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Oceanic phytoplankton contribute to 50% of
primary productivity on Earth

Atmospheric CO, per year

55-70 Gt

Added by Recycled by  Recycled by
humans phytoplankton  land plants

ik " 1% of Earth’s photosynthetic biomass

Earth’s biosphere
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GiC

Marine Deep Terrestrial 2
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Fe limits marine production in 30-40% of the ocean surface

Experimental evidence of upper
ocean primary nutrient limitation

N

Fe Verylow Fein the ocean (<1 nM)
Moore (2016) Phil. Trans. R. Soc. A

Natural iron fertilization of the ocean

Upwelling Currents

A _skm

Freshwater sediments

Hydrothermal Vents Upwelling
Volcanoes 3

NASA Earth Observatory



Substitution of Fe-containing proteins by iron-free counterparts

Known molecular compensatory mechanisms to deal with iron deficiency

Stroma

Fe deficiency

Jl Calvin Cycle
Ferredoxin TN,

o

H,0 O, H+ @® = |ron atom

H *illustrative

H+ WCytochrome c6

Lumen Fe deficiency 4




Substitution of Fe-containing proteins by iron-free counterparts

Known molecular compensatory mechanisms to deal with iron deficiency

Stroma o
Fe deficiency

Jl Calvin Cycle
Flavodoxin m

Y . =

H* ® = iron atom
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Lumen Fe deficiency 5
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MetaG and MetaT mapping against ref database

Functional and taxonomic annotation of Tara Oceans sequences coding

electron shuttles

Pierella Karlusich et al. in prep.

A

proteins and
similar homologs

() il G
9 = ——
@& | sHvMER H— —
MMETSP ? [ -=-;
TARA & j—
OCEANS = ..
/7
& ¥
. Pho;on'synthetic

B

Taxonomic distribution of
Tara Oceans unique sequences

=unknown
-UCYNA
- Synechococcus
= streptophyta
- Stramenopiles
=root
- rhodophyta
- raphydophyceae
- Prochlorococcus
- pinguiophyceae_and_bolidomonas
- pinguiophyceae
. - phages_and_maybeothers
[ * -phages
. = phaeophyceae
- Pelagophyceae
- Oscillatoriales
- Haptophyta
- eutigmatophyceae
- Eustigmatophyceae
» -Eukaryota
- Euglenids

@ - Dinophyceae
- Dictyochophytes
- diatoms
- Cyanobacteria
- Cryptophyta
- Crocosphaera
- Chrysophytes
- Chromerida
- Chlorophytes
- Chlorarachniophytes
- Bolidophyceae
- Beta-cyanobacteria
- Alpha-cyanobacteria

uoxe)

Number of
unique

sequences
@ 1000
@ 2000
@ 3000

@ o

Fd Tl

Fid ™
Cytc6 ™

PC™*

gene

for photosynthetic

—
=

guidde|n sueadQ bupy

Fid, Fd, PC, CytoC6
Reference Database
Fld: 44,387 uni. segs.
Fd: 105,119 uni. segs.

CytoC6: 65,454 uni. seqs.
PC: 28,312 uni. Seqs



A

FId / (FId + Fd)

Genomic indexes anti-correlated with iron concentration from biogeochemical models
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Genomic Fe status indexes correlates with fluorescence quantum yield
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Generating a global biogeography of phytoplankton Fe nutritional status
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Global maps of predicted iron genes ratios
Substitution of Ferredoxin (Fd) by Flavodoxin (Fld)

FLD/FLD+FD MetaG

g

FLD/FLD+FD MetaT

-G g

= , | = | |
Variance explained = 76% Variance explained = 66%
08 FLD/FLD+FD MetaXG FLD/FLD+FD MetaT
" | MRAE=14%, Bias=-0.09, F;?p=0.7>6__x» 1| MRAE=56%, Bias=0.01, R_ =066
0 6 I X X . X)( %
: B 0.8 e
2 X
B 04f % 0.6
S04l x>
0.2} % ' Fit
0.21 XX XXX « '
X)?‘ e 95% conf. bounds
0 : : : : I —
0.2 0.3 0.4 0.5 0.6 0.2 0.4 0.6 0.8 1
estimated

* Leave-one-out cross-validation
MRAE — Mean Relative Absolute Error

estimated

0.8

0.6

0.4

Fe Replete

11



Global maps of predicted iron genes ratios
Substitution of cytochrome C6 (CytoC6) by plastocyanin (PC)
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MetaT-based flavodoxin index is a proxy of Fe limitation defined by bottle experiments
FLD/FLD+IFD MetaT .
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metaT-based ratios are better proxies of Fe limitation defined by bottle experiments
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Iron stress genes/transcripts in the Tara Pacific

1. Further validating the approach by correlating gene ratios with in-situ iron measurements

2. Increasing observations for ML algorithms

Metagenomes Metatranscriptomes

@ Fld, Fd, PC, CytoC6 Mapping

—— Reference Database = _"___°
@ Fid: 44,387 uni. segs.

Fd: 105,119 uni. seqs. 'I' a ra Tara Pacific (2016-2018)
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Abundance of mapped genes and tra-nscripts



Flavodoxin and plastocyanin indexes in the Tara Pacific

Fld / (FId + Fd)
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Flavodoxin and plastocyanin indexes
strongly anti-correlated with in-situ iron
measurements

Correlations were more pronounced in the

smaller size-fractions

Correlations were mostly stronger in the
metatranscriptomic than in the
metagenomic data
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Conclusions

We found patterns of gene and transcript abundances consistent with
biogeochemical models, iron concentration measurements, and satellite remote

sensing, suggesting these ratios can work as good genomic proxies for iron
limitation in the ocean

We used the prevalence of phytoplankton genes and transcripts involved in iron
responses to develop maps of inferred nutrient stress across the global ocean. The
metaT predictions were more coherent with bottle experiments.

The metaT indexes correlated better with iron in-situ measurements in Tara Pacific

Although we highlight the need for increasing in-situ observations, our workflow
provides the foundation for linking genomics and remote sensing to monitor
phytoplankton iron nutritional status in the global ocean

17
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Perspective: to generate an enhanced dataset of genes and transcripts mapped
in more metagenomes and metatranscriptomes to train machine learning
algorithms linking genomic and remote sensing data

Recommendations:

The transcript ratios are good proxies of phytoplankton stress, and can
inform EBVs (physiology), which can be linked to remote sensing metrics

We highlight the need for increasing recurrent in-situ observations (DNA &
RNA seguencing), particularly in underrepresented ocean regions, to
improve predictions of phytoplankton diversity & physiology

Keep working together in inter-disciplinary efforts
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Predictions were coherent with biogeochemical models, remote sensing, and genomic data
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Iron correlations with Fld and PC indexes in the main phytoplankton groups
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