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Field work bonus — microbes are everywhere!
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Key points for today

Highlight how we ask and answer
guestions in the ocean with genomic
tools

Eukaryote physiological ecology

e Metatranscriptomes

e Pan genomics
Microbial interactions

e 16S Amplicons

e Metagenomes

e Metatranscriptomes

Share my enthusiasm for marine
microbes and ‘omics




The ocean makes our planet habitable




The vast unseen microbial populations play a critical role in
ocean ecosystem function and the climate system




A vast chemical-microbe network underpins marine food webs
and biogeochemical cycling

In every 1mL of seawater, there are 10° microbes,

0 (phytoplankton, archaea, bacteria and protists)
and 10%° viruses

There are ~100,000 different molecules of
@ varying concentrations (femtomolar to
nanomolar) acting as substrates and signals

There are myriad activities and interactions

within this network- many of which have not
been resolved




Phytoplankton play a profound role in the earth system

Phytoplankton drive half of global primary production

> 20305 0 .23 .5 | 2 3 5 10 152030 50 Maximum Minimum
Ocean: Chlorophyll a Concentration (mg/m3) Land: Normalized Difference Land Vegetation Index




https://svs.gsfc.nasa.gov/30709




Phytoplankton underpin ocean ecosystem function

Haptophytes

N,
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Deep ocean
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Sea floor

Chisholm 2000 Nature
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Ocean conditions are changing and this will change the
distribution and activities of microbes




Changes in temperature CO,, pH, etc.

1980 1985 1990 2015 2020
ago A. fCO:

440
400
360

o +60

2005 2010 2015

Bates and Johnson (2020) Communications Earth Env.




Models predict future shifts in microbial communities

Dominant Functional Group

Diatom Oth Lg

Dutkiewicz et al. (2015) Nature Clim. Change.




What are the rules that govern the chemical — microbe
network?

Who is there?
What are they doing?

If we learn the rules for how
the system operates — then we
have a better chance of
predicting future ocean
responses

‘Omic-enabled advances allowing us to query cells in their
environment in a species-specific way
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Vignettes

Co-existing in a sea of competition: tracing
drivers of phytoplankton physiological
ecology in the open ocean

Microbiome interactions: Tracking the
microbiome of a keystone N, fixer




Leveraging metatranscriptome data to study the chemical —
microbe network

Proteome

Cultures offer controlled
conditions — link genes to 3 E—
Transcriptome

functions and study their O
regulation K. ‘

Enzymatic Activity
Metabolic Function

Field samples offer context Metabolic Plasticity

Functional Diversity

Metatranscriptomes can be
species-specific

Metatranscriptomes offer
high resolution tracking of
finely tuned responses




Microeukaryote metratranscriptomes with RNA-Seq

Filter
(>5um

N

polyA Selecte Extract RNA Unselected

/ (and standards) \
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depletion
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Reference mapping Reference mapping




Gene expression analysis

Biological samples/Library preparation
I}

Sequence reads

U

Read quality check

J
Trimming (adaptors and low quality

g
Mapping to genome or transcriptome |—J

> g

N

9 bases) De novo transcriptome assembly<$
v

and quality assessment

Count reads associated with features
Iy} i\

- . . .:hel Stev;lard




Quality Control Removal of Sequences Functional Annotation
* Trimmomatic * riboPicker BLAST
S FastQC J BBMap DIAMOND

. . _ HMMer
Assembly/Reference Protein Prediction and Clustering

* Trinity * TransDecoder KEGG Taxonomic Annotation
e TransABYSS  OrthoFinder KOG e  BLAST

* rnaSPADES GO DIAMOND

e  MEGAHIT PFam MMSeq2

Read Mapping/Counting Normalization & DE
Salmon TPM
Kallisto Variance stabilization
Bowtie2 EdgeR
RSEM DESeq2
BWA etc/HTSeq WGCNA

MMETSP

EukProt

EukZoo

PhyloDB
MarFERReT (2024)

OUTPUT

ORDINATION HEATMAP 2D SECTION MA PLOT NETWORK ANALYSIS STACKED BARPLOT

nts

W N U S W N -

Normalized read counts

Normalized read cou

l = 3

After Cohen et al. (2020) Front. Mar. Science




Sequencing and analytical workflows are constantly improving

“/‘ Harriet Alexander @nekton4plankton - Apr 27
w So check it out!

GitHub here: github.com/AlexanderLabWH...
Documentation here: eukrhythmic.readthedocs.io/en/latest/
jEUKbox here: eukrhythmic.readthedocs.io/en/latest/

Feedback / comments welcome!

rhy IC

github.com

GitHub - AlexanderLabWHOI /eukrhythmic: A metatranscriptomic pipe...
A metatranscriptomic pipeline optimized for the study of
microeukaryotes. - GitHub - AlexanderLabWHOI/eukrhythmic: A ...




Sequencing and analytical workflows are constantly improving

data reading & cleaning »>

o)

annotation protein space

Format & re,

" Prepare file with
make_sampleinfoipynb
to specify assembly

groups &‘name\s

pop ul 9

Use bbmap to control
for spike-in sequences
if dropspike =1

Optionally, run
TransDecoder on
first clustering output

Annotate KEGG
pathways (if KEGG
database available) &
Pfam protein families

O
<
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o
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Use mmomatlc to"
trim reads; assess
quality before & after
with fastqe

%11 pup 0

o
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Cluster assemblies
with mmsegs with
100% alignment
coverage

clustering

Cluster assemblies
with mmsegs with
98% alignment

Taxonomic o

Use EUKulele to
assign per-contig
taxonomic annotations

yonojou

8
\ Gonpiou

Use individual rules
to assemble using
all assemblers listed
under assemblers

Sanosb Ajquasso [0 W
I' Rename & %

Assemblies moved to \ £
common location; |[<
intermediate files
moved to scratch

VL Quality asse,,
= R\

Assess quality of
assemblies using
guastand salmon
if checkqual

————~_______\ Output organization
Setup
Assembly

Filtering, trimming,
raw read quality
01+0!a—qual|ty
02-trim
03-alignment-spike

t“
Merge

Clustering steps
07-CAG (clustered by AG)
12-MAD (merged,
deduplicated clustering
output)

Intermediate files

Individual +
merged assembly
05-assembly
05a-z-x-assembler
06-AGM (merged by AG)
1

1-SWAM (sample wide Al

Protlmplq-dny

Mapping, proteins
08-CAG-proteins
09-CAG-mapping
10-CAG-quality

13-15-MAD-proteins,
mapping, quality

Check final assembly
quality with salmon
and quast

Run TransDecoder
to identify protein-
coding sequences

N
Annotations
Taxonomic +

- MAD proteins (fastq)
- MAD quantified
abundance (tsv)

functional

16-MAD-taxonomy
17-MAD-function

4’1’

Legend
AGM: for each assembly group, assembler
products are merged
CAG; AGMs post-clustering
SWAM: sample-wide assembly group merge
(all cAGs merged)

1AD : merged assembly groups, deduplicated
(clustered S\ ’bAM)




Metatranscriptome workflow comparison effort

e Assembly captures a broader Class:ﬁcation
swath of reads in high gpf';,h,t
abundance — highly diverse
groups (red)

Chlorophyta
Ochrophyta
Dinoflagellata
Thalassiosira
Skeletonema
Bacillariophyta

@00O0O0000O0

Reference mapping captures
a broader swath of reads in
low abundance groups (blue)

Proportion of raw reads in Krinos et al. (2022)

=
o
&
]
)
%)
<
)
>
o
c
w
()

Equally good at recapitulating ampling point
patterns when references are 2

. . [ 3
from local isolates (orange :
and yellow)

0.1 0.2 0.3 0.4
Proportion of raw reads in Alexander et al. (2015)

Krikinos et al. 2023 BMC Bioinformatics Reference mapping




Eukaryote - Metatranscriptome intercomparison effort

Large diameter filter sampled with CLIO (June 2023)

2x filter pieces to ~ 7 groups

e Extraction

e Library prep

e Sequencing depth and read length

Ocean Carbon & Biogeochemistry

Fall 2024 hackathon: -
e Workflow intercomparison

e One sample with different workflows

e All samples with one workflow

Will not answer all questions — but it will be a valuable starting
point for building intercomparable datasets

Thank you N. Cohen, H. Alexander, S. Hu and A. Marchetti




Complex community dynamics driven in part by resources
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Tracking phytoplankton physiological ecology

Ecosystem function and biogeochemistry

= oy

Large e At A8
phytoplankton : ﬂ N
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§ 2% Small
phytoplankton ,P\ Zooplankton
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“%  Bacteria

Organic carbon

Deep ocean

Deep consumers
. -
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Bacteria |

Sea floor Figure: Chisholm, 2002

How do resources drive phytoplankton distributions and activities?




North Pacific Subtropical Gyre

North Pacific : NORMAL OLIGOTROPHIC STATE
Subtropical ” W <
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Blooms of keystone species can shift ecosystem state and
carbon flow

Net Heterotrophy Net Autotrophy

Abundant microbiome - Diatoms Haptophytes
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Core questions... adventures in eukaryote metatranscriptomics

HOE:DYLAN
Limitation

e What limits carbon cycling? —
tracing physiological ecology in an

expanding oligotrophic ocean with
metatranscriptomics

HOE:MAHALO

Competition 7

e Adayinthe life —tracing
competitive interactions with
multi-‘'omics




* 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 eukaryotic marine
phytoplankton to have
multiple strains/ecotypes
sequenced

*Gephyrocapsa (Bendif et al., 2023; Filatov et al., 2021)




Hawaii Ocean Experiment: Dynamics of Light and Nutrients
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SR center for microbial oceanography: research and education
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HOE:DYLAN: Water sampling




HOE:DYLAN: Semi-factorial resource additions done 2 times

Net Autotrophy

Nitrogen Fixers
Trichodesmium

in situ

Control

seawater
amendment

Nitrate/nitrite*;
Phosphate*:
Silicate™;

~40 uM
~2.6 UM
~100 uM

~0.6
nmol/kg

<0.1 pM

N addition







Sampling and workflow

Collect samples
from St. ALOHA

>5um

6 day incubations

RSEM Mapping

Custom reference
database of E. huxleyi

reference sequence _
DE with edgeR

Isolate mRNA

Submit samples
to sequencing
center

Target 60 million
100 bp paired-end reads




E. huxleyi physiological response suggests N control

)]

o]0}

G

S Log, Average Abundance
S

s No N added

&3
S +P v Con | _ -N v Con

@
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L

Alexander et al. (2020) Environ. Micro.

Log, Average Abundance

+DSW v Con

Significantly Differentially
Abundant Genes

+N -P

42

306 189
845
273
136
97
+DSW




Metatranscriptome identifies physiological patterns

Incubation Incubation
vs. Control vs. Control

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

'G?B
L }

=
2
P
S
3=
E
LE:
<

® Up (significant) ® Down (significant)
Up (non-significant) @& Down (non-significant)
Not detected

Calcification

Nitrogen limits E. huxleyi growth and
calcification in the NPSG

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

:‘_‘i

Alexander et al. (2020) Environ. Micro.




Nitrogen is a driver of E. huxleyi dynamics

Net Heterotrophy Net Autotrophy

Abundant microbiome - Diatoms Haptophytes
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Emiliania huxleyi has a broad distribution of diverse ecotypes

d0i:10.1038/nature12221

Pan genome of the phytoplankton Emiliania
underpins its global distribution

Betsy A. Re, 1(]' Jessica Kegel®, Mary J. hluu Alan Kuo®, \lq)h e C. ILILI)\ re®, Florian Maumus®, Christoph Mayer”

John Miller®, Adam \(umu"’ :\5.1! Sa |l.un( w Juu \uum, M.um \ ruilar®, Jean-Miche! .I ave '”. Stephan F ngkulh.ms ;
Karina Gonzalez", Emily err 0y lhs;l F. Sarno
lcrcnn‘Shmul/’”’, I : 8 \':llunlm" Yves Vande
Peer'®, Glen Wheeler )

Sonya T. Dyhrman®*? , Uwe |nhn lhumL\ l\mhudx" . ;\lu mdl al. \\t xdgn \1 aoyu Zhang”

& Igor V. Grigoriev?

CCMP1516

Figures from Read et al., 2013

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




Baas Becking hypothesis

“Everything is every where, but
the environment selects”

Does the variable component of the pan genome underpin
which strain dominates a given environment?

Deep
seawater
amendment

/"'lﬁi~

in situ Control




" CCMP1516
Sequenc?s fro.m ] CCMP374
E. huxleyi strains CCMP370
1 PLYM219
Cluster into
orthologous groups to
identify core and Core
variable OGs i
(OrthoMCL) O
l uoa Varilable
g ; | 1
Map field data and £
examine shifts in <
expression
(RSEM, edgeR) ccMPISIE - 9008 ® 00 008 evcenee

CMP37°Q 9 900 9 9 99 9O o L Al 2l
ccMP374 @09 000 @0 60 e o ® oe
«cMP370° Q9999 9900 o099 9 L 2 1
PLYM219@G 9 900 0000800 0088e

Alexander et al. unpub.




Tracking orthologous groups (OG) at St. ALOHA

Core

Mix
PLYM219
CCMP370
CCMP374
CCMP379

CCMP1516
0 10 20

Number of OGs (x103)

Use diagnostic OGs to track strain distribution




Strain distribution in situ and in the incubations

4% |-

2% |-

Percent of reads
mapped to E. huxleyi

0% i

|

| | |

8/6
CCMP1516

00
X
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X
—

Percent of reads
mapped to E. huxleyi

s

0%

1 1 | . ]

8/12
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8/24
CCMP374
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-
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Alexander et al. unpub.
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Expression of the variable portion of the pan genome

N added

* Tukey HSD FWER = 0.05
compared to in situ

*

(@]
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i
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o ‘=
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c >
Q
(S ]
S
[V}
a.

0% - .
In situ Con +P -N +N

Alexander et al. unpub. Sample type

Expression of variable gene set significantly increased following N-addition




Ongoing work to define the pan genome

Aim 1: Define the pan genome Aim 2: Identlfy ecotype sorting
t e enviroriment

h 5

Transcriptome
sequencing

¥ <3

v " a®

Culture experiments
Strain-specific
Harriet Alexander
https://alexanderlabwhoi.github.io/




Expanding the pan genome

Read et al. 2013 Reference Genome
Read et al. 2013 Other Genomes

MMETSP
Proposed Genome Additions Alexander, Krinos, et al. unpub.

Many new whole genome sequences being finalized (Nanopore/lllumina)
with RNASeq libraries to support gene prediction




Ongoing work on to identify how environment influences
ecotype distribution paired with competition studies

Aim 1: Define the pan genome Aim 2: Identlfy ecotype sorting
n the environment

R o
-

A
Strain-specific =~
genes

®
)
Aim 3: Characterize pan genomic response to environment

2 2

Transcriptome
sequencing

&0 O o
‘*‘_”{-.--\\, Q) @
—y X ) )

Culture experiments
Strain-specific

Haley et al. unpub.




Summary

Metatranscriptome RNA-Seq:

Species-specific analyses are possible even
for low abundance keystone populations

Nitrogen limits E. huxleyi activity, and
influences calcification

Variable genes in the pan genome may
influence ecotype strain sorting.

Nanopore/lllumina WGS:

Expands a pan genomic framework for
ecotype studies




Core questions... adventures in eukaryote metatranscriptomics

HOE:DYLAN
Limitation

e Nitrogen limits carbon export and
cycling in a keystone haptophyte

e The environment may select
HOE:MAHALO

¥ B
Competition .

e Adayinthe life —tracing
competitive interactions with
multi-’'omics




Tracking phytoplankton physiological ecology

Ecosystem function and biogeochemistry

= oy

Large e At A8
phytoplankton : ﬂ N

#‘1‘.:: S ——
§ 2% Small
phytoplankton ,P\ Zooplankton

@ q Mucrozoon

“%  Bacteria

Organic carbon

Deep ocean

Deep consumers
. -
e CO,
Bacteria |

Sea floor Figure: Chisholm, 2002

How do resources drive phytoplankton distributions and activities?




Hawaii Ocean Experiment: Diel time-series (MAHALO)

S.QQEE&

oN OCEAN pQ\

‘\o )
%

Figure 1 R/V Kilo Moana conducting one of the diel study CTD casts in 2015 (photo: Tara Clemente,

taken from the R /V Ka'imikai-O-Kanaloa)

MAHALO: Special thanks to
Daniel Muratore and Joshua
Weitz for synthesis efforts




Sampling light driven responses in the NPSG

CMEMS 17-Jul-2015
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Station
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>0.2 um transcript Longitude (°W)
>5 um transcript




Jointly applying new multi ‘omic techniques

trr Genomem Transcriptome (RNA)
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Sampling and pipeline

Isolate mRNA

>0.2 um transcript
>5 um transcript

Submit samples
to sequencing
center

BWA - HTSeq Sequence using
RNAseq and map
— reads to reference

Unigene reference —
|
data base

RAIN — periodicity

WGCNA Target 80 million

150 bp paired-end reads

https://omictools.com/rhythmicity-analysis-incorporating-nonparametric-methods-tool

https://bmcbiocinformatics.biomedcentral.com/articles/10.1186/1471-2105-9-559



https://omictools.com/rhythmicity-analysis-incorporating-nonparametric-methods-tool
https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-9-559

Visualizing diel patterns

Afternoon

>0.2 um transcript
>5 um transcript

~65,000 analyte
time series

\N
A

N

Muratore, Boysen, Harke et al. (2022) Nature Ecol Evo.




Different taxa have distinct diel transcription patterns

Bicosoecida

Haptophyta
E)

Cercozoa

Ochrophyta
(E

Chlorophyta Cryptophyta Dinophyta

Peak expression

® 200 ® 1400
6:00 @ 18:00
@ 10.00 @ 22:00

Midnight

Clock
orientation

Muratore, Boysen, Harke et al. (2022) Nature Ecol Evo.




Carbon fixation and respiration are highly coordinated

Pt Croosphaen [ sociaioonia ) Rhizosolenia

(BA)

(b) Carbon Metabolism
7.0
—e—Photosyn.(15-14) —+ Carbon Fix.(14-85) —~ TCA(1-29)

Midnight

Clock
orienfation

Average normalized expression




Carbon fixation and respiration are highly coordinated

a pmzi,%’,mus Crocosphaera Bacillariophyta Emiliqﬂig
@R (B4) €)
(b) Carbon Metabolism
—e—Photosyn.(61-10) = Carbon Fix.(62-60) TCA(55-28)

Midnight

Clock
orientation

: Average normalized expression

g
5

Limén-Hernandez et al. (2020) Environ. Micro.
Muratore, Boysen, Harke et al. (2022) Nature Ecol. Evol.




N metabolism functions are expressed asynchronously

Synchronous

v

%)
>
o
e
)]
—

o=
&)
=
>
7)

<

NH, metabolism NH, transport
Taxonomy

Asynchronous transcription of N uptake and metabolism
between microeukaryotes and between taxonomic domains
suggest competition for limiting resource is driving temporal

niche partitioning

Muratore, Boysen, Harke et al. (2022) Nature Ecol Evo.



Contributor Nature Eco Evo

BEHIND THE PAPER

Microbes running on time

Diel Cycling of Marine Microbial Metabolism in Complex Communities Partitions
Scarce Nutrients and Enables Emergent Biogeochemical Function

. . Matthew Harke and 3 others View all o Foll
ollow
N Research Scientist, Gloucester Marine Genomics Institute

\

4/ ) s ») \4 :%\.

»
=
\

Muratore, Boysen, Harke et al. (2022) Nature Ecol Evo.




Summary

Metatranscriptome RNA-Seq:

Light drives synchronous metabolic
cascades which underpin carbon
cycling in the NPSG

Light drives asynchronous
metabolism of nitrogen — a limiting
resource in the NPSG

Temporal niche partitioning of N
uptake and metabolism may
decrease competition for limiting
resources




Core questions... adventures in eukaryote metatranscriptomics

Limitation
e Nitrogen limits carbon export and
cycling in a keystone hapotophyte

e The environment may select

Competition

e Temporal niche partitioning
supports a complex community in
a resource poor environment

HOE:DYLAN

HOE:MAHALO

/







A vast chemical-microbe network underpins marine food webs
and biogeochemical cycling

If we learn the rules for how the
system operates — then we have a

better chance of predicting future
ocean responses

‘Omic-enabled advances allowing to query cells in their
environment in a species-specific way




Vignettes

Co-existing in a sea of competition: tracing
drivers of phytoplankton physiological
ecology in the open ocean

Microbiome interactions: Tracking the
microbiome of a keystone N, fixer







Trichodesmium: critical to ecosystem function




Nitrogen inputs can shift ecosystem state and carbon flow

Net Heterotrophy Net Autotrophy

Abundant microbiome - Diatoms Haptophytes
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Trichodesmium: critical to ecosystem function




Predicting the role of Fe and P in Trichodesmium distribution
and N, fixation

North Atlantic

P-limited?

North Pacific

Fe-limited?

2000s
- Protein biomarkers: Dyhrman et al. (2002) L&O
- qRT-PCR of transcript biomarkers: Dyhrman et al. (2006) Nature

2010s
- Metagenomics and Metatranscriptomics: Rouco et al. (2018) ISME J.




Metatranscriptome workflow — reference mapping

RNA
extraction

l

Bacterial mRNA
enrichment:
Euk RNA removal-

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

l

Output:
fastq

Reference metagenome: Differential

= Extraction of Trichodesmium-only expression analyses:

scaffolds from Frischkorn et al. R K

(2017) -~ |vegan pac age —
* Link Trichodesmium-only Oksanen etal. 2016
proteins from Frischkorn et al.

= Correspondence
analysis (CA) + envit
function

= PERMANOVA
(adonis function)

Read mapping

RSEM (Li and Dewey, 2011) with R (EdgeR package-
Bowtie2 (Langmead et al. 2012) Robinson et al. 2010

T = Assessment of
Sequence processing: differential

Sequence quality - FASTQC (.fastq) falbu.n'dance of
Trimming - Trimmomatic (.fastq) individual 0G




Trichodesmium transcriptional patterns between the North
Pacific and the North Atlantic

Significant differences in Al.26 .

transcription correspondto . North Pacific
changes in P and Fe between ‘Aug_F.e limited
the North Pacific and the )

. “Auglies
North Atlantic

©
o
=
o
©
T

North Atlantic
P limited

Nu2+N

-1.0

CA1 (53.3%)

Ruoco et al. (2018) ISME J




Trichodesmium metaproteome patterns between regions

Significant differences in
proteome expression
correspond to changes in P and
Fe between the North Pacific
and the North Atlantic

North Pacific
Fe limited

S
<
>
o
<
o

-1
North Atlantic
P limited

0
CA1 (9.8%)

Anderson et al. (in review) ISME J




Modeling N, fixation is still a challenge

Models do not balance the N
cycle in the ocean or recapitulate

patterns well

Geochemistry alone is not a
good predictor of distribution or
N, fixation

a) Depth-Integrated Trichodesmium Abundance (colonies m'z)
0C471

O'N L . 5 N . -
80°'W 65W 50°W 80°'W 65W 50'W

b) Depth-Integrated Trichodesmium N2 Fixation (umol N m2 d'1)

. 0C469 ) 0C471
40°N 40'N

30°N

N 5 > g
80W 65W 5S50W

© VPR Estimate

65W  50°W
0 Luo et al. (2012)

Olson et al. 2015 DSR Il




Trichodesmium hosts a community of epibiotic microbes

Trichodesmium and Plectonema Trichodesmium and Epibionts




Core questions about the Trichodesmium microbiome

Who is there?

e Microbiome diversity
e 16S amplicon sequencing

What are they doing?

e Microbiome functional diversity
e Metagenome assembled genomes

Are they interacting?

e (Coordinated diel signaling
e Metatranscriptomics










Trichodesmium microbiome diversity

Trichodesmium colonies are picked and rinsed from net tows for
16S sequencing to remove all but the tightly associated epibionts.




Epibiont diversity

EXPERIMENTAL APPROACH Collection of

colonies from

A 3 ocean basins

DNA extraction

¥

=S Ei ™ = (~top 25m)
é 10 samples > & A :
. S5P&5R q-ﬁ e . @

Sequencing:
V4 region of 16S

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

What groups co-occur with Trichodesmium?

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




extraction

16S rDNA analyses

Paired-end sequencing:

DNA Miseq (2x150 bp)

V4 region of 16S rRNA gene
(515F-806R primers)

Data visualization
and statistical analyses:

R (vegan package - Oksanen et
al. 2016

OTU table
(.csv)

Dissimilarity matrix
Visualization: PCOA

Mantel tests

PERMANOVA (adonis function

Metabolic inference fasta

PICRUSt (Langille et al., 2013) .count_table

LEFSE (Sagata et al. 2011) ((;‘,;«f;ﬁaggne

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

Sequence processing:
MOTHUR
(Kozih etal. 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)




Average epibiont community

Unclassified bacteria
I Other bacteria

Deltaproteobacteria

(1%) \
Proteobacteria, uncl.

(4%) N

Bacteroidetes, uncl.

(4%) Alphaproteobacteria

Flavobacteria (82)

(5%)

Gammaproteobacteria
(25%)

<

w 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.




Microbiome community diversity (16S)
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MDS1

Rouco et al. (2016) Envrion. Micro.

Microbiome communities significantly differ by region and colony
morphology, except for the S. Pacific where the Trichodesmium
composition of rafts and puffs were not significantly different




Summary

e Need to think about Trichodesmium as a holobiont

e What drives community assembly?
e Unique niche?

e Type of Trichodesmium
e Physiological of the colony
e Environment
e |[ottery?
e Random selection of potential copiotrophs with certain
gene functions?
e Stability over time?




Core questions about the Trichodesmium microbiome

Who is there?

e Diverse community, distinct from
water column

What are they doing?

e Microbiome functional diversity

Are they interacting?

e Diel patterns in the consortia




Metagenome derived metabolic potential in the Trichodesmium
holobiont

IDBA-UD MaxBin2

Assemble into Bin by read coverage and
scaffolds

Use as a template for analysis of Locate ORFs, translate into proteins,
Trichodesmium field populations annotate and assign taxonomy
Prodigal DJAMOND-BLAST
MEGAN KEGG

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




Composition of the holobiont

Taxonomy

N lSRRM‘)lX.Nn

-
e .
....I S
nlllmm’
= .
T

S =NATLT O01

70°W
N. Atlantic

Nearly complete (~90%) genome bins were assembled
and results are consistent with 16S data

= Metagenome assembled genome or MAG

Frischkorn et al. (2017) ISMEJ
Assembly graphic —anvio.org




Relative distribution of MAGs with read mapping

Trichodesmium Epibionts

|
Mic.ros.cilla
Bacteroidetes - Trichodesmium
Oscillatoriales - B 3] 9]
Gammaproteo. - [}
Alphaproteo Robacterales
Rhodoswllales

Relative Abundance

2 5 9101617 2 5 9 1016 17
Station

Frischkorn et al. (2017) ISMEJ

Relative proportion of Trichodesmium bins consistent across stations

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




Significant differences across transect

=Northern
=Southern

PC1 (56.6%)

Frischkorn et al. (2017) ISME J

Significant difference in epibiont relative abundance with total
dissolved phosphorus




Relative Abundance

Variable distribution of functional pathways among epibionts

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

Trichodesmium Epibionts

2 5 9101617 2 5 9 1016 17

Nitrogen
Metabolism

Nitrogen fixation

Ammonia assimilation
Nitrate and nitrite ammonifi.
Nitrogen stress

Nitrilase

Phosphorus
Metabolism

Iron
Metabolism

Motility and
Chemotaxis

Secretion

Transport

Carbohydrate
Metabolism

10%

]

Phosphate metabolism

High affinity P transporter (PHO)
Polyphosphate
Phosphoenolpyr. phosphomut.
Alkylphosphonate utilization

Iron acquisition

Siderophore assembly

Hemin transport

Other heme and hemin utilization
Heme and hemin utilization

Flagellar motility
Bacterial signal recognition
Bacterial Chemotaxis

Gene transfer agent
Two partner secretion
Type VI secretion

Mg transport

Niand Co transport
Na-dependent P transport
Twin-arginine translocation
H+-dependent peptide transport
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
Glycogen metabolism
Glycerate metabolism

Chitin and NAG utilization
Glycerol and G3P utilization
Xylose utilization

Fructose utilization

100% EpibiontBin: 4 6
&
9%4

Station

Frischkorn et al. (2017) ISMEJ




Epibionts enrich holobiont for key functions

[[] Microbiome
.. *
[ Freeliving
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Siderophore Heme C-P
transport transport lyase

Organic Fe Reduced P

Frischkorn et al. (2017) ISME J

Phosphonate, heme and siderophore functions are enriched in the
epibionts relative to water column microbes




Comparing metabolic potential in the holobiont

Metagenomes

}

Orthologous group
analysis

Epibionts v. Trichodesmium

ten/ WD24

Image courtesy Tracy Mincer




Epibionts significant metabolic potential

Trichodesmium
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Frischkorn et al. (2017) ISME J

Orthologous (OG) group analysis suggests that epibionts confer the vast
majority (>90% of OGs) of metabolic functions to the holobiont.




Chemical-microbe network within the Trichodesmium holobiont

Substrates sustain biomass
production and element cycling

DHPS G
OH 0

NH,
HO\)\/\\S\\/O_ ! . HzN/\/\/
@)

Polyamine
HO™

Facilitators enable
chemical reactions

Vitamin B, Catecholate siderophore

@)
NH H o o
»“‘\/\/U\
HN OH
H

Signals alter microbial phenotypes

N -acyl homoserine lactone

O S
)k Tropodithietic acid
. o) 0
Quorum Sensing Cj \ R

(0

Moran et al. (2022) Nature Micro.




Microbial cross talk within the Trichodesmium holobiont

Epibiont only

B Tricho. only 1 Rhodospir. & Microsci.

=] Microscilla 7] Rhodobact. & Rhodospir.

71 Rhodospirillales  [_] All epibiont classes

Auxin sensing and
response

NO production

AHL QS Pathways
are isolated to
microbiome

QS and cell
signaling




Chemical-microbe network within the Trichodesmium holobiont

Substrates sustain biomass Orga nic Fe C N
production and element cycling rer

B vitamins
DHPS e
OH 0

— W i
\\O >

Polyamine

Facilitators enable
chemical reactions

Vitamin B, Catecholate siderophore

Signals alter microbial phenotypes

N -acyl homoserine lactone

(0] S
{ E )k Tropodithietic acid
0 (0]
N R
H

(0

Moran et al. (2022) Nature Micro.




Metabolic partitioning within the Trichodesmium holobiont

Frischkorn et al. (2017) ISMEJ

Epibiont only

B Tricho. only "1 Rhodospir. & Microsci.

=] Microscilla 7] Rhodobact. & Rhodospir.

71 Rhodospirillales  [_] All epibiont classes

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




Cultured epibionts produce siderophores in low iron media

Aerobactin Desferrioxamine B

All six epibionts produce siderophores including
those related to aerobactin and desferrioxamine
consistent with MAG predictions and iron
experiments.

O. Baars et al. unpublished




More metagenome sequencing expands the analysis

What is the biogeography of Trichodesmium and epibiont traits as a
function of changing ocean ecosystems?




Epibiont distribution in Red Sea samples

' MAG 52 T. thiebautii

@ Trichodesmium
Rhodobacterales

@ Rhizobiales
Caulobacterales
Rhodospiralles

@ Sphingomonadales

@ Enterobacterales
Pseudomonadales
UBA796

@ Flavobacteriales

@ Jos7

@ Balneolales

43 >98% complete MAG
Broad similarities with North Atlantic samples

Ongoing effort in collaboration with Yeala Shaked




Red Sea epibionts carry enriched Fe traits relative to
Trichodesmium

@ Trichodesmium
Rhodobacterales

@ Rhizobiales
Caulobacterales
Rhodospiralles

@ Sphingomonadales

@ Enterobacterales
Pseudomonadales
UBA796

@ Flavobacteriales

® 057

@ Balneolales

MAG36 @
Kordia sp. MAG 04 )
MAG 48

Alcanivorax sp. MAG 47
MAG 46
MAG 51
MAG 26
MAG 34
MAG 49
MAG4: @
MAG2S @

MAG 32
Alcanivorax venustensis MAG 31

Limnobacter sp. MAG 11
Polycyclovorans sp. MAG 41

MAG 38
Marinobacter salarius MAG 23

MAG 18

$8s
333
f
g

i3

é

T.thiebautii MAG 52 @
MAG 24
MAG 42
Idomarina abyssalis MAG 13
Pseudoalteromonas sp. MAG 05
Erythrobacter sp. MAG 21
Algihabitans sp. MAG 37
Rhodobacter sp. MAG 28
Roseovarius sp. MAG 01
Sulfitobacter sp. MAG 29
Pyruvatibacter sp. MAG 12
Hyphomonas sp. MAG 27
Glycocaulis albus MAG 39
Maricaulis sp. MAG 35
Roseibium sp. MAG 17
Pelagibacterium sp. MAG 19

Idiomarina aquatica MAG 50

iR k i
a. Fe uptake and Siderophore Biosynthesis Fe-utilization

Fe(n)
Fe {m)*

Fe: heme

Fe: citrate
Fe: siderophore

Siderophore BGC

NIS-type
NRPS-type

Koedooder et al. (2023) mSystems




User need for genome/pan genome data integration

Common frameworks and accessible data types facilitate team-science.

Digital Microbe: A Genome-Informed Data

Integration Framework for Collaborative
Research on Emerging Model Organisms

lva Veseli‘-i, Zachary S. Cooperz'i, Michelle A. DeMers3-I, Matthew S. Schechter*, Samuel

Miller®, Laura Weber®, Christa B. Smith?, Lidimarie T. Rodriguez’, William F. Schroer?,
Matthew R. Mcllvin®, Paloma Z. Lopez®, Makoto Saito®, Sonya Dyhrman?®, A. Murat
Eren®®10111 Mary Ann Moran?*, Rogier Braakman®1

Veseli et al. (2024) Scientific Data




Summary

Trichodesmium epibionts are
functionally diverse, and these
functions suggest complex
interactions within holobiont
(substrates, signals)

Common workflows and accessible
data types help facilitate
collaborative-science.

Now we are looking at how those
metagenomic functions are
expressed.....




Coordinated analysis of phosphorus cycling

South Pacific is undersampled
and the dynamics of the
Trichodesmium holobiont are
not well understood

Unique opportunity to sample
metagenome,
metatranscriptome, and key
activities.

Is there evidence of holobiont
phosphorus reduction and
cycling in this environment?

OUTPACE

Chlorophyll a Concentration (mg/m?)




Physiological ecology of Trichodesmium and its microbiome in the
western tropical South Pacific

Chlorophyll a Concentration (mg/m?)

Moutin et al. 2017, Biogeosci

L 8

OUTPACE Cruise (18 Feb-3 Apr 2015 0.1 é
[0 Siptrack X SOatiors -4~ LD Iations
— ety Coxtine B lad

200

Trichodesmium

- Metagenome

- Metatranscriptome
- Preduction

Metatranscriptomes




Metagenomic evidence of P reduction

2-AEP-TA Me-T

Trichodesmium phosphonate biosynthesis gene cassette

: . O
)( _POH, )bPO_zHZ E» Oy~ POH, : H 2N e B\/OH

HOC 0 HO,C

OH
Aminoethylphosphonate

Phosphoenolpyruvic acid Phosphonopyruvic acid Phosphonoacetaldehyde

Complete gene set for phosphonate biosynthesis assembled in
Trichodesmium genome bin (MAG).

Frischkorn et al. (2018) Biogeoscience




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

Enrichment Culture

Phosphonates

\

Dyhrman et al. (2009) Nature Geo.

Phosphonate (C-P) biosynthesis

et @

- ®
«— Phosphates -
——a—
.-+
e
\, e. Field

5 10 15 20 25

3P in P(Ill) compounds (% of **P uptake)

Van Mooy et al. (2015) Science

Phosphonates are produced at high rates in the holobiont -

metagenomic signal suggests this is related to Trichodesmium
production

-S4
- S5
- S6
-S7
- S8
- S9
-S19

lequinu uones




Genes are expressed with P reduction

Measure gene expression Measure phosphate reduction

Percentage of radiolabeled phosphate
taken up and reduced by Trichodesmium
colonies

ppd 2-AEP-TA Me-T  Cy-T GT . B % PO,* to LMW P(lll)

I % PO,* to PO,*

1.0+

0.5+

0.0 SD9 LDB**
*methylphosphonate,
phosphonoacetylaldehyde, or 2-
aminoethylphosphonate

Frischkorn et al. (2018) Biogeoscience

v' Genes detected
v' Genes expressed

v Activity measured
? Pcycling




Evidence for metabolism of reduced phosphorus compounds in
Trichodesmium and the microbiome

Query for C-P metabolism:
Phosphonate C-P lyase (phnJ)

|:| Microbiome
Freeliving

v'  Genes detected v'  Genes expressed

Microb. Tricho.
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o

A TN

Siderophore Heme C-P

transport transport lyase
Organic Fe Reduced P

/

Ability to metabolize reduced P
is enriched in Trichodesmium
microbiome

Log2 (TPM) phnJ

Frischkorn et al. (2018) Biogeoscience




Novel P currencies used in holobiont....

Chlorophyll a Coxeentration (mg/m?)
T
{J [n]

Mitigate competition
for scarce resource?




Ongoing analysis of phosphonate biosynthesis and uptake
biogeography

Multiple Sequence
. Alignment
Prodigal MAEFT

Assembly Predicted Proteins

Ppm and aepX

Detection hmmsearch hmmbuild

HMMER HMMER

Motif Detection
"EDK(X)5NS"

N. Pacific " ppd \ 2AFP-TA
Trichodesmium E——

N. Atlantic —N\EEYTXY)
Trichodesmium e

S. Atlantic i N
Trichodesmium P

Red Sea = NPT
Trichodesmium =

" Maybach et al. unpubl.




Summary

Need to think about Trichodesmium as a holobiont with a
broader metabolic potential than just Trichodesmium alone.

Microbiome is distinct and varies as a function of environment

Holobiont is a potential hot-spot of reduced phosphorus
cycling.

Consistency of epibiont diversity and functional capacity across

environments?
e Metagenomes and metatranscriptomes from different

environments




Core questions about the Trichodesmium microbiome

Who is there?

e Diverse community, distinct from
water column

What are they doing?

e Microbiome contributes
functional diversity to community

Are they interacting?

e Diel patterns in the holobiont




Using light to study interactions
y/

HOE:MAHALO

e Light drives diel changes in
Trichodesmium CO, and N,
fixation

Do epibionts have diel responses,
and what might they tell us
about interactions between the
host and microbiome?




Sampling light driven responses in the NPSG

CMEMS 17-Jul-2015 SLA (cm)
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Station
ALOHA
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N
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n
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N
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Longitude (°W)
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Coordinated expression dynamics in host and microbiome

;: 8402 P": ;
Metatranscriptomes

}

Orthologous group
analysis

|

Periodicity: RAIN
Co-expression: WGCNA

https://omictools.com/rhythmicity-analysis-incorporating-nonparametric-methods-tool
https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-9-559



https://omictools.com/rhythmicity-analysis-incorporating-nonparametric-methods-tool
https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-9-559




Coordinated expression dynamics in host and microbiome

;: 8402 P": ;
Metatranscriptomes

}

Orthologous group
analysis

|

Periodicity: RAIN
Co-expression: WGCNA

https://omictools.com/rhythmicity-analysis-incorporating-nonparametric-methods-tool
https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-9-559



https://omictools.com/rhythmicity-analysis-incorporating-nonparametric-methods-tool
https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-9-559

Diel modulation of transcripts in Trichodesmium

Trichodesmium
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WGCNA co-expression network

Module example: Significantly
coordinated expression patterns
between Trichodesmium and
microbiome.

i

uH n

Relative expression

Frischkorn et al. (2018) ISMEJ




Diel modulation of transcripts suggest coordination: Nitrogen

—
Q
D
w
®
—
o
>
()
o
D
N
©
=
-
o
>

Hour

® /richo. nitrogenase avg.
O Microbiome N metab. avg.

Frischkorn et al. (2018) ISMEJ




Summary

The microbiome and Trichodesmium are interacting!
e Nitrogen

e (Carbon

e \Vitamin B12, P, Fe etc.

Heterotrophic epibionts have striking diel signals that likely

underpin signaling, substrate exchanges and other activities in
the holobiont.




Core questions about the Trichodesmium microbiome

Who is there?

e Diverse community, distinct from
water column

What are they doing?

e Microbiome contributes
functional diversity to community

Are they interacting?

e Yes! Significant co-expression of
host-microbiome genes

f % v
B ;

e /. . " }/
8 () -

Host = Microbiome

Microbiome = Host




Can the microbiome influence host N, fixation?

Maybe the models are missing the role of the microbiome!

a) Depth-Integrated Trichodesmium Abundance (colonies m'z)

. 0c471
40°N

N ) [ ) 0 N ) F) 0,
30W 65W SO0W 80W 65W 50W
b) Depth-Integrated Trichodesmium N2 Fixation (umol N m2 d'1)

0C469 . 0Ca471
40N

N o 0 o HN 0 o o
80W 65W S50W 80W 65W 5S0W
0 lLuoetal (2012) © VPR Estimate

Olson et al. 2015 DSR Il




Selective manipulation of the microbiome...

Quorum sensing communication
molecules (acylated homoserine
lactones — AHL) detected in
colonies (Van Mooy et al. 2012
ISME J)

Genes for AHL biosynthesis and
AHL receptors detected in
epibionts not Trichodesmium

.., Quorum sensing and signaling molecules

»

Epibiont only
[IBoth

I Tricho. only 1 Rhodospir. & Microsci.
2] Microscilla 7 Rhodobact. & Rhodospir.
1 Rhodospirillales  [__] All epibiont classes




Do microbiome infochemicals influence Trichodesmium
phenotype?

@ +AHL exp. N-acyl homoserine lactone
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Trichodesmium N, Fixation




AHL addition modulates Trichodesmium N, fixation

W
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@ +AHL exp. N-acyl homoserine lactone
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Trichodesmium N, Fixation

St2 St10 St17

Microbiome can modulate host N, fixation rates up to 40%, in
orthogonal directions, and independently of known drivers (P, Fe, light,
temperature)




Microbiome activities modulate N, fixation in host

@ +AHL exp.
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Frischkorn et al. (2018) L&O Letters
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Biological interactions are a previously unrecognized driver of N, fixation
Need to revise modeling efforts




Microbiome activities modulate N, fixation in host

Significant differences in Wi o6 3
transcription correspond to . North Pacific
changes in P and Fe between ')’«».;;_Fe imitsd
the North Pacific and the
North Atlantic
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Frischkorn et al. (2018) L&O Letters

Biological interactions are a previously unrecognized driver of N, fixation
Need to revise modeling efforts to include the geochemistry (e.g. Fe
and P) and the biology (interactions)!




Summary

e The microbiome and
Trichodesmium are
interacting!

Epibionts can influence N,
fixation, but the full
mechanisms that underpin
this still need to be
identified.




Core questions about the Trichodesmium microbiome

Who is there?

e Diverse community, distinct from
water column

What are they doing?

e Microbiome contributes
functional diversity to community

Are they interacting?

e Yes! Significant co-expression of
host-microbiome genes

Bl
Microbiome can influence
host N, fixation!




Summary

16S community amplicon
sequencing: Colonies harbor diverse
epibiont microbiomes

Metagenomics: Epibionts confer
substantial metabolic potential, and
are dynamically curated across
gradients in the environment

Metatranscriptomics: Novel P cycling
currencies may avoid competition

Apparent interactions between

Trichodesmium and its microbiome ANEELETE (22078 & Gl el

Trichodesmium physiological ecology and
biogeochemical cycling




Enjoy the rest of the workshop!

‘Omics approaches are providing new insights into the chemical-
microbe network that drive ocean ecosystem structure and
function




