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Bacterial biomineralization is often considered as a non controlled mineralization
process (except for MTB)

\ _eg., extracellular CaCO; precipitation by cyanobacteria

6Ca2* + 12HCO,- —— 6CaCO; + CH,,0, + 60,
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Modern stromatolite formed in Sardinia
Debrie et al. (2022) Chem Geol




Serendipitous discovery of a cyanobacterium forming intracellular amorphous
CaCO; in a controlled manner
3

_— Gloeomargarita lithophora

200 nm




Now hundreds of cyanobacteria from diverse families known to form

intracellular ACC
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Single cell cyanobacteria; Multicellular cyanobacteria; Marine cyanobacteria ...




Gloeobacter violaceus PCC 7421

Synechococcus sp. JA-3-3Ab

Pseudanabaena sp. PCC 7367

Pseudanabaena sp. PCC 7429
Pseudanabaena sp. PCC 6802

Synechococecus sp. PCC 75
nothece sp. PC

G9
ccus sp. PCC 6716
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Leptolyngbya boryana PCC 6306
Geitlerinema sp. PCC 7407

Synechococcus elongatus PCC 6301

Leptolyngbya sp. PCC 6406
Nodosilinea nodulosa PCC 7104
Leptolyngbya sp. PCC 7375
Synechococcus sp. PCC 7335
Oscillatoria acuminata PCC 6304
Oscillatoria sp. PCC 10802
Lyngbya sp. PCC 8106
Oscillatoria sp. PCC 6407
Oscillatoria sp. PCC 6506
Synechocystis sp. PCC 7509
Chroococcidiopsis thermalis
Gloeocapsa sp. PCC 7428
Rivularia sp. PCC 71186

Tolypothiix sp. PCC 9009
Nostoc sp. PCC 7107
I I— Nostoc sp. PCC 7120
‘ Nostoc sp. PCC 7524

Nostoc punctiforme PCC 73102
Calothrix sp. PCC 7507
= Anabaena cylindrica PCC 7122
Cylindrospermum stagnale PCC 7417
Mastigociadopsis repens PCC 10914
Fischerella sp. PCC 9605
Scytonema millei VB511283
Fischerella muscicola PCC 73103

Fischerella sp. PCC 9431
70|

Coleofasciculus chthonoplastes PCC 7420
Microcoleus sp. PCC 7113
Daclylococcopsis salina PCC 8305
Spirulina major PCC 6313
Spirutina subsalsa PCC 94
Leptolyngbya sp. PCC 6
Synechococcus sp. PCC 7002
Stanieria sp. PCC 7437
Chroococcidiopsis sp. PCC 6712
Pleurocapsa sp. PCC 7319
Gloeocapsa sp. PCC 73106
Cyancbacterium stanieri PCC 7202
Geminocystis herdmanii PCC 6308
Cyanothece sp. PCC 8801
Synechocystis sp. PCC 6803
Pleurocapsa sp. PCC 7327
Microcystis aeruginosa PCC 7808
Microcystis aeruginosa PCC 9806
Microcystis aeruginosa CACIAM 03
72f Microcystis aeruginosa NaRes975
Microcystis aeruginosa PCC 9432
71} Microcystis aeruginosa PCC 7941
[} Microcystis aeruginosa SPC777
Microcystis aeruginosa PCC 9808
Microcystis aeruginosa PCC 9717
Microcystis sp. T1-4
Microcystis aeruginosa PCC 9807
Microcystis aeruginosa PCC 9443
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Widespread distribution of iACC-forming cyanobacteria in
phylogenetic tree

Indications that intracellular biomineralization is ancestral in
Cyanobacteria



G. lithophora is the phylogenetically closest extant cyanobacterium to plastids

200 nm

3103
@ Freshwater/terrestrial Unicellular
Marine Filamentous
Heterocystous filamentous @

Was the formation of intracellular CaCO; transferred to photosynthetic eukaryotes ?




Amorphous calcium carbonates (ACC)

#1 1o #5: ACC+
#6 1o #8: ACC—
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XAS at the Ca [ 1
K-edge :
| 4030 4040 4050 JGIEU 4070 4030 4040 4050 40#660'0 ’:20‘;2’07
Energy (eV) Energy (eV)
Li et al. (2016) Minerals Mehta et al. (2023) Chem Geol

mmm  Synthetic ACC
FTIR

ACC-forming cyanobacteria

Absorbance

Non-ACC-forming cyanobacteria

1600 1400 1200

Wavenumber (cm'1)

Mehta et al. (2022) Spectrochimica Acta

They seem to stay intracellular and amorphous in a culture




Apparent out-of -equilibrium process

Formation of intracellular CaCOj; in environments undersaturated with CaCOj; phases

[(g:@«-)] [HCO3—] Gloeomargarita lithophora Indices de saturation dans le milieu
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Fate of intracellular ACC after cell death?
‘ : Extracellular ST ,<0: dissolution (?)
m. :c- <
' Extracellular SI_,>0: crystallization (?)

Cam et al. (2017) Geobiology




Unusual element fractionation by, e.g., Gloeomargarita lithophora
= preferential uptake of high-Z alkaline earth metals

Cam et al. (2016) ES&T; Blondeau et al. (2018) Chem Geol.
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— Formation of Sr and/or Ba-rich ACC despite inconsistent environmental
chemical conditions

= singularity of intracellular carbonates



Some of these bacteria may help remediate radioactive pollutions (°°Sr and

226R0)

— efficient trapping of heavy alkaline earth metals, incl. radioactive isotopes

nature

- 15 OCTOBER 2019
Nuclear waste? These microbes might help with the cleanup

Bacteria discovered in a Mexican lake accumulate two radioactive isotopes in their cells.
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NanoSIMS mapping of Ca, P, Ra

250 uM of Ca + 9.10> uM 295r (or Ra)

Mehta et al (2019) ES&T
Mehta et al (2022) ES&T Water




Some of these ACC-forming cyanobacteria form blooms (high cell densities)

— cyanobacterium blooming in eutrophic aqueous environments
- major health/environmental issue

Optical microscopy
@EPIDOR

Microcystis bloom (Maimee River, Ohio, USA) @David J.Ruck
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o 0 i b Vg Tran ” — What is the biological role of ACC?




Comparative genomics of iACC- vs iACC* cyanobacteria

Benzerara et al. (2022) GBE

— One single "gene" shared by iACC* and absent in iIACC-

iACC+ cyanobacteria *
-6 -5 -4k -3 -2 -1 o™ 1 2 3 4 5 6
Gloeomargarita_lithophora Alchichica-D10 TIGGGMVGLMGGHVVGSAIHGVAGAVTLEPVGAVIGAQV[EHGFTGRVMGAQLGE|/TL
Synechococcus_sp. PCC_6312 DIGSFIVGGQNGDVVGGIA[AAVGGATI[JPAGVVLGTQVETFVGGVIGARVCVES ,
Microcystis_aeruginosa_PCC_9443 AVGGAFLGMSAGQVAGGMI[JGAIGS . AL[JPGGAVLGAQVEAFAGSTTGAKLGYDV GlyZip1
Fischerella sp. NIES-4106 EFGGSLIGATVGETVGGTL{AVVAGIAMEPAGAIVGTQV{ESVVGFTIGAQLGEDA

No detectable full-length homologs with known function in databases
= New family of genes (ccyA)/proteins (calcyanin)




Determining the structure of calcyanin

Alphafold2 (AI-based) prediction of the
calcyanin of Cyanothece sp. PCC 7425

(\GWT‘:@L
What is the role of these different modules (domains) in iACC formation?
What do we know about the CoBaHMA domain?




What is CoBaHMA ? Gaschignard et al. (2024) Proteins

CoBaHMA found in 2227 different bacterial proteins

>74 different types of protein modular organizations

N-domain

P1B-ATPases ABC exporter Diacylglycerol kinase ~ Unknown proteins with CoBaHMA+hairpins

Regulatory function, involving interactions with anionic lipids ?



Genomic neighboring of ccyA

DUF454 ccyA cax

— ccyA in the genome of Microcystis aeruginosa PCC 7806

* Domain of unknown function (DUF) encodes a CoBaHMA domain (no CoBaHMA in Microcystis calcyanin)

O
o
S
b
p)
a0
-
Z
Q.
\Y2)
~
0
<
Q
<
Q
.0
L
A=
2
£
\2)
S
Q.
)
o)
Q
€
)
£
X
>N
Q
Q

Some neighboring genes particularly interesting :

* Ca?*/H* exchanger (cax)



Day/night expression of the ccyA genes

gene —>[ transcripts (MRNA) protein

Abundance?
— RNAseq experiments

Sample replicates
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Expression of ccyA varies over a day/night cycle with higher expression at the end of the night
Expression of neighboring genes is correlated with that of ccyA: transcription unit?
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Genetics: Expression of ccyA in a cyanobacterium not forming ACC

Synechococcus elongatus PCC 7942, wild type and mutants expressing ccyA

. Quantitative

(Synchrotron) STXM at the Ca L, ; edges Ca maps (30 nm resolution) comparisons
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Mutants expressing ccyA have higher Ca contents
They do not form ACC

Need more than one gene to form intracellular ACC



Ongoing work

— Genetics and design of deletion mutants

— iACC extraction and proteomics
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Are cyanobacteria the only ACC-forming bacteria? NO

Achromatium oxaliferum (gammaproteobacterium)

low laser power (<1 mW)

Lattice vibrations
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Schewiakoff (1893) Benzerara et al. (2020) Geobiol.

Sulfoxidizing bacterium, massive amorphous carbonates




The biomineralization of iACC in one gammaproteobacterium may be related to

Cyanobacteria = Methylococcus geothermalis

Calcyanin of a Microcystis

Microcystis_sp._LE19-10.1B Drawhca by Luc Canard
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Benzerara et al., in prep

" altieco We find the ccyA gene in Methylococcacceae. Close to the one of Microcystis
— Horizontal transfer?




Cosmopolitism and diversity of MTB forming ACC

In Xingginggong Lake, Xi'an City Freshwater pond in Kanazawa, Japan
s .
o P/Cal
. - Gammaproteobacteria, Candidatus order/family
Alphaproteobacteria, Rhodospirillaceae (XQ6S51), CAIRSRO1
Liuetal. (2021) AEM Taoka et al. (2014) Microbiology



Cosmopolitism and diversity of MTB forming ACC

. . .
Azospirillum brasilense Sp7 | GCA_007827425.1 I L k P L k B S l R T
Azospirillum canadense DS2 | GCA_025961225.1 n a e GV| n ’ G e O I e o I ' e C
Azospirillum soli CC-LY788 | GCA_017876165.1
Azospirillum cavernae K2W22B-5 | GCA_003590795.1
Azospirillum thiophilum DSM21654 | GCA_000960825.1
Azospirillum thermophilum CFH70021 | GCA_003130795.1
Azospirillum halopraeferens DSM3675 | GCA_000429625.1
Azospirillaceae bacterium CC-LY743 | GCA_025961205.1
Azospirillum oleiclasticum RWY-5-1-11 GCA_013423485.1
Azospirillaceae bacterium C5_bin-1525 | GCA_903883715.1
Azospirillaceae bacterium bog_933 | GCA_003165295.1
Azospirillaceae bacterium Umea3_bin-0647 | GCA_903931735.1 %
Azospirillaceae bacterium VK3_bin-0780 | GCA_903856295.1 %
iaccMTB CCP1 morphotype 11 GCA_963575705.1
'accMTB CCP2-SC5 morphotype 2| GCA_963575675.1
iaccMTB CCP5-WCLP8 morphotype 5| GCA_963575695.1
Azospirillaceae bacterium RI1112 | GCA_016124535.1
Skermanella stibiiresistens SB22 | GCA_000576635.1
Skermanella rosea KEMB2255-458 | GCA_016806835.2
Skermanella pratensis W17 | GCA_008843145.1
Skermanella aerolata NBRC106429 | GCA_007991775.1
Arenibaculum pallidiluteum SYSUD00532 | GCA_017355985.1
Niveispirillum cyanobacteriorum TH16 | GCA_002868735.1
Niveispirillum lacus 1-14 | GCA_002251795.1
Niveispirillum irakense DSM11586 | GCA_000429645.1
Aerophototrophica crusticola MIMtkB3 | GCA_001939945.1
Oleisolibacter albus NAU-10 | GCA_003336875.1
Indioceanicola profundi SCSIO-08040 | GCA _003568845.1
Rhodospirillum A centenum ATCC51521 | GCA_000016185.1
Nitrospirillum iridis DSM22198 | GCA_014205765.1
Nitrospirillum amazonense CBAmC | GCA_000730165.1
Caenis m salinarum AK4 | GCA_000315795.1
Haematospirillum jordaniae H5569 | GCA_001611975.1
Pararhodospirillum photometricum DSM122 | GCA_000284415.1
Rhodospirillum rubrum F11 | GCA_000225955.1
Roseospirillum parvum 9301 | GCA_900100455.1
Magnetospirillum gryphiswaldense MSR-1 | GCA_000513295.1
Phaeospirillum maaneticum AMB-1 | GCA 000009985.1

Gammaproteobacteria, Candidatus
order/family CAIRSRO1

Gammaproteobacteria bacterium KR-bin-0880 | GCA_903824965.1 ~ o_CAIRSRO1 *
Gammaproteobacteria bacterium KR4-bin-0193 | GCA_903876195.1 ~ o_CAIRSRO1 *
Gammaproteobacteria bacterium Umea-bin-09497 | GCA_903929445.1 ~ o_CAIRSRO1 *
Gammaproteobacteria bacterium KR-bin-4016 | GCA_903881315.1 ~ 0_CAIRSRO1 %
Gammaproteobacteria bacterium KR4-bin-0648 | GCA_903905165.1 ~ 0_CAIRSRO1 *
iaccMTB CCP3-SC15AN1 morphotype 3 | GCA_963575685.1
‘accMTB CCP3-SC1 morphotype 3 | GCA_963575655.1
xccMTB CCP3-SC5AM1 morphotype 3 | GCA_963575715.1
'accMTB CCP3-SC1AL1 morphotype 3 | GCA_963575665.1

86.6/75

Morphotype 1

Morphotype 2

Thiospirillum jenense DSM_216 | GCA_014145225.1
Thiorhodovibrio_B bacterium CSSed162cmB-275 | GCA_007128075.1
Thiorhodovibrio winogradskyi 6511 | GCA_016653415.1
Rhabdochromatium marinum DSM_5261 | GCA_016583795.1
Thiohalocapsa halophila DSM_6210 | GCA_016583825.1
Halochromatium bacterium GSL.Bin27 | GCA_009908845.1

Alphaproteobacteria o e Do 105 S et
. . " Thiococcus pfennigii DSM_228 | GCA_016583935.1
Azospirillaceae

Thiodictyon syntrophicum Cad16T | GCA_002813775.1
Lamprocystis purpurea DSM_4197 | GCA_000379525.1
Marichromatium gracile DSM_203 | GCA_004343155.1
Thiocapsa bacterium M50B4 | GCA_018399035.1
Thiocystis violacea DSM_207 | GCA_016583575.1
Thermochromatium vinosum DSM_180 | GCA_000025485.1
Thermochromatium tepidum ATCC_43061 | GCA_009664085.1
Thiorhodococcus mannitoliphagus DSM_18266 | GCA_010915725.1
Imhoffiella purpurea AK35 | GCA_000585215.1
Thiobaca trueperi DSM_13587 | GCA_004342175.1
Chromatium-violascens DSM_198 | GCA_000227745.3
Thiosymbion ectosymbiont A Cochon2018-1 | GCA_011392765.1
Chromatiaceae bacterium | GCA_016714645.1
Chromatiaceae bacterium EFPC-118 | GCA_016880695.1
Chromatiaceae bacterium WMS2 | GCA_001276605.1
Achromatium palustre Sipp-2015 | GCA_001044195.1
:accMTB CCP4-SC76 morphotype 4 | GCA_963575725.1

Morphotype 3

Morphotype 4

Gammaproteobacteria,
Monteil et al (2020) ISME J.: Mangin et al., in press Chromatiaceae




ACC-forming MTB are abundant in Lake Pavin

Large SEM mosaics (5.9

Gpixels over ~4,3 cm?) ACC-forming

MTB

8 | Achromatium




Tens to hundreds of cells per sample among millions (?) of particles. Need to detect them at different depths
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Ongoing development of a method to detect all of them efficiently, count




Why have they

been overlooked before?
P -

Before cell
fixation
(glutaraldehyde)

After
cell
fixation

After
dehydration

Li et al. (2016) Minerals

— ACC are lost upon classical sample preparation techniques
— Different response to magnetic field for ACC-forming MTB (Monteil et al. 2020)




Link between biomineralization and primary metabolisms?

Oxygenic photosynthesis 6 Ca?* + 12 HCO5 = 6 CaCO, + C(H,0O, + 60,
SUlfOXidaTion 2H25 + Oz + C02+ + HCO3_ - 25(0) + 2Hzo + CGCO3
Aerobic methane CHy + Oz + CaCO; = Ca** + 2HCO5
oxidation/methylotrophy/carboxydotrophy CO+2H,0 + €CaCO; = Ca?*+ H, + 2HCO;

Some should favor ACC precipitation; other should favor dissolution

All seem to be able to fix CO,



Shared origin among all bacteria?

— No certainty as long as we do not know how exactly bacteria form ACC

— If primary metabolism is part of the process, then it works differently for the
different ACC-forming bacteria

— If ccyA is involved in cyanobacterial biomineralization, it is not found in MTB (unless we
missed a remote homolog) but found in Methylococcus

— Lipid-bilayer compartment in MTB and Achromatium/ proteins in Cyanobacteriota

— Ca transport: vacuolar-type pumps in Achromatium and MTB (?) vs Ca?*/H* exchanger in
cyanobacteria + other proteins

To be continued...



(Causal role) Function(s)?

Cosmidis and Benzerara (2022) Comptes rendus Géoscience

— intracellular pH buffer/source of H* Ca? + HCO; = CaCO; + H*

ACC very reactive

— Reservoir of inorganic C }

— Reservoir of Ca

— Ballast ACC density = 2.18 g/cm3 (?)

Which parameter increased fithess so that this trait was eventually selected during evolution?



Conclusions

- Broad diversity of bacteria able to biomineralize intracellular amorphous carbonates

- This diversity is still most likely underestimated, including within MTB

- This may have some environmental impact

- Controlled mineralization but molecular mechanisms and function remain largely unknown

- It most likely involves more than one gene. Some of these genes encode proteins/domains

annotated as hypothetical or of unknown function

- Evolutionary history?
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