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The ocean makes our planet livable




The ocean acts as a buffer for CO, in the atmosphere
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Sabine et al. (2004) Science

Between 1800 - 1994, ocean has absorbed ~120 petagrams of CO,
Oceanic sink accounts for ~48% of fossil-fuel emissions




The vast unseen microbial populations play a critical role in
ocean function




Microbial biogeochemistry - fundamental to ocean ecosystem
function

e Marine microbes...

phyto- = photosynthetic
nlankton = floating organisms |

Produce and consume
green house gases
Supply the marine food
web

Recycle organic matter
Account for roughly half
of global primary
production

Image courtesy C-MORE

e make the planet habitable




Marine phytoplankton are highly diverse
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Focus on keystone groups

Haptophytes

| Keystone groups
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Phytoplankton play a profound role in the earth system

Half of global primary production




Seasonal chlorophyll distributions in the sea - highlights the
global significance of phytoplankton




Sampling microbes across marine ecosystems




Tracking physiological ecology: from the flask to the field

Culture-based experiments Field-based studies
Species-specific responses to well- Assess whole community dynamics
controlled environment in a natural environment
Micro/Mesocosm
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‘Omic-enabled advances allowing to query cells in their
environment in a species-specific way




Challenges and opportunities in microbial oceanography

e Long standing challenges:
Populations are dilute
Few species-specific assays
Few genome or
transcriptome sequences

Cell wall

e New opportunities
e Novel concentration and
detection strategies
Increases in whole genome
seguences
Increases in transcriptomes
for eukaryotic taxa

Increasingly able to use ‘omic and ‘metaomic approaches!




Leveraging ‘omic data to study marine microbes

Taxonomic Diversity: Who is there?

Metabolic capacity: What are the
molecular underpinnings of
resource metabolism?

Cell wall

Metabolic plasticity: How are those
pathways regulated?

Functional diversity: How are the
pathways expressed in situ?

Niche space: How are resources
partitioned over time and between
species?




Vignettes

From genome to biome: Tracking the
metabolism and microbiome of a keystone

N, fixer
Genome - enabled

Co-existing in a sea of competition:

Leveraging transcriptome data to identify
the physiological ecology of phytoplankton ’
from key groups

Transcriptome - enabled
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Two themes

Metabolic traits and trade-offs

e What phosphorus is bioavailable?
e What are the biogeochemical
constraints on N, fixation?

Host microbiome interactions

e Whois there? Microbiome
diversity
What are they doing? Microbiome
functional diversity and
interactions




Nitrogen-fixing marine cyanobacteria

) Crocosphaera
e Symbionts P

e UNCYN-A
e Richelia

e Free-living
e Crococosphaera
e Trichodesmium

T. erythraeum -
like Clade

-Trichodesmium contortum
-Trichodesmium erythraeum

-Trichodesmium tenue
-Trichodesmium thiebautii

T. theibautii -
like Clade

-Trichodesmium spiralis
-Trichodesmium hildebrandtii




Graphic: P. Oberlander

Images: D. Ohnemus, A. Heithoff




Phosphorus pools in the western North Atlantic

Particulate phosphorus
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Trichodesmium erythraeum IMS101 genome page
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Phosphorus metabolic traits and trade-offs

e Phosphonate
e (C-P Lyase (Fe co-factor)

e Ester
e phoXtype alkaline phosphatase (Ca Fe co-factor)
e phoA type alkaline phosphatase (Zn co-factor)
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Alkaline phosphatase
P —OH
_o”\ SEEEE—
R O 0] Corresponding
Phosphoester alcohol

e  Phosphite -
e ptxD gene cluster PO,

Dyhrman et al. 2006 Nature, Dyhrman and Haley 2010 AEM, Orchard et al. 2010 L&O, Van Mooy et al. 2015 Science




Comparative genomics: phosphorus traits and trade offs

Trichodesmium Crococosphaera
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Other N, fixing cyanobacteria genomes do not encode the same pathways
for phosphorus metabolism - less available substrates, but less metal
requirement

Dyhrman et al. 2006 Nature, Dyhrman and Haley 2010 AEM, Orchard et al. 2010 L&O, Van Mooy et al. 2015 Science




Assaying P supply with isotope tracers

Rates are difficult to

constrain with tracer

studies

e No tracers for DOP

e DynamicP
requirement

Trichodesmium:
~ 0.5 nmol PO htugChla?

~ 7P
~ ?% phosphite (PO,)

Orchard et al. 2010 Limnol and Oceanogr
Van Mooy et al. 2015 Science




Assaying P supply with a genome-enabled tool

Develop a molecular
tool for tracing the P
flux and relating it to N,
fixation




Tracking genomic potential with expression studies

\

Harvest and preserve
samples

* Growth rate
.

gRT-PCR of phoX
Activity




Calibrating gene expression to growth and N, fixation

phoX Gene Expression
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Calibrating gene expression to P supply

e phoX expression is
responsive to cellular P
regardless of exogenous
source.

NSO =N

n b o

5
-6
7
-8
-9

Relative Expressoin

Transcripts are rapidly
turned over.

Response is similar in
culture experiments with

both clades Orchard and Dyhrman unpublished




Calibrating gene expression to growth and N, fixation

phoX Gene Expression N, Fixation Rate

N, Fixation Rate
(nmol N pg Chl a’ h'1)
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Calibrating gene expression to N, fixation

40-70%
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Sampling different P regimes

®m South Pacific

+- A North Atlantic
Y North Atlantic

S . North Atlantic







DIP, TDP
Measurements

Measurements of
quantitative gene
expression for
Trichodesmium sp.




Gene expression increases at low phosphorus

r2=0.86 (TDP)
Low P supply

r2=0.75 (DIP) North Atlantic

South Pacific

North Atlantic .

North Atlantic High P SUp.p.Iy
North Atlantic South Pacific
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Calibrating gene expression to N, fixation
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Data predicts that P supply limits N, fixation in the western N.
Atlantic

4+—>70%

<4 40-70%
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North Atlantic 4+—<40%
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Constraints on Trichodesmium N, fixation

=nitrogen
=phosphorus
=iron

" =light
- =temperature

=replete
(Moore et al. 2004)

Molecular patterns corroborate predictive models in the western
north Atlantic

phoX - P regulated ester metabolism (Orchard et al. 2009 Environ. Micro.)
idiA - Fe regulated iron metabolism (Chappell et al. 2013 ISME J.)

rnpB - reference gene

nifH - N, - fixation




High DIP/DOP
Low Fe
(n=3)




Analysis pipeline derived from metagenome analyses

Collect samples
Remove rRNA

Submit samples
to sequencing
center

N. Atlantic N. Pacific
Sequence using

RNAseq and map
reads to genomes
0 Genome strain @
y/ Target 30 - 60 million
> 100 bp paired-end reads
o o - o ? 2t

Frischkorn et al. (in review)
. Cade | - Clade N I Chade IV Uncissted

Rouco et al. (2016) Environ. Micro.
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The reality.....




Metatranscriptome analysis

RNA
extraction

Bacterial mRNA
enrichment:
»Euk RNA removal-
MICROBEnrich kit (Ambion)
=Bacterial rRNA removal-
Ribo-Zero (Epicentre)

Sequencing:
Single-end reads 100bp
[llumina HiSeq. 2000
Depth coverage: 30M

Preparation of reference
metagenome:

= Extraction of Trichodesmium-only
scaffolds from metagenome data

Read mapping
RSEM (Li and Dewey, 2011) with
Bowtie2 (Langmead et al. 2012)

Sequence processing:

= Sequence quality - FASTQC (.fastq)
=  Trimming - Trimmomatic (.fastq)

Differential
expression analyses:

R (vegan package -
Oksanen et al. 2016

Correspondence
analysis (CA) + envit
function
PERMANOVA

(adonis function)

R (EdgeR package-
Robinson et al. 2010

Assessment of
differential
abundance of
individual OG




Biomarkers consistent with model prediction
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Trichodesmium sp. transcripts
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Biomarkers confirm
model predictions.

Gene FPKM

phoX idiA rmpB nifH
Gene




Significant differences in global transcription between the
North Pacific and the North Atlantic
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Ruoco et al. (in prep)




Transcription patterns indicate metalloenzyme trade-offs and
geochemical controls

Putative
function

Phosphite transporter

Phosphonate ABC transporter

Alkaline phosphatase

Phosphate transponer

Iron(ll) transporter
Irond{ll) transporter

Zinc transporter

Protein Pacific

name

PtxA -
PixB 4
PixC 4
PhnE 4
PhoA1 1
PhoA2 -
PhoX
PstC -
PstS -
IdIA 1
FeoB
ZnuA 4
ZnuC 1

Atlantic

[ | North Pacific
- North Atlantic

10
Fold Change

Rouco et al. (in prep)




Contextualizing metatranscriptome data with culture
experiments

Metal
Cofactor

Zn, Mg [Fe] added 100nM 100nM 25nM 10nM
[P1 16um

Fe, Ca
1501 +Ca

_
Proportion of Ca dependent
activity (PhoX) decreases | B 100 oM Fe

with increasing Fe-stress 25nM Fe
P 10nMFe

BonmFe

Proportion of Zn dependent
activity (PhoA) increases
with increasing Fe-stress

Frischkorn et al. (in prep)




Summary - Metabolic traits and trade-offs

What phosphorus forms are bioavailable?
What are the biogeochemical constraints on N, fixation?

e Trichodesmium genome suggests bioavailabiliy of phosphonate,
ester, and phosphite

Trichodesmium phoX expression levels suggests that supply of
bioavailable P is low in the western N. Atlantic, which could
constraint N, fixation

Predicted biogeochemical drivers of N, fixation are reflected in
Trichodesmium transcriptional signals including likely
metalloenzyme switching




Two themes

Metabolic traits and trade-offs

e What phosphorus is bioavailable?
e What are the biogeochemical
constraints on N, fixation?

Host microbiome interactions

e Whois there? Microbiome
diversity
What are they doing? Microbiome
functional diversity and
interactions




Modeling N, fixation is still a challenge

MOdelS dO nOt balance the N a) Depth-integrated Trichodesmium Abundance (colonies m'z)
cycle in the ocean or recapitulate s o S
patterns well

Assays of nitrogen fixation are
technically difficult = variability

=) o L) ‘C--'v_j 0 N
80W 65W S0W
b} Depth-Integrated Trichodesmium N2 Fixation (umol N m2d 1)
QC469 QCc471

Information on distribution over : —————— 40N
time and with depth is still | |
patchy

Geochemistry is not necessarily a BOW 6SW S0W | 80W 65W 50W

0 Luoetal (2012) © VPR Estimate

good predictor of distribution or
N, fixation Olson et al. 2015 DSR ||




Host microbiome interactions

e Trichodesmium colonies harbor
epibionts in cultures and field
populations (Ruoco et al. 2016 EM)

Quorum sensing communication

molecules (acylated homoserine

lactones - AHL) detected in colonies
(Van Mooy et al. 2012 ISME J)

Addition of AHLs to field colonies
changes activity independent of
geochemistry (Van Mooy et al. 2012 Image courtesy Tracy Mincer
ISME J)




Epibiont diversity

EXPERIMENTAL APPROACH Collection of

colonies from
3 ocean basins
(~top 25m)

¥

DNA extraction

¥

Bk e .
s | Sequencing:
e V4 region of 165
10 samples

apa3r ) | rRNA gene Mothur v. 1. 34. 0 (936,749 reads)
: Miseq » * Trichodesmium: ~67% of reads
(2x150 bp) = Epibionts: ~32% of reads

Are epibiont communities distinct as a function of colony
morphology or environment?

Monica Rouco




16S rDNA analyses

Paired-end sequencing:
DNA Miseq (2x150 bp)
extraction V4 region of 16S rRNA gene
(515F-806R primers)

Data visualization OTU table
and statistical analyses: (.csv)

R (vegan package — Oksanen et
al. 2016

Dissimilarity matrix
Visualization: PCOA

Mantel tests

PERMANOVA (adonis function

Metabolic inference fasta

PICRUSt (Langille et al., 2013) .count_table

LEFSE (Sagata et al. 2011) glrfegl gene
dtapase

Output:
= File_[1_001.fastq
»File_R1_001.fastq
»File_R2_001.fastq

Sequence processing:
MOTHUR
(Kozih et al. 2013)

Demultiplex and make contigs
Sequence cleaning (remove
homopolymers and sequence
trimming)
Remove quimeras (UCHIME)
Classify unique sequences

(RDP training set)
Remove non-bacterial sequences
OTU clustering (97% similarity)




Colony composition by region

N. Atlantic N. Pacific S. Pacific
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Colonies are not likely species specific, the raft morphology is more
diverse except in the S. Pacific




Average epibiont community

Unclassified bacteria
I Other bacteria

Deltaproteobacteria

(1%) \
Proteobacteria, uncl. _

(4%) N
Bacteroidetes, uncl.

(4%) Alplhaproteob'acleria.

Flavobacteria (32%)

(5%)

Gammaproteobacteria
(25%)

Rouco et al. 2016 Envrion. Micro.

16S amplicon sequencing indicates that Trichodesmium colonies harbor
diverse epibionts distinct from common water column bacteria, and
those found on sinking particles.




Epibiont community diversity
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Epibiont communities significantly differ by ocean basin, and with
colony morphology except for the S. Pacific where the Trichodesmium
composition of rafts and puffs were not significantly different.




What drives community assembly?

Niche? What type of Trichodesmium, physiological ecology in
the colony, environment..

Lottery? Random selection of potential copiotrophs, role of
taxonomic v. functional group uncertain...

Working to examine the Trichodesmium holobiont with
metagenomics/metatranscriptomics.




Metabolic potential in the Trichodesmium holobiont

L COPO,

vl g @C

Use as a ternplalte for analysis of Locate ORFs, translate into proteins,
Trichodesmiurn Seld populations annotate and assign taxonomy

Trichodesmium colonies were isolated for metagenome and
metatranscriptome sequencing along a phosphorus gradient in the
western north Atlantic.




Metagenome Pipeline Metatranscriptome Pipeline

Pool reads and Pool reads and
assemble assemble

Bin by read Map reads from
coverage and each sample to de
tetranucleotide novo assembly
frequency, assess
bin completeness Assign taxonomy
& length and annotate ( and
maybe sum read
Locate ORFs, counts by

translate into species/group)
proteins

: Find genes/OGs with
Annotate proteins differential expression

and assign between samples
taxonomy

Cluster binned Normalize expression Find
: between different enes/OGs
scaffolds into w ! 9

samples with key expr.
orthologous patterns

groups




Composition of the holobiont

Microscilla

Bacteroidetes Trichodesmium
Oscillatoriales  [JI=] 2

Gammaproteo. - [}

Alphaproteo. Rhodobacterales
8

Rhodospirillales
s

Frischkorn et al. (in review)

Nearly complete (65-90%) genome bins were reconstructed from a
merged assembly and results are consistent with 16S data




Distribution of holobiont

Trichodesmium

Epibionts
[ ) - g1 T i F 4|
Microscilla I

Bacteroidetes Trichodesmium

Oscillatoriales

Gammaproteo. [

Alphaproteo.: Rhodobacterales
Y

Rhodospirillales

Frischkorn et al. (in review)

Epibiont genome bins are detected at all stations, but the relative
abundance varies




Microbiome diversity differs significantly between regions

*Northern
Southern
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Frischkorn et al. (in review)




Variable distribution of functional pathways among epibionts

Nitrogen fixation

e Differential pathway Nitrogen [0
Metabolism Nitrogen stress

. . . Nitrilase
enrichment consistent with a g ide ymhae
Phosphorus High affnity P transporter (PHO)

microbiome that is modulated Metabolism . Folphoishie

Alkylphosphonate utization
Iron acquisition

as a function of environment won o oo

Hemin transport
Metabolism Other heme and hemin utiization

Heme and hemin utization
Hagellum (Gram negative)
Motility and Flagellum

Trichodesmium Epibionts Chemotaxis el sy ety

. — — . . Bacterial Chemotaxis
re— ' ‘ Gene transfer agent
! Secretion Two partner secretion
Type VI secretion

Mg transport

Ni and Co transport

Na-dependent P transport

Twin-arginine translocation

Transport H+-dependent peptide transpoet

Tricarboxylate transport

ABC: dipeptides

ABC: oligopeptide

ABC: alkylphosphonate

ABC: tungstate

ABC: branched chain AA

Proteorhodopsin

Calvin-Benson cycle

Entner-Doudoroff pathway

TCA cycle

Glycolysis and gluconeogenesis

Metabolism Glycogen metabolism

Glycerate metabolism

Chitin and NAG utiization

10% Glycerol and G3P utilization

Xylose utization
Fructose utiization

100% Epibiont Bin: 4

x

N
-

-t

Relative Abundance

N

Frischkorn et al. (in review)




Variable distribution of functional pathways among epibionts

Differential pathway
enrichment consistent with a
microbiome that is modulated
as a function of environment

Phosphonate, heme and
siderophore functions are
enriched relative to water
column microbes in the
Sargasso Sea.

Nitrogen
Metabolism

Nitrogen fixation

Ammonia assimilation
Nitrate and nitrite ammaonif
Nitrogen stress

Nitrilase

Phosphorus
Metabolism

Iron
Metabolism

Motility and
Chemotaxis

Secretion

Transport

Metabolism

10%

!

100%

AT AR

Phosphate metabolism

High affinity P transporter (PHO)
Polyphosphate
Phosphoenolpyr. phosphomut.
Alkyiphosphonate utiization

Iron acquisition

Siderophore assembly

Hemin transport

Other heme and hemin utiization
Heme and hemin utization

Flagellar motikty
Bacterial signal recognition
Bacterial Chemotaxis

Gene transfer agent
Two partner secretion
Type VI secretion

Mg transport

Ni and Co transport
Na-dependent P transport
Twin-arginine translocation
H+-dependent peptide transpoet
Tricarboxylate transport
ABC: dipeptides

ABC: oligopepticde

ABC: alkylphosphonate
ABC: tungstate

ABC: beanched-chain AA

Proteorhodopsin

Calvin-Benson cycle
Entner-Doudoroff pathway
TCA cycle
Glycolysis and gluconeogenesis
Glycogen metabolism ’
Glycerate metabolism
Chitin and NAG utiization
Glycerol and G3P utiization o
Xylose utization
Fructose utiization

EpibiontBin: 4 6

&
o%,

Frischkorn et al. (in review)




Comparing metabolic potential in the holobiont

\

Orthologous group
analysis

Image courtesy Tracy Mincer

Epibionts v. Trichodesmium




Epibionts confer the majority of the metabolic potential

>90% OGs >10x Functions

|:| Tricho.

-
»

J Epibiont

-

0
O,
®
8
2

Unique KEGG IDs

8oth Epibiont Tncho,
Onl Onl

Frischkorn et al. (in review)

Orthologous (OG) group analysis suggests that epibionts confer the
vast majority of metabolic functions to the holobiont.




Metabolic partitioning within the Trichodesmium holobiont

Flagella

Heme} HemC

L PO,*

Epibiont only

Frischkorn et al. (in review)

[lBoth

=71 Rhedospir. & Microsci,
2] Microscitla Rhodobact. & Rhodospir.
] Rhodospirillales  [—_] All epibiont classes

Epibionts can produce
organic iron complexes
that likely modulate
iron in the holobiont
microenvironment




Uptake and metabolism of reduced phosphorus forms

C-P Lyase
PhoX
PhoA

Phosphite
uptake

Biofilm

Sider. 4

i Flagell
Fli/Fig e Phosphorus
( - Hemel HemC metabolisms are

present in both
Trichodesmium and
the microbiome.

< HixA HPO,*
Epibiont only
[1Both

B Tricho. only ] Rhodospir. & Microsci,
2] Microscitla [ Rhodobact, & Rhodospir.
[ Rhodospirillales  [_] All epibiont classes




Answers to enduring mysteries... who makes C-P compounds?

Phosphonate (C-P) biosynthesis

Culture eh—o— 54
. .- rS5
| 2
«— Phosphates  em 186 =
| 3
Phosphonates Ho—a—1 r §7 E
s r 59
o .- Field ‘s
5 10 15 20 25

P in P(Il1) compounds (% of *P uptake)

Dyhrman et al. (2009) Nature Geo. Van Mooy et al. (2015) Science

Phosphonates are produced at high rates in the holobiont - hot spot for

reduced phosphorus cycling. Is it Trichodesmium or the epibionts?




Phosphonate production is a shared metabolism

>

PtxD

- ) LuxR*

Biofilm

Sider. 4

Fli/Flg

Flagella

HemeH HemC

| HixA HPO,”

Epibiont only

B Tricho. only
) Microscitia

[1Both
] Rhodospir. & Microsci,
7 Rhodobact, & Rhodospir.

[ Rhodospirillales  [_] All epibiont classes

Phosphonate
biosynthesis

Phosphonate
produced by both
Trichodesmium and
the epibionts




Microbial cross talk within the Trichodesmium holobiont
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Tracking the
interactome... with
metatranscriptome
profiling after
addition of NO and
QS molecules

QS and cell
signaling




Trichodesmium holobiont interactome...

Using diel metatranscriptome #* ¥ -
sampling to tease apart possible 9
interactions between

Trichodesmium and the
epiboints.

Are there diel signatures to
epibiont genes?




Sampling the interactome...

Colony samples were taken every 4 hours for 68 hours, twice!




Diel modulation of transcripts in Trichodesmium
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==Evening
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Diel modulation of transcripts within the microbiome

Trichodesmium Epibiont (Deltaproteobacteria sp.)

¢ Nitrogenase e Riboflavin (vit. B) biosynthesis
Photosystem antenna protein

« Fructose bisphosphate aldolase Dark Light
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Epibiont riboflavin biosynthesis has a diel pattern oscillating with

Trichodesmium photosynthesis, carbon fixation and nitrogen fixation.

This is suggestive of the dynamic interplay between members of the
holobiont.




Diel modulation of transcripts suggest coordination: Nitrogen
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Diel modulation of transcripts suggest coordination: Vitamins
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Summary - Host microbiome interactions

What is the role of the microbiome on Trichodesmium
physiological ecology?

Colonies harbor diverse epibionts Trichodesmium P Cycling
distinct from water column

Epibionts are dynamically curated
across gradients in the environment

S ~
5

[\
Trichedesmium
ey

Epibionts confer substantial
metabolic potential which likely

underpins Trichodesmium fitness

There is early evidence of
interactions between Trichodesmium
and its microbiome




Conclusions

Genome-enabled approaches are providing new tools to trace
the activities and physiological ecology of Trichodesmium and
its microbiome. Future studies should examine geochemical
controls on N, fixation in the context of the holobiont.




Vignettes

From genome to biome: Tracking the
metabolism and microbiome of a keystone

N, fixer
Genome - enabled

Co-existing in a sea of competition:
Leveraging transcriptome data to identify
the physiological ecology of phytoplankton
from key groups

Transcriptome - enabled




Complex community dynamics driven in part by resources




Tracking phytoplankton physiological ecology

Ecosystem function and biogeochemistry

Complex community dynamics driven in part by resources

Figure: Chisholm, 2002

How do resources drive phytoplankton distributions and activities?




Focus on keystone groups

Haptophytes

el

.'i« . '.'\{
| Keystone groups
N, VA (‘,r;.‘:g%?

«

Chisholm 2000 Nature




Margalef’s Mandala - succession and ecological traits
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Two themes

Eco-evolutionary traits

e Are there functional group traits that
drive the bloom dynamics that
structure the low nutrient North
Pacific Subtropical Gyre?

Metabolic plasticity and diversity

« How do diversity and metabolism

influence the physiological ecology of
a keystone group?




The significance of the NPSG

North Pacific ——E——— NORMAL OLIGOTROPHIC STATE
Subtropical = S g e
Gyre ""_’/;:v T

-

160°W 155*W 150"W
(Karl and Church, Nature Rev. Microbiol., 2014)

Image credits: SeaWIFS Global Chlorophyll




Blooms of keystone species can shift ecosystem state

Net Heterotrophy ' Net Autotrophy

Nutrient input,or other forcings




Hawaii Ocean Experiment: Dynamics of Light and Nutrients

center for microbial oceanography: research and education
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Sampling a bloom

Sampling at Station ALOHA coupled with
bloom simulations

. Deep seawater
In situ

amendment
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Deep water addition led to simulated “bloom”

1 T=0: In situ (S)
El T=168: No addition control
[ T=168: 10% DSW addition (E)
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Experiment start date




Sampling and pipeline

Collect samples .
from St. ALOHA ) Isolate mRNA AAﬁﬁﬁiAA
Ssumo - VYV
, : AAAAAA
6 day incubations

Submit samples
to sequencing
center

Stringent mapping Sequence using
RNAseq and map

== reads to genomes

MMETSP ~400 | g

transcriptomes

Removed reads with Target 60 million
ambiguous mapping 100 bp paired-end reads

MMETSP = Marine Microbial Eukaryotic Transcriptome Project




Sequencing and analysis strategy

Data Creation \ / Quality Control \

Add spike-in controls and FastQC:
extract total community RNA Assess library

Read Mapping
and Counting

y quality BWA-Mem:
Sequence replicate samples v P Map sequences
(n=3) for each treatment and Trimmomatic (fastq format) to Diel samples

tim(epoint,;l Remove low reference

1. Poly-A selected (lllumina Hi- g ;

uality reads transcriptome(s)
Seq 90M 100bp PE) \ LB Y, : (" Expression Analysis )

2. Total RNA (lllumina Hi Sea X RAIN:periodically

60M 100bp PE) rRNA profiling HTSeq:
\ / Count reads by expressed

Ribc?!agger: transcript — transcripts
Taxonomic profiling of produces tab \_ ~/

Total RNA delimited file (" Expression Analysis )

/ MMETSP Reference Database \ Y DESeq2:differentially

Pool raw counts at
: BWA index X expressed
MMETSP Transcriptomes (_BWAindex > s Ao vl of i

BWA database ;
Y interest \" - )

CO-HIT-EST: crnn = Zi)
Cluster at 98% identity Spike-in Control

by species lization (i Incubations
s Create artificial GFF normailzation {in
A 4 development)

file {custom python
Concatenate into script)

single database Quantitative metabolic
fingerprint (GhostKOALA -

KEGG) /
Targeted Reference Database | spectlc !WA | P\
database(s)




Sampling and pipeline

Collect samples .
from St. ALOHA ) Isolate mRNA AAﬁﬁﬁiAA
Ssumo - VYV
, : AAAAAA
6 day incubations

Submit samples
to sequencing
center

Stringent mapping Sequence using
RNAseq and map

== reads to genomes

MMETSP ~400 | g

transcriptomes

Removed reads with Target 60 million
ambiguous mapping 100 bp paired-end reads

MMETSP = Marine Microbial Eukaryotic Transcriptome Project




Marine Microbial Eukaryote Transcriptome Sequencing Project

OPEN G ACCESS Froely avadable ontine @ PLOS | sotecr

Community Page !

The Marine Microbial Eukaryote Transcriptome Cromsbtark
Sequencing Project (MMETSP): llluminating the

Functional Diversity of Eukaryotic Life in the Oceans

through Transcriptome Sequencing

Patrick J. Keeling'*, Fabien Burki', Heather M. Wilcox”, Bassem Allam®, Eric E. Allen®, Linda A. Amaral-
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Greatly expanded reference sequences in the tree of life
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MMETSP improves read identification

Read mapping against genomes v. MMETSP at St. ALHOA

In situ Reads mapped to
reference (%)

; MMETSP
S1 B 14.5%

B Dinoflagellates

B Diatoms ’
Haptophytes S2 W 14.2%

Other

2 Genome
S3 M 13.1% 4% .

Alexander et al. 2015b PNAS

Sequence read identification is substantially improved over using
phytoplankton genomes which do not capture the same diversity.




Taxonomic distribution of reads
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Distributions is highly stable, much more so than what was observed in
coastal system.




Taxonomic distribution of reads - coastal bloom
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Taxonomic distribution of reads is more variable in a coastal system




Taxonomic distribution of reads
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Increase in diatoms during simulated blooms

MMETSP
In situ +DSW

B Dinoflagellates
63.9%
M Diatoms

62.2%

E1
59.5% E2 65,8%’ Haptophytes
Other
E3 Q

58.4%

Read identification is robust, most are dinoflagellates, but diatoms
increase in simulated blooms (+DSW)




Simulated bloom response was reproducible 3 years later

2012* 2015
In situ +DSW In situ +DSW

35% 23%

S1 62.2% E1 63.9% IS1 67.4% DSW1 67.3%

~ 31%
S2  595% E2  658% 1S2 mss.a DSW2  71.7%

™

G

E3 68.6%

B Dinoflagellates

W Diatoms In both years, diatoms increased with addition

Haptophytes of deep seawater
Other

Read identification increases with larger database, remarkable similarity
in response between years




Community composition shifts between years

Spearman rank
correlation

1.0 0.9 0.8

Diatoms l

E=+DSW S =insitu




Its even the same species changing...

IS1 DSW1 1S2 DSW2 IS3 DSW3

[0 Cylindrotheca sp.

A Pseudo-nitzschia sp.
O Chaetoceros sp.

Y¢ Ditylum sp.

DSW1 1S2 DSW2 IS3

Rank in DSW
[ ]

1 3 5 7 9

In both years, Cylindrotheca sp. and Pseudo-
nitzschia sp. dominate with DSW addition




ENVIRONMENTAL
INFORMATION
PROCESSING

ENERGY
METABOLISM

CARBOHYDRATE
AND LIPID
METABOLISM

NUCLEOTIDE AND
AMINO ACID
METABOLISM

GENETIC
INFORMATION
PROCESSING

METABOLISM

Alexander et al. 2015b PNAS

10 10
Proportion of Mapped Reads

Metallic cation, vitamin B12 transport system
Two-component regulatory system
Phosphate and amino acid transport system
Mineral and organic ion transport system
Bacterial secretion system

Saccharide and Eolvol transport system
Peptide and nickel transport system
Sulfur metabolism

Nitrogen metabolism

ATP synthesis

Photosynthesis

Methane metabolism

Carbon fixation

Sterol blosynthesis

Glycosaminoglycan metabolism

Central carbohydrate metabolism

Other carbohydrate metabolism

Lipid metabolism

Other terpenoid biosynthesis

Fatty acid metabolism

Sugar metabolism

Glycan metabolism

Terpenoid backbone biosynthesis
Lipopolysaccharide metabolism

) Other amino scid metabolism

Arginine and proline metabolism
Polyamine biosynthesis

Purine metabolism

Branched-chain amino acid metabolism
Pyrimidine metabolism

Cofactor and vitamin biosynthesis

| Phenylpropancid and flavonoid biosynthesis

Aromatic amino acid metabolism
Lysine metabolism

Serine and threonine metabolism
Cys!omo and methionine metabolism
Histidine metabolism

Protein processing

Replication system

Repair system

RNA processing

Ribosome

Proteasome

DNA polymerase

Spliceosome

Ubiquitin system

RNA polymerase

Aminoacyl tRNA

Nucleotide sugar




Quantitative metabolic fingerprint

DINOFLAGELLATE
DIATOM

53
& / 52

El,

For each gene determine
Post-p > 0.95 for 2-fold change

0
PC1 (37.64%)

Species are distinct from each other with 95% confidence, and all but
dinoflagellates significantly shift in the simulated blooms




Gene shifts in diatoms
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Gene shifts in diatoms
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Transcriptional response during simulated blooms

-~
- S S amamanw

DIATOM HAPTOPHYTE

_ . I Up in DW
Dnn DW

B% 12% 18% 24% >W%

Alexander et al. 2015b PNAS

Functional groups have distinct and reproducible transcriptional response
during blooms driven by nutrient input




Margalef’s Mandala - succession and ecological traits
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Adapted from Margalef 1978




Variable transcript allocation underpins traits

Variable Transcript
Allocation Ratio (VTAR)

O Haptophytes ‘ Dinoflageliates

e Modeling transcript allocation
following nutrient addition
highlights differences in diatom
and haptophyte traits

VIAR <1
Ineffident

Diatoms are more efficient than
haptophytes
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20 3.0 4.0 5.0 6.0
Variable Transcript Allocation (Down)

Haptophytes: “the survivalists”; VTAR<1
Diatoms: “the scavengers”; VTAR>1

Alexander et al. 2015b PNAS




Transcriptional responses underscore functional group traits

:'W . .
Pa s FEW significant shifts Alternative trOphIC
. / modes?

/% BROAD transcript decreases “the scavengers”
/ 2 TARGETED transcript increase r-selected

o . . )
o MUTED increase and decreases the survivalists
':\i’f‘:;' é K-selected




Summary - Eco-evolutionary traits

Are there functional group traits that drive the structure and
function of the NPSG?

The better the reference database it o
(MMETSP) the better resolution . ( ﬂ

Phytoplankton groups appear to be limited szr
by resource availability in the NPSG.

Remarkable year to year consistency

Dinoflagellates have little transcriptional
response to nutrient input.

Diatom are particularly responsive
(VTAR>1) to nutrient input which likely
underpins their dominance in blooms




Two themes

Eco-evolutionary traits

e Are there functional group traits that
drive the bloom dynamics that
structure the low nutrient North
Pacific Subtropical Gyre?

Metabolic plasticity and diversity

« How do diversity and metabolism

influence the physiological ecology of
a keystone group?




Diving beyond the functional group...
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Tracking strain specific responses in the calcifying
haptophyte, Emiliania huxleyi (Ehux)




Emiliania huxleyi: a cosmopolitan, globally significant species

Calcification - critical role in
global carbon cycle and
strongly linked to climate
driven ocean acidification

Source of paleoproxies for
climate reconstructions

Form dense blooms, drivers
largely unknown

First marine phytoplankton to
have multiple strains
sequenced, identifying pan
genome




E. huxleyi life cycle

Calcifying

asexual &
division

MEIOSIS
(diploid divides to
haploid)

SYNGAMY
(two haploids fuse

T

o -
e
S 5,
2 _ ‘-;.‘
P
P ad
v d 2
5]
[~
IN
} .
. Haploid
2
s
14N
N :

B o ;1,.\_7_.;, - tO d i p | Oid) -~ ‘:;“‘-‘:I_..'-_«-‘,A-',,.

asexual
division




Emiliania huxleyi has many diverse isolates

LETTER o

doi:10.1038/ nature12221

Pan genome of the phytoplankton Emiliania
underpins its global distribution

Betsy A. Read', Jessica Kegel?, L]

John Miller’, Adam Mon w?, Jere . Maria Aguilar®, Jes ichel Clz enhaus?™,
i » 0 1y i Oyratal?

Karina Gonzalez', E
4,17 [

.
Sonya T. Dyhrman™#* ¢
& Igor V. Grigoriev*

CCMP1516

Cultured strains are highly diverse - isolated from a broad
temperature range and displaying considerable physiological diversity




E. huxleyi has a pan genome, with core and variable gene
content
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Key functional genes are variably distributed across cultured isolates.




Hawaii Ocean Experiment: Dynamics of Light and Nutrients

Global Biogeochemical Cycles

¢ Artagle

Short-term variability in euphotic
zone biogeochemistry and primary
productivity at Station ALOHA: A

case study of summer 2012

Francos Ascat !

center for microbial oceanography: research and education
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Responses to shifts in resource ratios

Deep seawater
amendment

) P

Treatments with added N







Sampling and pipeline

Collect samples

from St. ALOHA

S

6 day incubations

Custom database
of strains, and the
E. huxleyi genomes

Stringent mapping

Removed reads with
ambiguous mapping

Isolate mRNA

AAAAAA
e AAAAAA
AAAAAA

Submit samples
to sequencing
center

Sequence using
RNAseq and map
reads to genomes

—

Target 60 million
100 bp paired-end reads




E. huxleyi consistently the dominant haptophyte

HAPTOPHYTES DINOFLAGELLATES

N

.

wh

LN/
) ;,//\,(

T RSLEtE 7

z

Emiliania huxleyi

] ¥4
(AR 2%

In both the 2012 and 2015 data, rank order changes during blooms
(+DSW), although E. huxleyi was consistently the dominant haptophyte.

Alexander et al. 2015b PNAS




Sampling and pipeline

Collect samples
from St. ALOHA

S0,

6 day incubations

Stringent mapping

Custom database
of strains, and the
E. huxleyi genomes

Removed reads with

ambiguous mapping

AAAAAA
s AAAAAA
AAAAAA

Isolate mRNA

Submit samples
to sequencing
center

Sequence using
RNAseq and map
reads to genomes

_g

Target 60 million
100 bp paired-end reads




Orthologous group analysis

Core

Mix
PLYM219
CCMP370
CCMP374
CCMP379

. . CCMP1516 |

[
0 10 20
Number OGs (x 103)

a|geLiep

Alexander et al. (in review)

Reference strains isolated from disparate conditions.

Use diagnostic OGs to track strain distribution




Baas Becking hypothesis

“Everything is every where, but

the environment selects”




Strain distribution in situ and in the incubations
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E. huxleyi physiological response suggests N control

Log, Fold Change

+P v Con |

7 |

-

Alexander et al. (in review)
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E. huxleyi response - shifts between haploid and diploid
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Haploid transcript signal declines, diploid increases with N addition -
possible shift towards diploid phase with N

Alexander et al. (in review)




E. huxleyi life cycle

Calcifying

asexual &
division
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tation are modulated by treatments in expected
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E. huxleyi physiological response

Incubation Proteome* B Incubation Proteome*
vs. Control -N vs. Rep vs. Control -P vs. Rep

+N -P +DSW JGIID +N -P +DSW JGIID

102453 @ 433041
220023 237172
219044 433779
453687 309643
423772 438229
123369
451136 433665
361445
460978

AMD
AMD
FMD
FMD
URE

4
@
AMT

NRT
UTP

(@)

ACCase
GLT
GSIi
GS

351211
467437
69253

436026

NAR
AMT
AMT
AMT

64600

200882
© 432660
O 433750

AP1 (TPM)

APA (nmol P hour'L")

@ Up (significant) @ Down (significant)
Up (non-significant) ¢ Down (non-significant)
Not detected Con +N +P -N -P +DSW

* Data from McKew et al. (2015) Environ Microbiol 17:4050—62. Treatment

Excellent choreography between N and P related metatranscriptome
shifts and changes in proteins and activities.

Alexander et al. (in review)




Summary - Metabolic plasticity and diversity

How do diversity and metabolism influence the physiological
ecology of a keystone group?

Metatranscriptome data can be parsed at
the strain level with appropriate reference
data.

Apparent abundance of Ehux strains and
their physiology is driven by nitrogen
addition

Nitrogen Phosphorus
NAR ) ‘1":

Everything is perhaps everywhere and the e
environment selects for what is dominant T e o

-10
i Amidases




Conclusions

Transcriptome-enabled approaches are providing new tools to
identify drivers of bloom formation in keystone eukaryotic

phytoplankton. Increasing genome/transcriptome databases
will further resolution moving forward.
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Vignettes

From genome to biome: Tracking the
metabolism and microbiome of a keystone

N, fixer
Genome - enabled

Co-existing in a sea of competition:
Leveraging transcriptome data to identify
the physiological ecology of phytoplankton
from key groups

Transcriptome - enabled







