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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Tracking phytoplankton physiological ecology

Ecosystem function and biogeochemistry

Complex community dynamics driven in part by resources
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How do resources drive phytoplankton distributions and activities?




Focus on keystone groups

Haptophytes
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Margalef’s Mandala - succession and ecological traits

Diatoms

Haptophytes
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Adapted from Margalef 1978




Tracking phytoplankton with metatranscriptomics - roles of
competition, resource availability, light and viruses
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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

* How do resources drive the

physiological ecology of a keystone
coccolithophore?




The significance of the NPSG

Image credits: SeaWIFS Global Chlorophyll




The significance of the NPSG
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The significance of the NPSG
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The significance of the NPSG
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The significance of the NPSG
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Blooms of keystone species can shift ecosystem state
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Blooms of keystone species can shift ecosystem state
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Sampling a bloom
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Sampling a bloom

Sampling at Station ALOHA coupled with
bloom simulations

. Deep seawater
In situ

amendment

Pressure (dbar)
CTD Chloropigment (ug/L)




Sampling a bloom

Sampling at Station ALOHA coupled with
bloom simulations

. Deep seawater
In situ

amendment
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Pressure (dbar)
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Deep water addition led to simulated “bloom”

[ T=0: In situ (S)
I T=168: No addition control
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Sampling and pipeline

Collect samples ;
from St. ALOHA _ Isolate mRNA

6 day incubations

Submit samples
to sequencing
center

Stringent mapping Sequence using

RNAseq and map
* — reads to genomes
MMETSP ~400 S e 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

/ Quality Control \

Add spike-in controls and FastQC:

extract total community RNA Assess library
v quality

Sequence replicate samples v

(n=3) for each treatment and

timepoint:
1. Poly-A selected (lllumina Hi-

Seq 90M 100bp PE)

Data Creation

Trimmomatic
Remove low

K quality reads

2. Total RNA (lllumina Hi Sea

\ 60M 100bp PE)

rRNA profiling

Ribotagger:
Taxonomic profiling of
Total RNA

MMETSP Reference Database

MMETSP Transcriptomes BWA index
v BWA database

creation

CD-HIT-EST:
Cluster at 98% identity
by species
v
Concatenate into
single database

Create artificial GFF

file (custom python
script)

\

BWA index

< BWAindex
Targeted Reference Database Specie-specific BWA
database(s)

-

Read Mapping
and Counting

BWA-Mem:
Map sequences
(fastq format) to

reference
transcriptome(s)

v

HTSeq:
Count reads by
transcript —
produces tab
delimited file

v

Pool raw counts at
taxonomic level of
interest

Spike-in Control
normalization (in
development)

Quantitative metabolic
fingerprint (GhostKOALA -

KEGG)
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Expression Analysis
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Sampling and pipeline

Collect samples ;
from St. ALOHA _ Isolate mRNA

6 day incubations

Submit samples
to sequencing
center

Stringent mapping Sequence using

RNAseq and map
* — reads to genomes
MMETSP ~400 S e 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 @ ACCESS Freely available online @.PLOS | e
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The Marine Microbial Eukaryote Transcriptome Crosbark
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Greatly expanded reference sequences in the tree of life
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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 In situ Reads mapped to
reference (%)

MMETSP
S1 14.5%

B Dinoflagellates

B Diatoms ’
Haptophytes S2 BN 14.2%

Other

20

Genome
S3 B 13.1% .
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.




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 - 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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Taxonomic distribution of reads
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Increase in diatoms during simulated blooms

MMETSP
In situ +DSW

B Dinoflagellates
62.2% E1 63.9%

2 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)




Simulated bloom response was reproducible 3 years later

2012*
In situ +DSW

S1 62.2% E1 63.9%

E2 65.8%

S3 58.4% E3 68.6%

B Dinoflagellates

B Diatoms
Haptophytes
Other

In both years, diatoms increased with addition
of deep seawater

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




Community composition shifts in bloom condition

- 2012 2012* Spearman rank 2015

VS correlation
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Community composition shifts in bloom condition

2012 2012* Spearman rank 2015

VS correlation
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Its even the same species changing...

DSW1 IS2 DSW2 IS3

Rank in DSW

IS1 DSW1 [S2 DSW2 IS3 DSW3 1 3 5 s 9

O Cylindrotheca sp.

/A Pseudo-nitzschia sp.
O Chaetoceros sp.

¥ Ditylum sp.




Its even the same species changing...

IS1 DSW1 [S2 DSW2 IS3 DSW3

O Cylindrotheca sp.

/A Pseudo-nitzschia sp.
O Chaetoceros sp.

¥ Ditylum sp.

DSW1 IS2 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 polyol transport system
Peptide and nickel transport system
Sulfur metabolism

Nitrogen metabolism

ATP synthesis

Photosynthesis

Methane metabolism

Carbon fixation

Sterol biosynthesis

Glycosaminoﬁ:ycan 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?inine 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




Metabolic fingerprints are distinct

DINOFLAGELLATE

DIATOM
§3

PC2 (23.49%) O

PC1 (37.64%)

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




Metabolic fingerprints are distinct

DINOFLAGELLATE
DIATOM

S3
i /sz

El 4

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

Percent KOs in module
significantly regulated

UpinEvS
DninEvS

0% 6% 12% 18% 24% =30%

. Environmental information processing
B Energy metabolism

. Carbohydrate and lipid metabolism

. Nucleotide and amino acid metabolism
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E = Experimental




Transcriptional response during simulated blooms

DIATOM HAPTOPHYTE

0% 6% 12% 18% 24% =>30%

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

Diatoms

Haptophytes
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Adapted from Margalef 1978




Transcriptional responses underscore functional group traits

FEW significant shifts Alternative trophic
./ modes?
BROAD transcript decreases “the scavengers”
TARGETED transcript increase r-selected

MUTED increase and decreases the survivalists
@ p K-selected




Summary - Eco-evolutionary traits

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

Transcriptomes: The better the reference
database (MMETSP) the better resolution

In situ

Ve

14.2%

Metatranscriptomes: Phytoplankton
groups appear to be limited by resource
availability in the NPSG with remarkable
year to year consistency

Metatranscriptomes: Dinoflagellates have
little transcriptional response to nutrient
input - will need other methods

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

* How do resources drive the

physiological ecology of a keystone
coccolithophore?




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

Diploid

asexual
division

 MEIOSIS
(diploid divides to
haploid)

SYNGAMY
(two haploids fuse
to diploid)

. 1N
Haploid .

asexual

, division




Emiliania huxleyi has many diverse isolates

LETTER opEN

doi:10.1038/nature12221

Pan genome of the phytoplankton Emiliania
underpms its global d.lStl‘lbutIOIl

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 —— 92E (100) Channel &

— M219 (154) Big Glory Bay @
0.94/61 B11(168)

1.00/97 B39 (136)
L (ND) Oslo Fjord

0.99/71 12-1 (ND) Sargasso Sea

EH2 (120) Great Barrier
1.00/99 Reef

100/95] | 0-99/72 M217(152)  Bergen Sea
1.00/100 82’:\? F1516 Equatorial Pac.
0.02 AWI1516 (137)  South Pacific
1.00/100 820 (108) y e iish

1.00/100 92F (ND) | Channel

Bergen Sea

Van556 (133)  NE Pacific
Read et al., 2013 Nature

Key functional genes are variably distributed across cultured isolates,
even from the same location




E. huxleyi has a pan genome, with core and variable gene
content

Location NirS PetE

1.00/99 92A (99) English
0.96/82 —— 92E (100) Channel &

— M219 (154) Big Glory Bay &
— B11 (168
094701 es Bergen Sea *
1.00/97 B39 (136)
L (ND) Oslo Fjord
0.99/71 12-1 (ND) Sargasso Sea &

EH2 (120) Great Barrier ®
1.00/99 Reef

oo 09972 M217(152)  Bergensea Y @
- 1.00/100 82’:\? P1516 Equatorial Pac. @
0.02 AWI1516 (137)  South Pacific ®

1.00/100 92D (106) English
1.00/100 92F (ND) | Channel

Van556 (133)  NE Pacific
Read et al., 2013 Nature

Key functional genes are variably distributed across cultured isolates,
even from the same location




Baas Becking hypothesis

“Everything is every where, but
the environment selects”

SST (°C)

CCMP1516

How do resources drive physiological ecology?

Does the variable component of the pan-genome underpin
Response to changing environment?
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Responses to shifts in resource ratios

Deep seawater
amendment

A

Treatments with added N










Sampling and pipeline

Collect samples . ;
from St. ALOHA _ Isolate mRNA

6 day incubations

Submit samples
to sequencing
center

Stringent mapping Sequence using
RNAseq and map

Custom database e — reads to genomes

of strains, and the e
_— g
E. huxleyi genomes

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




E. huxleyi physiological response suggests N control

N added (Increased N:P)

+N v Con | i -P v Con | _ +DSW v Con |

Log, Fold Change

No N added (Decreased N:P)
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Nitrogen Phosphorus
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Nitrogen Phosphorus Calcification
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Baas Becking hypothesis

“Everything is every where, but
the environment selects”

Does the variable component of the pan-genome underpin
Response to changing environment?
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Expression of the variable portion of the pan-genome
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Summary - Metabolic plasticity

What resources drive the physiological ecology of a keystone
coccolithophore?

Metatranscriptome: Nitrogen limits
coccolithophore activity, and influences
shifts in life stage and calcification

Results support hypothesis by Read et al.
(2013) that the genomic variability of the
E. huxleyi species complex facilitates its
ability to thrive in a range of environments

Metatranscriptome: What if you were to

keep mining the data even further?

e Tracking active viral infection of DNA
viruses

e Assemble new RNA viruses




Mining viral expression from metatranscriptomes

&
' Phylogenetic groups *
O Mimiviridae [ Ascoviridae

O Phycodnaviridae g Asfarviridae

W
A

Iridoviridae B Marseilleviridae

Moniruzzaman et al. (2017) Nature Comm

Phylogenetic placement of major capsid protein expression patterns detected in
microbial eukaryote samples from two coastal field sites - towards
reconstructing viral infection ecology




One last story....

Some of the most important microbial
eukaryotes live in symbioses or
associations.

Diatom diazotroph associations (DDAs)
drive summer export of carbon to the

deep sea, sequestering CO,.

Diazotroph supplies fixed N, to host.

There are no long term reference
cultures, resulting in limited knowledge
about the activities of these symbioses
in the field.
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Are there patterns of coordinated expression that underpin host -
symbiont physiology?




Sampling the NPSG
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Sequencing and analysis strategy

/ Quality Control \

Add spike-in controls and FastQC:

extract total community RNA Assess library
v quality

Sequence replicate samples v

(n=3) for each treatment and

timepoint:
1. Poly-A selected (lllumina Hi-

Seq 90M 100bp PE)

Data Creation

Trimmomatic
Remove low

K quality reads

2. Total RNA (lllumina Hi Sea

\ 60M 100bp PE)

rRNA profiling

Ribotagger:
Taxonomic profiling of
Total RNA

MMETSP Reference Database

MMETSP Transcriptomes BWA index
v BWA database

creation

CD-HIT-EST:
Cluster at 98% identity
by species
v
Concatenate into
single database

Create artificial GFF

file (custom python
script)

\

BWA index

< BWAindex
Targeted Reference Database Specie-specific BWA
database(s)

-

Read Mapping
and Counting

BWA-Mem:
Map sequences
(fastq format) to

reference
transcriptome(s)

v

HTSeq:
Count reads by
transcript —
produces tab
delimited file

v

Pool raw counts at
taxonomic level of
interest

Spike-in Control
normalization (in
development)

Quantitative metabolic
fingerprint (GhostKOALA -

KEGG)

-

Diel samples

- )

Expression Analysis

RAIN:periodically
expressed
transcripts

N /
4 Expression Analysis )

DESeq2.differentially
expressed
transcripts
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Diel patterns in Rhizosolenia host

Cofactor and vitamin biosynthesis
. Lipopolysaccharide metabolism

Cysteine and methionine metabolism
ATP synthesis
Carbon fixation
Other carbohydrate metabolism
Methane metabolism
Nitrogen metabolism
Alkaloid and other secondary metabolite biosynthesis
Lysine metabolism
Serine and threonine metabolism
Lipsd metabolism
Bacterial secration system
Mineral and organic ion transport system
Aromatic amino acid metabolism
Fatty acid metabolism

| Branched-chain amino acid melabolism
Other terpenoid biosynthesis
Ribosome
Sulfur metabolism
Histidine metabolism
Metallic cation, iron-siderophore and vitamin B12 transport system
Central carbohydrate metabolism
Arginine and proline metabolism
Polyamine biosynthesis
Aminoacyl IRNA
RNA polymerase
Peptide and nickel transport system
Phosphate and amino acid transport system
Pyrimidine metabolism
Aromatics degradation
ABC-2 type and other transport systems
Saccharide and polyol transport system
Phenylpropanoid and flavonoid biosynthesis
Purine metabolism
Terpenoid backbone biosynthesis

. Other amino acid metabolism
Photosynthesis
DNA polymerase
Nucleotide sugar
Drug resistance
RNA processing
Sugar metabolism
Two-component requlatory system

Harke et al. (in prep)




Significantly diel genes in Rhizosolenia host
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Significantly diel genes in Rhizosolenia host
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Carbon fixation and growth (Si uptake - cell wall formation) are
tightly linked to the light-dark cycle




Nitrogenase genes
Harke et al. (in prep)
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Coordinated expression of genes related to N, fixation in Richelia
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Coordinated expression of genes related to N, fixation in Richelia
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Coexpression between host and symbiont




Cascade in metabolic timing between host and symbiont

Sterol biosynthesis 4
Lipopolysaccharide metabolism 4
Terpenoid backbone biosynthesis 4
Nitrogen metabolism 4
Aromatic amino acid metabolism 4
Ubiquitin system 4
Saccharide and polyol transport system
Repair system
Glycan metabolism 4
RMNA processing 4
Ribosome 4
Branched-chain amino acid metabolism 4
Purine metabolism 4
Sugar metabolism 4
Proteasome 4
Lipid metabolism 4
Nucleotide sugar
Central carbohydrate metabolism 4
Other amino acid metabolism <
DNA polymerase
Sulfur metabolism +
Photosynthesis 4
Protein processing 4 y
Lysine metabolism 4 Species

Aromatics degradation 4 : :
Other carbohydrate metabolism 4 ® Rhizosolenia
Cofactor and vitamin biosynthesis 4 ® Richelia
Twa-component regulatory system <
Alkaloid and other secondary metabolite biosynthesis 4
Other terpenoid biosynthesis 4
Cysteine and methionine metabolism 4
Histidine metabalism 4
ATP synthesis 4
Phosphate and amino acid transport system 4
Aminoacyl tRNA 4
Pyrimidine metabolism 4
Fatty acid metabalism 4
Mineral and organic ion transport system -
Arginine and proline metabolism -
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Carbon fixation 4
Bacterial secretion system -
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Metallic cation, iron-siderophore and vitamin B12 transport system 4
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Peptide and nickel transport system 4
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ABC-2 type and other transport systems
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Metabolic offset for many KEGG pathways - although both are photosynthetic,
core metabolism is offset




Coordinated expression between host and symbiont in N,
fixation module
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Coordinated expression between host and symbiont in N,
fixation module

-o- Richelia -@- Rhizosolenia

2
—
£
2
<

Normalized count
Rhizosolenia
Normalized count

July 28 July 29 July 30
Time

Majority of N,
fixation genes

Harke et al. (in prep)




Coordinated expression between host and symbiont in N,
fixation module
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Coordinated expression between host and symbiont in N,
fixation module
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Summary - Coordinated expression in symbioses

Are there patterns of coordinated expression that underpin host -
symbiont physiology?

Dual Metatranscriptomes: Light is a

strong driver of diel patterns in both

host and symbiont, with coordinated
patterns that highlight N exchange.




Conclusions

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

Lessons learned: We need more reference sequences and to

think creatively about how we approach and mine sequence
data. Need to sample at the same time of day to avoid diel
variability.
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