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Croucher course 3 outline

l. Introduction on spectral niches

Il. Characterization on Prochlorococcus light-harvesting complexes
lll.  Synechococcus phycobilisomes and pigment diversity

IV. Biochemical and molecular characterization of CA4

V. Evolution and diversity of pigment types

VI. Ecological distribution and modelling of pigment types




Solar energy is highly variable quantitatively and qualitatively
* Light quantity: exponential decrease with depth
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Solar energy is highly variable quantitatively and qualitatively

* Light quality: varies with depth & along cost-offshore gradients
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Violet waters also exist!

Biogeosciences. 4. 837-852. 2007
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Solar energy is highly variable quantitatively and qualitatively

* Light quality: varies with depth & along cost-offshore gradients

=> 5 spectral niches in the underwater light spectrum of aquatic environments, with valleys

delineated by the vibration modes (harmonics) of the water molecule * i . O_~ ’
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> Thanks to the wide pigment diversification of phycobilisomes, Synechococcus has colonized all existing
spectral niches, whereas Prochlorococcus is restricted to the violet and blue niches.
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Why is the ultrastructure of Prochlorococcus and Synechococcus so different?

Prochlorococcus Synechococcus

I"- on and Sieburth, 1979



|dentification of Prochlorococcus Light-Harvesting Complexes
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Independent evolution of the prochlorophiyte and green plant
chliorophyll a/b light-harvesting proteins
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|dentification of Prochlorococcus Light-Harvesting Complexes

Py S ]
Vol '-I'IH,;_'p BRIEE ‘{Ei“' Eued b3t 4 IR
Erphiltian

Independent evolution of the prm*hlﬂmphﬂe and green plant
chlorophyll a/b light-harvesting proteins
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Chl a/b (or div-Chl a/b) antenna dubbed « Pcb » for « prochlorophyte Chl a/b protein »

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



Characterization of Prochlorococcus Light-Harvesting Complexes

PNAS | April 11,2000 | vol.97 | no.8 | 4099
Muttiplication of antenna genes as a major
ddaptation e low light'in a

marine prokaryate

llllllHl“--F- Tl maesl™; i.HlIll.I;Illlu L=} .||||I||. I‘h'.l.r_ﬁ-hlllll"' r.'-'um'.'i.'.i_ LT ||||.n |H- !|I|Ir||_|.‘I '.. Il.i-ll rlsnﬂlllll.:."qllulml.',"

A

The Proc. LLII strain SS120 possesses a gene family of
7 transcribed genes encoding different Pcb copies,
some likely associated with PSI and others with PSlI,
while the HLI strain MED4 has a single pcb gene,
which were successfully cloned and sequenced.

+ Indirect evidence from RFLP analysis that the the LLI
strain NATL2a also has many pcb copies while the HLII
strain TAK9803 has 2.
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Ultrastructure of Prochlorococcus Light-Harvesting Complexes
Low-light-adapted Prochloroconrne
species possess specific anden [, 210, Tl i " of e orenssion of tad nood gones
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All PSll-associated Pcbs as well as the non-Fe inducible PSI-associated Pcb from S5120 have
arisen from multiple events of gene duplication and divergence from an ancestral isiA gene.



PSI antenna

* constitutive
(Ss120)

* inducible by -Fe
(MIT9313)

* Abf_en .(MED4)
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Unveiling the presence of phycoerythrin in Prochlorococcus
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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?

Flant Molecular Biﬂiﬂg} 40: 307-321, 1999
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Synechococcus harvest light using phycobilisomes
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Synechococcus harvest light using phycobllmem%—h
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Phycobiliproteins : the phycobilisome building blocks

Model of Synechococcus
phycobilisome rod

APC F'G FPEI =

: Each PBS rod consists of 3 to 6 hexamers depending on pigment type
f_——-—_
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APC Allophycocyanin 2 Phycobiliproteins covalently attach 2 to 6 chromophores (‘phycobilins’)
PC  Phycocyanin 3 per a-f> monomer
PE-I' Phycoerythrin-I| 5
P.E Il Phyc erytg-rln -l 6
unlj.’ ‘ _?’
i Phycobilins (isomers)
Phyc telrfs are m ftwo
subu alﬁ [5) ssem ed into S - m—_—
hexa",’ﬁf (0-B); f.-‘- . pUE = 0w d LT PER 4P LT PCB 0 '
'-l11 et |"-" e b e AV el
3 Ly " Phycourchilin Fhycoerythrobilin J—— F'h-.n:c:nc-.f.:nn:nhulm
lfh"t‘ : rg:) Tim i, .., = 485 nm] T £, 250nm] T i - e
e = = e _'
'Er l|- 'l.r .i: D ] 41003 4540 rid 14 RA0 vl 1_-._'_“?.-'. Fy A0 P
;‘;h ;‘ - ¢
N S e
el :E; i ‘_ii- “"

Side and top view of PE-I
‘donut’-shaped hexamers



Covalent chromophore attachment requires phycobilin lyases
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Lyases act on a- or 3-apoproteins before their assembly into a-f monomers then (a-
B), hexamers, and once attached phycobilins cannot be removed enzymatically.

Marine Synechococcus possess between 3 and 15 genes coding for putative lyases or
lyases-isomerases, and most of them have been characterized in recent years

Biswas et al. 2011 JBC; Gasper et al. 2017 JBC; Kronfel et al. 2019 JBC; Carrigee et al. 2020 JBC, Kehoe et al. in prep.



Covalent chromophore attachment requires phycobilin lyases
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Cyanolyase is a manually curated database devoted to cyanobacterial lyases
(nomenclature, assignment by Blast search, protein motifs, phyletic profiles, references, etc.).

Bretaudeau et al. 2012 Nucl. Acids Res.



Covalent chromophore attachment requires phycobilin lyases
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Phycobilin lyases comprises three mains superfamilies or “clans” (S/U, T and E/F) generally
acting on a specific binding site (e.g. Cys-82 ‘consensus’ site for members of clan S).

Bretaudeau et al. 2012 Nucl. Acids Res.



Assembly of PBS hexamers into
PBS rods requires linker proteins

Marine Synechococcus strains contain between
6 and 11 genes coding for linker-like proteins:
we assume that there are up to 6 hexamers per

rod (3 in Synechocystis).

Six et al. 2007 Genome Biol. e

Grébert et al. 2022 Genome Biol. Evol.

The numbers of repeat (REP) domains in ApcE
defines the number of cylinders in the PBS

::Iql ani) u:Jl ot JU:H - ofrods (6 or 8).
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APC core

MpeG or H?
PEIl disk 3 MpeC

PEIl disk 2 MpeE

* PUB
PEIl disk1

MpeD (fusion protein)
PEI disk 2

PEI disk 1

PC disk

CpcG1

Six et al. 2005
J. Bacteriol.




Synechococcus Pigment Types

. 1.40
Marine Synechococcus have the . PEB
most diverse pigment content of _ U
all phytoplanktonic groups u 0.80
PCB chl
0.60 -
PC Phycocyanin 0.40 -
PE-l Phycoerythrin | § 0.20-
PE-Il Phycoerythrin Il 0.00 | IR
400 450 500 550 600 650 700 750
Wavelength
(nm)
PC+PE-| PCHRE-I+
PT 2A/B
Subtype 3a Subtype 3b Subtype 3c/f = Subtypes 3dA/B B
Low PUB:PEB Intermediate PUB:PEB High PUB:PEB Variable PUB:PEB
GL specialists = 3d having lost CA4 ability BL specialists Type IV chromatic acclimation

(CA4)
Six et al. 2007 Genome Biol.; Humily et al. 2013 Plos One; Grébert et al. 2018 PNAS



Type IV chromatic acclimation (CA4) provides cells the ability to
absorb either Blue or Green light with high efficiency
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Type IV chromatic acclimation (CA4) provides cells the ability to
absorb either Blue or Green light with high efficiency
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Chromatic acclimation is a common and diverse process in Cyanobacteria
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Sanfilippo et al. (2019) Annu. Rev Microbiol.
CA3 is the first discovered and best studied type of CA

CA4 is the sole chromatic acclimation process known so far to occur between BL and GL



The phycobilisome (PBS) rod region

@1 Phycobiliprotein a. & B-subunits
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Pigment types 3dA and 3dB differ by subtle phenotypic differences
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no significant differleneev‘n PUB:PEB ratio between 3dA and 3dB

e

guantity

(LL/HL) or temperature (18 or 25°C).

In intermediate blue-green mixes, PT 3dA cells preferentially display a low PUB:PEB and PT 3dB cells a high PUB:PEB,
suggesting they need a different proportion of BL and GL to trigger the CA4 process.
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Pipeline used by the core ‘CA4 team’ to characterize genes involved in CA4
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F. Partensky & L. Garczarek Lab
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W.M. Schluchter Lab
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Heterologous expression
Targeted mutagenesis
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MpeZ is a PEB lyase-isomerase that attaches PUB to MpeA Cys-83 in blue light
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Molecular differences between CA4-A and CA4-B processes

PT [ ] PT []

3dA
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CA4 island =
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on Cys-83 MpeA PEB on Cys-83 MpeA -
~ Q
@ g @ qobee
PBS rod region |6 =, 5 1 }
MpeY MpeQ
constitutively expressed constitutively expressed
PEB on Cys-83 MpeA on Cys-83 MpeA
Shukla et al. 2012 PNAS; Sanfilippo et al. 2019 PNAS Grébert et al. 2021 PNAS

Both CA4-A and CA4-B involve the competition between a PEB lyase and a lyase-isomerase
but they display opposite mechanisms.

Basal state (in absence of CA4) = GL for PT 3dA (PUB/ =0.6) and BL for PT 3dB (1.6)

=> PT 3dA ancestors = GL specialists / PT 3dB ancestors = BL specialists.



“CA4-A" genomic istand:
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> FciA is an activator and FciB a repressor of the CA4 process (in PT 3dA strains...)

Slide courtesy
of D. Kehoe



Unk10, a Nif11 family member is required for addition of PUB to MpeA
Cvs-140 and CpeA Cvs-139 in blue light
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= BbaA is a small novel lyase likely organized as a dimer

=> BbaA also occurs in PUB-containing non-Syn cyanobacteria (e.g., Crocosphaera)

Chen et al., submitted soon to PNAS
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The phycobilisome (PBS) rod region
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Three main pigment types (PT 1, 2, 3) and 6 subtypes in genomes from cultured marine Synechococcus

strains.
Q1: Which one came first? 1, 2B, 2A, ...

Q2: Is there any yet unknown pigment type diversity in field populations?

Six et al. 2007 Genome Biol; Larsson et al. 2014 ISME J; Humily et al. 2013 PLoS One ; Sanfilippo et al. 2016 PNAS



Possible evolutionary scenario for the occurrence of the different PBS rod regions
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A targeted metagenomic approach
to retrieve PBS rod regions from
field populations
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Diversity of the PBS rod region in field Syn populations
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Diversity of the PBS rod region in field Syn populations
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Diversity of the PBS rod region in field Syn populations
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Tycheposons in Prochlorococcus

Hmrél tive elements and genomic CE“
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Tycheposons also exist in Synechococcus upstream the PBS region

-
Mﬂ(}:—-ﬁ» »{_r~ waginl (7T 13 |n both Syn SAGs and WGS, some PBS rod regions
y"} s start with a tycheposon-like region
,.;”‘ H‘Htﬂ'i'i"b'l'["l{ L. M16.1 (PT 3a)

* Like all PBS rod regions, those with a tycheposon always

,_{; DUk "HE S 11]“ i[ - ”:] :I vy ] L —— start with tRNA-Phe-GAA (# Prochlorococcus)

Frequent presence of a tyrosine recombinase (complete

<7 or fragmentary) immediately upstream unk?
Mmm] BIOS-U3-1 (PT 3dA) g y y up
f“J i ff ', Jf Presence of other mobile elements (transposon resolvase,
i {,]_ 11_{}{ V:K [:?'H _h},.r J' RS9902 (PT 3c) other recombinases, restriction-modification system, etc.)
f_é f * Many short hypothetical or conserved hypothetical genes

and some complete functional genes

| { ﬂbﬁ“}“ {'_'J - WHE109 (PT 3cB)

10 kb

Tycheposons %rréej'ilrkgwlir'rrliab%tant in the variability of the gene content of the PBS rod region and thus in
adaptation to the different spectral niches.

They may also have played a key role in the acquisition of the short unknown genes (unk1-13)
located in the PBS rod region and/or in the maintenance of pigment diversity in the different
lineages. fﬂq
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Evolution of Syn PTs: core phylogeny vs. pigment type

Pigment

Pss

= PT

PA

SC 5.1 . B

BfT

B BT
LIC-A . BIA
3dB

v SC6.1:all PTs
SC 5.2: only PT1 and PT2
SC 5.3: PT 3dA-B (+PT 2)

A given clade can contain
several different PTs

A same PT can be found in
different clades

=> At first look, no congruence
between vertical phylogeny (petB)

Core phylogen VI
phylogeny CRD1 and pigment type, but...
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Pigment diversity maintained during the diversification of SC 5.1 lineages by incomplete lineage sorting (ILS),
a population-scale mechanism in which an ancestral polymorphism is NOT sorted during a speciation event.
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l.  Introduction

Il. Characterization on Prochlorococcus light-harvesting complexes
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V. Evolution and diversity of pigment types
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Ecological significance of chromatic acclimation?
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The Tara Oceans expedition 2009-2013

66 sampling stations covering all major oceanic basins

109 metagenomes from the bacterial size fraction (0.22-1.6/3 ym), surface and mesopelagic

Dataset used for studying the global distribution of Synechococcus pigment types TARA

OCEANS




Choice of relevant markers to discriminate all pigment types
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=> A combination of three different marker genes is necessary to predict the main pigment types



Global distribution of Synechococcus pigment types

Temparatuie
Cienzily
MLD

HH,
MO,
Dy .‘

),

Chlorophyll a (18)
Backscatt. 470 nm
Backesall. 470 nm (part.)
cOOM flua. (IS)

BAC 860 nm

BAC &B6Unm (part.)

PAR | -
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S WO EiaERe T e Grébert et al. 2018 PNAS "
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PN N XKHE XXX
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o,

PT 3 is by far the dominant PT in pelagic areas (PT 1 and 2A/2B virtually absent) 1 Ca

Spesminants rho

3a |} 3c 3dA B 3ds B

Hioh temperature Low nutrients, iron-rich High nutrients Low nutrients (N, P)
& P High temperature Low temperature oligotrophic waters
Green, particle-rich Clear waters Productive, phytoplankton Low light

waters Low Chlorophyll a rich waters



Global abundance of Synechococcus pigment types

Grébert et al. 2018 PNAS

Unexpected abundance of CA4, which constitutes the dominant pigment type, especially at depth
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_EiNﬂétural PT ‘mutants occur in field Synechococcus populations

Recruitment of additional marker genes allows detecting
populations of natural mutants

Typical CA4-A => PT 3dA

BL phenotype => PT 3cA
(BIOS-E4-1)

V= LEnn I R il Fragrenen | e FES g pagion

Typical CA4-A populations: mpeBA = mpeY = mpeZ = fciAB

BIOS-E4-1-like populations: mpeBA = mpeZ >> fciAB = mpeY

BIOS-E4-1-like populations (PT 3cA) constitute up to 15% of the
global Syn population with a PT 3dA genotype along the Tara
Oceans transect.

This natural mutation could constitute an adaptation to Fe-poor, blue
environments by inactivating CA4, useless in these permanently blue
waters.

Grébert et al. 2018 PNAS



Modelling the spatial distribution of Synechococcus PTs using the Darwin Model

Hir
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S. Dutkiewicz

M. Follows
and many others...

Modeling Marine Microbes

The Darwin Project is an initiative
to advance the development and
application of novel models of
marine microbes and microbial
communities, identifying the
relationships of individuals and
communities to their
environment, connecting cellular-
scale processes to global
microbial community structure.
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Modelling the spatial distribution of the three main Synechococcus PTs
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Modelling the spatial distribution of the three main Synechococcus PTs
T

M aaae el

LRl e
Feminne

GL specialists
» Eastern ocean margins
& subpolar waters

Biomass All Syns
BL specialists

» Warm open ocean waters

How will these lmj‘_j
distributions evolve
in future? 1ol
Chromatic acclimaters LLE
» Ubiquitous and particularly e~

abundant in transition zones

Mattei et al. 2025 Sci. Adv.
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Modelling the future spatial distribution of the main Synechococcus PTs
=> Like most other phytoplankton species, the global Syn. population is predicted

I'IIII r to decrease by ca. 4 % by 2100 compared to 2000.
R e
Ll => Within Syn, BS T from 68% to 71%, GS — from 10 to 11%
while CA | from 22 to 18%, with a total biomass loss of 23%
2000 2100 2100-2000 difference
Biomass dlmm—-“ - : -
- rl Wy r “. .. i ;
AllSyns & heme "-:" b gn- ;
--,} I 5
“ :
——ChHmatechangereducesthefitmessadvantageof- €A4

Mattei et al. Submitted to Nature Comm.



Modelling the future spatial distribution of the main Synechococcus PTs
i en P .

Vi gawe el
LRl &2
Feinne
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Variations in the ‘acclimation index’, a
proxy indicating the extent to which the
CA4 strategy was exploited in the
simulated ocean:

* High index values = coexistence of
multiple acclimation states for CA
cells, driven by a highly variable
underwater light field

* Low index values = fewer dominant
acclimation states, reflecting a more
stable light environment.

=AU e BB

AW kGl WK
|

=> The reduction in the fitness
advantage of CA4 is due to a lower
variability of ocean color driven by

medl Ppribhle pg =

climate change. Mattei et al. Submitted to Nature Com.



Take Home Messages

Most PBS rod genes are localized in a specialized region (the PBS rod region) whose
gene content and organization is specific of a given pigment type.

PT 1 (PC only) and PT 2 (PC+PEIl) cells are restricted to estuaries or low salinity
environments, while PT 3 (PC+PEI+PEIl) dominate in the open ocean.

CA4 is conferred by a small specific genomic island, which occurred twice during
Evolution, a first time to transform former GL specialists and a second time former
BL specialists into CA4-capable strains (a.k.a ‘blue-green light generalists’)

Chromatic acclimaters constitute about half of all Synechococcus cells in oceanic
areas, with PTs 3dA (CA4-A island) and 3dB (CA4-B island) cells being about equally
abundant and with complementary distributions

Chromatic acclimaters are particularly abundant in transition zones but the fitness
advantage of CA4 will decrease in the future ocean because the latter will become
bluer and less variable.
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Questions?

Relitive
abundances
of Syn. PTs

%BL "% - % Chromatic - | .4
specialists acclimaters = = )
o . I. [ = -I _-. s = i

I S e a—

Mattei et al. 2025 Sci. Adv.



Each CA4 genomic island is sufficient to convert a different type of specialist

GL specialists BL specialists
/ \ / AN
Transform with:
"4 X '4 ¢
CA4-B CA4-A CA4-B CA4-A
genomic island genomic island genomic island genomic island
adds GL capacity adds BL capacity adds GL capacity adds BL capacity
X no cA4 vcas (only partially!) Ycas yes X no caA4
o BL
[ = - @ Seation Beologigue
. — Roscoff
2 Grébert et al.
Slide courtesy § =2 - unpublished
of D. Kehoe g
5 J L \ Bo et al.
g a- 1 / i unpublished
el < =i e sianE] - =g s ¢ SRME: m

] I I I = | Ji] | | i
LTI T 480 482 son =0 A0 S0
Sl waublegnl {imf sty i rsgf i
CA4 genomic islands are sufficient to confer the CA4 phenotype
This must occur through different but related mechanisms



Incomplete Lineage Sorting (ILS)

Species tree

CREOL
Speciation |
v

. CRDL 5.3

Gene P

. 53

ILS is a population-scale mechanism in which an ancestral polymorphism is not sorted during a
speciation event. The consequence is that the gene tree is discordant with the species tree.
=> No other mechanism can reasonably explain the observed gene trees.

ILS is not a process that generates diversity, but a mechanism that can explain incongruences between
gene and species phylogenies. In contrast, tycheposons do generate diversity.
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