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Monitoring harmful algal blooms (. SECOORA
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: Examining mixotrophy under nutrient limitation ©
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Plankton trophic interactions & metal ecology in continental shelf ecosystems
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NETWORK ANALYSIS

STACKED BARPLOT

Inferring physiology
from omics

Primary production, nutrient
biomarkers, links to ocean
biogeochemistry

Best practices in
metatranscriptomics

visualization
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From sample collection to data
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Best practices in
metatranscriptomics

From sample collection to data
visualization



ORDINATION

Best practices in
metatranscriptomics

From sample collection to data
visualization

Intercomparison efforts

Lab/field collection

RNA preparation

Bioinformatic pipeline

Databases

Normalization & differential expression

Data visualization approaches



Ocean Carbon & Biogeochemistry (OCB)
working group: meta-eukomics

Ocean Carbon
& Biogeochemistry
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How does sample collection, RNA extraction, sequencing, and
bioinformatics influence biological interpretations?

STACKED BARPLOT
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Metal Intercomparison Working Group

Goal: Intercomparison of eukaryotic metatranscriptomic RNA
extraction procedures and bioinformatic analyses by lab
OUTCOME: White paper summary of results and best practices
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Community-wide goals:

* Learn how existing and developing omic tools can be used to further our
understanding of microbial diversity and function

e Understand the utility and limitations of the methods

e Foster exchange between intercomparison efforts



Previous intercomp efforts

OCB Ocean nucleic acids ‘omics intercalibration and
standardization workshop report (Biogeoscapes):
Euks/proks/viruses, metaG, metaTl, metaB

https://www.us-ocb.org/ocean-nucleic-acids-omics-workshop/

OCB Ocean metaproteomic
intercomparison study:

Wet lab protein extractions and mass
spectrometry

https://www.us-ocb.org/intercomparison-and-intercalibration-
metaproteomics/

Saito et al. 2024, Biogeosciences

Mak Saito: OCB 2020 OMIS



Intercomparison Plan

Surface samples collected in May 2023 by Mak Saito on Costa Rica Dome
Upwelling cruise T

4 McLane pumps with 0.2 — 51 um filter fraction (Supor)
Sliced into sections & sent to participating labs

llLlumina sequencing using an experimental design matrix
O RNA extraction procedure
O Poly-A selection vs. rRNA depletion
O Sequencing facility

Informatics intercomparison will be performed to determine extent of variability
due to bioinformatic choices alone (assembly, annotation, etc)




Physical sample processing

MARINE MICROBIAL COMMUNITY
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Step 1. Sample collection:
Filtration mechanism, duration, filter
type, preservation

Step 2. RNA extraction:
Sample handling, extraction kit, physical
disruptions, DNA removal

Step 3. Sequence prep:
Library preparation, rRNA removal

Step 4. Sequencing:
Sequence facility, platform and
throughput



Sample collection (lab & field)

* Filtration mechanism: vacuum pump, peristaltic pump, in situ
pumps & filtration duration

* Filter material and porosity

* Preservation method: flash freezing, RNAlater, time in storage




Sample collection (lab & field)

* Filtration mechanism: vacuum pump, peristaltic pump, in situ
pumps & filtration duration
* Filter material and porosity

* Preservation method: flash freezing, RNAlater, time in storage



Colombet et al. 2020 Viruses Diversity
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Sample collection (lab & field)

* Filtration mechanism: vacuum pump, peristaltic pump, in situ
oumps & filtration duration

* Filter material and porosity
* Preservation method: flash freezing, RNAlater, time in storage
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Physical sample processing

MARINE MICROBIAL COMMUNITY
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Step 1. Sample collection:
Filtration mechanism, duration, filter
type, preservation

Step 2. RNA extraction:
Sample handling, extraction kit, physical
disruptions, DNA removal

Step 3. Sequence prep:
Library preparation, rRNA removal

Step 4. Sequencing:
Sequence facility, platform and
throughput



RNA extraction

* Variety of kits commercially available

* Common modifications: beads, physical disruption of cells
* DNA removal

 Quantitative standards

What is your preferred RNA extraction kit? |0 copy

9 responses

Qiagen RNeasy 6 (66.7%)
Qiagen DNA/RMA AllPrep kit|—0 (0%)
RMNAqueous Total RNA Isolatio. .. 2 (22.2%)
TRIzol|—0 (0%)
NucleoMag RNA kit 2(22.2%)
MucleoSpin RNA Midi kit|—0 (0%)
NucleoMag DNA/RNA Water Kit 1(11.1%)
Zymo Direct-zol RNA MiniPrep... 1(11.1%)
PowerWater 1{11.1%)

0 1 2 3 4 5 ]



RNA extraction

* Variety of kits commercially available

* Common modifications: beads, physical disruption of cells
* DNA removal

 Quantitative standards




RNA extraction

* Variety of kits commercially available

* Common modifications: beads, physical disruption of cells
* DNA removal: DNAase

 Quantitative standards

Which of the below do you incorporate in your extraction protocol? ILJ Copy

9 responses

Breaking h.a_rd shellg {hgad 9 (100%)
beating, sonicating)
DMAase using heat digestion 1{11.1%)
DMAase on-column digestion 8 (88.9%)

0 2 4 B 8 10



RNA extraction

* Variety of kits commercially available

« Common modifications: beads, physical disruption of cells
A ﬁ B

* DNA removal S # Fresiving N 4
. ° — 0.40% 1.2x10° L'
* Quantitative standards i 0%, 1210,
Rel.%ve Abscl')lute
g:g;ﬁ/’: =78 81—:2::‘;: t_: = 0.65

Particle-associated

Satinsky et al. 2013 Methods in Enzymology



RNA extraction

* Variety of kits commercially available

* Common modifications: beads, physical disruption of cells

* DNA removal

 Quantitative standards
* Assessing RNA quality:

* Nanodrop
* Qubit
* Bioanalyzer

9 responses

=8
6+
35

below 3

depends on sample type, ranges
from below 3 to =8

Highly variable, but often 6-9.

0

0 {0%)
1(11.1%)

1{11.1%)

1

are typical RIN scores of your total extracted RNA?

2 (22.2%)

4 (44.4%)

1L} Copy

B (66.7%)



Physical sample processing

MARINE MICROBIAL COMMUNITY
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Step 1. Sample collection:
Filtration mechanism, duration, filter
type, preservation

Step 2. RNA extraction:
Sample handling, extraction kit, physical
disruptions, DNA removal

Step 3. Sequence prep:
Library preparation, rRNA removal

Step 4. Sequencing:
Sequence facility, platform and
throughput



Seguencing options

* Platforms
* Short read sequencing (lLlumina, AVITI)
* Long read sequencing (PacBio, Oxford Nanopore)

* Low input options
* MRNA enrichment

Cluster Growth

Library Sequencing

Preparation

DNA
(0.1-5.0 ug)

0000000080000 0000606000000
>Jalol > lalalolal> B >lalo > Tl falsl 1 1 1 1 1 1 1 I

L



Seguencing options

e Platforms

* Short read sequencing (lLlumina, AVITI)
* Long read sequencing (PacBio, Oxford Nanopore)

* Low input options

. .
MRNA enrichment De Ronne et al. 2025 Genome

Table 1. Comparative analysis of triple-digest genotyping-by-sequencing performance and concordance between the NovaSeq
and AVITI sequencer for 40 Cannabis samples.

NovaSeq AVITI
Step Statistics Overall Average SD~ Overall Average SD
Sequencing and  Average (Q-score - 35.8 0.1 - 43.4 0.6
mapping Mean mapping quality - 35.3 1.2 - 35.8 1.2
Proportion of read with insertion (%) - 6.2 1.1 - 7.0 1.3
Proportion of read with deletion (%) - 4.3 0.47 - 4.3 0.45
Error rate (%) - 0.013 0.0007 - 0.012 0.0007
Homopolymer indels (%) - 45.0 3.3 - 42.6 3.8

Mean coverage (X) - 0.17 0.09 - 0.27 0.15



Seguencing options

e Platforms

Sperfeld et al. 2022 Applied & Environmental Microbiology

[ LR transcr. ][Hybrid transcr. ][ SR transcr. ]

1) Basic statistics

Counts 14,665
Bases (Mb) 24,291,537
N50 length (bp) 1,883
Mean length (bp) 1,656
GC content 67.4%
2) Protein-coding transcripts (>100 aa; ANGEL predicted)

Total 13,972
Relative 95.3%

3) BUSCO completeness (n = 255 eukaryotic reference genes)

Detected: compiete + fragmented 44.7% (114)
Complete: single-copy 29.4% (75)
Complete: duplicated-copy 7.1% (18)
Fragmented 8.2% (21)

42 686
60,039,032
1,859
1,406
68.9%

37,086
86.9%

83.2% (212)
55.3% (141)
16.9% (43)
11.0% (28)

41,913
54,236,986
1,689
1,294
69.0%

35,927
85.7%

83.2% (212)
60.8% (155)
11.4% (29)
11.0% (28)



Seguencing options

* Platforms
* Short read sequencing (Illumina, AVITI)
* Long read sequencing (PacBio, Oxford Nanopore)

* Low input options: SMARTer-seq v4 (expensive). Accepts pg
levels of total RNA vs. ~100 ng needed for standard kits

* MRNA enrichment

For short-read lllumina sequencing, what library preparation kits do you use? I_D Copy

9 responses

TruSeq Stranded mRNA T (77.8%)

SMART-Seq (low input) 2 (22.2%)
MEBMext Ultra RNA library prep 1{11.1%)
MNEB ultra 2 stranded RMA 1{11.1%)

0 2 4 G 8



Seguencing options

* Platforms
* Short read sequencing (Illumina, AVITI)
* Long read sequencing (PacBio, Oxford Nanopore)

* Low input options: SMARTer-seq v4 (expensive)

* MRNA enrichment: Poly-A tail selection or rRNA depletion

Poly-A Tail Se

o
TN N N

lection
AAAA

mMRNA

cDNA Library

!
i

lllumina Sequencing

a——ix—j; \tii x r R n A

rRNA Depletion

cDNA Library

!
1]

lllumina Sequencing

How do you reduce rRNA?

9 responses

rRMNA-depletion

poly-A selection

Or we don't reduce

1(11.1%)

2

3 (33.3%)

IL) Copy

9 (100%)

10



Physical sample processing

MARINE MICROBIAL COMMUNITY
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Step 1. Sample collection:
Filtration mechanism, duration, filter
type, preservation

Step 2. RNA extraction:
Sample handling, extraction kit, physical
disruptions, DNA removal

Step 3. Sequence prep:
Library preparation, rRNA removal

Step 4. Sequencing:
Sequence platform, length and
throughput



Bioinformatics

l ASSEMBLY

[ Reads assembled into contigs and open reading frames predictec J
e ————— s
J READ COUNT

: Reads aligned o conligs \
and/or open reading frames to generate read counts

- J/

ANNOTATION

@
/ Open reading frames are assigned taxonomic and functional \
annotations by aligning to reference databases

Pseudo-nitzschia sp. Chaetoceros sp. FPhaeocystis antarctica
f=———— 5]

ndepe thase

ndent methionire syn!

KOC549) 8,
[KD2638) - prastocyanin nt methonine &

I

Step 5. Assembly:
contaminant removal, trimming,
assembly vs. direct mapping, assembler
choice

Step 6: Annotation:
Ortholog clustering, taxonomic
database, functional database,

alignment method

Step 7+: Differential expression:
normalization method, biostatistical
tests



Assembly

e Contaminant removal
* Trimming
* Assembly or direct mapping

Do you remove rRNA from sequences (e.g., using RiboDetector)? I} Copy

9 responses

® vyes
® no

" sometimes - sortmeRNA
66.7%




Assembly
* Contaminant removal
* Trimming
* Assembly or direct mapping

sourmash gather —k 31 \

loaded query:

loaded 1 databases.

averlap

ecoli_ref —n. khmer.fg.gz ...

p_guery p_match

T EITHT

found 18 matches

65.4%
2.7%
1.4%
0.6%
0.3%
0.3%
0.2%
0.2%
0.1%
0.1%
0.1%
0.1%
0.1%
0.0%
0.0%
0.0%
0.0%
0.0%

83.5%
3.3%
1.7%
0.7%
0.4%
0.4%
0.2%
0.2%
0.2%
0.1%
0.1%
0.1%
0.1%
0.0%
0.0%
0.0%
0.0%
0.0%

total ;

NZ_IMGWO1000001 .
MNZ _GGT49254 .1 Escherichia coli
NZ_MOGEOLO00001 .
NZ_LVOWV01000001 .
NZ_MIWP0L000001 .
NZ_APWY01000001 .
NZ _INLZOL000001 .
MNZ _GGT74190.1 Escherichia coli
NZ _KB732756.1 Escherichia coli
NZ_BBUWO1000001 .
NZ_MOZX01000101 .
NZ_JISMWO1000001 .
NZ_JMGUO0L000001 .
NZ_MOZCO1000010.
NZ_MEIGO1000001 .
NZ_AEKA0Q1000453
NZ_LEADOLO0DOTL .
NZ_MIWF01000001 .

the recovered matches hit 71.5% of the query

1

1
1
1
1
1

el el el e e ]

ecoli—reads.sig ecolidb

(k=31, DNA)

Escherichia

Escherichia
Escherichia
Escherichia
Escherichia
Escherichia

Escherichia
Escherichia
Escherichia
Escherichia
Escherichia
Escherichia
Escherichia
Escherichia
Escherichia

Pierce et al. 2019 F1000 Research

coli 1 —..
FVECI4 ...
coli st ...
coli st...
coli st...
coli 17...
coli 3—._..
MS 196...
KTE66

coli Ol...
coli st...
coli st...
coli 2—._..
coli st...
coli st...
sp. TWIL...
coli st...
coli st...



Quality scores across all bases [Sanger { lllumina 1.9 encoding)

e Contaminant removal 0 ﬂﬂﬂ ““““I
* Trimming iy N

32 | . |

* Assembly or direct mapping

i
=

Aggressive cutting could alter 16 I
gene expression results 10

(Williams et al. 2016 BMC Bioinformatics) 2

1 2 34 5 6 7 8 8 1519 25-29 35-39 50-54 65-69 20-34 65-95  110-114 125-129 140-144
Position in read (bp)



What is your analysis/assembly approach for metatranscriptomic data? IU Copy

Assembly

e Contaminant removal e oo assembl B a
. . Map reads to reference genomes
* Trimming i aia
* Assembly or direct mapping e o)
e Assembler choice 0 2 d : s 0
N ...CATTCAGTAG... ...AGCCATTAG...
ft- < _..GGTAGTTAG... ...GGTAGTTAG...
/T~ >2) ———_~  .AGCCATTAG.. ..GGTAAACTAG..
“/Ll’/ Next-generation Millions-billions of reads
Genomic DNA DNA sequencing ~30-1,000 nucleotides

RESEQUENCING De Novo ASSEMBLY

S —

Align reads to reference genome Construct genome sequence
and identify variants from overlaps between reads
https://www.hudsonalpha.org



Number of contigs

rnaSpades produces the most

Assembly novel contigs, megahit the least

e Contaminant removal Megahit performs the fastest,
Trinity is slow

* Trimming
* Assembly or direct mapping Multi-assembly approach
* Assembler choice iImproves predictions
Which de novo assemblers do you use: |D Copy
15000+ 9 responses
10000+ Transabyss 2 (22.2%)
Metavelvet [0 (0%)
5000- —_— Trinity 9 (100%)
N - !!___!! I _ MEGAHIT 3(33.3%)
megaht @ . . e e 4 IDBA-Tran 1(11.1%)
ma:::: b . I I ] } ] i maSPAdes 6 (66.7%)
trinity ° 0 2 4 6 8 10

Match type & [ Above 75% || Below 75% [l Below50% | No BLAST hit
ercent 1D . .. .
P Krinos et al. 2023 BMC Bioinformatics



Bioinformatics

l ASSEMBLY

[ Reads assembled into contigs and open reading frames predictec J
e ————— s
J READ COUNT

: Reads aligned Lo conligs \

and/or open reading frames to generate read counts
REe——
e
——
S
=
==
P=sttsti e |
o ANNOTATION
/ Open reading frames are assigned taxonomic and functional \
annotations by aligning to reference databases
Pseudo-nitzschia sp. Chaetoceros sp. FPhaeocystis antarctica
(C2638) - plastocyanin
(KO0S549] B,,- !
{<02633) - plas'ocyarsn ndependent methionire synthase
== ]
==

KIC549) B,
[KD2638) - prastocyanin nt methonine &

I

Step 5. Assembly:
contaminant removal, trimming,
assembly vs. direct mapping, assembler
choice

Step 6: Annotation:
Ortholog clustering, taxonomic
database, functional database,

alignment method

Step 7+: Differential expression:
normalization method, biostatistical
tests



Annotation

* Mapping reads
* Taxonomy
* Function

3

- |

Set of reads

Reference genome

Mapping
I ‘— I
I I I

§ §§§ GATCAGCAACGTACCGCCAGATACCGGGAACATACCATACGA
3-o00 TAAGCGACGTA IS MERENNN G GGCCAACTACC

Readl TTACCAGATAGG T T it
Read2

https://training.galaxyproject.org



Annotation
* Mapping reads

* Taxonomy

 Database choice
* Alignment method

e Function

What is your taxonomic annotation database?

9 responses

MMETSP

PhyloDE

EukProt

EukZoo

NCEI RefSeq andfor nr
MarinaRef

Developed a new reference libr. ..

L1

4 (44.4%)
2 (22.2%)
1(11.1%)
4 (44.4%)
1(11.1%)

2 4

6 (66.7%)

]_D Copy

8 (88.9%)

Total number of proteins

Phylum annotations before and after adding
Radiolarians, among proteins that changed

5e+04

0e+00

Phylum using Phylum using MarRef +
MarRef + MMETSP MMETSP + Radiolarians

Phylum

Cyanobacteria
Gammaproteobacteria
Bacteroidetes/Chlorobi group
Alphaproteobacteria
Ochrophyta

| Dinoflagellata
. Chlorophyta
. Ciliophora
Bl cryptophyta
. Haptophyta

. Retaria

Other

. Unannotated

Krinos et al. 2024 Nature Communications

Also consider how database composition
affects lineage calls



v 0%

supergroup
Chlorophyta
Ciliophora
Collodictyonidae
Cryptophyta
Dinophyta
Discoba
Foraminifera
Fungi
Haptophyta
Lobosa
Marine stramencpiles MASTs
Metazoa
Picozoa
Radiclaria
Stramenoplles
Other
WA

depth

§E8¢

ENomwn =g

*RIOH>O 3

25% 50% 75% 100%

Cohen et al. 2024 Nature Communications



Annotation

* Mapping reads
* Taxonomy

e Function

e Most contentis
unannotated

 KEGG

* Organized in higher
module levels

* Relies on sequence
homology

e Pfam

* |dentifies conserved
protein domains

Proportion of predicted proteins (9:)

100 -

=
o
"

n
o
i

d
(=]
i

4

MAAD T

HS052 7
HS055
.

HES0EIT
HS060 T

H5058"
H 505487

HS5056
HE08

H5051
HS5054

Katie Roche, OCB working group

Functional Annotation

Plar only

KEGG anly

GO anly

Pfam & KEGG

Pfam & GO
KEGG & GO

Ffam & KEGG & GO
Cther database

Unannatatad



Annotated

Annotation ooy

. Unannotated

* Mapping reads
* Taxonomy

e Function

e Most contentis
unannotated

« KEGG
* Organized in higher
module levels
* Relies on sequence
homology

e Pfam 002004 I

* |dentifies conserved No Yes
protein domains Has functional annotation?

4e+06+1

Number of proteins

2e+06-

Krinos et al. 2024 Nature Communications



Bioinformatics

l ASSEMBLY

[ Reads assembled into contigs and open reading frames predictec J
e ————— s
J READ COUNT

: Reads aligned Lo conligs \

and/or open reading frames to generate read counts
REe——
e
——
S
=
==
P=sttsti e |
o ANNOTATION
/ Open reading frames are assigned taxonomic and functional \
annotations by aligning to reference databases
Pseudo-nitzschia sp. Chaetoceros sp. FPhaeocystis antarctica
(C2638) - plastocyanin
(KO0S549] B,,- !
{<02633) - plas'ocyarsn ndependent methionire synthase
== ]
==

KIC549) B,
[KD2638) - prastocyanin nt methonine &

I

Step 5. Assembly:
contaminant removal, trimming,
assembly vs. direct mapping, assembler
choice

Step 6: Annotation:
Ortholog clustering, taxonomic
database, functional database,

alignment method

Step 7+: Differential expression
normalization method, biostatistical
tests



Dlﬂ:erentlal expreSSIOn TMM (edgeR) or mean of ratios (DEseq2): adjusts for RNA

composition with normalization factors
TPM/RPKM: Relative to total reads

* Normalization Copies/L: absolute quantification

 Biostatistical tests

* Visualization DESeg2 normalization

1 U

1

I ]

__Fe.i. -Fe it-Fe. | —aFe <. --Fe;Fk | tFeg

messtore Emily Speciale, UNC Chapel Hill

Mean Feal TPM

—

HH
l—

———




Dlﬂ:erentlal expl’eSSIOn TMM (edgeR) or mean of ratios (DEseq2): adjusts for RNA

composition with normalization factors
TPM/RPKM: Relative to total reads

* Normalization Copies/L: absolute quantification

 Biostatistical tests
e VVisualization

How do you normalize? |_|:| Copy

9 responses

DESeq2 5 (55.6%)
EdgeR 4 (44.4%)
Transcripts per million (TPM) 4 (44.4%)

Read per kilobase million

(RPIO) 2 (22.2%)

0 1 2 3 4 5



Differential expression

e Normalization

* Biostatistical tests )
: . ¥o
* Visualization £
2
3
EdgeR & DEseq2 estimate differential <
expression I3
C.E. B Diatoms
B Haptophyt
Assumes that most genes are not O Aﬁﬁrﬁﬁoﬁi
differentially expressed 8 =P
Applies Exact test (edgeR), Wald test 0 S 10 15

logo(plusFe) + logs(ambient)

2
Marchetti et al. 2012 PNAS

or likelihood ratio test (Deseq2)



Differential expression

e Normalization
 Biostatistical tests
 Visualization
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Differential expression
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Differential expression

* Normalization
* Biostatistical testr oy

Taxonomic group
@ Metazoa
@ Amoebozoa
@ Apusozoa
QO Chlorophyta
O Choanozoa
@ Dinoflagellata
@ Fungi
© Haptophyta
@ Ochrophyta
SAR
© Cryptophyta

 Visualization

Network analysis

Linkage type
— Euk-Euk
---- Euk-Prok

Identified communities that

O Eukaryote

co-occur across the surface A Bacteria
metagenomes (TARA) Community
3
® 3
@ 4
® 5

Alexander et al. 2023 mBio
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Differential expression

e Normalization
 Biostatistical tests
 Visualization

See PNAS site:
https://www.pnas.org/doi/full/10.1073/pnas.2200014119

Saunders et al. 2022 PNAS



Multi-omic integration: transcripts vs. proteins

Ribonucleotide reductase — nucleic acid repair

Defense againstinfection Rubisco Chlorophyll
(A) nrdJ rbcL chlP
&
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S o protein transcript
= 2 amplitude |amplitude
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8 g Il . n
: ' .
o -2 l\ . . g : 2, i ,
© 0 12 24 0 12 24 0 12 24
tme (h) protei;w franscript
measured transcript o measured protein phase phase
abundance v’ abundance
sinusoidal fit to sinusoidal fit to
transcript abundance protein abundance

Boyd & Van Mooy 2025 Limnology & Oceanography, Waldbauer et al. (2012)



Physiology Omics

Enzyme reaction rates Metabolic theory T B s N 3
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Looking forward
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(e.g. Nucleic acids)

* Not often reported in absolute quantities
(“relative abundance”)

Phagotrophy

Membrane \
Cytoplasmic membrane sulfolipid:phospholipid

Quter cell membrane

Strzepek et al. 2022 Journal of Plankton Research {}

Co-designed high-throughput metrics of P metabolism



What are the most important considerations?

- |dentify priority question, and design sampling scheme

around this
« Group targeting? One cruise or many?

- Sequence length matters
- Choose taxonomic database wisely

- Explore multiple visualization formats
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