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Course 1. How advances in biotechnology has driven our
knowledge on marine picocyanobacteria”? An inside story
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¥ The SBR was founded in 1872 by Henri de Lacaze-Duthiers
Professor of zoology at Sorbonne
University in Paris.

™ . oonee € also founded the Banyuls station
@ g WNIVERSTE — near the spanish border.
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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.
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The Ecology of Marine Plankton (ECOMAP) Team
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Croucher course 1 outline

. 1979-1999: The golden age of fluorescence techniques

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

I1l. 1998: The advent of the molecular ecology of picocyanobacteria
IV. 2003-on: The omics era: an introduction
V. Optional : Cyanophages

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

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



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

Chlerophyll @ Concentration (mg/m?)

m— n ”:| — "”_ (Source: NASA/SeaWIFS)
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Only in the late 70’s came the first evidences that these zones were populated by small-sized
phytoplankton (<2-3 um) called “picophytoplankton”.

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

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



Epifluorescence Microscopy of natural samples (+ Culturing)

Synechococcus Nageli, 1849

Greek: synechos, in succession, and kokkos, granule

Holetype species: Synechococcus elongatus (Nigeli) Nageli

Publication details: Nigeli, 1849; 56

Nature January

lons B WaTERAURY
Sramcy W, WatTson
ROBERT R. 1. GUILLARD
LARRY E. BRAND

Departrient of Hialogy,

Wods Hole Oceanpgraphic Inuiiwiton,

Woods Hole, Mavsachusein (7543

Widespread occurrence of a
unicellular, marine,
planktonic, cyanobacterium

In marked contrast 1o their freshwater counterparts, marine
planktonic cyanobacteria are restricted to a few nostocalean
genera, of which only Trichodesmium is capable of forming
extensive water blooms' ™. We report here the widespread
occurrence of a small, marine, chroococcalean cyanobacterium
helonging to the genus Synechococcus.

Natural water samples were filtered through 0.2 pm Nucle-
pore filters, counterstained with Irgalan black®. The filters were
examined with a Zeiss Standard microscope equipped with
Neofluar objectives and an epifluorescent illumination system
containing a 100-W halogen lamp, a BP 450-500 excitation
filter, a LP 528 barrier filter and a FT 510 chromatic beam
splitter. Using this system, phycoerythrin-containing cyano-
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Original publication and holotype designation: Nigeli, C. (1849).

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



Transmission Electron Microscopy on natural samples

LIMNOLOGY AND -
OCEANOGRAPHY asatD

Chroococcoid cyanobacteria in the sea: A ubiquitous and
diverse phototrophic biomass1

Paul W. Johnson. John McN. Sieburth

First published: September 1579 | httpsy/doi.org/10.4319/10.1979.24.5.0928 |

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
x 1.0 ym) were observed at concentrations usually between
103-10* 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 Il cells, 0.7 x 0.9 pm also
have peripheral thylakoids, but
more closely spaced, [..]. These
type Il cells occur only in oceanic
samples and primarily at 100 m,
where they can dominate the
picoplankton.

Johnson & Sieburth 1979

Type | Synechococcus



Quantitative HPLC pigment analyses of natural seawater samples

LIMNOLOGY AND
OCEANOGRAPHY

Unknown chlorophyll a derivatives in the North Sea and the
tropical Atlantic Ocean revealed by HPLC analysis1

Unknown Chl a derivative associated with particles <1 um which
contain zeaxanthin as the major carotenoid. Although these tiny
particles may be detrital, the coccoid cyanobacteria typically

Winfried W. Gleskes. Gijsbert W, Kraay
|uly 1983 | https://doi.org/10.4319/10.1983.28.4.0757 found in large numbers in open ocean waters are of similar size.
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Quantitative HPLC pigment analyses of natural seawater samples

LIMNOLOGY AND ASLO o =
OCEANOGRAPHY T ﬁ
Unknown chlorophyll a derivatives in the North Sea and the

tropical Atlantic Ocean revealed by HPLC analysis1

Winfried W. Gleskes. Gijsbert'w, Kraay

tpublished: July 1983 | https://doi.org/10.4319/10.1983.28.4.0757 | Citations: 108

The blue absorption peak of the Chl a “derivative”

o2r
(= divinyl-Chl a) is red-shifted (8-10 nm) compared to Chl a
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Gieskes and Kraay 1983



1“CO, 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 Phﬂtﬂﬂ?llﬂl&ﬂiﬂ of pimplanlrton
known but not its contribution to primary production. in the uligutruphln ocean

NATURE VOL. 301 24 FENRUARY 198)

W. K. W. L1, D. V. SusBa Rao

SCIENCE, VOL. 219 W. G. HARRIsON, J. C. SMITH
.J. CULLEN, B. Irwin, T. PLATT
21 JANUARY 1983 Marine Ecology Laboratory, Bedford
Institute of Oceanography, Dartmouth,
Nova Scotia B2Y 4A2 Canada

Autotrophic Picoplankton in the Tropical Ocean

Abstract. In phytoplankton of the eastern tropical Pacific Ocean from 25 to 90
percent of the biomass (measured as chlorophyll a) and 20 to 80 percent of the
inorganic carbon fixation were attributable to particles that could pass a screen with

a I-micrometer pore diameter. Evidence is presented that these are indeed auto-
trophic cells and not cell fragments.

Trevor Plati, D. V. Subba Rao & Brian Irwin

Marine Ecology Laboratory, Bedfard Institute of Oceanography,
Hex 1006, Dartmouth, Nova Scotia, Canada B2Y 4A2
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Picophytoplankton
supplies about 60% of
total primary
production at
chlorophyll maximum
in the open ocean
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Unveiling pigment diversity within Synechococcus

Limnol. Oceanogr., 30(6), 1985, 1303-1315

Discrimination between types of pigments in marine Synechococcus spp.
by scanning spectroscopy, epifluorescence mncroscopy
and flow cytometry!

A. Michelle Wood?

P. K. Horan D. A. Phinney J. B, Waterbury
K. Muirhead C. M. Yentsch
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in sediment pdjucent to mengrove roots at St George, Bermuda; C—open water about 5 m below the surface
in 10 m of water off the NW coast of Bermuda. Either 100,000 (A) or 25,000 (B, C) cells were analyzed. Contour

° PE com posed Of phycoe ryth robi I i na nd intervals—3, 20, 100, and 250 cells; laser line— 514 nm; laser power— 1,300 mW (A) or St mW (B, C).

phycourobilin (type 1 PE) . .
Flow cytometry has a lot of potential for studying

Actually much more pigment diversity, see course 3 Syn. at sea and picophytoplankton at large!



Flow cytometry at sea: They did it!

Cell sample

¢ J S5C
Deep-Sea Research, Vol. 35, No. 3, pp. 425-440, 1988,

Analysis of Synechococcus pigment types in the sea
using single and dual beam flow cytometry
R. J. Ouson,* §. W. Cuistorm,t E. R. ZertLer* and E. V. ArRMBRUSTY}
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given amount of phycoerythrin.



Flow cytometry at sea

Limnol. Oceanogr., 35(1), 1990, 45-58

Pigments, size, and distribution of Synechococcus in the
North Atlantic and Pacific Oceans

Robert J. Olson

Biology Department, Woads Hole Oceanographic Institution, Woods Hole, Massachusetts 02543

Sallie W. Chisholm

48-425 Ralph M. Parsons Laboratory, Massachusetts Institute of Technology, Cambridge 02139

Erik R. Zettler
Woods Hole Oceanographic Institution

E. Virginia Armbrusi
Massachuseits Institute of Technology

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

Helalive PE Fluorescence (488 exc)

Co-occurring low and high-PUB Syn. populations

at many near-coastal stations.
Only high PUB cells offshore at all depths.
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Flow cytometry at sea

“Little greens” emerging from
background noise (first observed in 1985)
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... and again TEM and HPLC

NATURE YOL. 334 I8 JULY 1988

-LETTERSTONATURE

A novel free-living prochlorophyte
abundant in the oceanic euphotic zone

Sallie W. Chisholm, Robert J. Olson*, Erik R. Zetiler®,
Ralf Goericket, John B. Waterbury*®
& Nicholas A. Welschmeyert

48-425 Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139, USA

* Waods Hole Oceanographic Institution, Woods Hole,
Massachusetts 02543, USA

t Harvard University, Cambridge, Massachusetts 02138, USA

ments, and a distinctive prokaryotic ultrastructure, suggests that

fr Celis, ml (Lhousands) Ferednt of inoident hight
L9 i 20 40 400 &0 01 ] i 1w 100
The recent discovery of photosynthetic picoplankton has changed T e | F ' = T A
our understanding of marine food webs’. Both prokaryotic®™ and | A SR N ’hﬂ. '
eukaryotic®® species occur in most of the world’s oceans and pASsd = 3
account for a significant proportion of global productivity®. Using e 3, ® e | e
shipboard flow cytometry, we have identified a new group of pico- = 4 v i o
plankters which are extremely abundant, and barely visible using = he Ao s e l
traditional microscopic techniques. These cells are smaller than o ool - 2 h-
the coccoid cyancbacteria and reach concentrations greater than = L. yny s . .
10° cells ml~" in the deep euphotic zone. They fluoresce red and 2 1' ] i ‘.
contain a divinyl chlorophyll a-like pigment, as well as chlorophyll T oasaly 1 ) I
b, a-carotene, and zeaxanthin. This unusual combination of pig- r' [“:r:;::;. :n£ " "rtl;
|

these picoplankters are free-living relatives of Prochloron’. They won - — “—m-] -
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ancestors of the chloroplasts of higher plants—in that they contain Moan Flusrzscenee pir tell  [NOG LINEG] (uM) 1 19e)
a-carotene rather than pB-carotene and contain a divinyl
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Chisholm et al. Nature 1988 8



... and again TEM and HPLC

NATURE VOIL. 334 28 JULY 1988 1

-LETTERSTONATURE

A novel free-living prochlorophyte
abundant in the oceanic euphotic zone

Sallie W. Chishelm, Robert J. Olson*, Erik R. Zettler®,
Ralf Goericket, John B. Waterbury*
& Nicholas A. Welschmeyert

48-425 Massachusents Institute of Technology, Cambridge,
Massachusetts 02139, USA

* Waods Hole Oceanographic Institution, Woods Hole,
Massachusetts 02543, USA

t Harvard University, Cambridge, Massachusetts 02138, USA

The recent discovery of photosynthetic picoplankton has changed
our understanding of marine food webs’. Both prokaryotic®® and
eukaryotic™® species occur in most of the world’s oceans and
account for a significant proportion of global productivity®, Using
shipboard flow cytometry, we have identified a new group of pico-
plankters which are extremely abundant, and barely visible using
traditional microscopic techniques. These cells are smaller than
the coccoid cyanebacteria and reach concentrations greater than
10° cells m1™" in the deep euphotic zone. They fluoresce red and
contain a divinyl chlorophyll a-like pigment, as well as chlorophyll
b, a-carotene, and zeaxanthin. This unusual combination of pig-
ments, and a distinctive prokaryotic ultrastructure, suggests that
these picoplankters are free-living relatives of Prochloron’. They
differ from previously reported prochlorophytes—the putative
ancestors of the chloroplasts of higher plants—in that they contain
a-carotene rather than S-carotene and contain a divinyl
chlorophyll a-like pigment as the dominant chlorophyll.

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

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

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! 9



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

FACS Analyser Becton Dickinson

Deep-Sea Research, Vol. 35, No. 9, pp. 1615-1638, 1988,

Vertical distribution of North Atlantic ultraphytoplankton: analysis by
flow cytometry and epifluorescence microscopy

Witiam K. W, Li* and A. MicHELLE Woobp?

Abstract—The vertical distribution of numerically abundant ultraphytoplankton at four stations
in the central North Atlantic was established using a bench-1op mercury-arc lamp flow cytometer
and epifluorescence microscopy. Cyanobacteria were identified on the basis of phycoerythrin
fluorescence. Red-fluorescing cells (presumably eukaryotic algac) were categorized on the basis
of Coulter volume and/or size and number of chloroplasts. The data revealed a diverse
community of red fluorescent cell types, including a population of very abundant (but unidenti-
fied) cells that frequently were more numercus and slightly smaller than the cyanobacteria. While
eukaryotic picoplankton have been reported previously, the overwhelming numerical dominance
of these cells in some cases (>90% of total) has not been emphasized.

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

“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 um
but not through 0.4 um. 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)."
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Flow cytometry at sea : Not far behind!

CI'UISE CHLOMAX _ 1987 C. R. Acad. Sci. Paris, t. 308, Série 111, p. 9-14, 1989

Océanographic biologique/Biological Oceanography

_» 1 Green photosynthetic bacteria associated with the deep
chlorophyll maximum of the Sargasso Sea

Jacques Neveux, Danicl Vauror, Claude Courties and Eri Fukal

Abswraet — Very small and very abundant red-fluorescing cells were detected with ship-board flow
cytometry in the deep chlorophyll maximum of the Sargasso Sed.  Their concentration decreased
from a maximum of 10° cell. ml™" at 100 m to fewer than 200 cell.mi™" al 250 m. They had a
size of less than 0.8 pm and contained photosynthetic pigments similar to eukaryotic chlorophylls
a and b, with the exception of a slight shift in the flunrescence spectra.  Although, key informations
on these cells are still lacking, it 1s vory likely that they are prokaryotes and play a fundamental
role in the formation and maintenance of the deep chlorophyll maximum ol oligotrophic oceans.
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Flow cytometry at sea : Not far behind!

Cruise EROS - 198 =
e OLEANGGRARNY  =REO

Winter presence of prochlorophytes in surface waters of the
northwestern Mediterranean Sea

Danie! Vaulot. FFEdEric Partensky. jacques Neveux R. Fauzi C. Mantoura. Carale A Llswellym
First publishatl: July 1990 | hitps://doi.org/10.4319/10.1990.35.5,1156 | Citations: 119

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 Rhéne River. Maximum abundances reached 50,000 cells ml-!
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!)
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Flow cytometry and HPLC combined at sea

MARINE ECOLOGY PROGRESS SERIES

Mar. Ecol. Prog. Ser. Vol. 68: 121-127, 1990

Vertical distribution and pigment composition of a
picoplanktonic prochlorophyte in the subtropical
North Atlantic: a combined study of HPLC-
analysis of pigments and flow cytometry

Marcel J. W. Veldhuis, Gijsbert W. Kraay

8 8 4
=
o
[Div-chl a] per cell increased from 0.91 fg cell* in surface to 5.4 fg L E 2
-1 1 F Y
cell'* at the base of the euphotic zone zel E o
E
[Chl b] from 0.44 fg cell-1 to 8.2 fg cell* - % g & e
[Zeaxanthin] almost constant with depth (1.97 £ 0.15 fg cell?). g # E*
=
A linear relationship was found between the sum of 'red-shifted’ é o

chlorophyll a and chlorophyll b and the mean red fluorescence
signal of the Proc. cells.




Red Fluocrescence

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

Deep-Sea Research. Vol. 37, No. 6. pp. 1033-1051. 1990.
Spatial and temporal distributions of prochlorophyte

picoplankton in the North Atlantic Ocean

RoBEerT J. OLsoN,* SALLIE W. CHisHOLM,T Erik R. ZETTLER,*
Magrk A. ALTABET® and JEFFREY A. DUSENBERRY* T
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Culturing, TEM and HPLC: When the “little greens” finally got a name!

Amchivesof

Arch Microbiol (1992) 157: 297300 mw

£ Springer-Vering 1997
Short communications
Prochlorococcus marinus nov. gen. nov. sp.: an oxyphototrophic marine
prokaryote containing divinyl chlorophyll @ and 5

Sallic W. Chisholm’, Sheila L. Frunkel ', Rall Goericke®, Robert J. Olson”, Brian Palenik **-%, John B. Waterbury *,
Lisg West-Johnsrud ', and Erik R, Zettler?

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 = 55120, 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 um filter, serial dilutions...

——

wb—
LIMNOLOGY AND
OCEANOGRAPHY =0 e

The pigments of Prochlorococcus marinus: The presence of
divinylchlorophyll a and b in a marine procaryote

Goericke Ralf, Daniel |. Repety
March 1952 | https.//doi.org/10.4319/10.1992.37.2.0425

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

Per Stickforth Arch Microbiol (2003) 179: 400415

L{ Deep Sea Research Part |: Oceanographic

Research Papers
Wl 40, lssiies 11-12, Novambei—Decambar 1083, Pages 22632204

The marine prochlorophyte Prochlorococecus
contributes significantly to phytoplankton
biomass and primary production in the
Sargasso Sea ¥r Ralf Goericke * T, Nicholas A. Welschmeyer *

=> 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.



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

[rniwswort P =
ACC3 I 3
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nnocrrmnmuwpﬂl ;
NATURE - VOL 345 - 3 MAY 1080 —l l el - :

Genetic diversity in Sargasso ) _,_l"
Sea bacterioplankton o

Stephon 1, Glovannoni, Theresa B. Britachgl, e
Craig L. Moyer & Katharine G Field o i i_;.-'.;d'"

{=ai=]

¥

z
T sak 1 cuvster
A

Trephrfrmers, o Marabiclbgy. Orepan Stite Unheorsily, Corillie ._ t
Crmmm 97331 UGA " ;

species' ™, We have phylogenetically analysed clone libraries of o Y
cubacterinl 165 ribosomal RMNA genes amplified from natural "
populations of Sargasso Sea picoplunkton by the polymerase chain P
reaction’. The analysis indicates the presence of a novel microbial .o
group, the SAR1I cluster, which appears to be u significant com- “ 25, 8J
panent of this oligotrophic bacterioplankton community. A second
cluster of linesges relaied 1o the oxygenic phototrophs—cyano- v AT . i i
bucteria, prochlorophytes and chloroplasts—was also abserved. ot i NE] min 0,15
FINEDY POUNT MUTATIONG FER SEQLUENCTE DOSITION

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...

Giovannoni et al. 1990, Nature



Molecular biology: Prochlorophytes are not a valid taxonomic group

NATURE - VOL 355 - 16 JANUARY 1992 LETTERS TO NATURE
Multiple evolutionary origins of Multiple evolutionary origins of
prochiorophytes, the chiorophyll prochlorophytes within the
b-containing prokaryotes cyanobacterial radiation

B. Palenik & R. Haselkorn Ena Urbach, Deborah L. Robertson™
) & Sallie W. Chisholm

Medmeulur Gorates and Lol Balnpy. Univessity of Ceesape

A0 E BAth Stresat, Chane2n Minets S0E3T, 154 Raiph M. Parsons Labicratory.

48-425 Massachusetis Institute of Technology.
Cambridge. Massachusetts 02139, USA

* Department of Molecuiar Genatics anc Cellular Biology.
University of Chicago, Chicage. lllinois 60637, USA

PROCHLOWOIMYTES are prokaryolei thai cury ont oxyginke
phmtosyuilissis aping chloroptyli @ and 0, bl leck phacoubili-
pritetig ah Gght-horveating pizments’, These chnrncteristlos distio.

guiah them from cyanohecteria, which cantain phycobiliprofeins,
bt e chivropbyll b, Three gncblurnrh;u geaera hove heen
doveribed: Procklormn ™', Prochloriris” aod Prockloreraaomd™,
The prochiorophyies chare thelr pimommi chatactorisdio with gresn
plant sud evglesoid chlwroplaste, shich o led 1o 2 delogie ou
whicther these chloropiasis may have arison From wn esdovm ot
prochloenphyte mthor thas & cyamabacteriom™ . Mislecolar
sequence dota, nciwdivg those presemed hore based on o Tragmeat
of the rpeC| yeas encoding = wiboull of DN A-Qepemdeid RNA
prlsmermae, indicite thm the kneen prehlvroplnie lsesges do
not include e direct sncearnr of chlomplasts™ . We 8ls0 ihow
that e prochis yres are o highly diverged palyphyletic group.
Thus the wiw of byl & ws @ lght-harvesting pigment bas
dezelopal imilepenilently several ilmies in evolotion. Similar cne-
chushrms have béen resched bn parillel stodies wiag 165 nbosoml
RMNA segtmoe "™, .

THE taxonomic group Prochlorales (Lewin 1977) Burger-
Wiersma, Stal and Muor 1989 was established to accommodate a
set of prokaryotic oxygenic phototrophs which, like plant, green
algal and euglenoid chloroplasts, contuin chiorophyll b instead of
phycobiliproteins. Prochlorophytes were originally proposed (with
concomitant scepticism'~) to be a rmmopll}leuc group sharing a
common ancestry with these ‘green’ chlmplssts . Results from
molecular sequence phylogenies, however, have supgested that
Prochlorothrix hollandica” is not on a lineage that leads to plas-
tids™'%. Our results from 168 ribosomal RNA sequence com-
parisons, which include new se?uences from the marine picoplank-
ter Prochlorococcus marinus 4 and the Lissoclinum patella
symbiont Prochloren sp."®, indicate that prochlorophytes are
polyphyletic within the cyanobacterial radiation, and suggest that
none of the known species Is specifically related to chloroplasts.
This implies that the three prochlorophytes and the green chloro-

plast ancestor acquired chlorophyll b and its associated structural

—=E. ookl o g
. 5 OVl = proteins in convergent evolutionary events. We report further that
Prﬁ?hl"rm “"'. v l} LD the 165 rRNA gene sequence from Prochlorococeus is very similar
Prechlorogoeous LG =SARG to those of open ocean Synechococcus strains (marine cluster A
Prochloron (ref. 16)), and to a family of 165 rRNA genes shotgun-cloned
Prochlorothrix from plankton in the north Atlantic and Pacific Oceans' ",
{A_tmha.t:na POCTLE0 a P —_— A
Fizcherelln PCCT414 POCTAZI o . —
— Synechotuscus PCCT242 ‘___| Sassiavadiia iy = I
p=—siysun jRbel r:_t'u:':!el:.t (= |—_Pnocm.01mcucw5— $5120 — s
Eiagloena Lot Synechococous PCOAMNT R — ki
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rpoC1 Lot = i
N fler Cyanaph ¥ | S
Miglee Sy Lyngoys PecTa1s Symarhptocre WL
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Flxed point mutations per s2auence peaition Fixed point mutations per sequaence position




Comparative physiology of Prochlorococcus strains

Plant Physiol. (1993) 101: 285-296

Photoacclimation of Prochlorococcus sp. (Prochlorophyta)

Strains Isolated from the North Atlantic and the

Mediterranean Sea

Frédéric Partensky*'?, Nicolas Hoepfiner®, William K. W. Li, Osvaldo Ullea, and Daniel Vaulot
Biological Oceanography Division, Bedford Institute of Oceanography, Dartmouth, Nova Scotia, B2Y 4/
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Figure 1. HPLC chiomatograms for MED and SARG strains growel st 133 umel guanta m™ ™" A find C. Chromistograms

for nonacidifivd samples. B aprd €, Chromatograms after acidiGeation with 0.1 § HET 1, Chl e-ike pigrent; 2, reasanthing

A, tokal Chi b (DVChl b plis Chl B=like pigment); 3, DY -phasophivlin i 17, phasophytin b-like ggment; 4, OV-Chi a;
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Plgment Ratios

It

Colin bW ki Ohc-lile Leazanthire s Carotone:  DV-Ch b
V-Cilg DMChlasb DvChla  Ov.Chia  Total Chi b

Strain

-
MED  Blue 1.3 0.035 003 0421 0239 1.0
Blue 180035 o0 0411 0231 1000
Whate 7.5 0039 [ERRE B 0348 0,210 100.0
White 160 0.031 0.028 0.600 0,238 Wo.o
White &#7.00.045 0032 0802 0.245 100.0
Whire 133.0 0.041 0.038 0749 0215 1000
SARG. Hlue 6.0 0070 0040 0.4790 0.46% 5.3
White 100102 0039 .447 0,564 496
White 7.5 0,006 N0 0,420 0.503 93.5
White &67.00.044 0027 o83 (L444 71,0
White 133.0 0.036 0.024 1.7 0364 405
NATLT Blue 6.0 0.100 0053 0351 0.491 86,9
White 750120 062 (318 0,764 241
White 7.0 0.672 0.045 0,607 0,193 315
White 133.0 0065 0046 0.472 0128 %]

=> Possible chromatic acclimation process?



Optical properties of Prochlorococcus and Synechocococcus strains

Journal of Marine Research, 51, 617-649, 1993 !
Prochlorococcus and Synechococcus: A comparative study
of their optical properties in relation to their size
and pigmentation

” m = 1.068 - 0.007% ..
1.053 - 0.014¢
1.053 - 0.021:

PROCHLOROCOCCUS

b” André Ml]l'el], Yu-Hwan Ahﬂl'z, Frédéric Parlenskyﬁ, Daniel Vaulot® SYNECHOCOCQCUS

and Hervé Claustyre!

Table 4. Geometrical and optical cross sections (wm?), and optical efficiency Q-factors for the Prochlorovoceus and Synechococcus strains
(e thimt ogp = wplan) By and b% arc the backscattering ration (dimensionless) and the Chl specific backseultering coethicients
(m* mg~"), respectively.

—
(=]
rlllE!Illltll’illilllllll
'

D, o Q. O o, & o O 10 by 10 br10o* N
Strains [em])  [pm®] (blue max.) (bue max)  (500nm)  (500nm)  (500mm)  (500mm)  (blue max) 5 \ 3 f
PROCHLOROCOCCUS % S Teil e /
MED (1) 038 0264 03% 047 0.098 0.166 0.041 S / )
MED (2) 05 0273 0314 0182 0.086 0.148 0.040 —_ —_ —_ LA 4
MED (3) 05% 0273y 01N 0164 0,063 0.155 0,039 1468 6875 .00 p | .
1 1 TR 1 i i1 1 1i) L R .
NATLI(1) 070 0385 018 0137 0072 0.165 0.07 = = = B U = " s
NATLI(2) 062 0302 0209 (0146 0,063 0.155 0.047 — - - 10 10 10 10
NATLI(}) 073 0419 0327 621l 0.137 0218 0.061 — - — D (pum]l
SARG (1) 071 040 0213 0174 0.085 0.168 0.067 — - Figure 11. Ratio of efficiency factor for absorption to the efficiency factor for scattering,
SARG(2) 07t 040 0253 0471 .10 01476 0.070 0.759 4318 0.092 plotted as a function of the diameter D. The theoretical curves are computed (van de Hulst
SYNECHOCOCCUS approximation for D > 4 pm and exact Mie solution for I < 4 pm) for the three values of
ROSO4 (H) 105 0866 0118 0448 (1R ]11] 0376 0.326 DAI4 101 031l the complex index of refraction as indicated.
ROSMM (L) L7 75 0118 0475 0.127 0,383 04l 444 L158 0332
MAXOL(H) (183 (el 106 0362 006l nam (LR E aah 1441 0278 HH
MAXOI(L) 099 070 0104 0361 0080 0307 026 0638 207 0.384 The probability for' photons to be apsorbed by a Proc. cell
MAXGI(L) 092 0665 012 u3m 008 UIB 0488 _ _ - exceeds that of being scattered while all phytoplankters,
DC2 (1) L1d 1MS  OME  0sI7  OII8 0421 0427 0414 1984 0.168 including Synechococcus, are always more efficient at

scattering than capturing light.
Absorption cross sections (o,) of Proc. and Syn. nearly the same

(ca. 0.1 um?2) in the blue. Morel et al. 1993

=> 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.



Comparative physiology of Prochlorococcus and Synechococcus strains
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MARINE ECOLOGY PROGRESS SERIES

Vol 116: 259-273, 1995 Mar. Ecol. Prog. Ser.

Comparﬂtlve physmlogy of S _V_nec'hococcus
and Prochlorococcus: influence of light and
temperature on growth, pigments, fluorescence
and absorptive properties

Lisa R. Moore', Ralf Goericke”, Sallie W. Chisholm'

yy, i 2189, USA
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Flow cytometry at sea: discovery of distinct Prochlorococcus “phototypes”

Deep-Sea Research I, Vol. 40, No. 10, pp. 2043-2060, 1993

Photosynthetic picoplankton community structure in the
subtropical North Pacific Ocean near Hawaii (station ALOHA)

Lisa CampBerL* and DaniEL VAuLOTT

Abstract—The structure of the picoplankton community in the subtropical Pacific was examined
on four depth profiles, one from each season, sampled at the Hawaii Ocean Time-series station
ALOHA (22°45'N, 158°W). Three cell populations were discriminated by flow cytometry:
Prochlorococcus prochlorophytes, Synechococcus cyanobacteria, and picoeukaryotes. Prochloro-
coccus were the most abundant component (maximum ca 2 X 10° cells mi™'). Unlike previous
reports, their concentration was almost constant down to roughly 100 m, with a slight maximum at
the surface or near the chlorophyll maximum. Cellular chlorophyll fluorescence increased 50-fold
between surface and deep populations. One distinguishing feature of the community off Hawaii
was the co-occurrence near the chlorophyll maximum of at least two distinet Prochlorococcus
populations with different chlorophyll and DNA contents. Throughout the year, Synechococcus
abundance was two orders of magnitude lower and there was no seasonal alternation between
Prochlorococcus and Synechococcus, as observed in the northern Sargasso Sea. Synechococcus
populations did not extend below 120 m and were dominated by high phycourobilin cell types.
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Prochlororococcus phototypes with low or
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Flow cytometric cell sorting + culturing of Prochlorococcus phototypes
NATURE|VOL 393 |4 JUNE 1998 Physiology and molecular

phylogeny of coexisting

Prochlorococcus ecotypes

Lisa R. Moore' ', Gabrielle Rocap* i & Sallie W. Chisholm:

Om
R . MIT9303
et Culturing [ M™313
MIT9302
50 m . . ‘
Cell sorting MIT9312
Differences between strains @ & ©:
* Growth irradiance maximum . > ©
100 m 1
* Maximum Photosynthetic Rate... © < @
0.8
* Total Chl b / diving-Ghllaratio @ < @
£ oo e f
150 m 5
Strains.adaptgd to jow Il€ {LL phototype)
Strains adapted tp high di
. 1 10 100 1000
No filtration on 0.6 um => MTPY3EELHGNIRDSTS fidve a larger
200 m cell size than previous LL isolates (55120 and NATL1-2)

Moore et al. 1998, Nature



On-board incubations with **CO, followed by flow cytometric cell sorting

Limnol Oceanogr., 39(1), 1994, 169-175

Primary production of prochlorophytes, cyanobacteria, and
eucaryotic ultraphytoplankton: Measurements from
flow cytometric sorting

William K.W. Li

Abstract—A partitioning of ultraphytoplankton
primary production among prochlorophytes, cyano-
bacteria, and eucaryotic algae was made by ship-
board flow cytometric sorting of '*C-labeled cells.
Aggregate primary production was derived from the
sum, over all three ultraplankton groups, of the prod-
uct of cell abundance and cell-specific rate of '*C
uptake which ranged from 0.03to 4 fg Ccell 'h !
for prochlorophytes and 0.2 to 10 fg C cell ' h ! for
cyanobacteria.

Table |. Primary production of three North Atlantic ultraphytoplankton samples.

L
RC

z Chl

Sta. Location (m} Yol *  (ug liter ') Giroupt tu:l!s;liltrr ¥ cell 'h 1) PE % agg

14 32°39.5'N, 26°30.2'W 60 4 0.21 PRO 162 x 108 0.27 44.2 57
CYA 2.35x 10 0.82 1.9 2
LEUC 1.02x= 10 24.09 24.5 32
sum 70.6 91
agg 77.4

20 29°00.1'N, 19°16.3'W 60 2 0.15 PRO L5T= 108 0.03 4.6 16
CYA 31.34x 100 0.19 0.6 2
LEUC 1,24 % 10 17.93 223 79
sum 27.5 97
4gg 283

30 31713.9'N, 10°48.00W | 91 0.37 PRO 6.63x 107 0.81 336 11
CYA 1.27= 107 7.68 97.8 20
SEUC 8.49x 1(® 7.32 62.1 13
LEUC 1.25= 10" 193.16 241.1 49
sum 454.5 92
age 49314

* Irradi us af i ity at sea surface.

T PRO—prochlorophytes; €Y A—cyanobactena; SEUC—small eucaryolic ultraphytoplankton; LEUC—lmrge cucaryolic ultruphytoplunkton; sum—

PRO+CYA+SEUC | LEUC; agg—aggregate from Gltration of bulk sample =3 ml.
tf= {mpnG-* ng Cliter ' h '

1|
|

2.0 1 -
@

S =

1.0 T |

4 o

0.0 - & L

: ]

0 200 400 600 800 1000
. 2 A

Irradiance (imol quanta m s )

Prochlorophyte photosynthesis
(fg Ccell " h™)

Fig. 4. Prochlorophyte cellular photosynthesis (fg C
cell ' h ') as a function of average irradiance experienced
over 8 h in simulated in situ incubations. Moroccan up-
welling station (@) and deep (60 m) open-ocean stations
(O).

. The maximum cellular rate
of photosynthesis recorded here (4 fg C cell!
h—') is very similar to those reported by Par-
tensky et al. (1993) for Prochlorococcus clones
cultured in the laboratory (3-6 fg Ccell=!' h—').

The dominant primary producer was
not necessarily the numerically
dominant (Proc.) nor necessarily the
group with the highest cell-specific
rate of “C uptake (eukaryotes).



On-board incubations with **CO, followed by flow cytometric cell sorting

The ISME Journal (2010) 4, 1180-1192

Contribution to CO; fixation (%)

Station
Significant CO, fixation by small prymnesiophytes PRO. S¥N EUK FER. T
in the subtropical and tropical northeast izggg: H; !7% ;*;
Atlantic Ocean 6405 B e g 2 5 8
Ludwig Jardillier™*, Mikhail V Zubkov?, John Pearman® and David | Scanlan® 16407 A 45 15 37 "
16418 A 40 8 27 6 25
A 16422 B 41 7 27 4 35
o 16425 B 36 6 25
16429 B 26 20 47 12 25
= 16431 B 34 17 28 16 21
4 16432 B 53 16 26 15 15
g - e/ o 16400 A 8 35 32
L 30 gt /J 16402 A 17 38 27
S - e ; 16403 A 19 29 29 15 18
fras Cape b
s Wt eds N Afae 16409 A 35 34 28 12 17
< g b f 16411 B 39 29 31 15 12
L o 4 16413 B 34 27 37 8 28
R ¥ 164158 21 31 39 13 14
| A | 16417 A 34 29 28
20 ! ~ oligotrophic waters 48 12 31 10 23
B mesotrophic waters 28 32 31 14 18
SD oligotrophic waters 17 5 8 5 7
- mesotrophic waters hi 4 5 2 6
All waters

% abundance

K Pro

Svn

% Contribution to

Oligotrophic waters

Jardillier et al., ISME J (2010)

Slide courtesy of DJ Scanlan

K Euk-S
& Euk-L (prymnesiophytes)

cibbon dioxide fixation l
|

Mesotrophic waters



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

Vol. 1..: 277-287, 1995

MARINE ECOLOGY PROGRESS SERIES

Mar. Ecol. Prog. Ser.

Growth and mortality rates of Prochlorococcus and
Synechococcus measured with a selective inhibitor

technique

Hongbin Liu, Lisa Campbell, Michael R. Landry

Departmont of Gevanography, School of Ocean and Earth Science and Tochnology, University of Hawall, Honolulu,

Hawaii #6022, USA
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1 mg ml* 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.

Limited effect of kanamycin on
protozoan grazing

LA
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Growth rate Proc. = 0.4-0.5 day (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.m2for Proc. vs. 14.6 mg C.m2 for Syn.

]



Flow cytometry and DNA staining of Prochlorococcus cells

E;Ckﬂlce G Jur 1693 - Vol 250, lesuie 571 8

Growth of Prochlorococcus, a Photosynthetic
Prokaryote, in the Equatorial Pacific Ocean

Daniel Vaulot,” Dominique Marie, Robert J. Olson,
Sallie W. Chisholm

April 1, 1992

5:40 8:00 11:00 14:10 17:00 20:00 23:00 2:20 5:00

141 kel
141 1 Wb 1L 11
AL Al L
0 AL L b

—'\-I I- .

15m

30m

45m

Frequency (AU

%Gq: 62.2
%5S: 10.7
%Go] 21.1

cv Gy 8.9

0

* Strong synchronisation of Proch?gf?)cfg%%ﬁss’ccgﬂycle in the field
* Timing varies with depth
=> DNA replication delayed in surface waters is possibly due to UV

radiations

258

§ n
P = ﬁ zh“lﬂ + f5.a ()]

G
T

n = number of samples taken during a 24-h period and f,,(i)

the fraction of cells in S+G2 for sample i deconvoluted from
individual DNA distributions.

T, o, estimated as 6 h from the surface down to 75 m and
then increased up to 12 h at 125 m.

Surface irradiance (%)

0.1 1.0 10.0 100.0
00— —————— P e
L]
A _'-'.":
P 50! &
E . !
£ L ]
=N 1 [ ] R
& 100 e |
' |
B April 1992
EDU — P—

00 02 04 06 08 1.0
Division rate (. day™)

Fig. 4. Prochlorococcus division rate (p .day™)
estimated from cell cycle phase variation

Max. growth about 0.69 day! (= 1 div./day) at 30 m
Estimated Proc. production = 174-498 mg C.m2/day

accounting for 5-19% total gross primary production
at the equator.



Flow cytometry and DNA staining of Prochlorococcus cells

Kolowrat er ol BMC Microbintogy 2110, 10:204 (
httpyfwww blomedeenmalcom/1471-2 1 B0V 1 /204 e

Microbiology
RESEARCH ARTICLE Open Access

Ultraviolet stress delays chromosome replication
in light/dark synchronized cells of the marine
cyanobacterium Pro

Chinstian Kolopwrat =, Fradénc |

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

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

the morning.
Batch: Coftures
Growth parameters® HL HL+LUV
=TT 047 + 005 0568 -+ 063
L 1) o6l + 01 062 + 011
Tor lh 158 ¢ 15 184 £ 08
T1(n) 418 1 030 34T 2078
Ty (M) 397 + 030 253 + D38

124 & 373 e+ 11

Growth rates calculated using the p_ method about

10% higher than those calculated from the actual
change in cell number ().

Cells in Gy, S or Gy (%)

Cells in G,, S or G, (%)

Time

06:00
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Developing standardized protocols for analyzing pico’s by FCM

Claude Courties

Cell concentration

Ratio fiand: fronk

Cytometry Bieiiaias

Cell Science

Heterogeneity in Fragility and other Biochemical and Biophysical Properties & Free Access

A simple method to preserve oceanic phytoplankton for flow
cytometric analyses

D. Vaulot, C. Courties, F. Partensky

First published: September 1989 | https://doi.org/10.1002/cyt0.990100519

A simple method was developed to pre-
serve marine phytoplankton populations
s0 that delayed flow cytometric analyses
could be performed. The method con-
sisted of immediate fixation with 1% glu-
taraldebyde (final concentration) fol-
lowed by storage in iquid nitrogen. The

Englsh Channel

Fresh

Vaulot et al. 1989

39



Developing standardized protocols for analyzing pico’s by FCM

Avrrum ast ENvinossisras Micnomotooy, Jan. 1999, p, 45-52
R 22400504 (00 -+ 0
Copyriisht & 1999, Americin Soclety for Micrabialogy. Al Righis Reserved.

Enumeration of Marine Viruses in Culture and Natural
Samples by Flow Cytometry

DOMINIOUE MARIE"* CORINA P. . BRUSSAARD® RUNAR THYRHAUG,
GUNNAR BRATBAK.® ann DANIEL VAULOT!

Current Protocols in
Cytometry

1% New Topics Octnber 1999

Supplement 11 New Topics Jamunry 2000
DNA/RNA Analysis of Phytoplankton by
Flow Cytometry

Enumeration of Phytoplankton, Bacteria, A

and Viruses in Marine Samples
A B8 5 Proc E. col
=
APPLIED AND ENVIRONMENTAL MICROBIGLOGY, May 1996, p. 1640-1655 Wl 3 g
Cimurighn © 19, Anicricm 5oty [ Micrubiohigs E >
C
Application of the Novel Nucleie Acid Dyes YOYO-1, YO-PRO-,

0 100 -l

and PicoGreen for Flow Cytametric Analysis of Marine Prokaryotes
) A DNA (inear scahe)

DOMINIONE MARIE" DANIEL VAL, ane FREDERIC PARTERSKY
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Syapchacicin | |I \ | JH ||I| o ProeG, :PmcGz

APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Jan. 1997, p. 186-193
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Spatial variability of picocyanobacterial distribution

Deep-Sea Research 1, Vol. 43, No. 8, pp. 1191-1213, 1996

Vertical structure of picophytoplankton at different trophic sites of

0

NO, + NO, (M)
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FREDERIC PARTENSKY.* JEAN BLANCHOT.{ 3
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Fig. 1.
OLIGO and IMO (aquivalent to MO 52) sites were 2lso sampled at EUMELTI 3 (October 1991), and 180
EU, MESO and OLIGO sites were accupied during EUMELI 4 (June 1992). w0 1 1t 18

L

Partensky et al., 1996, Deep Sea Research 180 Eotinac s conind s asnid sl sl ssund vl < sl o

Map showing the sites sampled during the EUMELI 5 cruise (December 1992). MESO, 160




Vertical variations of Prochlorococus pigment content
Sta. OLIGO, Oct. 1991, N Atlantic 21°N 31°W

in sifu fluorescence (r.u.) DV-Chl a to tChl a ratio (%) FALS (r.u.) Red Fluorescence (r.u. cell)
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A high resolution profile of Prochlorococcus abundance and associated pigments revealed :
* The Proc. abundance maximum is located well above the DCM

i
0.0

0.5

1.0 1.9

* The Chl a maximum is slightly below the maximum of DV-chl a | VoChl & rat
* [DV-Chl b] per cell but not [DV-Chl b] per cell increases continuously below the Proc. abundance max. DV-Chi b to DV- a1auo

* The DV-Chl a / Chl a ratio varies little with depth.
Partensky et al., 1996, Deep Sea Research



Global biogeography of picocyanobacteria

MICROBIOLOGY AND MOLECULAR B10LOGY REVIEWS, Mar. 1999, p. 106-127
Prochlorococcus, a Marine Photosynthetic Global maps from 38
Prokaryote of Global Significance oceanographic cruises
F. PARTENSKY,'" W. R. HESS.® anp D. VAULOT! . _ i s i e
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Global biogeography of picocyanobacteria
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Seasonal succession of marine picocyanobacteria

Frochiorececols

Deep-Seaq Research I Vol 44, No. 2. pp. 167-192, 1997

0000
Annual variability of phytoplankton and bacteria in the subtropical AL e
North Pacific Ocean at Station ALOHA during the 1991-1994 100-h - = — o " — o
ENSO event (|- - ) s : e — 5, 11—
1504| : -
LISA CAMPBELL. *{ HONGBIN LIU.* HECTOR A. NOLLA* and : . . -
DANIEL VAULOT# 1178 PRSP APt PR PP G S Sy At

Hawaii Ocean Time-series R

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

Syn.).

Campbell et al.,

14 00™



Seasonal succession of marine picocyanobacteria

Deep-Sea Research 11 48 (2001) 1983-2003

Phytoplankton population dynamics at the Bermuda Atlantic
Time-series station in the Sargasso Sea

Michele D. DuRand*®™#, Robert J. Olson®, Sallic W. Chisholm®

HOT 108

& BATS

107

(Cells mm™)

106

Integrated Cell Concentration

Synechococcus

105
Sep-89  Sep-90 Sep-91 Sep-92 Sep-93 Sep-94

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.

DuRand et al.,,

NN 1



Seasonal succession of marin

b
Ocean time-series reveals recurring seasonal patterns
of virioplankton dynamics in the northwestern
Sargasso Sea

Depth {m)

Rachel | Parsons, Mya Breitbar, Michael W Lomas & Craig A Carlson

The ISME Journal 6, 273-284 (2012)

0

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

Depth (m)

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.

14

Prochlerococcus cells X 108 L

Synechococcuscells X 107 L

Virioplankton X 10° L



Seasonal succession of marine picocyanobacterial using an automated
B submersible flow cytometer: the FlowCytobot

A OCTONER 1018 » VOL 354 IS5UE 6310

Physiological and ecological drivers

of ear]y Spl‘illg blooms of a A regular spring bloom in coastal waters off Woods Hole, USA

coastal phytoplankter is driven by increases in Synechococcus cell division rates in
response to warmer water temperature and slight imbalance

Kristen R. Hunter Covera,' Michiel G. Neubert.' Robert J. Olson,' Andrew R. Solow,* .

Alexi Shalapyonok,’ Heidl ML Sosik™ in loss rate.

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

Croucher course 1 outline

1979-1999: The golden age of fluorescence techniques

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

1998: The advent of the molecular ecology of picocyanobacteria

2003-on: The omics era: an introduction



|dentification of Prochlorococcus Light-Harvesting Complexes

Proc. Natl. Acad. Sci. USA
Vol. U3, pp. 1524415248, December 19Gh
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|dentification of Prochlorococcus Light-Harvesting Complexes

Proc. Nail. Acad. Sci. USA
Vol. Y3, pp. 1524415248, December 1986

Independent evolution of the prochlorophyte and green plant
chlorophyll a/b light-harvesting proteins

J. LA RocHE®*T, G. W. M. vaN DER STAAYTHS, F. PArTENSKYS, A. DucreTY, R. AeBersoin’, R. Lil, S. S. Goipenl,
R. G. HILLER**, P. M. WRENCH**, A. W. D. LARKUMTT, AND B. R. GREEN®+}

Pcb F. marinus (Sarg)

Pch Prochlorococcus sp. (Med)

Pch P. didemni 100 (100)

PcbB P, hollandica

PcbA P. hollandica

IsiA Synechococcus sp. (PCC7002)
IsiA Synechocystis sp. (PCCE803)
IsiA Synechococcus sp. (PCC 7942)

PshC £ holfandica
PsbC Synechococcus sp. (PCC 7942)

Anabaena sp, PshC Synechocystis sp. (PCCE803)
(PCC T120) 04

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

Pcb and IsiA related to the PSIl 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

PNAS | April 11,2000 | vol.97 | no.8 | 4099

Multiplication of antenna genes as a major
adaptation to low light in a
marine prokaryote

Laurence Garczarek*, Wolfgang R. Hess', Julia Holtzendorff’, Georg W. M. van der Staay**, and Fréderic Partensky*5
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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.

HL ecotypes
- TAK9803-2

- ED +Evidence that the the LL strain NATL2A also has
3 P 4

many pcb copies while the HL strain TAK9802 has 2.
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Characterization of Prochlorococcus Light-Harvesting Complexes

Plant Molecular Biology 46: 683-603, 2001.

Expression and phylogeny of the multiple antenna genes of |
low-light-adapted strain Prochlorococcus marinus SS120
(Oxyphotobacteria)

Laurence Garczarek!, Georg W. M. van der Staay'-*, Wolfeang R. Hess?. Florence Le Gall' and
Frédéric Partensky!*
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pebE R B R R RN i i
pehG GO oE@EaEe = -
i
4.5 8.5 165 45 T |
----- TS = i i |
B 10 '!I
= h| |
a ®
%
g - ..
& _ i
NP i
E | -
| G |
(IS — . e ot ——————  __epiC| !
0 10 0 50 40 51 &0 T 80

Growth Irradiance (pmel quaniam™ s7)

At least 6 pcb genes of SS120 are

differentially expressed with
irradiancea

PebD Prochloracacens marinus 88120 )
PebB Prochiorococens marinus SS120

1) PehE Prochforococcus marinus SS120

PebF Prochlorpcoccus marinus SS8120

| PebA Prochlorococeus marinus $S120

P s  PebA Prochlorococeus sp. SB i Group Il

't | PebA Prachlorococcus sp. GP2
L PebA Prochiorococcus sp. TAK9803-2
U pebA Prochlorococeus sp. MED4

PebA Prochlorococcus sp. MITS313

PebB Prochlorococcus sp. MIT9313

°
— PebG Prachlorococcus marinus SS1240

= Group |

PebC Prochiorococcus marinus 88120

PcbB Prochiorothrix hollandica

PebA Prochlovothrix hollandica
Pch Prochloron sp.
IsiA Symechacoccus sp. PCC 7942
IsiA Synechacystis sp. PCC 6803
IsiA Anabaena sp. PCC 7120

IsiA Synechococcus sp. PCC 7002

PchC Prochiorothrix hollandica

SS120 has two phylogenetically distinct

groups of pcb genes : possibly PSI and
PSll-associated?



Ultrastructure of Prochlorococcus Light-Harvesting Complexes

Nature 412, 743745 (2001) | 16 August 2001

Iron deficiency induces the formation of an antenna
ring around trimeric photosystem lin cyanobacteria

Thomas 5. Bibby, Jon Nield & James Barber !

Same configuration
for Proc. S5120 Pcb
antenna as for
Synechocystis IsiA

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

NATURE | VOL 413| 11 OCTOBER 2001 |-

brief communications

Dxyphotobactena
Antenna ring around
photosystem |

1.5, Bibby®, |. Nield®, F. PartenskyT,
|. Barber® _




Ultrastructure of Prochlorococcus Light-Harvesting Complexes

NATURE| VOL 424 | 28 AUGUST 2003 |
an—light-adapted Prochlorococcus Table 1 Quantitative RT-PCR analyses of the expression of the indicated genes

ies _ﬁc antennae under +Fe and —Fe conditions
fo th hoto * Induction ratic
reach pho system Gene (*s.d.)

Prochlorococcus sirain

T. S. Bibby ', I. Mary", J. Nield ', F. Partensky & J. Barher 0.2 + 0.08

0.20 = 0.02

14.72 + 2.90

0.07 = 0.01
Rsramennat = 170
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(SS120%.13 + 3.66
induciliié by :Ee
=T 9313) = 85
Absent (MED4}
ﬁ -

Pl o P ca%
! A2

y i 12

| T p— ()
23

MIT 9313

Il ant&q%,

nstitutive
+ all Proc.
ains

Pcb

=

§8120 1.75Mb

PSl-associated

strama PCDF

-|‘ .'

T

l. ...'
TEagans®

Lumen
Pkl
L LY A~ ~ r L P = At N SN
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antenna antenna dehydrogenase bE/f antenna oxidase synthase

PSI- then PSli-associated Pcbs have arisen from multiple events of Bibby et al.. 2003 Nature
gene duplication and divergence from an ancestral isiA gene e



Unveiling the presence of phycoerythrin in Prochlorococcus

Proc. Natl. Acad. Sci. USA
Vol. 93, pp. 11126-11130, October 1996

WOLFGANG R, HESS™T, FREDERIC PARTENSKYE, GEORG W. M. VAN DER STAAYE, JOSE M. GARCIA-FERNANDEZE,

THoMAS BORNER®, AND DANIEL VAULOTE
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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?

Plant Molecular Biology 40: 507-321, 1999.

Phycoervihrins of the oxyphotobacteriuim Prochlorecoccus marinus ave
associated to the thvlakoid membrane and are encoded by a single large
gene cluster

Wolfgang R. Hess!*, Claundia Steglich, Christiane Lichtlé? and Frédéric Parten-sky3

— < 10S by |
chi —p e o4 £ ¥
u Hae e
| sl rpe orfi95 181 ppels arpidd) mazth
et | Uit} f=nt £l Mid Pl e

e P35



V.

Croucher course 1 outline

1979-1999: The golden age of fluorescence techniques

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

1998: The advent of the molecular ecology of picocyanobacteria

2003-on: The omics era: an introduction



Molecular ecology approaches for studying picocyanobacteria

FEMS Microbiology Ecology 40 (2002) 1-12
Molecular ecology of the marine cyanobacterial genera
Prochlorococcus and Synechococcus
David J. Scanlan *, Nyree J. West
— Environmental sample —
&~ e T T

i Flow cytometre analysis Llse of DN A-specific ;
indirect of seawaler enumeration and population fluorescence dyes, direct
y dynamics of picoplankton cell eycle analysis l
Enrichment . sl s s ’
Y Total DNA'RNA extraction
Pure (or clonal) culture > Genome sequence Stable isotope probing
& T A Ta v
Physiological DNA extraction Comparative Transeriptome/ PCR of functional
characterisation v HEnOmIcs proteome analysis phylogenetic genes
PCR of functional/ 4 L
phylogenetic genés Identification of clade Cloning, RFLP analysis
v ‘genotype-specific gene sequences DGGE, RT-PCR
Sequencing v
Development of ¥ Sequencing
mm""-‘:m':” Phylogenutic analysis v
probes for | ¥ Phvlogenetic analysis
nutrient status, [dentification of
growih rate differentially-regulated
$ genes
Design of 5 Dislngr}du‘!" .
oligonucleotide probes ORESTREICORCE oSS
Antibodies, 'L
Grene probes . Dot-blots,
T Interfogation of hatwral picophyvtoplankton &—  redltime PCR,
FISH

populations for nutrient status, growth rate, genotype
= use of ow cytomettie analvses & vorrelation
with various environmental paramelers



Molecular ecology approaches : DGGE

Profiling of complex microbial populations by denaturing
gradient gel electrophoresis analysis of polymerase chain
reaction-amplified genes coding for 16S rRNA

G Muyzer, E C de Waal, A G Uitterlinden

Environmental Microbiology (2004) 6(5), 526534

The use of DGGE analyses to explore eastern
Mediterranean and Red Sea marine picophytopiankton

assemblages
Gil Zeidner and Oded Béja*
A

RED 132 RED 122

Om 60m 150m Om 60m 150m

Fig.d, DGGE gel of psbA amgihcons from the
Fied ang Maditeranaan Seas.

A. Red Sea samples from station A (£22) and
a stalion next o the Gult ol Suez (132)

B. Medilefranean Sea samples rom stiation
HUG. Bands colipctad for soquencing ara
marked with a pumber, and g square mark-
ings represent psbA Bands coming from Syn-
riingtes, picoeularnyolic algae.

Applied and Environmental
Microbiclogy”®

Volume 52 fssue 3
faem.59:3.695-700 1993

DGGE analyses using
MED the photosynthetic —-5“
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APPLIED AND ENVIRONMENTAL MICROBIOLOGY, May 2003, p. 2430-2443

Molecular ecology approaches : RFLP

Vol. 69, No. 5

Clade-Specific 16S Ribosomal DNA Oligonucleotides Reveal the
Predominance of a Single Marine Synechococcus Clade

Nicholas 1. Fuller.'

throughout a Stratified Water Column
in the Red Sea

Dominique M.mL Frédéric P.lrt:,n%lsv
Anton F. Post,” and David J. Scanlan™

TABLE 1. Origin and charcteristics of Spnedhocorcity strains used in this study
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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

FEMS Microbiology Ecology, Volume 60, Issue 2, May 2007, Pages 189-206,

High vertical and low horizontal diversity of
Prochlorococcus ecotypes in the Mediterranean Sea in
summer @

Laurence Garczarek M | Alexis Dufresne , Sylvie Rousvoal , Nyree J. West | Sophie Mazard ,

Daminique Marie , Hervé Claustre , Patrick Raimbaull , Anton F, Post, David J. Scanlan,

Frédéric Piil’i-"ﬁf-:ﬂy Dods  CoR0 OGN AU A0 A 030 AAN AT 1O Aa Mo
w0l an (mg e

A RFLP analysis of pcb gene amplicons digested by Haelll 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.

(o) 8L3 (b) 5.5
M1 5 25 55 BD 95 110 M1 5 30 55 65 895 M2

1.0
08

06

0.4

a2

Kbp



Molecular ecological approaches : Barcoding and metabarcoding

DNA extracted from cultures
or environmental samples

PCR amplification
of selected marker

Fyiee we ’
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g akwy Cut DNA
i -i h"ﬁ — =
i 7 i with < —
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Phylogeny of Marine Picocyanobacterial Strains (16S rRNA)

J Mol Evol (1998) 46:188-201

Ena Ul'ba(:h,1 David J. Scanlan,2 Daniel L. Distel,” John B. W’aterbm‘y._.‘1l Sallie W. Chisholm?

Rapid Diversification of Marine Picophytoplankton with Dissimilar

Light-Harvesting Structures Inferred from Sequences of Prochlorococcus

and Synechococcus (Cyanobacteria)

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.
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16S rRNA has several 2
drawbacks: it lacks resolution

Synechococcus WHS 103 (marine A)
SARI139

Synechocoecus WHE 101 (murine B) (¢

Synechococcus POUESUT (Cyanobium)
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Phylogeny of Marine Picocyanobacterial Strains (ITS)

APPLIED AND ENVIRONMENTAL MIcroBloLOGY, Mar. 2002, p. 1180-1191 Vol. 68, No. 3 £ OMEDS e T oo
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ITS has a much better resolution than 16S and in this study was able Tengh (base paire)

to distinguish 6 clades in both Proc. and Syn.

Yet, ITS length varies in length especially among Syn., making it hard to align and inconvenient for large datasets.



Metabarcoding of Marine Picocyanobacteria in the Field (rpoC1)

Nature 396, 226-228 (1998)

Niche adaptation In
ocean cyanobacteria

Michael J. Ferris & Brian Palenik

The 1%t 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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Metabarcoding of Marine Picocyanobacteria in the Field (petB)

Ermvironmental Microbiclogy (2012) 14(2), 372-366

Muiti-locus sequence analysis, taxonomic resoiution
and biogeography of marine Synechococcus

Sophio Marard," Barfin Owirovski,'

Frédérie Partansky” and David J, Scanlan™

D. Scanlan’s group developed its own high resolution, single core
photosynthetic marker gene : petB, encoding the b, subunit of the

cytochrome b, /f complex.

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

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

no. OTUs

At the level of 94% petB identity, rarefaction
curves demonstrate that the Syn. population
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Comparison of taxonomic resolution between 16S rRNA and petB

PNAS junez2 2016 113(24)E3365-E3374
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

Delineating ecologically significant taxonomic units
from global patterns of marine picocyanobacteria

Gregory K Farrant 1, Hugo DaiE V| Francideo M Corrzjo-Castillo . Pradéiic Fartenaley
ik '.,'""‘_”["""_’“: | Frenes D P Paiek Windker 7 Bend S . sequences and the lowest taxonomic level at which they could be assigned is shown by a
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Molecular ecological approaches : Dot blot Hybridization

Environmental DNA
sample

l A

PCR with 16S rDNA primers

specific of cyanobacteria
1 . " 8
l 2o men
S ® e e
Immobilize 30 ng of product on R
membrane (in triplicate)
S I RN
l S N N
7
Hybridize ?P-labelled probes 8 *ee
specific of Synechococcus S8 eseen
clades \
Calculate relative abundance of .
Synechococcus cladesinthe Detect quantity of
environment specifically bound probe

(% relative hybridization)
Slide courtesy of DJ Scanlan



Molecular ecological approaches : Dot blot Hybridization

Atlantic gyres

= [

% light intensity

M40 °N

20 °N

o
% light intensity

20°S

60 °S

% light intensity

Prochlorococcus

Zwirglmaier et al. 2007 Environ. Microbiol.



Molecular ecological approaches : Dot blot Hybridization

% light intensity

% lght intensity

% lght intensity

% light Tntensity

Synechococcus

Zwirglmaier et al. 2007, Environ. Microbiol.




Molecular ecological approaches : Dot blot Hybridization

Biogeosciences. 8, 2785-2804. 2011

Is the distribution of Prochlorococcus and Synechococcus ecotypes
in the Mediterranean Sea affected by global warming?

D. Mella-Flores' ", S. Mazard’ ", F, Humily'~, F. Partensky'~, F. Mahé!, L. Bariat’, C. Courties’, D. Marie!,
J. Ras®, R. Mauriac’, €. Jeanthon' >, E. Mahdi Bendif' 7, ML Ostrowski’, D. J. Scanlan®, and L. Garczarek!?
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Molecular ecological approaches : Quantification of

Prochlorococcus ecotypes by Real Time PCR

SCIENCE VOL 311 24 MARCH 2006 |_ I&]‘E‘HH % Probes
Niche Partitioning Among ||_— \ATEGE designed for
Prochlorococcus Ecotypes Along i E'Irﬁ‘lﬂf each ecotype
Ocean-Scale Environmental Gradients o TGN
Zackary |. Johnson,*** Erik R. Zinser,>** Allison Coe," Nathan P. McNulty,* IJ . ? eMIT9312 = HLII
E. Malcolm S. Woodward,* Sallie W. Chisholm®t ey Hl'm !. |
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Molecular ecological approaches : Quantification of
Prochlorococcus ecotypes by Real Time PCR
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Molecular ecological approaches : Quantification of Prochlorococcus

;
|

!
i
!

— &

Johnson et al. 2006 Science

iwysjigo boj

wisigoBoin ™7 ]

Sohor °° -

pow
LL/s|e2

ecotypes by Real Time PCR: Spatial distribution

cells/mm?
%

-t
=
s
i

(=] (=] —
W
I i
!
I
!
I
|

e
i

Ecotypes/EPro

$40 520 EQ Nz e
eMIT9312 (HLII) largely dominate in the upper
layer in (sub)tropical areas and eMED4 (HLI) in

temperate waters. 07
- | eMITe312 g
— ) === eMED4 TR
Sogs{ o MRz | AR
= —e— MED4
o 04—
®
- 03
g 0.2 -
j=i]
0.1 -
00— - —e—

10 15 20 25 30 35
Temparature (°C)

eNATL2 (LLI) occur at intermediate depth and can
reach the surface when the water is mixed.

eMIT9313 (LLIV) dominate in the deep layer

€55120 (LLI) and eMIT9211 (LLIN) virtually absent:
possible problem of probe design.



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

The ISME Journal (2010), 1-13

Temporal dynamics of Prochlorococcus ecotypes
in the Atlantic and Pacific oceans .

Rex R. Malmstrom', Allison Coe', Gregory C. Kettler*, Adam C Martin
Jorge Frias-Lopez'®, Erik R Zinser'® and Sallie W Chisholm*
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Molecular ecological approaches : Quantification of Synechococcus ecotypes by Real

Time PCR: Seasonal variations

The ISME Journal (2009), 1-13

Temporal variation of Synechococcus
clades at a coastal Pacific Ocean
monitoring site

Vera Tai and Brian Palenik
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log ceils

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

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

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

letters to nature NATURE | VOL 424 | 28 AUGLUST 20433 |

--------------------------------------------------------------

The genome of a motile marine  Genome divergence in two Not just the genomes

Synechococcus Prochlorococcus ecotypes reflects Ut the senomesin

: context. We are trying
B. Palenik', B. Brahamsha', F, W. Larimer'*, M. Land, L hauser,  0C@aNIC niche differentiation t derstand how th
P. Chain’*, J. Lamerdin'', W. Regala’*, E. E. Allen'*, J. McCarren’, 0 understand how the

I. Paulsen’, A, Dufresne”, F. Partensky’, E. A. Webb' & J. Waterbury'  Gabiielle Rocap', Frank W, Larimer ', Jane Lamerdin’, genome content reflects
Anirae Arelano', Maureen Colaman', Loren Hauser -, = the environment in
. Wolfgang R. Hess'*, Zackary I. Johnson", Miriam Land ', i i
Low-light-adapted Prochlorococcus Bebiie Lndel Anton F. Post”, Warrn Regala, Manesh swan=, /111! (1€ different Proc.
" i Stephanie L Shaw’*, Claudia Steglich’, Matthew B, Sullivan’,  live’  Penny Chisholm
SPECIES POSSess speclﬁc antennae Claire S. Ting', Rndrew Tolonen’, Eric A. Webb'', Erik R. Zinser’
for each photosystem AT Ga i

T. S. Bibby', I. Mary", J. Nield', F. Partensky” & J. Barher'

R A Y 10020-10025 | PNAS | August19,2003 | vol. 100 | no. 17
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(Il

Genome sequence of the cyanobacterium .. % .5.* T
Prochlorococcus marinus 55120, a nearly minimal
oxyphototrophic genome

Alexis Dufresne®, Marcel Salanoubat!, Frédéric Partensky**, Frangois Artiguenave', llka M. Axmann¥, Valérie Barbe',
Simone Duprat’, Michael Y. Galperin®, Eugene V. Koonin®, Florence Le Gall*, Kira 5. Makarova®, Martin Ostrowskil,

; - ‘ Sophie Oztas!, Catherine Robert’, Igor B. Rogozin®, David 1. Scanlan!, Nicole Tandeau de Marsac**, Jean Weissenbach',
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Number of Genes

PNAS

Genome sequence of Synechococcus CC9311: Insights
into adaptation to a coastal environment

Prochlorococcus and Synechococcus : more and more genomes !

September 5, 2006 | wvol. 103 | no. 36

13555-13559

Brian Palenik®, Qinghu Ren', Chris L Dupont*, Garry 5. Myers®, John F. Heidelberg®, Jonathan H. Badger®,

Ramana Madupu®, Willlam C. Nelson®, Lauren M, Brinkac?, Robert J. Dadson®, A. Scott Durkin', Sean C. Daugherty',

Stephen A. Sullivan®, Hoda Khourit, Yasmin Mohamoud!, Rebecca Halpin!, and lan T. Paulsen®*

1 more Synechococcus genome in 2006 ...
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...and 9 more Syn.
genomes in 2008.

PLO\S‘NT';;-. Genetics
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December 2007 | Volume 3 | lssue 12 | @231

Patterns and Implications of Gene Gain and Loss in the
Evolution of Prochlorococcus

Gregory C Kettler B Adam C Martiny @, Katherine Huano, Jeremy Jucker, Mauresn L Coleman, Sahastien Rodrigue

8 more Prochlorococcus genomes in 2007...
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Genome Biology 2008, 9:R90

Unraveling the genomic mosaic of a ubiquitous genus of marine
cyanobacteria
Alexis Dufresne™ ', Martin Ostrowski®, David J Seanlan®,
Laurence Garezarek', Sophie Mazard®, Brian P Paleniks, Ian T PaulsenT,
Nicole Tandeau de Marsac¥, Patrick Winekers, Carole Dossat®,

Steve Ferviera ", Justin Johnson™, Anton F Post, Wolfgang R Hess™ and
Trédérie Partensky”

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

databases!
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V.

Croucher course 1 outline

1979-1999: The golden age of fluorescence techniques

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

1998: The advent of the molecular ecology of picocyanobacteria

2003-on: The omics era: an introduction



The Metagenomic

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

TS
Sy, -
PCR amplification U
& sequencing METAGENOME

METATRANSCRIPTOME

DNA/RNA

[E—

extraction I
Complete
sequencing

Any gene from any (fairly abundant)
organism

Microbial community



The metagenomics revolution was boosted by two major expeditions
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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 Il Global Ocean Sampling (GOS) Expedition, which
circumnavigated the globe for several years (2003-5, 2007, then 2009-10), sampling surface waters.

Sample Fractionation

0.1 50 Kda



Unveiling uncultured Prochlorococcus clades adapted to low-iron areas

16184-16189 | PNAS | September 14, 2010 | vol. 107 | no. 37

Characterization of Prochlorococcus clades from
iron-depleted oceanic regions
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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.



The metagenomics revolution was boosted by two major expeditions
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,. 90 sampling stations analyzed
2':"““ (surface and/or DCM)

Hm“luﬂ.j i 111 metagenomes for the

bacterial size (0,2-3 um) fraction
(among 234 total)

The 2 global circum-navigation was initiated by Eric Karsenti
It was held on board the 36-m long Tara schooner lent by

cloth designer agwé 4 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)



The metagenomics revolution was boosted by two major expeditions

Sampling strategy

Each station sampling was occupied during 24-48 h to collect various
size fractions from surface, deep chlorophyll maximum, and sometimes
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METABARCODE (Tags)

Metagenomic 16S rDNA lllumina tags are a powerful e.g. 16S, rpoC1, petB...

alternative to amplicon sequencing to explore diversity and
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=> No PCR bias: more
reliable quantitatively
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The Tara Oceans metagenomic dataset: Generation of MAG’s
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Tully et al. (2018) Scientific data

Planmatomyaetss

Generation of 2,631 draft genomes (MAG’s) of Bacteria and Archaeae with an estimated completion of 250%
(1,491 draft genomes >70% complete; 603 genomes > 90% complete, including 16 cyanobacteria).

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



More Picocyanobacterial Genomes from the Field: The SAG approach
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Phylogeny from 66 isolate genomes and 489 SAGs for Proc., and 27 isolate genomes and 50 SAG'’s for Syn.



The Next Generation Sequencing Revolution
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The Next Generation Sequencing Revolution

Cost per Raw Megabase of DNA Sequence

Moore's Law

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.



V.

Croucher course 1 outline

1979-1999: The golden age of fluorescence techniques

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

1998: The advent of the molecular ecology of picocyanobacteria
2003-on: The omics era: an introduction

!

Optional: Cyanophages
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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

e Capsld
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& Op11.gp12
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gpty

Tail

Prochlorococcus
MED4 cell infected
by the podovirus
P-SSP7

Tail sheath

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



Picocyanobacteria have Phages with various Specificity

Cyanophages infecting the oceanic
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— 0,1 subslilutions per position
red indicates Podowiridae, blue indicates Myoviridae

» Some phages (Podoviridae) are strain-specific

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




Arms Race between Phages and their Hosts

Prochlorococcus cells can resist viral infection by inactivating genes involved in virus attachment...
... but this may affect cell fitness (lower growth) or favor infection by other viruses
ARTICLE

Genomic island variability facilitates ]
Prochlorococcus—-virus coexistence Avrani et al. 2011 Nature



Cyanophages contain Photosynthetic Genes !
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Lindell et al. 2005 Nature



Cyanophages contain Photosynthetic Genes

i} Global surface ocean
™ microbial metagenomes

60% of wild psbA
are viral !l!

e

M Total genes M Identifiable origins ™ Viral

Sharon et al. 2007 ISME Journal



Phylogeny of PsaA
(PSI Reaction Center)

PsaA sequences from phages
form a separate branch within
the marine picocyanobacteria
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Some “Scaffolds” (Sequence Assemblages) Contain
several PSI Genes from Phages
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The Definitive Proof
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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)
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A viral Photosystem | !

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

PsaF (purple) & PsaJ FllS‘iOOIl P,saJ-F in
(blue) in cyanobacteria 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?



Bioengineering by Cyanophages:
A novel phycobilin biosynthesis gene
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Phages: one-step reaction

Dammeyer ef al. 2008 Curr. Biol.
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