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Croucher course 2 outline

|.  Genetic diversity and evolution of picocyanobacteria

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

lll. Outcomes from comparative genomics

V. Outcomes from metagenomics

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



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

Background : annual mean surface
concentrations of nitrates

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

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

> N limitation in surface tropical ocean (Indian Ocean, most Atlantic and N Pacific oceans).
> Pis a (co-) limiting factor in the Med Sea, N Atlantic and Gulf of Mexico.

> Fe limits productivity in the Southern Ocean as well as in the equatorial and subtropical S Pacific
(HNLC areas).

Moore et al. 2013, Nature Geoscience



Free-living diazotrophs
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Mares et al. J. Phycol. (2019)

Marine Cyanobacteria and diazotrophy

Symbiotic diazotrophs

Richelia
(Host: Hemiaulus)

Calothrix
(Host: Chaetoceros)

Free-living non-diazotrophs

Prochlorococcus

Synechococcus



Photoheterotrophy in Prochlorococcus

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

. ; " i (@ =
FEMS Microbiology Ecology 50 (2004) 153-161 . (a) 300
@
Depth related amino acid uptake by Prochlorococcus cyanobacteria § 250 -
in the Southern Atlantic tropical gyre 2 o -
+] 200 4
Mikhail V. Zubkov **, Glen A. Tarran °, Bernhard M. Fuchs € 2 r’é‘
> 8 > 180 4
= 5 : . _
Method: Incubation of natural g < 1001y ® ProHRF U
. . . . O - i) v ProHRFS
populations with radioactive 5 2 : 50 P PRt
. . (] Threshold LA 1
355-Methionine followed by o b JE —— Regr. line
flow cytometric cell sorting 2 O 5 10 16 20 25 30
100 100 102 10° 1 3
90° light scatter Number of sorted cells, x10
Prochlorococeus type Diameter” (pm) Biomass (fz proteincell ') Methionine uptake
amolcell ' d™
Pro LRF = HL phototype 0.5820.05 (14) 21 0.61£0.22 (11)
Pro HRF = LL phototype 0.77x0.08 (4) 48 25F1.6 (4)

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

v" Pro LRF (= HL) have on average a comparable uptake rate than a marine bacterial cell, while the uptake rate
of the Pro HRF (= LL) is 2.5-7 times higher.
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Photoheterotrophy in marine picocyanobacteria

PNAS | 8597-8602

Prochlorococcus can use the Pro1404 transporter to
take up glucose at nanomolar concentrations in the
Atlantic Ocean

May 21, 2013 | vol. 110 | no.21 |

Maria del Carmen Munoz-Marin®, Ignacio Lugue®, Mikhail V. Zubkov', Polly G. HIlF, Jesis Diez®,
and José Manuel Garcia-Fernandez™'
“Departamento de Eloguimica y Biologia Molecular, Univarsidad de Cordoba, 14071 Cordoba, Spaln; Institule de Bioguimica Vegotal y. Folosintesk,

Consejo Suponcs de investgsclones Clentifices and Uriversdad de Sevilla, 31002 Seille, Spairg and 'Natiens Oomanography Centre, Southempton 014 T4,
United Kingdom

The ISME Journal (2016) 10, 29462457

) 2016 Inferrational Society for Mictabial Evolegy Al ights reserved 1751-7362/16
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ORIGINAL ARTICLE

Global genetic capacity for mixotrophy in marine
picocyanobacteria

Alexis P Yelton'", Silvia G Acinas®, Shinichi Sunagawa®, Peer Bork®, Carlos Pedrds-Alid®

and Sallie W (_Ih'ishtlah'n"*

More examples later on from metagenomics...
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30

20

10

" A - :
00 03 06 09 S5 10

Low affinity
F Ks
High affinity i
Ks

!

15 20 30 40

g Suggar FEngeEE

= Piglicke Bnapontar

Glucose concentration (M)
¥ ® Armine acid I porlens

-
1”
mllim

WL ML W Ll Ly CFA BB B B2
Synechoeocoys

F—

Transporter genes pergenome




The Cyanobacteria Phylum
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The Cyanobacteria Phylum o
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Differences between Forms IA and IB RuBisCo

biphosphate €o,

Organization of the carboxysome gene cluster
Carboxylation

o-Carboxysomes :
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A high-throughput kinetic characterization of >100 bacterial Form-| ol CoM-prokon
RuBisCos has revealed that a-cyanobacteria’s RuBisCos exhibit the highest L x 3 H & 10 12
carboxylation rates (=10 s median vs. <7 s™? in other groups). carboxylstion rate (s~ 1

=> Potential competitive advantage over 3-cyanobacteria. De Pins et al. EMBO J (2024)



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

The ISME Journal (2022) 16:2421-2432
a-cyanobacteria possessing form IA RuBisCO globally dominate
aquatic habitats

Pedro J. Cabello-Yeves''2*, David J. Scanlan @2"1, Cristiana Callieri®, Antonio Picazo®, Lena Schallenberg®, Paula Huber (2%,
Juan J, Roda-Garcia', Macie] Bartosiewicz®, Olga I. Belykh®, Irina V. Tikhonova®, Alberto Torcello-Requena qj Paula Martin De Prado 3%,
Andrew D. Millard'”, Antonio Camacho{3*, Francisco Rodriguez-Valera(h "' and Richard J, Puxty (34"

Lakes (n=total datasets)

Lake La Cruz (Spain) (n=12)
Laguniiio de Cardenilias {Spain) (n=5)
Lake El Tobar [Spain) (n=3)

Lake Arcas {Spain) (n=5)

Tous reservoir (Spain) (n=12)
Amadorio resorvolr (Spain) (n=13)
Loriguilia reservoir {Spain) (n=8)
Benagebor reservoir (Spain) (n=2)
Mar Menor (Spain) (r=3)

Albutera lagoon [Spain) (n=3)
Baltic Sea (Sweden) (n=12)

Lake Lochit {Switzertand) (n=19)
Rimov reservoir (Czech Republic) (n=24)
Kalamaos river {Greece) (m=39)

Lake 754378-169136 [Sweden) (n=4)
Lake Erken (Sweden) (n=11)

Lake Vattern (Sweden) (n=1)

Lake Ekoln (Sweden) (n=1)

Lake Fyrsan (Sweden) (n=1)

Lake Nistydrnen (Sweden) (n=3)
Lake Odrolstiiimen (Finland) (n=5)
Lake Baikal [Russia) (n=4)

Lake Biwa (Japan) (n=T)

lakes Anana/Mancapuru (Braal) (n=2)
Amazon River (Brazil) (n=13)

La Plata (Puerto Rico) (n=6)

Lake Simoncouche (Canada) (n=2)
Lake Montjole (Canada) (r=3)
Pond S28 (Canada) (n=1)
Yellowstone Lake (USA) (r=1)
Lake Sparkling (USA) (n=3)

Lake Mendota (USA) (n=3)

lake Ontario (USA) (n=2)

Lake Houston (USA) [n=6)

Lake Erie (USA) (n=7)

Dexter reservolr (USA) (n=18)
Lake Lanier (USA) (n=10)

Klamath Lake (USA) (n=3)

Lake Tanganyika (Africa) (n=24)
Lake Malawi (Africa) (r=1)

Lake Kivu (Africa) (n=1)

\ J " ; 4 ;
Manacapury Greal Lake ) - Lake 5
. Benageber resent " ;

Loriguilia reservoir b o«
~ El Tebar, Arcas, La Cruz '
- Lagunifio de Cardenillas

o

T =W W L Bl ¥ Wi BEE mE UE HenTE

B 3-cyanobacteria B a-cyanobacteria

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

2 RPKG

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



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

>

beta
cyanobacteria

Phylogenomic tree

Cabello-Yeves et al.

ISME J. (2022)
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subs. site”

High light Prochlorococcus

Low light Prochlorococcus

Synechococcus subcluster 5.1

Synechococcus subcluster 5.3

Synechococcus / Cyanobium subcluster 5.2

Ca.Synechococcus spongiarum = subcluster 5.4 ?
Synechococcus elongatus

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




] i 1 1 i E tal Microbiology Reports (2016) 8(2), 272-284
Genetic diversity within Prochlorococcus s omm s  p-—r

P. Jackson Galner,' Anton F. Post?
Zackary |. Johnson® and Erk R. Zinser'™

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

Lizg sMITEI ZeMEDA

Temperature (G

ﬁHLI

: . HLI © HIiJghh It.igtht (HL) Low Latitude High Latitude
Johnson and Sieburth, 1979 HLVI - Loch;\c/)-ng:Ie;/a Oligotrophic, Nutrient-rich,
HLIN ‘ stratified waters mixed waters
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2.08 Ll @

— i @ Low Light (LL)
il LLVI| == phototypes
E] LLv @ High DV-Chl b/a
LLV (AMZ-]) <=

1 — LLVI (AMZ-1l) <=

Synechococcus

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

Prior to 2010, the Proc. genus was thought to account
4 HL-adapted clades (HLI-1V) and 4 LL-adapted clades
(LLI-IV) occupying different niches in the Ocean.

By 2015, several studies had unveiled novel clades

in previously under-sampled environments (arrows). Johnson et aI., 2006, Malmstrom et al. 2010, Rusch et al. 2010
- - Modified from Partensky & Garczarek, ARMS (2010)



Genetic diversity within Prochlorococcus

Environmantal Microbiology (2002) 11(4), 823832 <=

New Clade

Taxonomic resolution, ecotypes and the biogeography LLI
of Prochlorococcus eNATL

Adam C. Martiny,"*** Amos P. K. Tai,'
Daniele Veneziano,' Francois Primeau?® and
Sallie W. Chisholm'™*
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Synechococ S

9313
MIT9303

eMIT9313
The ITS region from Proc. populations LLIV
from 10 sites in the Atlantic and Pacific
Ocean was PCR-amplified, cloned and ITS tree
sequenced.

Rk

=> Detection in the deep euphotic zone v it
of a new deeply branching LL group " /i
termed NC1 (for « Non-Cultured 1 ») &N '|
and later renamed LLVII.

MIT9321 M|T910'4

It comprised as much as 61.7% (mean= B Cultured strains

23.1%) of the Proc. sequences detected B Surface mixed layer (app. 25m)

in the lower euphotic zone. Below mixed layer (app. 75m)
B Deep euphotic zone (app. 150m)

HLII
eMIT9312



Genetic diversity within Prochlorococcus

Environmental Microbiology Reports (2010) 2(s), 728-738

Novel lineages of Prochlorococcus thrive within
the oxygen minimum zone of the eastern tropical
South Pacific ¢=

Paris Lavin,’ Bernardo Gonzélez,**
J. Francisco Santibanez,? David J. Scanlan® and
Osvaldo Ulloa®

The ISME Journal (2012) 6, 285-297

Novel lineages of Prochlorococcus and

Synechococcus in the global oceans 4=

Sijun Huang'?, Sleven W Wilhelm?®, H Rodger Harvey?®, Karen Taylor®, Nianzhi Jiao®
and TFeng Chen*

DNA sequences from diverse marine ecosystems, including the tropical,
subtropical and high-latitude N Atlantic Ocean, equatorial Pacific Ocean,

subtropical S Pacific Ocean, S China Sea, Bering Sea and Chukchi and
combined with previous sequences.
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ITS tree
Huang et al. (2012)

100n00H

BTETE
L 1

n MEDAWITHGE

GF 460k 12
CT_100n. 9
C7_1ti0m 43
T 10 2
£ Tm a2

C7 150 38
o7 1ol 4t

WMHSINMNU

Uik 1
UTHISE 6B
UTHE 1

0]
L

UTKZE8 56
AL Boriods
LTKast pa
UTRZEE 1t
LTHEE i
TR 48
[ UTRZi 30
" UTkzzE w1
e |Jfras 2
106100100, ="

| [ Ulliass 4

s Tl

BT

HLIII
Wy
B HLY
W Ly
ELL
WL

Classification of Proc. ITS sequences
retrieved from the GOS database

R

ish
T {ilm 01

T7 Al 88

(only the surface was sampled)

WHET01

Fta0es

HU

HLVI 4

HLI

HLI (HNLCA)

| Hy 4

HLIV (HNLC2)




PNAS

Some Prochlorococcus from Anoxic Marine Zones*
possess complete phycobilisomes

March 11, 2021 118(11) 22025638118

The cyanobacterium Prochlorococcus has divergent
light-harvesting antennae and may have evolved
in a low-oxygen ocean

Osvaldo Ullea™? ', Carlos Henrlquez«Cast;Ilo““‘ !, Salvador Ramirez-Flandes™®

Alejandro A. Murlllo""' *, Connor Morgan-Lang®, Steven J. Hallam“®**9, and Ramunas Stepanauskas”
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*Use of new high sensitivity analytical technologies for
measuring O, concentrations in OMZs indicated that
OMZs are essentially anoxic marine zones (AMZs).

Ulloa et al. PNAS 2012 109:15596-160003
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Genetic diversity within Prochlorococcus

mB_IO 2024 Volume 15 Issue 11

Novel isolates expand the physiological diversity of
Prochlorococcus and illuminate its macroevolution

Jamie W. Becker,' Shaul Pollak,' Jessie W. Berta-Thompson,' Kevin W. Becker,” Rogier Braakman,” Keven D. Dooley,' Thomas Hackl,'
Allison Coe,' Aldo Arellano,’ Kristen N. LeGault.! Paul M. Berube.! Steven J. Biller.! Andrés Cubillos-Ruiz.' Beniamin A. S. Van Moov.?
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HL-I

HL-ILIV

CLL-I

—

LL-VII

T " “‘-AMZ- (LL-V)

N LL.jv Characterization of novel LL-adapted Proc. strains that fill in evolutionary
AMZ-I gaps. This includes the first cultivated representatives of the paraphyletic

AMZ-Il (LL-V1) grades LLVII and LLVIII, which are adapted to growth at very low light and

Phylogenomic tree

using 44 marker genes

possess unique light-harvesting gene signatures and pigmentation.
Their ITS proved particularly hard to align...

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

To date, still no culture representatives from HLIII through VI clades as well as LLV-VI and AMZ-11l clades.



Prochlorococcus Evolution has been conditioned by different
environmental factors

Highight  High iron

High temp.
= 2 High nut.
HLII, HLVI
Low riut.
High nut.
HLI
Low temp, Low nut.
HLII, 1V, V
Low iron
LLI-VIII

Low light

Martiny et al. 2015 Science

6 NOVEMBER 2015 » VOL 350 ISSUE 61461



Prochlorococcus Evolution has been conditioned by different

environmental factors

High O, Highlight  High iron

High temp.
e £ High nut.
Low nut.
High nut.
Low temp, Low nut.

Low iron

Low light

Low O,
Martiny ef al. 2015 Science (modified)

HLII

HLI

HLII-IV

LLI-VIII

AMZI-III



Diversity within a-Cyanobacteria
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— = Ca.Synechococcus spongiarum Phylogenomic tree (extract)
Synechococcus elongatus Cabello-Yeves et al. BMC Biol. (2022)

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

cyanobacteria

Phylogenomic tree Subcluster 5.2 (= Cyanobium) is widely diversified and encompasses
Cabello-Yeves et al. brackish/halotolerant and freshwater, but no strictly marine representatives.
ISME J. (2022) 0.2 )

subs. site



Diversity within a-Cyanobacteria

alpha 1 @
cyanobacteria

i =
.-"-T
beta ~
cyanobacteria
1
0.2 1
subs. site

TP TT Phylogenomic tree
High light Prochlorococcus Cabello-Yeves et al. ISME J. (2022)

Low light Prochlorococcus

Synechomoeens sp, RCCANT [Meuitserannan S2a)

Synechococys sp, MINGSLT [MedRarcannan Sei)
Crur T 1d-2=Sln0= |Ldk= La Coue, Sppalet

Synechococcus subcluster 5.1

SR CVED-T (| bin Ly Cruz, Sogln)

wiechoeoovis (beustrs T {Tows resaneain Souln)
Synechococcus subcluster 5.3 ) Martpare- Sta-Sliee (owe Magginre, Rty
F=-13m—Tous [ Tous mnrresis Somin )

1 -Gl jLowcila s, Tl

L15=500s | Lorlgullls reservolr, Spaln)

Synechococcus / Cyanobium subcluster 5.2
y y Phylogenomic tree (extract)

Cabello-Yeves et al. BMC Biol. (2022)

Ca.Synechococcus spongiarum = subcluster 5.4 ?
Synechococcus elongatus

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

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

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



Diversity within a-Cyanobacteria

Phylogenomic tree

High "ght Prochlorococcus Cabello-Yeves et al. ISME J. (2022)

Low light Prochlorococcus

Synechococcus subcluster 5.1

alpha =g Synechococcus subcluster 5.3

cyanobacteria @

- Synechococcus / Cyanobium subcluster 5.2

L= Ca.Synechococcus spongiarum = subcluster 5.4 ?
Synechococceus elongatus

a—cyanobacteria actually encompass 5 deep monophyletic lineages called

bata subclusters 5.1 to 5.3, Ca. Synechococcus spongarium (=SC 5.4?), and Proc.

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

g\{ﬂoglﬁster 5.2 (= Cyanobium) is widely diversified and encompasses

brackish/halotolerant and freshwater, but no strictly marine representatives.
1

0.2 . . . vee . .
siibs: site” Subcluster 5.3 is fairly little diversified yet encompasses both strictly marine

and freshwater (Syn. lacustris), but no brackish representatives.



Genetic diversity within Synechocéccus SC5.1 ..

The ISME Journal (2012) 6, 285-297 ] s 7,, | -
Novel lineages of Prochlorococcus and r _swcone e | CRD2
Synechococcus in the global oceans ] T o | 41y
Sijun Huang'?, Steven W Wilhelm®, H Rodger Harvey®, Karen Taylor®, Nianzhi Jiao® ' I WP
and Feng Cﬁunz- o
s : , o | XV =
The number of clades within SC 5.1 varies between 16-20, depending on = &, T 81 w
e G/ T | XIX -
. ¥ g
the marker. In this tree, Huang et al. found 18 clades but clades VIl and e g;
CRD1 are merged, whereas they correspond to different clades. “m—:ﬁmﬁi& 2
UTRzEY | XVil
Subcluster 5.1 _dnﬂlﬂf: " “
[ Temperate (o polar waters, co-occurrance with clade IV Zwirglmaier ef al., 2007, 2008 | o UTecann
It ‘Tropical/subtropical waters Fuller ef al., 2003; Zwirglmaier ef al., 2008 o
1 Oligotrophic waters Zwirglmaier ef ol. 2008 UTHIE2 19
v Tamperale to polar waters, co-occurrenee with clade 1 Zwirglmaier ef al., 2007, 2008 SOaONET L%m“ xXvil
V-V Oceanic waters Zwirglmaier el al., 2008 _‘ mm
Vil Hypersaline watars Dulresne el al., 2008 100aYeE e
IX Rarely detected Zwirglmaier et al.. 2008 Lilids i:_ ; raRaEe I WPC1
XI-X1V Gulf of Agaba subsurface water (predominant) Penno ef al., 2006 = Erom st
XV/IXVI Sargasso Sea (isolates and environmental sequences) Ahlgran and Rocap, 2006 e L/rmnwu I VINCRD1
CRIN/CRD2 Costa Rica upwelling dome (predominant) Saito et al,, 2005
WPC1/WPC2  East Ching Sea and East Sea (isolates and Chot and Noh, 2008 TOWCaN0D EW"‘F
environmental sequernces) :nm';_fn I xvi

(B1-CB3 Chesapeake Bay, summer Chen ef al., 2006; Cai ef al., 2010 e T
B4 ,: L | cBei
asArEs

o
Clades that have different names between markers can be reconciled uﬁ"@% | x ‘g
H H H CE1IHY
using genomes, since they contain all markers: | e : ;?IZ i
. . . . u
e.g., CRD2 defined using ITS = EnvB using petB = FLU1 using rpoC1 m“,’;’,‘,‘f‘_::, oz | cs £
e
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Genetic diversity within Synechococcus SC 5.1

PNAS | August 6, 2019 | vol. 116 | no.32 | 15973-15978

Single-cell genomics unveiled a cryptic cyanobacterial
lineage with a worldwide distribution hidden by a
dinoflagellate host

Takuro Nakayama®', Mami Nomura®?, Yoshihito Takano®, Goro Tanifuji?, Kogiku Shiba®, Kazuo Inaba®, Yuji Inagaki®,
and Masakado Kawata® Prochlorococcus clade
CroCINorococcus ciade
0.2 Substitutions/Site
——— Prochl. marinus MIT 9312

Pelagic heterotrophic dinoflagellates of the genus Prochieoecus sp, MIT 0604
Ornithocercus possess Syn.-like symbionts in a crown- Prochl. marinus MIT 9301
shaped extension of the thecal plate which forms an e e DSl ) e
Prochl. maripus MIT 9515
extracellular chamber. - Prochl. marinus MED4
I: Prochlorococcus sp. MIT 0801

Prochlorococcus marinus NATL1A
Prochlarococcus marinus SS120
——  Prochlococcus marinus MIT 9313

Cyanobacterial symbiont of O. magnificus
Synechococcus sp. KORDI-52
Synechococcus sp. CC9605

Synechococcus sp. CC9902
Synechococcus sp. WH 8103
Synechococcus sp. KORDI-49
Synechococcus sp. KORDI-100
Synechococcus sp. WH 7803
Synechococcus sp. CC9311
Synechococcus sp, RCC307 [ Synechococcus subcluster 5.3
Paulinella chromatophora Chromatophore

Phylogenetically these symbionts fall at the basis of SC 5.1.

Synechococcus sp. WHS701 | o 5 =
: _ Synechococcus subcluster 5.2
Cyanobium gracife PCC 6307
__________________ _[------------------ Synechocystis sp. PCC 6803
******** Synechococeus elongatus PCC 6301
Fig. 1. Micoscopy images of an Ornithocercus magnificus dinoflagellate Phylogenomic tree
with its cyanobacterial symbiont. (Left) Bright-field image of O. magnificus Nakayama et al. (2019)

(Right) Blue-light epifluorescence
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Genetic diversity and evolution of picocyanobacteria

Ecological distribution of picocyanobacteria: are clades equivalent to
ecotypes ?

Outcomes from comparative genomics

Outcomes from metagenomics



Ecological distribution of Synechococcus SC 5.1 clades

Table 1. Deteils of cneses; fpr cruiss =cks ses Fig 1

Environmental Microbiology (2008) 10(1), 147-161

Global phylogeography of marine Synechococcus and

Prochlorococcus reveals a distinct partitioning of
lineages among oceanic biomes

Katrin Zwirglmaier,' Ludwig Jardillier,’

Martin Ostrowski,' Sophie Mazard,'

Laurence Garczarek,? Daniel Vaulot,? Fabrice Not,
Ramon Massana.? Osvaldo Ulloa* and

Dave J. Scanlan'

Method: Relative clade abundance determined
using dot blot hybridization or 16S rRNA probes
for 8 cruises.

Clades | and IV co-occur at high latitudes (>30°N/S)
predominantly in coastal areas.

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

Clades lll and V/VI/VII occur in moderate
abundance.

Clades VIII, IX and X occur in low abundance.
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Ecological distribution of Synechococcus SC 5.1 clades

The ISME Journal (2016) 10, 333-345

Co-occurring Synechococcus ecotypes occupy four
major oceanic regimes defined by temperature,
macronutrients and iron

Jill A Sohm™*, Nathan A Ahlgren'*?, Zachary | Thomson®, Cheryl Williams®,
James W Maoffett’, Mak A Saito®, Eric A Webb' and Gabrielle Rocap®

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

Latitude

* Clades | and IV prevalent in colder, mesotrophic waters.

Clades Il, 11l and SC 5.3 (= clade X) dominated in warm,
oligotrophic waters.

* C(Clades CRD1 and CRD2 restricted to low-Fe areas.

log cells ml”" (sum of all clades)
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Ecological distribution of Synechococcus SC 5.1 clades

PNAS | Published online June 2, 2016 | E3365-E3374

Delineating ecologically significant taxonomic units
from global patterns of marine picocyanobacteria

Gregory K. Farrant™"?, Hugo Doré™’, Francisco M. Cornejo-Castillo®, Frédéric Partensky®, Morgane Ratin?,
Martin Ostrowski®, Frances D. Pitt?, Patrick Wincker®, David J. Scanlan®, Daniele ludicone’, Silvia G. Acinas®,
and Laurence Garczarek™?

METAGENOME
Complete
DNA/RNA Sequencing
extraction
in silico
extraction
Non—sp?ciﬁc Field P\roc. or Syn petB
T _ HEPro ' petB reference database
b gSyn (585 non-redundant sequences
) Others .
= . h incl. outgroups)
i
= e e i Retrieve only tags assigned to petB (cytochrome b)
® 100000 Il -cccroied orviron pets 5 Proc. or Syn.
— sequences from Tara
o : |
2 1
Z ol ! gl
60 70 80 90 100
% identity of best hit Assign reads to Proc. or

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



Relative clade abundance of Prochlorococcus and Synechococcus
SURFACE + DCM
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Large dominance (90%) of Proc. over Syn. {?}‘

because Tara Oceans essentially sampled open
ocean waters.

Essentially HLI-IV ecotypes in surface waters.

LLI ecotype dominates at the DCM (few LLI-IV)

) . Farrant, Doré et al. 2016 PNAS
located deeper in the euphotic zone



Defining « Ecologically Significant Taxonomical Units » within Clades

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

At each station, the number of reads assigned to a given OTU was normalized by the total number of reads
assigned to the clade at this station. OTUs were then hierarchically clustered (Bray-Curtis distance) according
to their distribution pattern and those sharing a significantly similar pattern were grouped into ESTUs.
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Distribution pattern of petB OTUs (94% ID)

Prochlorococcus clades encompass between 1 and 4 ESTUs.

Farrant, Doré et al. (2016)



Distribution of Synechococcus
ESTUs along the Tara Oceans
transect

Prochlorococcus
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Global niche distribution of Prochlorococcus ESTUs
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Global niche distribution of Prochlorococcus ESTUs

Relative abundance
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Global niche distribution of Prochlorococcus ESTUs

Relative abundance
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Global niche distribution of Prochlorococcus ESTUs
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Atypical distribution of some minor Prochlorococcus ESTUs

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

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

* LLIB, entirely comprised of newly assembled
petB sequences, dominates the LLI population
in low-iron (HNLC) areas where HLIIIA and
HLIVA co-dominate in surface.
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Defining « Ecologically Significant Taxonomical Units » within Clades

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

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

& Clustered stations
I O0TU003 [ T8 OTU004 [| — . # otuozz ICRD1A
J OTU058 L . OTU001 || (1A S B ortuz72 ICRD1B
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] OTU0BS I otuo1g ||CRD1
n OTU055 | oTuoag || 111B .
] 8$ug41 A ! oTU279 | OTU051
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0OTU097 _ L-owusg I IVA ‘ B ! oTuosnlEnvBC
0TU083 A= oTuoe7 - oTu027 IENnVBB
OTU096 ol otuoez [ IVB
- OTUQ98 L, 0TU005 [ IVC | I oTuoe7 §5.3A
: gwégi{ —m oTtu130 §15.3B
OTUos4 || 1B 0 T 1 oTuoee[15.3D
i1 OTUD31 Relative abundance oTuoes [[5.3C

Distribution pattern of petB OTUs (94% ID)
Most major Syn. clades encompassed two or more ESTUs.

Farrant, Doré et al. (2016)



Global niche distribution of Synechococcus ESTUs
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Global niche distribution of Synechococcus ESTUs
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Global niche distribution of Synechococcus ESTUs

Relatlve abundance Cluster
y ' Nb

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

SN1S3

D\Q:&\\\ﬁ

000
PR
>

2.
Al
RS

BT R ©m
\{7)‘9”)
-S&r)\'

Y

[l |
IR
_.&N

&OQ;%Q: S\ ,&b

EEm = ¢
595G G

T's

'S

€S

50°
- 152
145
133, 150 @ :
o .
1 I
128 o @ 3
. e 72 ® 0*
125122 5 @ &7
A 111 i ™ o | B2 952
4 L] a @ 30°
5 @
94 gy 8 68 '3564
f0°
1650° 90° 30° 0° 30° 90° 150°
06 § NMDS analysis of
' P @ stations with physico-
d s o chemical parameters
0 aé o
0
o 2 g v ESTU llIA-
w0 dominated
% 9= o assemblage :
0.2 o0 Temperate
' 8 = P-poor
Fe-replete waters
0.4
4
-]
2
0,6
0 02 04 05 0.8

NMDS Farrant, Doré et al. (2016)



Global niche distribution of Synechococcus ESTUs

Relatlve abundance Cluster
y ' Nb

L STO0T -

- 51009 —

HSTO18 —

- ST023 - 2
- 57025 — &

- 57030 —|

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

A\\
“h
o;q?’

|
ﬁ:a@v .A\'\\' 5

AR
W

NI
&OQ;%Q:‘&% ,&b

“H TN

O30
g

£
S

Q

2.
4

o

SRRV

+ &

{‘\"

T's

'S

€S

60°
B & o858 0
& 142 Yo 98 RTT 8 4 30"
137 5 I
128 o 9 . eu
12521 _ 102 87,
131 ® o | B2 952
) 2, ) 30°
¥y @3 78 '55@%5 B4
60°
160° 80° 30° 0° 30° 90° 150°
- '} NMDS analysis of
: stations with physico-
chemical parameters
0.4 -
0.2 - v' ESTU IA and/or IVA-
o ' dominated
g 0 - assemblages :
Z Cold
0,2 | Chl-rich
nutrient-rich waters
0.4
0,6

| |
04 0.2

0 02 04

NMDS1

0.6

GIE
Farrant, Doré et al. (2016)



Global niche distribution of Synechococcus ESTUs
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Global niche distribution of Synechococcus ESTUs
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Realized environmental niches of Synechococcus ESTUs

-Fe +Fe
2
£
T gl ke
(=] - o]
e =t @ = o O
E_fogzal JsBozs
=8RZ2220aa 69508
CRDAA [>¢ |l > m m|m/l = lx=xmmxxH
CRD1C x| W xln s x x x
EnvAA % x|x|x x| x| x|[lH x|x x x|x o CRD1A EnvBA
EnvBC |x 0 /Il/m w MW %l x x x|0 x T
CRDIB % X /XX X % X|X X X % [0X X x 5
EnvBB [ 3 3| /% % (X X X |3 |® X X|x [4}]
IVB x x X x x % x x x X x§Nxx et g
1A x_x.x.x.x_s X x XWX %\ x 3 9
IVA x| [lix %/ 5% x/x x x SICIE o <
VG = xmxxxxxxxumxxx 8§ |
IEEE EIEIEIRNEY B B3] =
IIB % Mm% x x x|l % || |%|x|x &
A xExEEEEeEsEE x 6
53A x M x [ | ] x| x| £
| -
(]
Spearman's rhc;ﬁ g
1 08 06 04 02 0 02 04 06 08 1

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

ESTU distribution patterns shows the tight control of Proc. and Syn. communities by abiotic
parameters (mainly, temperature, Fe- and P- availability).
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Croucher course 2 outline

Genetic diversity and evolution of picocyanobacteria

Ecological distribution of picocyanobacteria: are clades equivalent to
ecotypes ?

Outcomes from comparative genomics

Outcomes from metagenomics



Number of Genes

Prochlorococcus and Synechococcus : more and more genomes !

PNAS | September5,2006 | vol. 103 | no.36 | 13555-13559

Genome sequence of Synechococcus CC9311: Insights

into adaptation to a coastal environment

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',
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Number of Genomes

Genome Biology 2008, 9:R90

Unraveling the genomic mosaic of a ubiquitous genus of marine

cyanobacteria
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Laurence Garezarek™, Sophie Mazard®, Brian P Paleniks, Ian T PaulsenS,
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NMumber of Genes

Core, accessory and pan genomes
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painwise comparison

2
Number of Genomes

a6

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

Accessory (or flexible) genome: Number of genes that are

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

Pan-genome: The global gene repertoire of Proc.:
core genome + accessory genome:

5,736 genes for 12 genomes

Gene accumulation curve far from saturated:
Proc. pan-genome estimate: 57,792 genes

Kettler et al., 2007, PloS Genetics

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

Biller et al. 2015 Nature Microbiol. Rev.



Core, accessory and pan genomes

Il Marine picocyanobacteria

?frontier_sl
in Microbiology 2020 | Violume 11 | Article 567431

Evolutionary Mechanisms of
Long-Term Genome Diversification
Associated With Niche Partitioning in
Marine Picocyanobacteria

Hugo Dord", Gragary K. Farrant’, Ulysse Guyet®, Julle Haguait?, Florlan Humily’,

Morgane Ratin', Frances D, Pitt?, Martin Ostrowski™, Christophe Six',
Loraine Brillet-Guéguan**, Mark Hoabake®, Antoine Bisch*, Giidas Lo Corguillé?,

Erwan Comre!, Karine Labadies, Jean-Marc Aurys, Patrick Wincker?, Dong Han Ghoiie,

Jae Hoon Noh*", Damien Evelllard®", David J. Scanian’, Fréderic Partensky' and
Laurence Garczarek" "

The proportion of accessory genes
(including unique genes) is highly
variable from genome to genome.
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Variability of Prochlorococcus Genome Characteristics:
Evidence for Genome Streamlining and GC% Drift

Genome

Size
Kettler et al. 2007 PLoS Genet. (Mbp) GC%

Prochlorococcus sp, ASS801 1.67 31.3
AF{— Prochlorococcus sp. MITB3011.64 314 | HL]|
: Prachlorocaccus sp. MIT9215 1.74 31.1
Prochlorocoocus sp. MITS312 1.71 31.2
» Prochlorococcus sp. MED4 1.66 30.8 HLI
Prochlorococcus sp. MIT9515 1.70 30.8 P
—— Prochlorococcus sp, NATLZA 1.84 35.0 r O
- Prochlorococeus sp. NATL1A 86 351 | ELI
—— Prochiorococcussp, 55120 1.75
Prochlorococcus spl.? MITa211 1.69 LLI/ZLL Strictly
Prochlorocaccus sp. MIT9313 241 50.7 LL
— Prochlorecoccus sp. MIT8303 268 501 | LLIV
Strain Clade or Assembly size % GC MIT1327 MIT1341xe MIT1300xe MIT1307xe MIT1223
grade (bp) \HL'
MIT1314 HLII 1,704,447 312 \ / \ .
MIT1223°  LLVII 1,795,922 35.7 -oeew (T N S T i
MIT1300xe” LLVII 1,855,146 414 l =
MIT1307%e®  LLVII 2,032,419 39.9 LV '
MIT134 1xe” LLVII 1,937,096 40.1

MT1327  LLIV 2,587,389 50.3 o Becker et al. 2007 mBio




Consequences of Genome Streamlining

Based on an estimated genome size of 2.5 Mbp for the ancestral
Prochlorococcus genome and a gene density of 1 gene every 874 bp, one may
assess the total gene loss for HL and LLII/IlI strains as ~930 genes (or ~740 for
NATL strains).

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

=> Different ecotypes have lost (or retained) different sets of genes...
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Role of Genomic Islands in Niche Adaptation

Genomic differences between Proc. SCIENCE 24 MARCH 2006 VOL 311

MED4 (HLI) and MIT9312 (HLI)

Genomic Islands and the Ecology and

ISL1 I5Lz [5L3 15L4 ISL5 Evolution of Prochlorococcus

translogation .
| 15L4

1512

1 15L1

8 . . 0.

400 aog 1200 lét}'.!
MED4 gene

Whole-genome alignment

1 Maureen L. Coleman,” Matthew B. Sullivan,' Adam C. I'luJ'lartirn..;,1 Claudia Steglich,l'
i8L5 Kerrie Barry,® Edward F. Delong,’ Sallie W. Chisholm®*+

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

ISL3. 1514 ISLS

6 8 10

12

position along MIT2312 genome| x Tﬂﬁhpj
» Presence of five genomic islands containing accessory and unique genes :

=> Privileged areas for laterally transferred genes.

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

» Genomic islands harbor > 2/3rd of all accessory genes of the Prochlorococcus pangenome.

Hackl et al., 2023, Cell

ORI = T

log,(coverage)



Comparative genomics of picocyanobacteria

? frontiers
in Microbiology September 2020 | Volume 11 | Article 567431
Evolutionary Mechanisms of
Long-Term Genome Diversification
Associated With Niche Partitioning in

4=

Marine Picocyanobacteria H.Doré G. Farrant U. Guyet
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Genomic islands network in Prochlorococcus Sl e
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Black line: 50% cut-off applied to delineate genomic islands

Genomic islands can be determined automatically using sliding

windows (size 10 kbp, interval 100 bp) as regions where the
ratio of nt from gained CDS to total coding nt > 50%.

Doré et al. (2020) Front Microbiol
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‘Shared’ gene islands between two genomes share only a subset of genes
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A dedicated database for comparative genomics of picocyanobacteria

Nucleic Acids Research, Volume 49, Issue D1, 8 January 2021, Pages D667-D676,
Cyanorak v2.1: a scalable information system

dedicated to the visualization and expert

curation of marine and brackish

Cyanorak development
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Cyanorak Search Page

Station Blelogiue Cyanorak | Genomic Search Results

¥ de Roscoff
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Cyanorak CLOG Page (top)
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Cyanorak CLOG Page (bottom)

Phyletic pattern : Pattern of presence/absence of the gene in the different strains
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Cyanorak Genomic Context

CLOG CK_00000579
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Cyanorak : Jbrowse Genome viewer
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Cyanorak : Blast Tools (all and selection)
AﬂMS BLAST all picocyanobacteria O Help & Support
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Advanced parameters:  -=vallales ? [ Open results in new tab BLASTP



SC 5.2

SC5.3

Comparing genetic diversity and gene content

821 core proteins
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O Similar topology

-> Gene content and protein
sequences evolved concomitantly

-> Exception: brackish clade VIl
strains phylogenetically distant from
SC 5.2 but their gene content is
closer than it is from other SC 5.1.

O Relative size of internal
and terminal branches

-> More variability in
sequence between clades

-> More variability in gene
content between strains



V.

Croucher course 2 outline

Genetic diversity and evolution of picocyanobacteria

Ecological distribution of picocyanobacteria: are clades equivalent to
ecotypes ?

Comparative genomics

Outcome from metagenomics



Genomic adaptation to nutrient depletion: Phosphorus

Environmental Microbiology (2009) A: Prochiorococcus MEDA
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Occurrence of phosphate acquisition genes in o EEENATE bl G b I A '

Prochlorococcus cells from different ocean regions B: Sargasso Sea (GOS0d)
Adam C. Martiny,"™ Ying Huang? and Weizhong Li?

Proc. populations thriving in P-poor areas

(Sargasso Sea and Caribbean Sea) are
enriched in genes allowing P transport and

assimilation.
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Genomic adaptation to nutrient depletion: Nitrogen

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

Berube et al. 2019, eLife



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

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

Garcia et al. 2020, Phil Trans Roy Soc B



The distribution of Prochlorococcus accessory genes involved in nutrient metabolism
can be used to map nutrient stress type and severity
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Background : annual mean surface concentrations of nitrates (left) and phosphates (right)
Primary (central circles) and secondary (outer circles) limiting nutrients: N (green), P (black), Fe (red)



Studying the functional diversity of picocyanobacteria using Tara Oceans metagenomes

I ]
The ISME Journal 17, 720-732 (2023) — —
| | ]
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Differential global distribution of marine picocyanobacteria
gene clusters reveals distinct niche-related adaptive strategies ( A
Metagenome
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Building ecologically representative clusters of adjacent genes (eCAGs)

Stations

Genel | Gene2 | Gene3 | Genen
ST1 2 10 0 2
ST2 0 5 20 2
ST3 5 5 15 5

Correlations between genes
based on shared distribution

Correlation

network

module
detection

Groups of genes (or modules)
displaying a similar distribution
In the field

Modules

Niche-specific genes

(brown B
L

« |Depth
« |Salinity
% | Temperature

Low-Fe niche

| green i| .
=

Low-N niche
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| — |

Doré et al. ISME J., 2023



Building ecologically representative clusters of adjacent genes (eCAGS)

correlation
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Building ecologically representative clusters of adjacent genes (eCAGs)

Stations

Genel | Gene2 | Gene3 | Genen
ST1 2 10 0 2
ST2 0 5 20 2
ST3 5 5 15 5

Groups of genes (or modules)
displaying a similar distribution
In the field

Correlations between genes
based on shared distribution

: module
\ ”? detection

Correlation
network

Niche-specific genes
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Synteny in Cyanorak reference genomes

(gene adjacency matrix within each module)

4

eCAGS = clusters of genes that are both :

- adjacent in reference genomes,
- displaying a similar distribution in situ

- potentially involved in the same metabolic pathway

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

: to specific ecological niches

Doré et al. ISME J., 2023



Genomic adaptation to ecological niches: a comprehensive study
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Genomic adaptation to N-limitation
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The nirA gene and narB operon are present in a large proportion of natural Proc. populations in N-
poor areas, a much lower proportion in P-poor areas, and completely absent in low-Fe areas:
=> The only inorganic form of N for the latter is NH,*. But they also have access to organic N forms.

Doré, Guyet et al. ISME J. 2023

regelidion



MPn
PtxABC
ATP
PhnY
MPn
=i
a-keloglutarate
oy
Purines
Proc

8T

Genomic adaptation to P-limitation

HMPn

=N
>
X

Formate
i
unknown O

export protein H O

PhnZ
Formate + Pi
F=ill)
= PurT
GAR
m
FGAR

atilis
u pixA
Fele iy
£, B phD
. B plel

® M-acardiransiorase
ahak
i phns

CHR_O00e3747r

'N.F‘; .

™ n

N-zr=tyltransferase
-:E“ii_ﬂflﬁlﬁ ig)

=y~ DD

1 ki

1) Most Prochlorococcus

In PEllimited areas possess an
accessory phosphonate ABC
transporter (phnC22D2BE2RE3),
present only in a few reference
Prochlorococcus and no
Synechococcus genomes.
Phosphonates could be
incorporated into cell surface
phosphono-glycoproteins that may
act to mitigate cell mortality by
grazing and viral lysis.

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

Doré, Guyet et al. ISME J. 2023
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Genomic adaptation to N- and/or P-limitation
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nitrilase gene (nitC)

=> most Synechococcus cells

and a variable proportion of
Prochlorococcus could use nitriles or
cyanides in warm, FelZreplete waters
(e.g. lowlN areas of the Indian
Ocean).

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

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

The operon might also be involved in
cell detoxification.

Doré, Guyet et al. ISME J. 2023



Genomic adaptation to N- and/or P-limitation
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The vast majority of Proc cells
in lowlFe regions possess an
eCAG encompassing the ctaC2?
D2RE2 operon, encoding the
alternative respiratory terminal
oxidase (ARTO), involved in the
reduction of Fe(lll) into Fe(ll)
prior to its transport through
the plasma membrane.

= ARTO is critical for Proc.
adaptation to low-Fe areas
while it is almost core in Syn.

Doré, Guyet et al. ISME J. 2023



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

2023, Cell 186, 4762 SCIENCE VOL 343 10 JANUARY 2014

Novel integrative elements and genomic plasticity in Bacterial Vesicles in Marine Ecosystems
ocean ecosystems
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Generation of genomic islands : The role of “Tycheposons”
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» Tycheposons are novel, transient DNA transposons promoting genomic adaptation in Proc.

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

A Cargo-carrying tycheposons
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» Tycheposons accelerate genomic island formation and remodeling



Transfer of genetic material between Prochlorococcus cells ?

- Prochlorococcus have no plasmid nor pili (except LLIV) => no possible conjugation ?
- Likely role of cyanophages to transfer genes between cells (auxiliary genes/tycheposons)

- Recent discovery of vesicle production and release by Prochlorococcus cells

Vesicles contain :

Credit Image: P. Huey

- Periplasmic and outer membrane proteins
- Membranes

- DNA and RNA

- Tycheposon hallmark genes

Likely role:

- Release of genetic material (lateral transfer)

ﬁ\\ B - Release of nutrients for ‘helper’ bacteria
n o
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RNA and DNA exchange - Defense against viruses (lure)?
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Transfer of genetic material between Prochlorococcus cells ?

Inter-and intra-genus exchange of These cell-cell connections were long
cytoplasmic material can also occur overlooked since they are much less
directly between neighboring and frequent in planktonic given how dilute
distant cells of cyanobacteria they are.

mediated by inter-cellular membrane g, i the extremely dilute oligotrophic

Wy - P€ oceans (ca. 200 cell length between
' | two cells) nanotubes could be
important only in some specific
conditions, e.g. in marine snow, where
the bacteria-bacteria separation on
average is about 10 ym, or in marine
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Angulo-Canovas et al. (2024) Science Adv. Biller et al. (2014) Nature Rev. Microbiol.



Take home messages

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

V" in situ abundance and ubiquity, and so abundance in metagenomes
V" Presence in fairly ‘easy-to-access’ ecological niches: the lit layer of aquatic systems

V" Availability of numerous strains & reference genomes

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

gradients.

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

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

strain.

“Picocyanobacteria can be used in models of the current and future marine Ocean as biomarkers of the
fate of phytoplankton communities in the context of global change, with Proc. being a marker of
oligotrophic areas, and Syn. being a generalist and behaving more like larger phytoplankton species.
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Codon Usage in Marine Picocyanobacteria
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For any given amino acid, MED4 and SS120 always preferentially use AT-rich codons =>
the bias toward AT strongly influences codon usage

Dufresne et al., 2005, Genome Biology



Use of Amino acids in Marine Picocyanobacteria

13
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% of amino acids
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';OW AT aa ranked by AT content of codons High AT

MED4 and SS120 use more AT-rich (and less GC-rich) amino acids than the two other strains
=> the bias toward AT strongly influences protein composition

Dufresne et al., 2005, Genome Biology



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

L L IV Prochiorococeds sp, ASS601
Prochlorococcus sp. MIT8301  HLII
Prachlarococgus sp. MITS215
Prochlorococaiss sp. MITS312
Prochlorococcus sp. MED4 HLI
Prochlerecoccus sp. MITS515
Prochlorococcus sp, NATLZA LLI

Prochlorococcus sp. NATL1A

Prochiprococcus sp, 55120
Prochlorococcus sp. MITO211 LLI/LLIN

— Prochlorocaccus sp, MITS313
Prochlprococcus sp. MIT8303 LLIV

ybaZ S

QorA| DNA protecting protein'
recQ ATP-dependent DNA helicase

Other Prochlorococcus
(HLI-1I + LLI-IV)

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

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



Differential Distribution of DNA Replication and DNA Repair Genes

among Prochlorococcus Ecotypes

' Prochlorococeus sp. ASS601

LLIV

Prachlarococgus sp. MITS215
Prochlorococous sp. MITS312

Prochlorococcus sp. MIT8301  HLII

Prochlorococcus sp. MED4 HLI
Prochlerecoccus sp. MITS515
Prochlorococcus sp, NATLZA
baZ Prochlorococcus sp. NATL1A LLI
Prochiprococcus sp, 55120
yba Prochlorococcus sp. MITO211 LLU/LLI
d,OI’A Prochlorocaccus sp, MITS313
recQ Prochlprococcus sp. MIT8303 LLIV

_<

muytY
Xs&AB Exonuclease VII

<

HLI+II

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

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




Gene Evolution Rate in Prochlorococcus

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

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

# of aa substitutions per site).
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0.116 [ MIT9313 only 4 genomes.
mrosos | LLIV
WH8102 (outgroup)

Significant differences in the evolution rates of protein-coding genes between lineages:
=> A significant acceleration of mutation rates seemingly occurred twice during Proc. Evolution

0.309

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



Pairwise Distance Computation using 16S rRNA gene

X a5 B?Jp;ﬂ MED4
A ! % 55120
07002 N2 - 0008
0.007 MIT9313
1078 WH8102
| 7,005 |

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

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

Dufresne et al., 2005, Genome Biology



The rRNA operon, a GC-rich island in an AT-rich Sea
Ori
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Summary: Hypotheses for the occurrence of Genome Streamlining

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

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

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

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

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

2) Differentiation of the HL branch

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

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

Dufresne et al. 2005, Genome Biol.
Partensky & Garczarek (2010) Ann. Rev. Mar. Sci.

‘Genome streamlining was probably driven by strong, genome-wide selection for
the removal of genes with only a small fitness benefit that was outweighed by the
associated costs.’

Biller et al. (2015) Nature Reviews in Microbiology



Remarks about Genome Streamlining

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

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

oligotrophic areas.

Similar genome evolution to that of host-dependent microorganisms (parasites,
endosymbionts, etc.), but with different causes (rich vs. poor environment, small vs. large
populations, strong vs. weak genetic drift, etc.)

=> ex: UCYN-A



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

Tripp et al. (2010)
Nature

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

- no PSII nor antenna genes => no O, produced!
- no genes for Calvin Cycle => no CO, fixation!

- no Krebs cycle genes => no ATP generated by oxidation of acetate).

= UCYN-A: Photoheterotroph that uses PSI for energy generation ?

=> Symbiont of microalga sharing functions with its host (it fixes N, but uses organic C from its host).



Recent alternative theory for Prochlorococcus genome streamlining

The ISME Journal, 2024, 18(1), 1-7

Genome reduction occurred in early Prochlorococcus with
an unusually low effective population size

[ HL
| (1.62-1.78 Mb)

Target

1 |
Hao Zhang' %t Ferdi L. Hellweger' !, Haiwei Luo"4* - <! HLI (1.65-1.70'Mb)
e . o =£ LL1(1.84-1.93 Mb)
School of Life Sciences, The Chinese University of Hong Kong

- (SBE-LCA)
- LLIN :
- (1.69-1.75 Mb)
—

i LLIV (2.41-2.68 Mb) | Control

The “genome streamlining” theory posits that Proc. have
extremely large effective population sizes (Ne) so that
selection for metabolic efficiency acts to drive genome
redgction. Bgcause genqme reduction Iarge!y took place.: Mesom Thes. P DMBIC
anciently, this theory builds on the assumption that their 1000 800 600 400 200  OMya
ancestors’Ne was also large.

2.1 _2'_}9 Mb) Reference

Method: Simulate changes in ratio of radical to conservative 1.4 - dr/dc (Charge)
non-synonymous nt substitution rate (dR/dC) in a range of Ne 1%

in ancestral populations. This proxy showed decreases of Ne 1.2 . TINs "
only when Ne falls to about 10%-10° or lower, magnitudes 1.0 % e I—_I._ ;
characteristic of Ne of obligate endosymbiont species where T R e B
drift drives genome reduction. 0.8 -— = = =
=> Simulations would support a scenario where the primary 0.6 Iﬁl
force of Proc. genome reduction was drift rather than 0.4

selection.
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