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
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Culture and field based approaches to physiological ecology

Culture-based experiments Field-based studies

Species-specific responses to well- Assess whole community dynamics
controlled environment in a natural environment

Genome and transcriptome-enabled advances allowing to query
cells in their environment in a species specific way
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Dinoflagellates

Our focus is on groups that arguably serve a
“keystone” role in the marine ecosystem

Biogeochemical drivers of physiology:

— What are the mechanistic underpinnings of resource
utilization and how does resource utilization vary over
time?

Eco-evolutionary traits:

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

Metabolic plasticity and diversity:

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

Harriet Alexander




Physiological ecology - a tale of two diatoms in Narragansett

(<))

w
w

>
~

=
&
-
2
:
@
<
=
S
s
-

3 -
2
1
0

Rhode Island Sou

Do closely related diatoms have the same expressed metabolic
capacity?

Is this metabolic profile consistent over time?

Are the resource responses the same between species, or is there
evidence of resource partitioning of niche space?







Sampling and pipeline

Collect samples
from NB Bay

)

48hr incubation
at day S3

Stringent mapping

Thalassiosira rotula
Skeletonema costatum
and ... rest of MMETSP
~400 transcriptomes

Removed reads with
ambiguous mapping

MMETSP = Marine Microbial Eukaryotic Transcriptome Project

Isolate mMRNA
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Submit samples
to sequencing
center

Sequence using
RNAseq and map
reads to genomes

e

Target 60 million
100 bp paired-end reads




Metatranscriptome Data Pipeline - the gory details ....

Data Creation Quality Control

Trimmed
Sequnce
s.fastq

RawSequnce
File.fastq

Reference Databasr-
Bowtie2-build:

Create
database for

mapping
l Custom Script:

" Create artificial
GFF file

Select reference

transcriptomes Rename

contigs and
concatenate

Cluster at
98% identity
by species

CD-HIT-EST: I

Re-annotate?

Read Mapping and
Counting

MappedSequences.bam

MappedGenesSorted.sam

h

s

RawCounts.tab



Sampling and pipeline

Collect samples .
from NB Bay Isolate mRNA AAAAAA

ssumo — YV

AAAAAA

48hr incubation
at day S3 Submit samples

to sequencing
center

Stringent mapping Sequence using
RNAseq and map
Thalassiosira rotula — reads to genomes
Skeletonema costatum _— ==
and ... rest of MMETSP — f,:

~400 transcriptomes

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

Local isolates provide the most robust read mapping (15X
increase for local isolate relative to species in database) - little
mapping (<<1%) to diatoms not present in this system




Taxonomic distribution of reads

Other

Ciliophora

Haptophyta

Chlorophyta
Orchophyta

Dinophvta
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Central carbohydrate metabolism
Ribosome

Carbon fixation

Other carbohydrate metabolism
Spliceosome

ATP synthesis

Aminoacyl tRNA

Purine metabolism

RNA processing

Quantitative Metabolic Fingerprint
(QMF) S Cyeiing and mathionine motbalsm

Cofactor and vitamin biosynthesis
Methane metabolism

Metabolic capacity

. . Proteasome
Plastic responses over time Ubiquitn system
Protein processing
Photosynthesis
Lysine metabolism
RNA polymerase

Unique responses between diatom Pyrimidine metabalism
Fatty acid metabolism
genera

Expressed metabolic capacity

Lipid metabolism

Aromatic amino acid metabolism
Arginine and proline metabolism
Nitrogen metabolism

Sulfur metabolism

Terpenoid backbone biosynthesis
Serine and threonine metabolism
Repair system

Nucleotide sugar

Glycan metabolism

Polyamine biosynthesis
Glycosaminoglycan metabolism
Other terpenoid biosynthesis
Replication system

Sterol biosynthesis

Histidine metabolism

ABC-2 type and other transport systems

Bacterial secretion system
DNA polymerase

Sugar metabolism

Phosphate and amino acid transport system
Phenylpropanoid and flavonoid biosynthesis
Saccharide and polyol transport system

54 52 85 31 53 31 53 52 34 55

Distance

Alkaloid and other secondary metabolite biosynthesis
Other amino acid metabolism
Two-component regulatory system

T. rotula Skeletonema spp.

Mineral and organic ion transport system

Alexander et al' 2015 PNAS Metallic cation and vitamin B12 transport system

Skeletonema

T. rotula
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QMF highlights the metabolic traits and tradeoffs

Blosii Skeletonema T. rotula

S

10000 A

Seen in net
tow
/

KEGG Module S1S2 53 54 S5[51 52 53 54 55
Central carbohydrate metabolism

Ribosome }Dominant: A Carbon and growth

"

Abundance (Cells / ml)

Carbon fixation
Other carbohydrate metabolism
Spliceosome
ATP synthesis |
Aminoacy! tRNA
Purine metabolism |
RNA processing
Branched-chain amino acid metabolism
Cysteine and methionine metabolism §
Cofactor and vitamin biosynthesis
Methane metabolism |
Repair system |}
Nucleotide sugar |

Glycan metabolism |

Nitrogen metabolism | . o Fogd i
Phosphate and amino acid transport system i Val'lablhty in N and P modules

| Less abundant: different allocation




Variability in expressed metabolic capacity for N and P
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Transcripts are choreographed with proteins and activities in
the model diatom Thalassiosira pseudonana

P-metabolism
Glycolysis
Ribosomes
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Transcripts are choreographed with proteins and activities in
the model diatom Thalassiosira pseudonana
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Variability in expressed metabolic capacity for N and P
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Identifying the resource responsive gene set

Incubations performed with shifted N:P ratio to provide context for in
situ signals

N-responsive

Resource responsive? Statistically
identify resource responsive set (-N
v. +N; -P v. +P)

Stable? Statistically identify stable
reference genes (no change over

incubations) Alexander et al. 2012 Front. Micro.

Normalize to reference genes
(SGNC)




Resource responsive genes identified in situ

T. rotula Skeletonema

. Unannotated

Metabolism

. Genetic information
processing

. Genotypic signature

Nucleotide and amino
acid metabolism
Carbohydrate and
lipid metabolism

[ Energy metabolism

Environmental infor-
mation processing

Resource responsive sets are distinct from
each other and enriched in pathways of N
and P metabolism (e.g. urease,
phosphatase, phosphate transport etc.)

Can assign regulation patterns to novel

gene families

But how do we compare signals between

species?

Resource Na-P.

Resource
responsive 2

cotransporter

responsive 1

Alexander et al. 2015 PNAS




Proportionalize the resource responsive gene set

N-responsive
genes

cotransporter
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Standardized transcriptional
differentiation scores

T. rotula 3
Skeletonema |~
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Resource
responsive 1

(SGNCyeia) — (SGNCp) | STD, =1 > -P
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STD,

Resource
responsive 2
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Visualizing resource responsive signals in the field

High N or Low P

Low N or High P

Alexander et al. 2015 PNAS




Visualizing resource responsive signals in the field
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Species variability in response to the same environment

-10

0

N:P > Redfield

Skeletonema

N\ 10£2%

T. rotula ™

22+11%

9%2%

3143%

T. rotula

N:P < Redfield

Alexander et al. 2015 PNAS

Finely tuned species-specific variation - each response (quadrant) is

significantly different from the others

Responses are orthogonal between species in the same resource

environment




Summary - Biogeochemical drivers of physiology

What are the mechanistic underpinnings of resource utilization and
how does resource utilization vary over time?

i 1 S. costatum T. rotula
New approaches for the normallzahon and S Costatum T rotula
comparison of metatranscriptome data.

Diatom metabolism is highly variable in this [ Phosphate transport

estuarine environment

Uniguely expressed metabolic capacity
underpins Skeletonema bloom ... and trade offs
in N and P metabolism that contribute to the
dominance of one diatom over another

Patterns in resource partitioning may reflect
segregation of the realized niche space and
explain why so many diatom species can co-
occur
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Dinoflagellates

Our focus is on groups that arguably serve a
“keystone” role in the marine ecosystem

Biogeochemical drivers of physiology:

— What are the mechanistic underpinnings of resource
utilization and how does resource utilization vary over
time?

Eco-evolutionary traits:

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

Metabolic plasticity and diversity:

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




The significance of the NPSG

North Pacific
Subtropical . _

20°N
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(Karl and Church, Nature Rev. Microbiol., 2014)
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The keystone microbiome

Net Heterotrophy : Net Autotrophy
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Hawaii Ocean Experiment: Dynamics of Light and Nutrients
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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”

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




Sampling and pipeline

Collect samples
from St. ALOHA

)

6 day incubations

Stringent mapping

: : MMETSP ~400

transcriptomes

Removed reads with
ambiguous mapping

MMETSP = Marine Microbial Eukaryotic Transcriptome Project

Isolate mMRNA

—

AAAAAA
AAAAAA

|

Submit samples
to sequencing
center

Sequence using
RNAseq and map
reads to genomes

e

Target 60 million
100 bp paired-end reads




Marine Microbial Eukaryote Transcriptome Sequencing Project

OPEN @ ACCESS Freely available online @ PLOS |zotocy

Community Page

The Marine Microbial Eukaryote Transcriptome CrossMark
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-
Zettler®’, E. Virginia Armbrust®, John M. Archibald®?, Arvind K. Bharti'?, Callum J. Bell'®, Bank Beszteri'",
Kay D.Bidle'?, Connor T. Cameron'?, Lisa Campbell ', David A. Caron’®, Rose Ann Cattolico'?, Jackie L. Collier?,
Kathryn Coyne’®, Simon K. Davy'’, Phillipe Deschamps'®, Sonya T. Dyhrman'®, Bente Edvardsen’’,

Ruth D. Gates?’, Christopher J. Gobler®, Spencer J. Greenwood??, Stephanie M. Guida'?, Jennifer L. Jacobi'®,
Kjetill S. Jakobsen®®, Erick R. James', Bethany Jenkins*>**, Uwe John'', Matthew D. Johnson*®, Andrew R. Juhl'®,
Anja Kamp?%?’, Laura A. Katz?%, Ronald Kiene®*®, Alexander Kudryavtsev>®>', Brian S. Leander’, Senjie Lin*?,
Connie Lovejoy®?, Denis Lynn**3?, Adrian Marchetti*®, George McManus*?, Aurora M. Nedelcu?’,

Susanne Menden-Deuer™*, Cristina Miceli*®, Thomas Mock>?, Marina Montresor*’, Mary Ann Moran®’,
Shauna Murray*?, Govind Nadathur*?, Satoshi Nagai**, Peter B. Ngam'®, Brian Palenik®, Jan Pawlowski®’,
Giulio Petroni*®, Gwenael Piganeau®®*’, Matthew C. Posewitz*®, Karin Rengefors*®, Giovanna Romano®’,
Mary E. Rumpho®’, Tatiana Rynearson®’, Kelly B. Schilling'®, Declan C. Schroeder’’, Alastair G. B. Simpson®>?,
Claudio H. Slamovits*®, David R. Smith*?, G. Jason Smith®*, Sarah R. Smith®, Heidi M. Sosik**, Peter Stief*°,
Edward Theriot>>, Scott N. Twary’®, Pooja E. Umale'?, Daniel Vaulot®’, Boris Wawrik>?, Glen L. Wheeler>'?,
William H. Wilson®’, Yan Xu®', Adriana Zingone®®, Alexandra Z. Worden®?*




Greatly expanded reference sequences in the tree of life
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Within lineage diversity also greatly expanded

Prasinophytes Class/Clade
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Genomes MMETSP

Dinoflagellates Class/Clade
M Dinophysiales
M Gonyaulacales
M Gymnodiniales
B Noctilucales
M Oxyrrhinales
M Peridiniales
[ Prorocentrales
[ Pyrocystales
[ Suessiales
[ Thoracosphaerales

Genomes MMETSP

Keeling et al. 2014 PLoS Biol.




MMETSP improves read identification

Read mapping against genomes v. MMETSP at St. ALHOA

In situ In situ Reads mapped to
reference (%)

' MMETSP
S1 14.5% -
B Dinoflagellates |

P Diatoms ’
Haptophytes S2 14.2%

Other
20

" - L
0

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.




Increase in diatoms during simulated blooms

MMETSP
In situ +DSW

B Dinoflagellates
62.2% El 63.9%

" Diatoms
59.5% E2  658% Haptophytes

Other

58.4% E3 68.6%

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




ENVIRONMENTAL
INFORMATION
PROCESSING

ENERGY
METABOLISM

CARBOHYDRATE
AND LIPID
METABOLISM

NUCLEOTIDE AND
AMINO ACID
METABOLISM

GENETIC
INFORMATION
PROCESSING

METABOLISM

Alexander et al. 2015b PNAS
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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 lE)olyol transport system
Pertide and nickel transport system
Sulfur metabolism

Nitrogen metabolism

ATP synthesis

Photosynthesis

Methane metabolism

Carbon fixation

Sterol biosynthesis

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 acid metabolism

Ar?nine and proline metabolism
Polyamine biosynthesis

Purine metabolism

Branched-chain amino acid metabolism
Pyrimidine metabolism

Cofactor and vitamin biosynthesis
Phenylpropanoid and flavonoid biosynthesis
Aromatic amino acid metabolism
Lysine metabolism

Serine and threonine metabolism
Cysteine 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
S3

s1 4 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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Phosphate and amino
acid transport

Percent KOs in module
significantly regulated
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Gene shifts in diatoms

Percent KOs in module
significantly regulated

UpinEvS
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. Environmental information processing
B Energy metabolism
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Transcriptional response during simulated blooms
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Functional groups have distinct and reproducible transcriptional response
during blooms driven by nutrient input




Variable transcript allocation underpins traits

Variable Transcript
Allocation Ratio (VTAR)

. Diatoms O Haptophytes . Dinoflagellates
>0 r-trait
e Modeling transcript allocation
following nutrient addition
highlights differences in diatom
and haptophyte traits

VTAR > 1
Efficient

o
o

Energy
metabolism

VTAR <1
Inefficient

Diatoms are more efficient than
haptophytes
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Haptophytes: “the survivalists”; VTAR<1
Diatoms: “the scavengers”; VTAR>1

Alexander et al. 2015b PNAS




Transcriptional responses underscore functional group traits

o) . .
FEW significant shifts Alternative trophic
= modes?
BROAD transcript decreases “the scave nge rs”
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Summary - Eco-evolutionary traits

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

The better the reference database
(MMETSP) the better resolution

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

Dinoflagellates have little transcriptional
response to nutrient input.

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




Key themes
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Dinoflagellates

Our focus is on groups that arguably serve a
“keystone” role in the marine ecosystem

Biogeochemical drivers of physiology:

— What are the mechanistic underpinnings of resource
utilization and how does resource utilization vary over
time?

Eco-evolutionary traits:

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

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)




E. huxleyi life cycle

Calcifying

asexual
division

™~ to diploid)

= meosis 0™

(diploid divides to
haploid)

SYNGAMY
(two haploids fuse

O .
Haploid ‘

|
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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




Emiliania huxleyi has many diverse isolates

doi:10.1038/naturel2221

LETTER opeN

Pan genome of the phytoplankton Emiliania
underpms its global dlStl‘lbllthl‘l

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

Location NirS PetE

1.00/99 [ 92A (99) English
0.96/82 e 92E (100) Channel
——— M219 (154) Big Glory Bay —
0.94/61 B11(168) — 92A
Bergen Sea L 3
1.00/97| L———B39 (136) — 92D
L (ND) Oslo Fjord : — 92E
0.99/71 12-1 (ND) Sargasso Sea e \ — 92F
i 4 — B11
EH2 (120) Great Barrier | [
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al M217 (152) ——— U f
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1:00/100 | 92F (ND) | Channel — M219

Van556 (133)  NE Pacific ' Van556

Key functional genes are variably distributed across cultured isolates.




Hawaii Ocean Experiment: Dynamics of Light and Nutrients

Global Biogeochemical Cycles
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Research Article

Short-term variability in euphotic :a,;ffj
zone biogeochemistry and primary
productivity at Station ALOHA: A -
case study of summer 2012 SPdhave TG
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Responses to shifts in resource ratios
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Sampling and pipeline

Collect samples

from St. ALOHA
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6 day incubations

MMETSP Ehux strain
transcriptomes

MMETSP = Marine Microbial Eukaryotic Transcriptome Project
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Summary - Metabolic plasticity and diversity

How do diversity and metabolism influence the physiogical 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
Everything is perhaps everywhere and the .
environment selects for what is dominant : {—‘T” Do
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Summary

Haptophytes

Diatoms

Dinoflagellates

Biogeochemical drivers of physiology:

— Plasticity in diatom physiology may allow for co-
occurrence of diverse species.

Eco-evolutionary traits:

— Diatoms appear to be more efficient in turning over
their transcriptome than haptophytes which likely
underpins their success in response to nutrient pulses
in the NPSG.

Metabolic plasticity and diversity:

— E. huxleyi strains vary in the field in response to N, but
harbor conserved responses to nutrient pulses in the
NPSG.

New resources and ways of parsing
metatranscriptome data are leading to new
insights!
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