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* Biogeography

 Gradients
* Vertical zonation
o Latitudinal shifts

Microeukaryote
metabolism across the

ocean * Hydrothermal vents

Biogeography & ocean gradients



What are the global patterns
of microbial community
composition and functional
metabolism?

https://tara-oceans.mio.osupytheas.fr/ocean-gene-atlas/
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Larken et al. 2021 Scientific Data

Tara Oceans: 365 metagenomes

Pesant et al. 2015: Scientific Data g
BioGeotraces: ~700 single cell genomes
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Global patterns of nutrient stress in Prochlorococcus

Ustick et al. 2021 Science

urtA, unkN1-2

(o FHN— Function Marker genes Reference(s)
Qe high Loss of Fe-containing proteins HLIII-IV core genes (20)
QFe,medium Fe uptake (transporters) cirA, expD, febB, fepB/C, (19)
tolQ, tonB
Qphigh Alkaline phosphatase phoA, phoX (12,15)
Qp medium P starvation regulation, arsR, acr3, chrA, gap1, mfs, (12-14)
arsenate toxicity, phoB/E/R, ptrA, PMM707,
specific DOP assimilation PMM721, unkP1-5
QN high Nitrite and nitrate focA, moaA-E, moeA, (17)
assimilation and uptake napA, narB, nirA
QN,medium Urea and cyanate utilization cynA/S, tauE, ureA-G, (17,18)




Global patterns of nutrient stress in Prochlorococcus

PC2 20% explained

02 -0 0 0.1 0.2 < |
PC1 28% explained

Ustick et al. 2021 Science



Global patterns of nutrient stress in Prochlorococcus
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Ustick et al. 2021 Science



Biogeographical patterns in microeukaryote composition
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Biogeographical patterns in microeukaryote function
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Links between metagenomes
and metatranscriptomes

Gene abundance shows little variation, except in
diatoms

Haptophytes, chlorophytes, and pelagophytes will
transcriptionally regulate flavodoxin and ferredoxin

Diatoms tend to express flavodoxin genes. Species
may be adapted to iron regimes rather than relying

on transcriptional flexibility

Dinoflagellates show muted patterns across ocean

Nutrient limitation is dealt with differently
among these taxa

Carradec et al. 2018 Nature Communications



What have we learned from survey-based

omic expeditions?
e Zones of nutrient limitation impart a signature on genomes

* Most of the genetic material is unannotated
e Of the annotated fractions, some differences in latitude

* Size fraction reveals different community members and
function

* Differences in genome adaptation and transcriptional
responsiveness among phytoplankton groups
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How are communities structured along a coastal-offshore transition zone?

MODIS Sea Surface Temperature 06/19-06/28/2019
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Cohen et al. 2024 Nature Communications

Microeukaryotes are undercharacterized!

SIMONS Bermuda Atlantic Time Series station (BATS)
e R/V Atlantic Explorer
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Avg 2,320 L per dive
Took ~13 hours
8-18 depths
0.2-51 um
11 days

® Lagrangian drift ® Oulftfitted with physicochemical sensors
Vertical movement to max 6,000 meters ® Collects bulk seawater
Cohen et al. 2024 Nature Communications

® <5 cm resolution



AUV Clio

Mak Saito (WHOI), Mike Jukuba (WHOI), Chip Breier (UTRGV)




Assembling and annotating large metatranscriptomes

1.8 billion sequences
11 million open reading frames
/7,438 proteins

Database = PhyloDB + NCBI

RefSeq genomes + EukProt Harriet Alexander (WHOI)

allenlab.ucsd.edu
ftp.ncbi.nih.gov/refseq
Richter et al. 2022

eukulele.readthedocs.io

Cohen et al. 2024, Krinos et al. 2021, Cohen et al. 2022 github.com/AlexanderLabWHOI/EUKulele
Krinos et al. 2023 github.com/AlexanderLabWHOI/eukrhythmic
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Depth (m)

Cohen et al. 2024 Nature Communications
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Fungi are consumers of organics throughout the water column (Bachy et al. 2022)
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Mesopelagic eukaryote biodiversity

Protists (18S) Invertebrates (18S) Vertebrates (12S)
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 eDNA/amplicon sequencing — microeukaryotes,
invertebrates, vertebrates
* from the Northwest Atlantic continental slope

Yang et al. biorxiv



Mesopelagic eukaryote biodiversity

Protists (18S)

Depth (m)

Yang et

o o
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[ Alveolata-Apicomplexa [ Haptophyta
[ Rhizaria-Radiolaria
[ Alveolata-Dinoflagellates [ Stramenopiles-Diatoms
[ stramenopiles-MAST
O Stramenopiles-Other
[ Other Protists
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O Chlorophyta
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Depth (m)
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[0 Alepocephalidae ] Gonostomatidae
[] Nemichthyidae B Sternoptychidae
[0 Serrivomeridae [l Stomiidae

[J Melamphaidae [ Molidae

O Myctophidae O Other Vertebrates

* Diatoms, certain copepods at surface
* Radiolaria and siphonores at depth

al. biorxiv



Mesopelagic eukaryote trophic interactions

Epipelagic Upper Mesopelagic Lower Mesopelagic
n =582 (78) n=1193 (119) n=1088 (108)

* |nteractions
across taxa
with depth

* Parasites
and hosts
[ Alveolata-Apicomplexa  [] Excavata [ Annelida [ Cnidaria-Siphonophorae [ Alepisauridae
[ Alveolata-Ciliates [ Haptophyta O Arthropoda—-Calanoida B Cnidaria-Trachylinae B Coryphaenidae
[ Alveolata-Dinofiagellates [l Haptista-Other [ Arthropoda-Cyclopoida [l Cnidaria-Trachymedusae @ Delphinidae
B Alveolata-Other W Obazoa [J Arthropoda-Unassigned  [J Cnidaria-Unassigned [ Derichthyidae
B Alveolata-Syndiniales [J Rhizaria-Cercozoa B Cnidaria-Anthoathecata [ Ctenophora-Cydippida ] Gonostomatidae
B Amoebozoa [ Rhizaria-Radiolaria B Cnidaria-Coronatae 3 Ct -Unassigned ] Melamphaidae
[ Chiorophyta [J Rhodophyta [J Cnidaria-Leptothecata [ Tunicata-Copelata [J Myctophidae
[ Cryptophyta [ Stramenopiles-Diatoms [l Cnidaria-Narcomedusae [l Tunicata-Salpida [] Nemichthyidae
& Cryptista~Other @ Stramenopiles-MAST [ Cnidaria~-Semaeostomeae [0 Unassigned Metazoa [ Serrivomeridae
[ Archaeplastida-Other Stramenopiles-Other @ Sternoptychidae
[ Archaeplastida-Picozoa TSAR-Telonemia Stomiidae
Unassigned Actinopterygii
[ Unassigned Perciformes

Yang et al. biorxiv



How Is taxonomy
and function
impacted along a

d
nutrient gradient?
 Sampled across a low

nitrogen-low iron gradient
* Mostly dinoflagellates in :

the surface and
mesopelagic

* Cyanobacteria rapidly

decrease in relative
abundance below 100 m

Cohen et al. 2021 Nature Microbiology
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Alternating nitrate and iron stress

NO; +NO, (umol I”') Fe (nmol I"")
0 g 0 0 Lo < 2
* Nitrate transporters, urease, urea
0.5
transporter in oligotrophic gyres 00 SRS 0
10° S 0° 10°N 0° 10°N
" ISIP2A (phytotransferrin) (TPM) p—
* |ron transporters, a different urea
transporter in the equatorial (low
Fe) region
100 500
* Dinoflagellates are relatively ST .
. o 0 0 =
abundant and responsive to 25
changes in nutrient conditions
: lo N
1007 1003 A PRI 2008;\, S 0° 100N 20N

Cohen et al. 2021 Nature Microbiology
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Cohen et al. 2021 Nature Microbiology

St.5_500 m

St.5 600 m

Row z-score
log, TPM mean
s.d.
Station 4 2 0 2 4
Depth -

Ribonucleoside-diphosphate reductase subunit M2 (K10808)
Sulfate adenylyltransferase (K00958)

SAICAR synthase (K01923)

Transketolase (KO0615)

Isocitrate dehydrogenase (K00031)

Proteorhodopsin (PF01036)

Vitamin B, -dependent methionine synthase (K00548)
Uncharacterized protein (K0O7004)

ATP citrate (pro-S)-lyase (K01648)

3-Dehydroquinate synthase (K01735)

H'-transporting ATPase (K01535)

Elongation factor 3 (K03235)

Fructose biphosphate aldolase class | (K01623)
5-(carboxyamino)imidazole ribonucleotide mutase (K01588)
Ferredoxin-NADP" reductase (K02641)

Caffeoyl-CoA O-methyltransferase (K00588)

AICAR transformylase (K00602)

Flavodoxin (K03839)

Glyceraldehyde 3-phosphate dehydrogenase (K00134)
Voltage-gated sodium channel (K08714)

ISIP3 (pti:PHATRDRAFT_47674)
D-3-phosphoglycerate dehydrogenase (K00058)
ISIP2A (pti:PHATRDRAFT_544865)

Urea transporter (KOG2348)

S-adenosylmethionine synthase (K00789)
Adenosylhomocysteinase (K01251)

Elongation factor 1-alpha (K03231)

Proliferating cell nuclear antigen (K04802)
Calcium/calmodulin-dependent protein kinase | (K08794)
Cytochrome ¢ oxidase subunit 1 (K02256)

Inorganic pyrophosphatase (K01507)

Tubulin alpha (K07374)

Calreticulin (K08057)

Molecular chaperone HtpG (K04079)
Glutamine synthase (KO1915)

14-3-3 Protein epsilon (K06630)
Endoglucanase (K01179)

Chaperonin GroES (K04078)

Glycine amidinotransferase (K00613)
Fanconi anemia group M protein (K10896)
cGMP-dependent protein kinase 1 (K07376)
Cathepsin X (K08568)

Actin beta/gamma 1 (K05692)

Cathepsin F (K01373)

Arf/Sar family, other (K07977)

Cathepsin A (K13289)

Cathepsin B (K01363)

Long-chain acyl-CoA synthase (K01897)
Translation initiation factor 4A (K03257)
Ubiquitin-conjugating enzyme E2 D/E (K08689)

Distinct tra
signatures
mesopelag

nscriptomic
n surface vs.
C

» Surface dinoflagellates engaged in
photosynthesis, rhodopsin, iron
transport

* Deep communities invested in
cytoskeletal components,
proteases (cathepsins) potentially
involved in phagotrophy

Same dinoflagellate
genus/species?



Development of zinc stress biomarkers and application in
the central Pacific Ocean
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Kell et al. 2022 Nature Communications



Development of zinc stress biomarkers
and application °‘
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Tracking mixotrophy using omics

a machine learning method to determine Trained using cultured representatives

trophic mode of in situ planktonic Genes involved in phagotrophy are not specific to
populations based on metatranscriptomics this process

Gene models could be wrong!

A » Heterotroph B

e Mixotroph
@ Phototroph

Low probability of being
heterotrophic (Burns et al.
2018) - W -

t-SNE Dimension 2
%o .
A
g
0%o o
x.. 3
&
°© o3
0“"'
&8,

t-SNE Dimension 1 Func. 1@  Func.2 M
Signalling Photosynthesis
Motility Iron

Lambert et al. 2022 PNAS Light sensing Cofactor
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Tracking mixotrophy using omics

Applied to the North Pacific Ocean.
Resolved by taxa bins

B ]
0.1 0.2 0.3 0.4

Chlorophyll concentration (mg/m?3)

Lambert et al. 2022 PNAS
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Tracking mixotrophy using omics

Applied to the North Pacific Ocean.
Resolved by taxa bins

Organisms did not shift trophic mode
based on day/night

Mixotrophic microeukaryotes shift their
trophic mode in response to natural a
nutrient gradient

Dinoflagellates

Dictyo.

Prymnesiophytes

(48) Chrysochromulina brevifilum

(47) Chrysochromulina polyepsis
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(47) Alexandrium tamarense
(39) Neoceratium fusus

(48) Pelagodinium beii

(48) Prorocentrum minimum
(48) Karenia brevis

(4) Dinophysis acuminata
(47) Azadinium spinosum
(48) Gymnodinium catenatum
(48) Karlodinium veneficum
(44) Dictyocha speculum
(17) Rhizochromulina marina
(29) Phaeocystis antarctica

(47) Chrysochromulina rotalis

(5) Prymnesium parvum
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What have we learned from large omic
investigations across gradients?

* Distinct community composition and functional metabolism at
depth
* Location dependent, potentially database dependent
* Changes in nutrient regime is evident in transcripts/proteins

e Can track shifts in metabolism and trophic mode

* Provides valuable biogeochemical insights when paired with
direct observations (rate measurements, geochemistry)



Hydrothermal activity is associated
with plate boundaries
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Biogeochemical & economic importance of hydrothermal systems

Deep sea mining to meet increasing

Hydrothermal Fe stimulates economic demands?

phytoplankton blooms!
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Hydrothermal vents trigger massive phytoplankton
blooms in the Southern Ocean
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Can metals released from distal plumes
influence microbial metabolism?
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Near field
Reduced species still present in plume,
oxidation actively occurring

~ Near field

Buoyant
plume

»s Doesn’t it all
. f precipitate?
P

Gartman & Findlay 2020 Nat. Geos.
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Hydrothermal Fe is transported over thousands of km!
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Intense hydrothermal signal off the Tongan Ridge

Do hydrothermal vents in the Northeast Lau Basin
produce metal plumes?

3(°He)% AP : s o)
Tonga-Fiji Plume ( ) EPR Plume 140°E 160°E 180°E 160°W 140°W

3
L

T T
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Are the metals released
influencing microbial
metabolism?
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Lupton et. al 2004 Geochem. Geophys. Geosys.



Automated pre-concentration & multi-elemental detection of total dissolved
metals

Sea salts Sea water
.
Water
96.5 % (965
Sulfate 9
7.7% (2.70)
Calcium Magnesium
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Potassium Minor constituents 35% (350)
1.1% (0.39 ) 0.7 % (0.25 g) Quantities in relation 1o 1 kg or 1 e of Sea waler l Th ermo Scie ntIfIC

Figure 5.3.1 The relative proportions of ions in seawater. (By derivative work: Tcncv

(talk) Sea_salt-e_hg.svg: Hannes Grobe, Alfred Wegener Institute for Polar and
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Inductively coupled plasma
mass spectrometry (ICP-MS)



Fe & Mn signatures indicate distal hydrothermal plumes
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How are microbes influenced by plumes?
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Chloro1l>|os+

Source of light in the deep dark ocean?

Chloro?h\‘("

Expii.com

Why do we have photosynthetic

proteins in the plume?

Green sulfur bacteria from hydrothermal vents

Beatty et al. 2005 PNAS

use low light to grow.....

Van Dover et al. 1994 EOS

Using geothermal light?



Microeukaryote grazing at hydrothermal vents

Microeukaryotes are a link between primary A
producers and higher trophic levels in vent
ecosystems

0.75-

Paired grazing experiments with amplicon
sequencing to quantify protistan grazing

Worked with vent fluids from the Gorda
Ridge spreading center in the northeast

Relative abundance

Pacific Ocean 0.25-

Shallow seawater in situ . Venti Latte Vent in situ
. Deep seawater in situ O Venti Latte Vent Grazing
. Near vent BW in situ
O Near vent BW Grazing
‘ Mt Edwards Plume in situ
. Mt Edwards Vent in situ . SirVentsAlot Vent in situ
O Mt Edwards Vent Grazing O SirVentsAlot Vent Grazing

Candelabra Plume in situ
Candelabra Vent in situ

Candelabra Vent Grazing

Hu et al. 2021 PNAS
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Microeukaryote grazing at hydrothermal vents
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Microeukaryote grazing at hydrothermal vents

|dentified interactions
between
archaea/bacteria and
microeukaryotes

Resident ciliates
especially interacted
with bacterial
counterparts

Adds to relatively little

that is known about
deep sea eukaryotes

Hu et al. 2021 PNAS
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How has omics shaped our understanding of microbial
niogeography and ocean gradients?

 Patterns in nutrient stress, genomic adaptations and transcriptional activity
across ocean provinces revealed

 Evidence for changing community composition with depth in the North
Atlantic and dinoflagellate dominance in the central Pacific

* Microeukaryote metabolism reflects shifting nutrient stressors across
latitudinal and coastal-offshore gradients

» Hydrothermal vents create complex and chemically rich gradients at the sea
floor

* Distal plumes may contain remnants of hydrothermal influence

* Microeukaryotes are important grazers in these ecosystems
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