet



Croucher course 1 outline

I. 1979-1999: The golden age of fluorescence techniques

II. 1996-2003: Characterization of the original light- harvesting 
complex of Prochlorococcus

III. 1998: The advent of the molecular ecology of picocyanobacteria

IV. 2003-on: The omics era: an introduction

V. Optional : Cyanophages

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

Course 2: Using omics to decipher niche adaptation mechanisms in
                   marine picocyanobacteria



Only in the late 70’s came the first evidences that these zones were populated by small-sized 
phytoplankton (<2-3 µm) called “picophytoplankton”.

Oceanic gyres were long thought as being “biological deserts”…

• Marine Synechococcus official discovery : 1979
• Prochlorococcus official discovery : 1988

( : / )Source NASA SeaWIFS

Among these, Synechococcus and Prochlorococcus proved to be the two most abundant 
photosynthetic organisms on Earth and major contributors to oceanic primary production.
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Nature January 
1979

John Waterbury

Epifluorescence Microscopy of natural samples (+ Culturing)

phycoerythrin
- ri

ch in 1965, one of us 
(R.R.L.G.) isolated a 
small, red, coccoid 
cyanobacterium 
(strain Syn-48) off 
the north-east coast 
of South America … R.R..L. GUILLARD

2

“Genera of unicellular algae, physiologically and systematically processed.” 
  In: New memoirs of the General Swiss Society for Natural Sciences.”

Greek: synechos, in succession, and kokkos, granule



Transmission Electron Microscopy on natural samples

Johnson & Sieburth 1979

In the photic zone of the open sea, procaryotic cells with an 
ultrastructure typical of chroococcoid cyanobacteria and 
similar sized populations of autofluorescent bacteria (0.5–1.0 
× 1.0 µm) were observed at concentrations usually between 
103–104 cells per ml. The ubiquitous ultrastructural type was 
an orange-autofluorescing, phycoerythrin-containing 
cyanobacterium amenable to culture. Two other 
morphological types which have not been cultured occur 
sporadically in larger concentrations, one apparently favoring 
deeper water. [..]. These cells may play a significant role in 
oceanic primary productivity.

Type I Synechococcus

0.5 μm

“Type II 
Synechococcus”

Type II cells, 0.7 x 0.9 pm also 
have peripheral thylakoids, but 
more closely spaced, [..]. These 
type II cells occur only in oceanic 
samples and primarily at 100 m, 
where they can dominate the 
picoplankton.

Type III Syn 
= HL Pros ?
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unfractionated

Quantitative HPLC pigment analyses of natural seawater samples

Chl a derivative > Chl a in 
the <1µm fraction from 
the tropical Atlantic Ocean

Gieskes and Kraay 1983 4

Unknown Chl a derivative associated with particles  <1 µm which 
contain zeaxanthin as the major carotenoid. Although these tiny 
particles may be detrital, the coccoid cyanobacteria typically 
found in large numbers in open ocean waters are of similar size.



The blue absorption peak of the Chl a “derivative”              
(= divinyl-Chl a) is red-shifted (8-10 nm) compared to Chl a
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Quantitative HPLC pigment analyses of natural seawater samples

Gieskes and Kraay 1983



14CO2 measurements on size-fractioned seawater samples
In the early 80’s, some investigators still claimed that Chl-
containing particles in the picoplankton size range were 
not intact viable cells but fragments or degradation 
products of larger cells (chloroplasts). Synechococcus was 
known but not its contribution to primary production.

Li et al. Science 1983

< 1µm fraction

Bill LI

Platt et al. Nature 1983

Picophytoplankton 
supplies about 60% of 
total primary 
production at 
chlorophyll maximum 
in the open ocean

Trevor   PLATT
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Unveiling pigment diversity within Synechococcus

3 Syn. pigment types :
• Phycoerythrin-lacking (phycocyanin only) strains 
• PE composed of only phycoerythrobilin (type 2 PE)
• PE composed of phycoerythrobilin and 

phycourobilin (type 1 PE)

Michellle WOOD

Actually much more pigment diversity, see course 3
Flow cytometry has a lot of potential for studying 
Syn. at sea and picophytoplankton at large!

PUB

PEB PCB



Flow cytometry at sea: They did it! 

Erik Zettler

Rob Olson

Coulter EPICS V

7

Blue (488 nm) is more efficiently absorbed by PUB than PEB 
thus high-PUB cells fluoresce more than low-PUB cells for a 
given amount of phycoerythrin. 



Flow cytometry at sea

Syn. ubiquitous but much less abundant in 
oligotrophic waters than nearshore.  

Co-occurring low and high-PUB  Syn. populations
at many near-coastal stations. 
Only high PUB cells offshore at all depths.

Coastal

Open ocean



Flow cytometry at sea 

Erik Zettler

Rob Olson

“Little greens” emerging from 
background noise (first observed in 1985)

noise

7



Penny Chisholm

… and again TEM and HPLC

Besides div-Chl a, the tiny, red-fluorescing cells 
contain “Chl b” and lack phycoerythrin, like 
Prochloron and Prochlorothrix.
   => unnamed “prochlorophyte”

Chisholm et al. Nature 1988 8



Penny Chisholm

… and again TEM and HPLC

1992 American Academy of Arts and Sciences fellowship

2003 Member of the United States National Academy of Sciences

2010 Alexander Agassiz Medal

2012 Ruth Patrick Award from the Association for the Sciences of
         Limnology and Oceanography

2013 National Medal of Science (awarded by President Barack Obama) 

2013 Ramon Margalef Prize in Ecology

2019 Crafoord Prize in Biosciences (equivalent to Nobel Prize)

Penny Chisholm is certainly one of the most awarded marine 
biologists of all times!

This discovery and many following achievements earned 
Penny Chisholm numerous awards:

9Chisholm et al. Nature 1988

Besides div-Chl a, the tiny, red-fluorescing cells 
contain “Chl b” and lack phycoerythrin, like 
Prochloron and Prochlorothrix.
   => unnamed “prochlorophyte”



Flow cytometry (and microscopy) at sea : Not far behind!

Li & Wood 1988

“A group of non-phycoerythrin-containing cells (or particles) with very weak 
red fluorescence was often numerically dominant over other picoplankters. 
These very small red fluorescing bodies (VSRF bodies) filtered through 1 µm 
but not through 0.4 µm. They were visible under epifluorescence microscopy 
as small, faint red spots but only when slides were freshly prepared and 
viewed within a few minutes after sample filtration after the viewer had been 
completely acclimated to darkness. 
These VSRF bodies likely correspond to the novel free-living prochlorophyte 
described by Chisholm et al. (1988).“

FACS Analyser Becton Dickinson

Bill LI Michellle WOOD

CSS Hudson cruise 87-022 in 
the central North Atlantic 
Ocean in June-July 1987

Prochlorophyte cells 
hardly detectable in 
the upper lit layer

10

Syn.

Proc.



Flow cytometry at sea : Not far behind!

Daniel Vaulot

Neveux et al. 1989

Gyrodinium aureolum

J. Neveux

22



Flow cytometry at sea : Not far behind!

Cells with characteristics similar to prochlorophytes were detected by flow cytometry 
during winter in the surface waters of the northwestern Mediterranean Sea and the low-
salinity dilution zone of the Rhône River. Maximum abundances reached 50,000 cells ml−1 
at the surface and were only slightly lower than those observed previously at the bottom 
of the euphotic zone in the Atlantic and Pacific Oceans. 
=> Cells detected in mixed waters with temperature was as low as 13°C!)

Vaulot  et al. 1990



[Div-chl a] per cell increased from 0.91 fg cell-1 in surface to 5.4 fg 
cell-1 at the base of the euphotic zone 

[Chl b] from 0.44 fg cell-1 to 8.2 fg cell-1

[Zeaxanthin] almost constant with depth (1.97 ± 0.15 fg cell-1).
 
A linear relationship was found between the sum of 'red-shifted’ 
chlorophyll a and chlorophyll b and the mean red fluorescence 
signal of the Proc. cells.

Flow cytometry and HPLC combined at sea

M. Veldhuis



Flow cytometry at sea: improving the signal for detecting Prochlorococcus?



Culturing, TEM and HPLC: When the “little greens” finally got a name!

Pigments of P. marinus :
divinyl-chlorophyll a and b, 
zeaxanthin, α-carotene, 
‘unknown carotenoid’, Mg 
3,8 divinyl-pheoporphyrin. Ralf Goericke

Formal description of P. marinus
Prochlorococcus nov. gen. : 
Prochlorococcus [Pro'chlorococ"cus. 
Gr. prefix pro, before (primitive); 
Gr. adj; chloros, green; 
Latine: coccus, berry. 
= Primitive green sphere].

“Two strains of P. marinus are in culture; both strains are clonal 
but neither is bacteria-free. The strains were isolated from the 
Sargasso Sea (CCMP1375 = SS120, a clone of LG for “little green”) 
in May 1988 (by B. Palenik) and the Mediterranean Sea 
(CCMP1375 = MED4) in Jan. 1989 (by D. Vaulot and F. Partensky).”

One additional isolate [NATL1] has been isolated from the N. 
Atlantic [by FP] using the same procedures.” 
Protocol: Gravity filtration through 0.6 µm filter, serial dilutions…

0.1 μm

=> Divinyl-Chls a and b are truly 
specific of Prochlorococcus, so one can 
determine precisely the contribution 
of Prochlorococcus to total Chl a and b 
in the field.

Brian Palenik



Giovannoni et al. 1990, Nature

1990: Start of the metabarcoding revolution : Identifying non-cultured 
bacteria using PCR-amplified 16S rRNA from field samples

Paper famous for the discovery of the alpha-bacterial group « SAR 11 » which later proved to be the 
most abundant bacterial group in the Ocean. Now called « Order Pelagibacterales ».
Type species = Candidatus Pelagibacter ubique (communis?) HTCC1062

Also reports the first 16S rRNA sequences from natural populations of Syn. (SAR7) … and Proc. (SAR6) 
unidentified by then because there was no reference sequences.    

Yet molecular ecology studies specifically targeting picocyanobacteria only started in 1998…



Molecular biology: Prochlorophytes are not a valid taxonomic group

= MED
= SARG

= SS120

rpoC1

Brian Palenik

16S rRNA

Ena 
Urbach



=> Possible chromatic acclimation process?
3-6 fg C cell-1 h-1

                Comparative physiology of Prochlorococcus strains



Optical properties of Prochlorococcus and Synechocococcus strains

A. MOREL

Absorption cross sections (sa) of Proc. and Syn. nearly the same 
(ca. 0.1 µm2) in the blue. 
=> advantage for Proc., as it can achieve a higher photosynthetic rate 
per unit of biomass.

The absorption capacity of Proc. cells is only about 20% less that of 
the same amount of pigments in solution.
=> Almost no ‘package effect’ (pigment auto-shading) ≠ larger 
phytoplanktonic cells. This possibly contributes to Proc. successful 
colonization of the base of the upper lit layer.

The probability for photons to be absorbed by a Proc. cell 
exceeds that of being scattered while all phytoplankters, 
including Synechococcus, are always more efficient at 
scattering than capturing light.

Morel et al. 1993

A. Morel



Comparative physiology of Prochlorococcus and Synechococcus strains

Chromatic acclimation 
confirmed for SS120 
using HPLC on non-
acidified samples

MED4  is high-light adapted
SS120 is low-light adapted

Moore et al. 1995

L. Moore



=> Evidence of the occurrence of two 
Prochlororococcus phototypes with low or 

high red fluorescence

Flow cytometry at sea: discovery of distinct Prochlorococcus “phototypes”
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• Maximum Photosynthetic Rate

• Total Chl b / divinyl-Chl a ratio

Differences between strains          &         :      

Strains          adapted to low light (LL phototype)

Strains          adapted to high light (HL phototype)

Cell sorting

Moore et al. 1998, Nature
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Flow cytometric cell sorting + culturing of Prochlorococcus phototypes

Culturing

>

<

<

MIT9302
MIT9312

MIT9303
MIT9313

No filtration on 0.6 µm => MIT9303 and MIT9313 have a larger 
cell size than previous LL isolates (SS120 and NATL1-2) 

L. Moore          G. Rocap



On-board incubations with 14CO2 followed by flow cytometric cell sorting

Bill LI

The dominant primary producer was 
not necessarily the numerically 
dominant (Proc.) nor necessarily the 
group with the highest cell-specific 
rate of 14C uptake (eukaryotes).
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On-board incubations with 14CO2 followed by flow cytometric cell sorting

Slide courtesy of DJ Scanlan



Flow cytometry + on-board incubations of seawater with a growth inhibitor

Growth rate Proc. = 0.4-0.5 day-1 (0.65 div./day) in surface
Growth rate Syn. =  1.0 day-1 (1.45 div./day) in surface
Mortality rates : 20-116% of growth rate for Proc.
                              43-87% for Syn.

  Growth generally exceeded grazing by protozoans
       (Yet predation by viruses wasn’t assessed)

Estimated integrated production: 
382 mg C.m-2 for Proc. vs. 14.6 mg C.m-2 for Syn. 

Limited effect of kanamycin on 
protozoan grazing

1 mg ml-1 kanamycin inhibits cell 
division of Proc. and Syn. 
A 24 h (dawn to dusk) incubation period 
is critical for obtaining an unbiased 
growth rate because of diel cycles of 
DNA synthesis and growth.

Station ALOHA
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Flow cytometry and DNA staining of Prochlorococcus cells

n = number of samples taken during a 24-h period and fS+G2(i) 
the fraction of cells in S+G2 for sample i deconvoluted from 
individual DNA distributions. 
TS + G2 estimated as  6 h from the surface down to 75 m and 
then increased up to 12 h at 125 m.

Max. growth about 0.69 day-1  (= 1 div./day) at 30 m 
Estimated Proc. production = 174-498 mg C.m-2/day 
accounting for 5-19% total gross primary production 
at the equator.

• Strong synchronisation of Prochlorococcus cell cycle in the field 
• Timing varies with depth
=> DNA replication delayed in surface waters is possibly due to UV radiations

D. MARIE



Flow cytometry and DNA staining of Prochlorococcus cells

=> Lab experiments confirmed that natural doses of 
UV-A+B caused a delay in DNA replication.

Growth rates calculated using the μcc method about 
10% higher than those calculated from the actual 
change in cell number (μnb).

LL=>HL shift 

HL=>HL+UV shift 

=> Delay occurs the same day if UV switched on in 
the morning.



Vaulot et al. 1989 39

Developing standardized protocols for analyzing pico’s by FCM



Developing standardized protocols for analyzing pico’s by FCM



Spatial variability of picocyanobacterial distribution

Partensky et al., 1996, Deep Sea Research



Sta. OLIGO, Oct. 1991, N Atlantic 21°N 31°W

Partensky et al., 1996, Deep Sea Research

Vertical variations of Prochlorococus pigment content

A high resolution profile of Prochlorococcus abundance and associated pigments revealed :
• The Proc. abundance maximum is located well above the DCM
• The Chl a maximum is slightly below the maximum of DV-chl a 
• [DV-Chl b] per cell but not [DV-Chl b] per cell increases continuously below the Proc. abundance max.  
• The DV-Chl a / Chl a ratio varies little with depth. 
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Campbell et al., 
1997

Seasonal succession of marine picocyanobacteria

Syn. peaked in winter, picoeukaryotes in 
spring, and Proc. during summer/fall but 
seasonality not very marked (only 2-fold 
variations for Proc. and 3-4-fold for 
Syn.).

Hawaii Ocean Time-series



DuRand et al., 
2001

Seasonal succession of marine picocyanobacteria

M. DuRand
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Syn.             peaked during the spring bloom when the water column was deeply mixed
       and nutrients high in surface waters while Proc. peaked      in the summer and fall
   -    with a deeper sub surface maximum than Syn.



Seasonal succession of marine picocyanobacteria

Syn. abundance maxima developed in the spring 
within the mixed layer shortly after water column 
stratification.

Proc. abundance maxima developed between 60 
and 100 m during periods of water column 
stratification.

Distribution patterns of Proc. and virioplankton 
were tightly coupled over depth and through 
time.
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Seasonal succession of marine picocyanobacterial using an automated 
submersible flow cytometer: the FlowCytobot 

A regular spring bloom in coastal waters off Woods Hole, USA 
is driven by increases in Synechococcus cell division rates in
response to warmer water temperature and slight imbalance 
in loss rate.

Earlier spring blooms in the period 2003-2012 correlate with 
warmer temperatures.



Croucher course 1 outline

I. 1979-1999: The golden age of fluorescence techniques

II. 1996-2003: Characterization of the original light- harvesting 
complex of Prochlorococcus

III. 1998: The advent of the molecular ecology of picocyanobacteria

IV. 2003-on: The omics era: an introduction



Coomassie blue-stained SDS-PAGE of whole thylakoid
proteins from Prochlorococcus SS120 grown at different 
irradiances.

Identification of Prochlorococcus Light-Harvesting Complexes



Identification of Prochlorococcus Light-Harvesting Complexes

Chl a/b antenna named « Pcb » for « prochlorophyte Chl a/b protein »

Pcb and IsiA related to the PSII antenna PsbC (= CP43), all having 6 transmembrane 
helices, and much more distantly to plant or algal LHC than have 3 helices.



Characterization of Prochlorococcus Light-Harvesting Complexes

The Proc. LL strain SS120 possesses a gene family of 7 
transcribed genes encoding different Pcb copies (1 
missed!) while the HL strain MED4 has a single pcb 
gene, which were successfully cloned and sequenced.

+Evidence that the the LL strain NATL2A also has 
many pcb copies while the HL strain TAK9802 has 2.  



Characterization of Prochlorococcus Light-Harvesting Complexes

At least 6 pcb genes of SS120 are 
differentially expressed with 
irradiance 

SS120 has two phylogenetically distinct 
groups of pcb genes : possibly PSI and 
PSII-associated?

Group I

Group II



IsiA (=CP43’) from Synechocystis PCC 6803 associates 
with photosystem I (PSI) to form a complex that consists 
of a ring of 18 molecules around a PSI trimer.

Same configuration  
for Proc. SS120 Pcb 
antenna as for 
Synechocystis IsiA

Ultrastructure of Prochlorococcus Light-Harvesting Complexes

T. Bibby                 J. Nield         J. Barber



Bibby et al., 2003 Nature

Ultrastructure of Prochlorococcus Light-Harvesting Complexes

PSII antenna,
constitutive
in all Proc.
strains

PSI antenna
•  constitutive 

(SS120)
•  inducible by -Fe 
      (MIT 9313)
•  Absent (MED4)

Chl a2/b2
antenna

Chl a2/b2
antenna

Chl a2/b2
antenna

PSI- then PSII-associated Pcbs have arisen from multiple events of 
gene duplication and divergence from an ancestral isiA gene 
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Hess et al., 1996

Transcription       
       

Traduction Fixation de chromophores

PUB

PE
B

 Control  Proc

The cpeBA operon is expressed and translated into PE in SS120
PE contributes for only 2.6 % to light absorption at 495 nm.
=> Light sensor?           

Unveiling the presence of phycoerythrin in Prochlorococcus



Croucher course 1 outline

I. 1979-1999: The golden age of fluorescence techniques

II. 1996-2003: Characterization of the original light- harvesting 
complex of Prochlorococcus

III. 1998: The advent of the molecular ecology of picocyanobacteria

IV. 2003-on: The omics era: an introduction



Molecular ecology approaches for studying picocyanobacteria



Molecular ecology approaches : DGGE

DGGE analyses using 
the  photosynthetic 
gene psbA 



RFLP analysis was used here for rapid genetic 
screening of initial Syn. isolates by using the 
ntcA gene, which encodes the single, core 
global N regulator, amplified with general 
marine picocyanobacterial primers.

Molecular ecology approaches : RFLP



Molecular ecology approaches : RFLP

A RFLP analysis of pcb gene amplicons digested by HaeIII revealed at least four 
genetically different Proc. ecotypes, occupying distinct but overlapping light 
niches in the photic zone. At comparable depths, similar banding patterns were 
observed throughout the sampled area, suggesting a horizontal 
homogenization of ecotypes. Yet, band sequencing revealed a large genetic 
microdiversity within those ecotypes.

Prosope cruise
Sept. 1999
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Molecular ecological approaches : Barcoding and metabarcoding

Plasmid 4 kb

N X

N X

DNA extracted from cultures 
or environmental samples

PCR amplification
of selected marker
             (16S, ITS, rpoC1, …)

Bacteriophage
Cosmid
BAC

Insertion into 
E. coli

Cut DNA 
with 

restriction 
enzymes

Join vector 
and DNA

Plating

Picking of recombinant bacteria

Sequencing, quality checking

Identification of
Operational taxonomic units (OTUs) 

Phylogenetic analysis

  20 kb
  40 kb
200 kb
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Phylogeny of Marine Picocyanobacterial Strains (16S rRNA)

Proc. lineage monophyletic but with low bootstrap 
support for the early diverged MIT9303
Proc. is a sister group of marine Syn. 
=> Pattern consistent with a near simultaneous 
diversification of marine picocyanobacteria lineages 
having divinyl-Chl a/b and phycobilisomes as 
photosynthetic antennae.

16S rRNA

16S rRNA has several 
drawbacks: it lacks resolution 
and is present in 1 or 2 copies 
in Proc. and 1 to 3 identical 
copies in most Syns.
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ITS has a much better resolution than 16S and in this study was able 
to distinguish 6 clades in both Proc. and Syn.

Phylogeny of Marine Picocyanobacterial Strains (ITS)

Yet, ITS length varies in length especially among Syn., making it hard to align and inconvenient for large datasets.  
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Metabarcoding of Marine Picocyanobacteria in the Field (rpoC1)

The 1st metabarcoding analysis dedicated to picocyanobacteria. 

Tree based on PCR-amplified 270 nt fragments of the cyanobacterial DNA-
dependent RNA polymerase C1 gene (rpoC1) from communities of 
bacteria inhabiting oligotrophic sites in the Pacific Ocean, off the coast of 
California and showed the exceptionally high genetic diversity occurring 
within field populations of both Proc. and Syn. 

Introduced in 1992 by B. Palenik, rpoC1 is a high resolution single core 
gene marker with sufficient variability to enable design of 
cyanobacteria-specific primers.

rpoC1 has been used in all picocyanobacteria diversity studies from this 
group (except the last one: Harding et al. 2025 Env Microbiol) and a few 
other groups.
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D. Scanlan’s group developed its own high resolution, single core 
photosynthetic marker gene : petB, encoding the b6 subunit of the 
cytochrome b6/f complex. 

This study highlighted the occurrence of several within-clade genotypes 
of Syn. that may represent ‘ecotypes’ adapted to distinct ecological 
niches.

petB clone libraries were prepared from 
contrasting oceanic sites and analysed by 
RFLP analysis. The distinct RFLP types were 
counted and one or more representative of 
each type was sequenced.

At the level of 94% petB identity, rarefaction 
curves demonstrate that the Syn. population 
is well sampled so this is the cut-off retained 
to define OTU’s.

=> Till then, petB has been used by Dave’s and our own group for all 
further fine-scale diversity studies (see Course 2).

Metabarcoding of Marine Picocyanobacteria in the Field (petB)
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Comparison of taxonomic resolution between 16S rRNA and petB

Variation of the assignment ability of each individual 100 bp gene fragment along the 
sequence of petB (A-B) and 16S rRNA (C-D) genes using reference databases for Proc. (A,C) 
or Syn. (B-D). Simulated reads were generated by 100 bp sliding windows along the marker 
sequences and the lowest taxonomic level at which they could be assigned is shown by a 
different blue tone.



68

Environmental DNA 
sample

PCR with 16S rDNA primers 
specific of cyanobacteria 

Immobilize 30 ng of product on 
membrane (in triplicate)

Hybridize 32P-labelled probes 
specific of Synechococcus 

clades

Detect quantity of 
specifically bound probe

Calculate relative abundance of 
Synechococcus clades in the 

environment
(% relative hybridization)

         A                  B               C                D       
                     

1

2

3

4

5

6

7

8

Slide courtesy of DJ Scanlan

Molecular ecological approaches : Dot blot Hybridization



Zwirglmaier et al. 2007 Environ. Microbiol.

AMT15

60˚N

40 ˚N

20 ˚N

0

20 ˚S

40 ˚S

60 ˚S

Prochlorococcus

Atlantic gyres

Molecular ecological approaches : Dot blot Hybridization
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AMT15

60˚N

40 ˚N

20 ˚N

0

20 ˚S

40 ˚S

60 ˚S

Synechococcus

Atlantic gyres

IV

III

II

I

Molecular ecological approaches : Dot blot Hybridization

Zwirglmaier et al. 2007, Environ. Microbiol.



Molecular ecological approaches : Dot blot Hybridization
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ITS tree

eMIT9312

Ct value = Number of PCR cycles necessary to reach  
a fluorescence threshold  crossing all amplification 
plots in the middle of the exponential phase of 
amplification.

C
t 

va
lu

e

= HLI

= HLII

= LLI

= LLIV
= LLII
= LLIII

Molecular ecological approaches : Quantification of 
Prochlorococcus ecotypes by Real Time PCR

Probes 
designed for 
each ecotype
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Johnson et al. 2006 Science

Syn.

lo
g

 C
ell m

L
-1 

Molecular ecological approaches : Quantification of 
Prochlorococcus ecotypes by Real Time PCR

AMT13 cruise Sept-Oct 2003

 surface Temperature 
along the transect:

5-29 °C

Mutual exclusion of Proc. and Syn. at high 
concentrations.

White isolines = Temperature (°C) 
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Johnson et al. 2006 Science

Syn.

Molecular ecological approaches : Quantification of Prochlorococcus 
ecotypes by Real Time PCR: Spatial distribution

eSS120 (LLII) and eMIT9211 (LLIII) virtually absent: 
possible problem of probe design.

eMIT9312 (HLII) largely dominate in the upper 
layer in (sub)tropical areas and eMED4 (HLI) in 
temperate waters.

eMIT9313 (LLIV) dominate in the deep layer

eNATL2 (LLI) occur at intermediate depth and can 
reach the surface when the water is mixed.
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Molecular ecological approaches : Quantification of Prochlorococcus 
ecotypes by Real Time PCR: Seasonal variations

HLII HLI LLI LLII LLIV

HLII

HL
I

LL
I

LLII

LLI
V
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Clades I and IV co-dominant throughout the time series 
and their relative abundance followed a seasonal cycle. 
Clade IV was typically more abundant, but clade I 
dominated during periods just before the annual spring 
bloom of Syn. 

Clades II and III were absent during spring and early 
summer, but appeared at low abundances in late summer 
and winter.

Clade I qPCR 
primers targeting 
CC9311

Primers were clade specific and did not amplify DNA 
from any non-target strain.

Molecular ecological approaches : Quantification of Synechococcus ecotypes by Real 
Time PCR: Seasonal variations



Prochlorococcus and Synechococcus : The first genomes ! 
In April 2003, the human genome consortium announced that it had generated an essentially complete genome 
sequence, but the sequencing phase actually stopped a couple of years earlier, leaving hundreds of vacant sequencers …

 ’Not just the genomes 
but the genomes in 
context. We are trying 
to understand how the 
genome content reflects 
the environment in 
which the different Proc. 
live’    Penny Chisholm



Prochlorococcus and Synechococcus : more and more genomes ! 

8 more Prochlorococcus genomes in 2007…

… and 9 more Syn. 
genomes in 2008.

1 more Synechococcus genome in 2006 …

As of today, >2000 Proc. & Syn. 
genomes are available in public 
databases!



Croucher course 1 outline

I. 1979-1999: The golden age of fluorescence techniques

II. 1996-2003: Characterization of the original light- harvesting 
complex of Prochlorococcus

III. 1998: The advent of the molecular ecology of picocyanobacteria

IV. 2003-on: The omics era: an introduction



Microbial community

METAGENOME
METATRANSCRIPTOME

Complete
sequencing

DNA/RNA
extraction

METABARCODE (Tags)
e.g. 16S, rpoC1, petB

PCR amplification
& sequencing

The Metagenomics Revolution

Any gene from any (fairly abundant)
organism



The metagenomics revolution was boosted by two major expeditions  

After a pilot project of shotgun metagenomics sequencing at the BATS site in 2003, J. Craig Venter, inspired by the 
voyages of Darwin on the H.M.S. Beagle, launched the Sorcerer II Global Ocean Sampling (GOS) Expedition, which 
circumnavigated the globe for several years (2003-5, 2007, then 2009-10), sampling surface waters.



One metagenome-assembled genome (MAG) was constructed for each clade 

providing some evidence of adaptation of these clades to low-Fe areas : 

reduction of Fe requirement by lowering the number of Fe-containing proteins.

Unveiling uncultured Prochlorococcus clades adapted to low-iron areas

HLI

HLII  

HLIII

HLIV

LLI

LLII-III
LLIV



The metagenomics revolution was boosted by two major expeditions  

The 2nd global circum-navigation was initiated by Eric Karsenti 
It was held on board the 36-m long Tara schooner lent by 
cloth designer Agnès     and her son Etienne Bourgois, who 
founded the Tara Foundation. The expedition which 
mobilised over 100 scientists was split in two parts: 

• Tara Oceans (2010-12)
• Tara Polar circle (2013)   

90 sampling stations analyzed 
(surface and/or DCM)

111 metagenomes for the 
bacterial size (0,2-3 µm) fraction 

(among 234 total)



  Physico-chemistry          High Throughput Imaging                          High Throughput Sequencing 

The metagenomics revolution was boosted by two major expeditions  

Each station sampling was occupied during 24-48 h to collect various 
size fractions from surface, deep chlorophyll maximum, and sometimes 
mesopelagic zone.



Microbial community

METAGENOME
METATRANSCRIPTOME

Complete
sequencing

RNA/DNA
extraction

METABARCODE (Tags)
e.g. 16S, rpoC1, petB…

PCR amplification
& sequencing

The miTags approach

in silico extraction 
of marker genes

miTags

e.g., 16S rRNA, rpoC1, petB

=> No PCR bias: more 
reliable quantitatively 
than metabarcoding



The Tara Oceans metagenomic dataset: Generation of MAG’s

Generation of 2,631 draft genomes (MAG’s) of Bacteria and Archaeae with an estimated completion of ≥50% 
(1,491 draft genomes >70% complete; 603 genomes > 90% complete, including 16 cyanobacteria). 

Many more Proc. and Syn. MAGs have been assembled since then…                

Tully et al. (2018) Scientific data



Phylogeny from 66 isolate genomes and 489 SAGs for Proc., and 27 isolate genomes and 50 SAG’s for Syn.

More Picocyanobacterial Genomes from the Field: The SAG approach 

Genomes obtained from single 
cells sorted by flow cytometry 
allows to get both abundant and 
rare taxa.
 useful for phylogenetic
anchoring of metagenomic data 
sets and expanding our 
knowledge of phylogenetic 
lineages and the functions they 
harbor.



The Next Generation Sequencing Revolution

After L. Nederbragt, 
http://dx.doi.org/10.6084/m9.figshare.100940

Illumina 
Technology

     Error rate: 0.1-0,2%
$$$

(1st generation =2006
the most used NGS!)

« 454 » 
Technology
Error rate: 1%

$$$$
(1st generation=2005

(last=2016)

Ion Torrent 
Technology

Error rate: 0.5-1%
$$

(1st generation=2010)

SOLiD 
Technology
Error rate: 0.1%

$$$
(1st generation=2006)

« Sanger » 
Technology

(96 reads of 800 bp)
Error rate: 0.01%

$$$$$
(pre-NGS tech using gel 

electrophoresis -
exists since 1980

Model=2000)

Log read length (bp) 
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NanoPore 
Technology

Error rate: 2-13%
$

(2014)

NovaSeq 6000
3 Tb/day

Global ocean sampling 
expedition Sorcerer II 2004-5

7.7 M reads (800 bp)

Tara Oceans 
expedition (2009-13) 
31 G reads (150 bp)

SeqStudio

PacBIO 
Technology

Error rate: 1-15%
$$

(2010)

Sequel II
24 
Gb/day

Revio
360 
Gb/day
15-20 kb

PromethION
>50 kb



Since 2008, the cost of sequencing is falling >>2 faster as the cost of computing, so that the cost of 
a genome has now more to do with data analysis than with sequencing.

It has now become simpler and less expensive to sequence a whole genome than a few individual genes 
from a given organism. 
=> Paradigm shift in approaches to be used to answer questions about the molecular ecology of 
picocyanobacteria. 

My next two talks will show you examples of what information can be retrieved from integrating 
biology, physiology, ecology and omics of marine picocyanobacteria, with a particular focus on Syn. 

The Next Generation Sequencing Revolution



Croucher course 1 outline

I. 1979-1999: The golden age of fluorescence techniques

II. 1996-2003: Characterization of the original light- harvesting 
complex of Prochlorococcus

III. 1998: The advent of the molecular ecology of picocyanobacteria

IV. 2003-on: The omics era: an introduction

V. Optional: Cyanophages
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Questions? 

Questions ?

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

COMING NEXT

Course 2: Using omics to decipher niche adaptation mechanisms in
                   marine picocyanobacteria



Bacterial Viruses = (Bacterio)Phages

All (cyano)phages infesting Prochlorococcus 
and Synechococcus cells isolated to date 
belong to only one order (Caudovirales) and 
three families:

- Podoviridae: short tail
- Myoviridae: contractile tail
- Siphoviridae: long, non-contractile tail

Veesler & Cambillau    
Microbiol. Mol. Biol. Rev. (2011)

Prochlorococcus 
MED4 cell infected 
by the  podovirus   
P-SSP7



Picocyanobacteria have Phages with various Specificity

  Others (Myoviridae) can infect marine Synechococcus
    as well as with HL-  and LL-adapted Prochlorococcus isolates

Myoviridae

  Some phages (Podoviridae) are strain-specific

Podoviridae



Arms Race between Phages and their Hosts

Prochlorococcus cells can resist viral infection by inactivating genes involved in virus attachment…

      Avrani et al. 2011 Nature

Drawing: F. Partensky & L. Garczarek

… but this may affect cell fitness (lower growth) or favor infection by other viruses



Lindell et al. 2004, 2005; Milard et al. 2004

HLIPs
Plastocyanin

Ferredoxin

-

PSI

H2O

NADPH

PSI

D1 D2

PSIIPSII

O2

Cyanophages contain Photosynthetic Genes !

  psbA from the phage is expressed during infection in order 
to maintain the photosynthetic machinery (high turnover D1 
protein) long enough for the lytic cycle to be completed

  Many photosynthetic genes can be found in phages but the 
most frequent is psbA, encoding the D1 core protein of 
photosystem II.

Lindell et al. 2005 Nature



Sharon et al. 2007 ISME Journal

Cyanophages contain Photosynthetic Genes



PsaA sequences from phages 
form a separate branch within 
the marine picocyanobacteria

Sharon et al. 2009 Nature

Phylogeny of PsaA 
(PSI Reaction Center)



Some “Scaffolds” (Sequence Assemblages) Contain 
several PSI Genes from Phages

Sharon et al. 2009 Nature



The Definitive Proof

o A unique gene arrangement since these 7 PSI genes are never found in a cluster in 
cyanobacterial genomes (except psaA-B and psaJ-F)



A viral Photosystem I !

PsaF  (purple) & PsaJ 
(blue) in cyanobacteria

Fusion PsaJ-F in 
‘viral’ PSI

o The fusion of psaJ-F genes implies that the ‘viral’ PSI presents a structural 
alteration at the level of the docking site of plastocyanin, which could allow other 
electron donors to bind (ex: cytochromes) => energy coming from respiration?

o This 7 gene set is sufficient to synthesize a complete monomeric PSI



Bioengineering by Cyanophages: 
A novel phycobilin biosynthesis gene

Dammeyer et al. 2008 Curr. Biol.

Cyanobacteria: two-step reaction

Phages: one-step reaction
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105Grob et al. 2008, Environ. 
Microbiol. 
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