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We introduce the Global rRNA Universal Metabarcoding Plankton database (GRUMP), which consists
of 1194 samples that were collected from 2003-2020 and cover extensive latitudinal and longitudinal
transects, as well as depth profiles in all major ocean basins. DNA from unfractionated (>0.2 um)
seawater samples was amplified using the 515Y/926 R universal three-domain rRNA gene primers,
simultaneously quantifying the relative abundance of amplicon sequencing variants (ASVs) from
bacteria, archaea, eukaryotic nuclear 18S, and eukaryotic plastid 16S. Thus, the ratio between taxa

in one sample is directly comparable to the ratio in any other GRUMP sample, regardless of gene copy
number differences. This obviates a problem in prior global studies that used size-fractionation and
different rRNA gene primers for bacteria, archaea, and eukaryotes, precluding comparisons across size
fractions or domains. On average, bacteria contributed 71%, eukaryotes 19%, and archaea 8% to rRNA
gene abundance, though eukaryotes contributed 32% at latitudes >40°. GRUMP is publicly available
on the Simons Collaborative Marine Atlas Project (CMAP), promoting the global comparison of marine
microbial dynamics.

Background & Summary/Introduction

Microorganisms span all three domains of life: Archaea, Bacteria, and Eukarya'. Together, these microbes are
critical to life on Earth. Photosynthetic marine cyanobacteria and their eukaryotic counterparts, collectively
called phytoplankton, form the base of marine food webs, thereby sustaining productivity and biodiversity®=.
The bacterioplankton, which consist of bacteria and archaea, play critical roles in biogeochemical cycles: they
consume organic matter and biogeochemically transform and remineralize inorganic and organic compounds,
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mediating the magnitude of carbon sequestered in the deep sea®. Additionally, heterotrophic protists and larger
zooplankton impose a top-down control on the plankton community via grazing, with concomitant respiration.
To understand the fundamental ecological question of where these microbes are and why, it is vital to study how
biological interactions structure plankton communities®’, which calls for direct quantitative comparisons. So
far, only a handful of studies in oceanography have used metabarcoding techniques that allow the direct and
quantitative comparison of organisms from all three domains of life®-!!, limiting the field of marine microbial
ecology and biological oceanography to a fragmented evaluation of the ocean’s microbial and biogeochemical
processes.

The emergence of high-throughput sequencing has significantly enhanced our ability to robustly identify
microbial taxa. However, many current metagenomic or metabarcoding datasets that focus on the global distri-
bution of oceanic microbes do not allow direct quantitative comparisons across all three domains of life. Studies
such as TARA Oceans'?, Malaspina'?, and KAUST Metagenomic Analysis Platform (KMAP)' have provided
key insights into microbial distributions and drivers, yet they generally use different operationally defined size
fractions to separate smaller from larger organisms. This precludes comparisons between samples that have
been quantified compositionally rather than in absolute units. Other marine metagenomic studies such as bio-
GEOTRACES" and Bio-GO-SHIP'® have used unfractionated seawater samples, but these metagenome-based
studies remain limited by our inability to fully classify metagenomic reads'*, meaning that a complete commu-
nity profile is difficult to obtain. Furthermore, many studies also use separate primer pairs to amplify eukaryotic
18S rRNA and prokaryotic 16S rRNA for community analysis from whole seawater samples, yielding separate
compositional data on each!”'8, Whilst these methods have been effective at characterizing the microbial com-
munities separately, they prevent the direct, holistic comparison between eukaryotes, bacteria, and archaea.

To address this shortcoming, we utilized unfractionated samples and applied a universal primer pair
(515Y/926 R) that amplifies bacteria, archaea, and eukaryotes; thus allowing for the quantitative characteriza-
tion of the entire microbial community in a single PCR reaction'. The resulting 16S and 18S rRNA sequences
are denoised into amplicon sequence variants (ASVs) using DADA2 in QIIME22%?!, providing resolution
down to single-nucleotide differences. This primer pair has been validated as robust and highly accurate via
both mock communities of marine bacteria, archaea'®, and eukaryoteszz; such accuracy is not observed with
other commonly tested rRNA gene primers?>*. Furthermore, comparisons with epipelagic metagenomes from
around the world have shown that these universal rRNA gene primers perfectly match 96% of the corresponding
genomic primer regions across all three domains?’. Most importantly, this means that the relative abundance of
amplicon sequencing variants (ASVs) from bacteria, archaea, and eukaryotes are able to be quantified together
as a total community. We used the 515Y/926 R primer pair to sequence the microbial community from 1194
non-fractionated seawater samples from the Arctic, Atlantic, Pacific, Indian, and Southern Oceans. Samples
were taken on 19 cruise transects that spanned all four seasons, including cruises with similar spatial coverage
but in different years and seasons. Multiple transects also have high depth coverage, ranging from the surface
to 2000 m, and in some cases to just above the ocean floor (>6000 m). Collectively, this database, the Global
rRNA Universal Metabarcoding of Plankton database, or GRUMP, provides coverage of the marine microbial
community across diverse ocean biomes and spatiotemporal scales. We have made this dataset publicly availa-
ble on the Simons Foundation Collaborative Marine Atlas Project** (CMAP) (http://simonscmap.com/catalog/
datasets/ GRUMP), Zenodo? (https://zenodo.org/records/15446784), and on the Open Science Framework?®
(OSF) (OSF - https://osf.io/57dpa/), representing a powerful tool to compare distributions of marine microbes
at a global scale.

Methods

Sample collection and data compilation. Samples were collected through multiple collaborations
(for exact locations see Fig. 1), each of which employed slightly different sampling techniques. For the Atlantic
Meridional Transects (AMT 19 and AMT 20), 5-10L of whole seawater were collected from the surface using
a Niskin bottle and filtered onto 0.22 pm Sterivex filters. Sterivex filters were capped and stored in RNAlater at
—80°C until DNA extraction.

For FRAM, whole seawater was autonomously collected using Remote Access Samplers (RAS; McLane) on
four seafloor moorings F4-S-1, HG-IV-S-1, Fevi-34, and EGC-5 (Supplementary Figure 1) from July 2016 -
August 2017 in ~biweekly intervals. Moorings were operated within the FRAM/ Hausgarten Observatory cov-
ering the West Spitsbergen Current, central Fram Strait, and East Greenland Current, with nominal deployment
depths of 30 m (F4, HG-1V), 67 m (Fevi), and 80 m (EGC). Vertical movements in the water column resulted in
variability in the actual sampling depths, ranging from 25-150 m. Per sampling event, approximately 700 mL of
mercuric-chloride fixed water was filtered onto 0.22 um Sterivex filters, which were stored at —20 °C until DNA
extraction.

For Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAiC), whole seawater was
collected from the upper water column via a rosette sampler equipped with Niskin bottles deployed through a
hole in the sea ice next to the RV Polarstern. Where possible, two Niskin bottles per depth were used to collect
duplicate samples during the up-casts, nominally at the surface (~5m), 10 m, chlorophyll maximum (~20-40m),
50m, and 100 m. From these Niskin bottles, 1-4 L of whole seawater were filtered onto 0.22 um Sterivex filters
in a temperature-controlled lab at 1 °C illuminated with only red light. The number of Sterivex filters per sample
varied between two during polar night and 3-4 during polar day, depending on the biomass load of the samples.
Sterivex filters were stored at —80 °C until DNA extraction.

BioGEOTRACES cruises, including transects GA02, GA03, GA10, and GP13, collected whole seawater using
a Niskin bottle from between the surface - 5600 m, filtering 100 mL of seawater onto 0.2 um, 25 mm polycar-
bonate filters. After filtration, 3 mL of sterile preservation solution (10 mM Tris, pH 8.0; 100 mM EDTA; 0.5M
NaCl) was added, and samples were stored in cryovials at —80 °C until DNA extraction.
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Fig. 1 (A) Map of the locations of samples in the GRUMP dataset. Colour indicates the cruise names. Shape
indicates the season in which the sample was taken. (B) Depth profile within each ocean basin. Color refers to
the Longhurst province of each sample location.

During the 2017 and 2019 SCOPE (Simons Collaboration on Ocean Processes and Ecology) - Gradients
cruises on the R/V Marcus and the R/V Kilo Moana respectively, 0.7-4 L of whole seawater was collected using
the ship’s underway system, which is approximately 7 m below the surface, as well as the CTD rosette sampler
for depths between 15-125 m. This water was filtered onto 0.22 um, 25 mm Supor membrane filters and stored
at —80°C until DNA extraction.

The collection of the Southern Ocean transects including the (1) IND-2017 dataset from the Totten
Glacier-Sabrina Coast voyage in 2017, (2) the Kerguelen-Axis Marine Science program (K-AXIS) on
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the Australian Antarctic Division RV Aurora Australis Voyage 3 in 2015-2016, (3) the Global Ocean
Ship-based Hydrographic Investigations Program (GO-SHIP) P15S cruise in 2016, and (4) the Heard
Earth-Ocean-Biosphere Interactions (HEOBI) voyage in 2016. For these cruises, 2 L of whole seawater was
filtered onto 0.22 um Sterivex filters. This water was collected from the ships underway during IND-2017,
from between 5-4625m during K-AXIS, from between 5-6015 m during GO-SHIP P15S, and from between
7-3579m during HEOBI. After filtration, samples were stored at —80 °C until DNA extraction.

As part of US GO-SHIP, the additional transects 108S, I09N, P16S, and P16N included some that also
traversed into the Southern Ocean (i.e., 108S, P16S) or the Arctic Ocean (P16N). For 108S and I09N, 2L of whole
seawater was collected via Niskin bottle from between 5-1450 m depth and was then filtered onto 0.22 ym,
25mm Supor membrane filters during the cruises in 2007 aboard the R/V Roger Revelle. Sucrose lysis buffer
was added to the filters, which were then stored at —80 °C until DNA extraction. For P16N, whole seawater was
collected via niskin bottle from between 20-1000 m and for P16S, between 2-500 m. Seawater was filtered onto
0.22 pm, 25 mm Supor filters during two latitudinal transects of the Pacific Ocean in 2005 and 2006 as part of
the US GO-SHIP repeat hydrography program (previously CLIVAR). Samples were stored as partially extracted
lysates in sucrose lysis buffer at —80 °C until DNA extraction.

Finally, for samples from the Production Observations Through Another Trans-Latitudinal Oceanic
Expedition (POTATOE) cruise, 20 L of whole seawater was collected from the sea surface between 1-2m via
bucket casting or Go-Flo bottles and filtered onto 0.22 um Sterivex filters during a “ship of opportunity” cruise
on the RVIB Nathaniel B Palmer in 2003*”?%, Sterivex filters were stored dry at —80 °C until DNA extraction.

All datasets have corresponding environmental metadata. We included date, time, latitude, longitude, depth,
temperature, salinity, oxygen for all transects, and nutrient data where available. However, some cruises have
other environmental data, which can be found at the British Oceanographic Data Centre (https://www.bodc.
ac.uk/) for both AMT cruises, at the CSIRO National Collections and Marine Infrastructure Data Trawler
(https://www.cmar.csiro.au/data/trawler/survey_details.cfm?survey=IN2016_V01) for IND-2017 and HEOBI,
at the CLIVAR and Carbon Hydrographic Data Office (https://cchdo.ucsd.edu/) for GO-SHIP P15S, P16N
and P168S, at the Australian Antarctic Division Datacenter (https://data.aad.gov.au/aadc/voyages/https://doi.
0rg/10.6075/J0CCHLY?9) for the I08S and I09N cruises, at the MGDS (Marine Geoscience Data System: https://
www.marine-geo.org) for POTATOE, and finally at (https://scope.soest.hawaii.edu/data/gradients/docu-
ments/) for both SCOPE-Gradients cruises. Finally, we used satellite data to estimate the euphotic zone depth
where photosynthetic available radiation (PAR) is 1% of its surface value*>*°. We approximated the euphotic
zone depth using the light attenuation at 490 nm (Kd 490) product and the relationship Z eu (1%) (euphotic
zone depth) =4.6/Kd 490 (diffuse attenuation coefficient for downward irradiance). We also used the script
Longhurst-Province-Finder (https://github.com/thechisholmlab/Longhurst-Province-Finder) to assign each
sample to the Longhurst Province in which it was sampled; helping subset data and investigate specific regions
of the ocean.

DNA extraction. For AMT cruises, DNA was isolated and purified using the AllPrep DNA/RNA Mini kit
(QIAGEN) with modifications to be compatible with RNAlater® and to disrupt cell membranes?'. Briefly, the filter
was removed from the Sterivex housing and immersed in RLT buffer that had been amended with 10 ul 1N NaOH
per 1 ml buffer, followed by a 2 min agitation in a Mini-Beadbeater-96 (Biospec) with 0.1 and 0.5 mm sterile glass
beads (BioSpec). DNA was isolated and purified from the FRAM and MOSAIC samples using the PowerWater
kit (QIAGEN), while DNA from bioGEOTRACES was isolated and purified using a phenol/chloroform-based
method??, and DNA from the SCOPE-Gradients cruises was isolated and purified following®. DNA from IND-
2017, K-AXIS, HEOBI, and P15S was isolated and purified, using a modified phenol:chloroform:isoamyl based
extraction protocol of the DNeasy PowerWater Sterivex Kit**-*. For I09N, 108S, P16N, P16S, and POTATOE, the
DNA was isolated and purified using the method described in*’, with modifications detailed in*®*°. An additional
bead-beating step was added using 0.1 mm glass beads (Biospec) for two minutes at maximum speed on a VWR
Analog Vortex Mixer. DNA was precipitated in low-EDTA buffer to protect from degradation and quantified
using PicoGreen dsDNA assay (Thermo Fisher Scientific). A detailed extraction protocol is available at https://
osf.io/k4c5u.

Sequencing methods and pipeline. Relative abundance information was generated by PCR amplification of
extracted DNA using the 515Y (5-GTGYCAGCMGCCGCGGTAA), 926R (5'-CCGYCAATTYMTTTRAGTTT)
universal rRNA gene primer pair'® which amplifies both 16S and 18S rRNA simultaneously. All DNA samples,
were amplified using the protocol available at (https://www.protocols.io/view/fuhrman-lab-515f-926r-16s-and-
18s-rrna-gene-sequen-vb7e2rn), with the exception of FRAM, for which raw fastq files were supplied. Briefly,
PCR master mix consisted of 12 pl of PCR water (VWR), 10 ul of 5 Master Mix (0.5 U Taq, 45mM KCl, 2.5 mM
Mg?*, 200 uM each dNTP), 1.5l of 1:1, 515 F:926 R barcoded primer mix (0.3 mM each primer), and 1 pl of DNA
per reaction for a final volume of 25 ul. We used 5’ master mix (Quantabio) for I8S, I9N, P16N, P16S, AMT-19,
AMT-20, POTATOE, GA02, GA03, GA10, GP13, SCOPE-Gradients 2, and SCOPE-Gradients 3 samples, GoTaq
master mix (Promega) for P15S, K-AXIS, IND-2017, and HEOBI samples, and U Phusion Polymerase (Thermo
Fisher Scientific) was used by collaborators for FRAM and MOSAiC samples. PCR was performed under the fol-
lowing conditions: initial denaturing at 95 °C for 120 seconds, followed by 30 cycles of 95 °C for 45 seconds, 50 °C
for 45 seconds, and 68 °C for 90 seconds, and then a final elongation step at 68 °C for 300 seconds. PCR products
were stored at 4 °C before being cleaned using the Agencourt AMPure XP PCR purification protocol. Finally,
DNA concentration was quantified using the Pico-Green dsDNA Quant-iT Assay Kit. We used barcoded rRNA
gene primers that had linkers so they made sequencing libraries directly. Pooled sequences for each run were
cleaned and concentrated with SPRIselect (Beckman Coulter) beads. The cleaned pool was quantified using the
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Qubit dsDNA HS Assay Kit. Finally, the 16S and 18S rRNA amplicon concentrations in the pool were determined
with a Bioanalyzer Chip: High Sensitivity DNA Kit, and their ratio used for later data correction.

Most sequencing was done using HiSeq Rapid Run technology (2 x 250bp), except for FRAM and MOSAIC
which were sequenced using MiSeq technology (2 x 300bp). Sequences were demultiplexed using cutadapt
(https://github.com/jcmcnch/demux-notes) and denoised to amplicon sequence variants (ASVs) with a cus-
tom analysis pipeline based on QIIME2 and DADA22*?! which can be found on GitHub (https://github.com/
jemench/eASV-pipeline-for-515Y-926R), which uses a default MaxEE value (sequences with errors higher than
this will be discarded) of 2 for both forward and reverse reads. We classified sequences with a naive bayes clas-
sifier using the giime2 plugin classify-sklearn with databases subset to the amplicon region (database construc-
tion steps available at https://github.com/jcmench/515F-Y_926R _database_construction). The main difference
between this pipeline and standard workflows is that it contains an initial 16S/18S rRNA splitting step, which is
accomplished using bbsplit against curated 16S and 185 rRNA databases derived from SILVA version 138.1 and
PR2 version 4.14.0. This results in two subsets of data (16S and 18S rRNA) that are then denoised separately and
later merged. Note that standard pipelines require a merging of forward and reverse reads where they overlap,
which for these rRNA gene primers would lead to the removal of all 18S rRNA sequences because their forward
and reverse 18S rRNA reads do not overlap. While the standard method (with overlap merging) was applied to
the 16S sequences, the 18S rRNA sequences were concatenated. We used a universal trim length of 220 bp for
forward and 180bp for reverse reads before concatenation so that ASVs could be directly compared to each
other across cruises. After denoising, sequencing depth was calculated, which ranged from 1 - 1, 250, 359, and
we filtered any samples with a sequencing depth below 5000 out of the dataset, as they were considered too small
to be statistically useful. On average, there were 180, 528 sequences per sample before implementing the two
corrections described below.

Two corrections were made to both 16S and 18S rRNA ASV tables before they were merged. The first adjusts
for a known bias against longer 18S rRNA sequences during Illumina sequencing? and the second adjusts for
random variations in sample quality using the DADA2 output statistics. Briefly, for the first adjustment, bio-
analyzer traces were taken for all samples except FRAM and MOSAiC samples to determine the fraction of
16S rRNA or 18S rRNA prior to sequencing, which was calculated by:

168 rRNA(""L“’Z)
16S rRNA fraction = -
16S rRNA + 18S rRNA(”'Z” )
185 rRNA("'ZOl)
18S rRNA fraction =

168 rRNA + 188 rRNA(™)

This was considered the “expected” outcome from the sequencing run. The same fractions were then calcu-
lated after the bbsplit step (which sorts 16S rRNA and 18S rRNA sequences into separate bins) in the analysis
pipeline (Fig. 2), using the number of 16S and 18S rRNA sequences measured by the sequencer. These ratios
were calculated by:

Total 16S rRNA sequences

16S rRNA sequence fraction =
Total 16S rRNA sequences + total 185 rRNA sequences

Total 18S rRNA sequences
Total 16S rRNA sequences + total 18S rRNA sequences

18S rRNA sequence fraction =

A correction factor for each sequence type was calculated as:

16S rRNA fraction

16S correction factor =
168 rRNA sequence fraction

18S rRNA fraction

18S correction factor =
18S rRNA sequence fraction

The second adjustment for random variations in sample quality uses the DADA2 output statistics. The total
number of non-chimeric reads were divided by the initial number of input reads, which is the ratio of reads that
passed the DADA2 chimera detecting software. We then corrected our output read number for each sample by
the following equation:

Read abundance  correction factor(16S \V 18S respectively)
ratio of reads which passed DADA2

Corrected read abundance =

All of these calculations were made using the script available at https://github.com/Nwilliams96/Project-
2-Universal-Primer-Pipeline. FRAM and MOSAIC data does not have bioanalyzer traces; we used the same
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Fig. 2 Bioinformatic pipeline used to analyze mixed 16S and 18S rRNA amplicons generated from three-
domain universal SSU rRNA primer set 515Y/926R from unfractionated seawater collected in the GRUMP
collaboration. The unique features of this pipeline include an initial database-dependent i silico splitting

step after PCR amplification and sequencing, parallel 16S rRNA and 18S rRNA denoising pipelines, and a
correction-based merging step — allowing for the recovery of both 16S rRNA and 18S rRNA information in

a single ASV table. Note that separate analysis pipelines are required due to the non-overlapping nature of
forward and reverse 18S rRNA reads which would otherwise cause them to be discarded in bioinformatic
pipelines that are dependent on read merging (as is common for most rRNA-based amplicon pipelines). The
pipeline is based primarily in the QIIME2 framework and has been implemented and tested with Ubuntu-based
Linux distributions.

correction factor used for the Southern Ocean samples, as we hypothesize, they would have a similar level of
eukaryotic bias. The final dataset contains merged abundance information from both 16S rRNA ASVs and
18S rRNA ASVs that can be directly compared to one another. Correction factors and calculations are available
in Table 1.

In the final dataset, metabarcode information was derived from bacteria and archaea (16S rRNA), protists
(photosynthetic based on plastid 16S rRNA and non-photosynthetic based on nuclear 18S rRNA), as well as
larger planktonic organisms such as arthropods, salps, and gelatinous zooplankton (nuclear 18S rRNA), which
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16S 18S 16S 18S
SEQUENCING | 16S 18S 16S FRACTION | 18S FRACTION | 16S 18S FRACTION | FRACTION | CORRECTION | CORRECTION
RUN BIOANAYZER | BIOANALYZER | BIOANALYZER | BIOANALYZER | SEQUENCES | SEQUENCES | SEQUENCES | SEQUENCES | FACTOR FACTOR
SOUTHERN
OCEANS 1340.0 335.1 0.800 0.199 29501073 3462334 0.894 0.105 0.89 1.90
?EADIENTS 3292.0 638.5 0.837 0.162 101174114 7014632 0.935 0.064 0.90 2.51
P16N, P16S 6162.1 2182.8 0.738 0.261 42116230 3082200 0.931 0.068 0.79 3.84
GAO03, GP13 2052.0 434.0 0.82 0.17 24433763 734205 0.970 0.029 0.85 5.98
18,19 6162.1 2185.2 0.738 0.261 40226353 224586 0.947 0.052 0.78 4.95
GA02,GA10 124014.1 34444.1 0.782 0.217 21661905 678869 0.969 0.030 0.81 7.15
AMT 19, AMT
20, POTATOE 5969.3 1361.0 0.814 0.18 11250567 226122 0.980 0.019 0.83 9.42
FRAM,
MOSAIC NA NA NA NA 24349430 2035473 0.922 0.077 0.89 1.90

Table 1. Correction factors for both 16S and 18S sequences. All Bioanalyzer data are in units nmole/L, except
for Southern Oceans and Gradients which are pmole/L.

Taxonomic Heading in GRUMP | SILVA Level PR2 Level ProPortal Level

Domain Level 1 Level 1 NA (doesn'’t exist in ProPortal)
Supergroup NA (doesn't exist in SILVA) | Level 2 NA (doesn’t exist in ProPortal)
Division NA (doesn’t exist in SILVA) | Level 3 NA (doesn'’t exist in ProPortal)
Phylum Level 2 NA (doesn't exist in PR2) NA (doesn't exist in ProPortal)
Class Level 3 Level 4 NA (doesn't exist in ProPortal)
Order Level 4 Level 5 NA (doesn't exist in ProPortal)
Family Level 5 Level 6 NA (doesn't exist in ProPortal)
Genus Level 6 Level 7 NA (doesn'’t exist in ProPortal)
Species Level 7 Level 8 NA (doesn’t exist in ProPortal)
Proportal_ASV_Ecotype NA (doesn’t exist in SILVA) | NA (doesn't exist in PR2) ProPortal assignment

Table 2. Taxonomic headings in the GRUMP dataset, with their corresponding database levels. This was
necessary as not all levels of taxonomy are aligned across databases.

are derived from tissue fragments, larvae, individuals, eggs, etc. that were captured on 0.2 um filters. Note that
both chloroplast 16S rRNA and nuclear 18S rRNA will represent most photosynthetic protists, with the excep-
tion of dinoflagellates as they do not all have recognizable or amplifiable chloroplast sequences (Lila Koumandou
et al.** and personal communication with Sanchez-Garcia et al.*!). The taxonomy levels are joined from three
databases: PR2*%, SILVA®, and ProPortal*’. The levels are described in Table 2.

The forward and reverse sequences were submitted to the NCBI database under accession numbers GA02/
GA10: PRINA1194189, GA03: PRINA1194192, GP13: PRJNA1195113, Scope-Gradients 2: PRINA1195115,
Scope-Gradients 3: PRINA1196422, P16N: PRJNA1196483, P16S: PRJNA1196490, P15S: PRINA1196498,
HEOBI: PRINA1196504, IND-2017: PRINA1196513, K-AXIS: PRJNA119651, POTATOE: PRINA1198072,
108S: PRJNA1198088, I09N: PRINA1198607, MOSAIC: PRJNA1198992, and FRAM: PRJNA1199044.
The scripts necessary to exactly reproduce the analysis are available at https://github.com/jcmench/
Global-rRNA-Univeral-Metabarcoding-of-Plankton, with modifications to the merge script found at https://
github.com/Nwilliams96/Project-2-Universal-Primer-Pipeline-Modifications.

Statistical analysis. All statistical analyses and visualizations were performed in R v4.3.2*° using vegan“®,
tidyverse?’, ggpubr*® and patchwork?® packages. All packages were used with their default settings. Scripts
used to arrange data, perform statistics, and create figures can be found at (https://github.com/Nwilliams96/
Project-1-GRUMP-data-release).

Data Records

Dataset overview. The Global rRNA Universal Metabarcoding Plankton database (GRUMP) is currently
at version 1.3.5. GRUMP version 1.3.5 is a collection of 1194 metabarcoding community profiles from 19 differ-
ent oceanographic samplings from all major ocean basins, covering a wide depth, oceanographic, and seasonal
range (Table 3, Fig. 1A,B). The dataset covers 29 Longhurst provinces®**!, ranging from 0-6015m in depth, and
dates between 2003 and 2020. GRUMP is a collaborative effort that will continue to evolve. We have developed a
multilayered data storage structure to accommodate future updates and changes. Zenodo?® (https://zenodo.org/
records/15446784) will host processed relative abundance data alongside selected environmental covariates as
will Simons CMAP* (https://simonscmap.com/catalog/datasets/ GRUMP). CMAP is a user-friendly database
that is accessible through a web interface and is suitable for users without special expertise in bioinformatics or
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Cruise Ocean Depth Range (m) | Time Frame Season(s) Method of Sampling Volume filtered
18S Indian 6-1010 18/2/07 - 27/2/07 Winter & Summer Niskin 2L
ION Indian/Southern | 14-1450 1/3/07 - 27/4/07 Autumn Niskin 2L
POTATOE Pacific Surface Only 22/08/03 - 11/10/03 | Spring & Summer Bucket 20L
SCOPE-Gradients 2 Pacific 12-120 26/5/17 - 13/6/17 Spring & Summer Niskin & underway 0.7-4L
SCOPE-Gradients 3 Pacific Surface - 125 11/4/19 - 28/4/19 Spring Niskin & underway 0.7-4L
P16N Pacific 20-1003 15/2/06 - 26/3/06 Winter Niskin 2L
P16S Pacific/Southern | 2-500 11/1/05 - 9/2/05 Summer Niskin 2L
P15S Pacific/Southern | 4.8-6015 4/5/16 - 24/6/16 Autumn & Winter Niskin 2L
bioGEOTRACES GA02 | Atlantic 8-202 11/05/10 - 27/3/11 Summer Niskin 100ml
bioGEOTRACES GA03 | Atlantic 2-1055 24/10/10 - 10/12/11 | Winter Niskin 100 ml
bioGEOTRACES GA10 | Atlantic 6-121 19/10/10 - 15/11/10 | Autumn & Winter Niskin 100ml
bioGEOTRACES GP13 | Atlantic 14-5600 14/5/11 - 21/6/11 Winter Niskin 100 ml
AMT-19 Atlantic Surface Only 20/10/09-25/11/09 | Autumn & Spring Niskin 5-20L
AMT-20 Atlantic Surface Only 19/10/10 - 17/11/10 | Autumn & Spring Niskin 5-20L
IND2017 Southern 5 16/1/17 - 7/2/17 Summer Niskin 2L
K-AXIS Southern Surface Only 11/1/16 - 22/1/16 Summer Niskin 2L
HEOBI Southern 8-2297 12/1/16 - 31/1/16 Summer Niskin 2L
FRAM Arctic 30-80 8/1/16 - 6/11/17 Year-round Remote Access Sampler | 700 ml
MOSAIC Arctic 736-5111 11/11/19 - 9/7/20 Winter, Spring and Summer | Niskin 1-4L

Table 3. Summary of GRUMP. Note cruises spanning the equator covered opposite seasons depending on
location.

oceanography. Direct download from web interface is possible. On CMAP, the dataset is in long format, with-
out explicit zeroes. CMAP also requires the data to be stored in Zenodo which we will always update in parallel
with CMAP as a CMAP requirement. A GitHub page (https://github.com/jcmench/Global-rRNA-Univeral-
Metabarcoding-of-Plankton) serves as a central repository for accessing code underlying the analysis, as well as
raw metadata files and tables that may be useful for advanced users. We have also uploaded a file containing ASV's
and their taxonomy to the Github as a BLAST database for users who may find this useful. Finally, we have also
curated a useful “Getting Started with GRUMP” workshop that is available on GitHub at (https://github.com/
Nwilliams96/ GRUMP-Workshop-2025).

The OSF repository* (https://osf.io/57dpa/) contains an archive of bioinformatic intermediates that may be
useful for those wishing to analyze only portions of the dataset (e.g. 16S rRNA ASVs only, 185 rRNA ASVs only,
or various subsets therein) as well as QIIME2 artifacts that can be used for reanalysis or other purposes. The raw,
demultiplexed fastq files are available in the SRA. Note that limited metadata will be provided here. The GitHub
page will always be the most up-to-date place to examine new metadata, followed by CMAP. The only data that
has been previously published are FRAM®? as well as P16N and P165*3.

Profiles were obtained through collaborations with researchers from around the world who performed
extensive basin-scale oceanographic surveys. Whole seawater (>0.2 um) DNA extracts were amplified with the
515Y/926 R three-domain universal metabarcoding primer set with conserved binding sites in both prokaryotic
and eukaryotic small subunit (SSU) rRNA, which also includes chloroplast organellar 16S rRNA". This primer
set produces comprehensive planktonic community profiles from Archaea to Zooplankton (and beyond) at high
taxonomic resolution. This is achieved using modern denoising algorithms that can differentiate amplicons into
single-nucleotide variants®!. Taxa can be parsed out of the dataset using the column labels provided in Table 2,
and determine where in the ocean they from via the “lat” (Latitude) and “lon” (Longitude), or “Longhurst_
Short/Longhurst_Long” columns as well as where they are in the water column via the “depth” column and when
the sample was taken with “Date”, “Time”, “Day”, “Month”, “Year” and “Season” as the user pleases. Due to the
unfractionated nature of the DNA extracts and the extensive organismal coverage achieved with the 515Y/926 R
rRNA gene primers, GRUMP integrates insights across trophic levels from many individual sampling efforts.

GRUMP includes high-quality environmental covariates to contextualize metabarcoding community pro-
files, easily accessible through the Simons Collaborative Marine Atlas Project (CMAP) database™ for simple
downloading and analysis by non-experts. The core set of environmental covariates include temperature (col-
umn name — Temperature), salinity (column name - Salinity) and oxygen (column name - Oxygen) concentra-
tion, and for several datasets, silicate (column name - Silicate), nitrite (column name - NO2), nitrate (column
name - NO3), ammonia (column name - NH3), phosphate (column name - PO4), dissolved organic carbon
(column name - DOC), total organic carbon (column name - TOC), photosynthetically active radiation (col-
umn name - PAR), and chlorophyll-a (column name — Chlorophyll). While analysis of these variables is outside
the scope of this data release, the full oceanographic dataset presents a key advantage for biogeographic studies
by interpreting microbial distribution in the environmental context.

Pioneering studies such as Malaspina'® and TARA'>% extensively sampled from the Atlantic, Pacific, Indian,
Arctic, and Southern Oceans, as well as the Mediterranean and Red Seas. GRUMP is distinguished by a uniquely
large coverage of samples within the Southern and Pacific Oceans, with 251 and 510 samples respectively (Fig. 1)
and incorporation of samples from oceanic regions where there is a paucity of data. Furthermore, much of
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the GRUMP collaborative samples traverse long meridional transects and biological provinces (e.g. Alaska to
Antarctica). Ultimately, we envision GRUMP as an evolving dataset to which samples will be added, facilitat-
ing comparisons between transects over time. TARA and Malaspina also used size-fractionated filtration to
separately capture viruses (0.02-0.22 um), free-living bacteria and archaea (0.2-1.6 um), small eukaryotes and
aggregated prokaryotes (0.8-5um), and large eukaryotes (5-20 pm and 20-2000 pm). Fractionating samples
is a powerful approach that enhances the depth coverage of targeted organisms, providing an analysis that can
improve sequencing efficiency (for organisms of interest) by reducing the complexity of the sequencing data
and reducing unwanted organisms from that sample. Notably, sequencing results from those size fractions were
compositional, meaning taxa were reported as a proportion of that size fraction alone — a major impediment to
comparing between size fractions. Within GRUMP, we sequenced unfractionated samples using universal rRNA
gene primers, which capture the entire microbial community so that results from bacteria, archaea, and eukar-
yotes can be directly compared to one another. This will provide new broad insights to the global ocean’s micro-
biology, as significant contextual quantitative information is lost when considering size fractions independently.
One area that unfractionated data are particularly important is the study of the many interactions among the
microbial community, within and across trophic levels. For example, interactions between prokaryotic het-
erotrophs and eukaryotic phytoplankton®® are thought to impact major elemental fluxes and the biological
carbon pump®’.

Unique technical aspects. Due to the nature of the collaborative work, DNA extractions were carried out
with diverse extraction procedures on whole seawater samples. For the samples extracted at USC (108S, I09N,
P16N, P16S, and POTATOE), the extraction procedure has been reported to have nearly 100% recovery of envi-
ronmental microbial nucleic acids®’, and we included an additional bead-beating step to lyse recalcitrant algal
cells and metazoan tissue.

With the exception of FRAM and MOSAIC data, all extracts were amplified using a 1-step PCR protocol
(https://www.protocols.io/view/fuhrman-lab-515f-926r-16s-and-18s-rrna-gene-sequen-j8nlkpd1g5r7/v2)
where PCR rRNA gene primers are ordered as pre-ligated constructs that contain Illumina adapters, sequencing
rRNA gene primers, and barcodes (https://osf.io/57dpa/). This approach requires less pipetting and fewer con-
sumables (including PCR reagents) versus 2-step protocols and has the key advantage of minimizing potential
cross-contamination since barcodes are already integrated within sequencing libraries after PCR amplification.
Users intending to apply this protocol to their samples should note two caveats: firstly, the libraries produced
with this method require approximately 3 times the normal loading concentration versus 2-step protocols, likely
due to inefficient clustering on Illumina flow cells for unknown reasons. Recent experience suggests that optimal
clustering on first-generation MiSeq platforms (i.e. bridge amplification, not more recent patterned flow-cell
technology) can be obtained with the maximum manufacturer-recommended loading concentration of 20 pM
for amplicon pools with 10% phiX. Secondly, the 1-step primer constructs used in this protocol (with a combi-
natorial barcoding scheme, i.e. each barcoded forward primer can be matched with multiple barcoded reverse
rRNA gene primers) are only appropriate for bridge amplification sequencing (i.e. MiSeq, Aviti, and the now
obsolete HiSeq), not patterned flow cells (e.g. NovaSeq and other more recent Illumina technologies). With
the latter, unique dual indexes (UDIs) are required to avoid the impact of higher “index hopping” inherent to
patterned flow cell technology.

All amplicon sequences were analyzed with a custom bioinformatics pipeline that is designed for 3-domain
metabarcoding data (Fig. 2). This pipeline’s default settings are for the 515Y/926 R primer set because with these
rRNA gene primers, prokaryotes have overlapping forward and reverse reads, but the longer eukaryote ampli-
cons require concatenation to avoid discarding all eukaryote sequences lacking overlap (merging overlapping
forward and reverse reads via their overlap is standard in virtually all amplicon pipelines). The unique feature
of this 3-domain analysis workflow is the ability to split mixed 16S rRNA and 18S rRNA amplicon sequences
into two separate pools, which are analyzed separately (16S rRNA forward and reverse merged, 18S rRNA for-
ward and reverse concatenated). The output of these two analyses are then merged into a single 3-domain table
using correction factors described above. The pipeline also automates routine analysis from demultiplexed fastq
files, including installation and database setup, primer trimming, 16S/18S rRNA splitting, denoising, taxonomic
annotation, and data import/export to the QIIME2 framework.

GRUMP contextual data: ecologically relevant taxonomic annotations & groupings. In addi-
tion to the core set of environmental covariates discussed above, we have also provided grouping of sequences
into ecologically relevant plankton groups, which have been curated based the most abundant and highly diverse
groups within the dataset. These ecologically relevant plankton groups do not adhere to usual taxonomic levels,
and so we believe they are a particularly useful and practical way to subset the data. For example, if one was
interested in comparing the abundance of a eukaryotic phytoplankton to the abundance of Prochlorococcus or
Synechococcus within any given sample, the data can directly be subset using the “Eco_relevant_plank_groups”
column within the dataset. For ecologically relevant plankton groups see Fig. 3.

We extracted all cyanobacteria ASV sequences and re-annotated them using the highly-resolving cyanobacte-
ria database ProPortal*. ProPortal currently consists of 1110 Prochlorococcus and 160 Synechococcus isolates and
single cell genomes, which allowed us to resolve 69 ASVs into Prochlorococcus and 10 ASVs into Synechococcus
ecotypes. This is a higher resolution than has traditionally been thought possible with 16S rRNA amplicons.

Overall taxonomic composition of grump dataset. We observed 136,603 unique ASVs, and amongst
these unique ASVs, 359,030,338 reads, after DADA?2 processing. Of these raw reads, 335,265,166 were prokary-
otic and 23,765,172 were eukaryotic (including chloroplast 16S). To interpret the results quantitatively, it should

SCIENTIFICDATA|  (2025) 12:1078 | https://doi.org/10.1038/s41597-025-05423-9 9


https://doi.org/10.1038/s41597-025-05423-9
https://www.protocols.io/view/fuhrman-lab-515f-926r-16s-and-18s-rrna-gene-sequen-j8nlkpd1g5r7/v2
https://osf.io/57dpa/

www.nature.com/scientificdata/

Eukaryotes
A)
Phytoplankion 185 oy Ao c0ata Other Rhizaria 185 Other Eukaryote 185
Chloroplast 16S ytoplankton Dinophyceae 18S Alveolata 18S Metazoa 18S izaria ther Eukaryote
4
2
% 0|:|=|_|=I:l=|_ = O = = l_h—!D:I e oo e
o — = — —
DNNNDDNNNY DDNDNDNDNDWYW T ADONNNN GO @) D = OO0 TV OE ©C0TCMO TTTCTHT Y C5I O
[C} COOOOOOOVEO VWV HVwWw PO DVHLIO ><‘5002(Do T LT 0O 9000®< O*;,E-Dwgc‘;,coog‘a'é
c FrTrTrees s e s v- 2goveoe 22 -wAQ Ongv m’al‘—EDOD_C=823’s_:‘—B‘3'Ew
= TLOLLOHFOOY GO OO OY ST CcocE? S8 gt ,2 5§28 g83 .:omﬁ<<<°-gw8|-l-—‘la)u"5®c
= Soroo@oog Soccoce PCso558 EOFg gy 25 P2 Bt A 0P8 SOFFBOS
= SO0 DDD 2O QOO 2350 =280 o= 8 =20 0 2= gl a0 s3I0 Q cSH5ag
500002000 5000000 820583 00 958w © ST 8 00N> =% £ Osc2 an®
€ O2>220>2>> g>2>>>>> o > > Sw & 5} c = < S5 ¢ £ r=iye) < =) o8 ©»
o Locccocsccc 2cc oot ceggn g >0 £ ¢ L5 < £ o< £ £
3 S 8ada9aaa T agagaaa oo >a <4 < 52T © = ox S ®© =3
o 890000c000 89000000 wdO®®MO o ¢ c 2 o) . o 2 o0
) SOBE€E=0LEDp 5 98B0 O c s > 5 N () = £
o 53593897586 325892338 O a 28539 @ = £ © = 3sg
oL c o £ c £ <
g oZcsE28PE w5025 E £ & 8 2 © 2 =
c L7 o= S L7 0o S 8 £ o o
& = A=0 = T A= = 8 3 w
g (@) o O o a3
2 Prokaryotes
< B) ) ' ) ) .
Q Alphaproteobacteria Archaea Bacteroidota  Cyanobacteria Gammaproteobacteria Other Bacteria
® 15
[}
o
[}
g 10
©
I}
>
) 5 |_| _I _ .
0
1] %] 0w 0 v N = - = 1) 2] %] 1] 1] <
8@'?@50)@@@@“, Q.Qg %‘-”% g 4 4 8 8 & 8 8 %%%é§-§§%-§§§85§
-~ T O T T T ® ® O > © o = g 8 © T ® & m @ 222=°2¢ 2038
LSS E<s 5088 2385 9 @3 T 8§ 8 T § 8T % < 5860808 E08xXxy
Z O = = O = © () 1] S 82 53 1o}
$S8E5285858°20 90 2585 £88 x5 &SP TL528588 28808
w 2 260 28 XT — 0 = 5 51 s S 3 2 9>58L X 555 €
032 38cse88ys £ c o 3 T S 28 © 8 & £ ccoPLe3s55358 g &
=2 ° 55 o5 19 = £ £ 8 o g 5 = o © T £33 S o £ Q o
155£°68c8°5g 283 ¢ 5 S85s 2 5%3% 588 38 35 ¢
ogtx ax © < 5 O o g 3 <@ A= o ]
o [T < o >
2 o (@] = IS
< £ O T 5
5 O O <
= g O
° 8

Fig. 3 The average relative abundance from major marine plankton groups across all GRUMP samples.
(A) Eukaryotes and (B) Prokaryotes.

be considered that Illumina sequencers exhibit a bias toward shorter fragments. As a result, the 185 rRNA
amplicons (which can be hundreds of bases longer than the 16S rRNA amplicons generated from these rRNA
gene primers) are under-represented. We correct for this bias by comparing the relative abundances of 16S and
18S rRNA amplicons in the original sequencing libraries (measured by Bioanalyzer) with the final proportion
of 16S and 18S rRNA sequences after DADA2 processing. We apply a correction factor to each sequence type,
calculated as the proportion of the sequence types reads in the bioanalyzer output divided by the proportion
in the final sequences. This empirical correction factor ranged from 1.90 to 9.42 (18S rRNA) and 0.75 to 0.90
(16S rRNA). Once adjusted for this bias against eukaryotes, the total corrected number of reads was 256,299,695
with 165,518,629 prokaryotic reads (17,443,053 archaea, 165,518,629 bacteria) and 72,455,193 eukaryotic reads, a
global ocean ratio of roughly 2:1. Data users should note that this correction results in non-integer values for raw
read counts in the corrected output tables.

Among the 136,603 ASVs classified in GRUMP, we observed 9 supergroups, 34 divisions, 66 phyla,
307 classes, 671 orders, 1222 families, 2256 genera, and 2030 species. Many of the species were represented
by hundreds of ASVs. Further, use of the ProPortal database* identified an additional 27 Prochlorococcus and
Synechococcus ecotypes. Currently within the PR2 database*?, there are 9 super groups, 33 divisions (of which
we observed all), and 48,202 species, of which we only observed 1162. Comparatively, the SILVA database* has
94 prokaryotic phyla, of which we observed 66, and over a million prokaryotic species of which we observed
871, keeping in mind many species were represented by hundreds of ASVs, and 59,383 ASV assignments were
truncated at a coarser level than species.

To gain a more resolved snapshot of the GRUMP dataset, we allocated the ASV's from both fractions into eco-
logically relevant categories based on prior marine microbial diversity studies (Fig. 3). We divided the prokar-
yotic ASVs into six categories at the same level, Alphaproteobacteria, Archaea, Bacteoiodota, Cyanobacteria,
Gammaproteobacteria, and an “Other Bacteria” category. This allows users to compare these six groups to one
another, rather than at the rigid levels provided by SILVA and PR2. The most abundant ecologically relevant
group of archaea was Marine Group I, with an average relative abundance of 5.45%, more than double the aver-
age relative abundance of Marine Group II. Alphaproteobacteria had both the most unique ASVs (27,002) and
the highest number of identified reads, resulting in an average relative abundance of 28%. SAR11 Clade I was the
most abundant clade of Alphaproteobacteria, had an average relative abundance of 12.6%. The cyanobacterium
Prochlorococcus had a total of 607 unique ASV's and average relative abundance of 7.8% across GRUMP. One
significant advantage of this dataset is that due to the long amplicon covering two hypervariable regions, the
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majority of these ASV's could be annotated at fairly high phylogenetic resolution with the marine cyanobacteria
genomic database ProPortal*, which allows for investigation of these organisms at the ecotype level, paving the
way for researchers to ask specific questions about the biogeography and niches of the Prochlorococcus ecotypes
at a global scale.

Eukaryotic phytoplankton were divided into two groups: one derived from 16S rRNA chloroplast sequences,
and one derived from 18S rRNA sequences. In general, there were over 2.5 times more chloroplast 16S rRNA
reads and 7 times more individual chloroplast 16S rRNA ASV's than 18S rRNA phytoplankton ASVs. Multiple
chloroplast variants relative to a single 185 rRNA ASV has been previously reported for the South China Sea®®
and at the San Pedro Ocean Time Series (SPOT)*. In our dataset, a prominent example of this is from the
Prymnesiophytes for which we obtained 3,978 ASVs from the chloroplast 16S and 607 from the 18S rRNA. This
could explain why this group of phytoplankton is much more abundant across the dataset when looking at the
chloroplast 16S rRNA, with an average relative abundance of 1.2%, compared to an average relative abundance
0f 0.7% from the 18S rRNA sequences. So rather than being a discrepancy, this point highlights a major strength
of using these universal rRNA gene primers, which detect both sequence types, and enable the user to select the
appropriate data that will best answer their ecological question.

The most abundant ecologically relevant plankton group amongst the larger eukaryotes was Arthropoda,
which, whilst having an average relative abundance of 5.15% across all GRUMP samples, had many fewer ASV's
than most other groups (665). Amongst the Arthropoda, 95% of the reads and 90% of the unique ASV's were
from Maxillopoda. This is also the case in SPOT data, where it has been argued that most of these sequences
were likely from juveniles, eggs or organismal fragments, given that these SPOT data were fractionated between
1-80 um and that these organisms are generally larger than 80 um as adults'®. However, given GRUMP is unfrac-
tionated and not pre-filtered, some of these sequences could be from adult organisms. Of note, there are a
substantial portion of the Arthropoda that are identified down to the species level, such as Cyclopina gracilis, a
marine copepod, highlighting the range at which this dataset can be of use when analyzing a variety of organ-
isms. Notably, different species of eukaryotes such as marine copepods can have a wide range of 18S rDNA copy
number (>1,000)% as well as other taxa such as Bacillariophyta, Dinoflagellata, and Ciliophora, which have an
18S copy number that can range 3 orders of magnitude®'. For this reason, the relative abundances of the eukar-
yotic organisms within this dataset require cautious interpretation.

Distribution of data among ocean basins, depths, and ASVs.  Of the total 256,299,695 reads, 8.8%
were from the Arctic Ocean, 17.3% from the Atlantic Ocean, 9% from the Indian Ocean, 39.5% from the Pacific
Ocean, and 25.5% from the Southern Ocean (Fig. 4A). By depth, 87.3% of the reads were from surface to 200m,
10.9% from 200-1000 m, and 1.9% from below 1000 m (Fig. 4B). Within the 136,603 total ASVs, 50% (68,996)
were unique to a single sample, whereas no ASV's was detected in every sample. At the ocean basin scale, 4.1%,
12.4%, 10.1%, 27.8%, and 12.9% of the ASV's were unique to the Arctic, Atlantic, Indian, Pacific, and Southern
Ocean, respectively, and 0.77% (1046) were found within all five oceans. The most abundant ASVs observed
in all ocean basins were those assigned to three HLII Prochlorococcus, SAR11 Clade I, SAR11 Clade II, and
Maxillopoda.

While it is beyond the scope of this report to go into detail about the distributions of most taxa at fine phy-
logenetic resolution, it is illuminating to divide the results into five major plankton groups including the archaea,
bacteria (minus cyanobacteria), cyanobacteria, chloroplast 16S (eukaryotic phytoplankton) and eukaryotic 18S.
In the top 50 m of the ocean, the most abundant of these five major plankton groups was bacteria (minus cyano-
bacteria) (Fig. 5B), contributing a mean relative abundance of 62% in the Pacific Ocean, 60% in the Indian
Ocean, and 72% in the Atlantic Ocean. The mean relative abundance of bacteria in the polar oceans was much
lower with an average relative abundance of 36% in the Arctic and 54% in the Southern Ocean (Fig. 5A,C). Of
the phytoplankton, the eukaryotic phytoplankton (via chloroplasts) were observed at a similar relative abun-
dance throughout the Pacific, Atlantic, and Indian oceans, whereby the mean relative abundances were 4%, 3%,
and 2% respectively, while in the polar oceans the average relative abundance was 5% in the Arctic and, 9% in the
Southern Ocean, which is more than double what was observed in the Pacific, and 4 times what was observed in
the Indian (Fig. 5A). The cyanobacteria were much more abundant than their eukaryotic phytoplankton coun-
terparts in the top 50 m of the ocean whereby the average relative abundance in the Pacific Ocean was 14%, the
Indian Ocean 24%, and the Atlantic Ocean 9%, but were only rarely detected in the polar oceans, and then gen-
erally at a very low abundance (Southern Ocean mean = 1%, Arctic Ocean mean=0.23%). In the top 50 m, the
archaea were the least abundant of these five groups, contributing between a mean relative abundance of 1% in
the Indian Ocean, to a mean of 2% in the Southern Ocean (Fig. 5). For depth figures, please see Supplementary
Figs. 4-7.

Technical Validation

This rRNA gene primer pair (515F/926 R) used in this study has been validated via both mock communities of
marine bacteria, archaea'®, and eukaryoteszz; such accuracy is not observed with other commonly tested rRNA
gene primers?>?. To ensure the integrity of each sequencing run, we included 168, 18S, even and staggered mock
communities as a positive control.

Our lab has also made comparisons with epipelagic metagenomes from around the world, which have shown
that these primers perfectly match 96% of the corresponding genomic primer regions across all three domains?.
Most importantly, this means that the relative abundance of amplicon sequencing variants (ASVs) from bacteria,
archaea, and eukaryotes are able to be quantified together as a total community.

To check the validity of the correction factor (which varies primarily based on the proportions of eukar-
yotes and prokaryotes in the overall sequencing pool for a given sequencing run), we re-sequenced samples
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Fig. 4 Percent of total reads derived from (A) each ocean basin or (B) various depths. Total reads in GRUMP:
256,299,695.

from AMT19 and AMT20 which had an original correction factor of 0.83 for 16S sequences and 9.42 for
18S sequences, together with samples from IND 2017 which had an original correction factor of 0.89 for 16S
sequences and 1.90 for 18S sequences. After re-amplification, cleaning, and pooling (which notably differed from
the pooling in the original sequencing runs for these samples), we ran the BioAnalyzer and then re-sequenced
on the Aviti platform at the University of Minnesota. Due to changes in pooling, the new correction factor was
0.57 for 16S sequences and 5.96 for 18S sequences. Now, despite a dramatically different eukaryote correc-
tion factor (3-fold increase for IND 2017 and a ~30% decrease for AMT), the corrected relative abundances
of original vs. re-sequenced samples were statistically indistinguishable, (linear regression p < 0.05, R?=0.95)
(Supplementary Figs. 2, 3).

Usage Notes
A main advantage of SSU rRNA community profiling (compared to shotgun metagenomes) is high coverage,
whereby far more organisms are characterized and identified with much less sequencing than required by
metagenomics. Virtually all the rRNA gene sequences are phylogenetically informative in a consistent frame-
work. With metagenomes, only the fraction of sequences that map to references or MAGs, or whose short reads
match such references closely enough to identify, are useful for community composition analyses, and even
then, sometimes at relatively coarse phylogenetic resolution'®. In addition, with universal amplicons there is
no assembly or other biases associated with MAG-based community compositions (note MAGs generally miss
most SAR11 and Prochlorococcus, for example as they are hard to assemble due to their highly “microdiverse”
genomes). Therefore, with SSU rRNA community profiling, the researcher gets broad, nearly comprehensive
coverage, with the caveat that a small fraction of environmental sequences do not perfectly match the PCR
rRNA gene primers and might be missed (ca 2% of prokaryotes and 10-15% of eukaryotes,”. This means that
this dataset is extremely powerful when answering ecological questions that require abundance information of
the breadth of ocean microbes, with detailed taxonomic resolution.

Beyond microbial ecological questions regarding biogeography and diversity, GRUMP can be used in a
number of other ways. The contextual data provides the opportunity to evaluate how metabarcoding recovers
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Fig. 5 Relative abundance of marine microbes in the top 25 m of the ocean, partitioned between archaea,
bacteria, cyanobacteria, chloroplast 16S rRNA, and eukaryotic 18S. (A) Relative abundance % (y axis) across
longitude in decimal degrees (x axis) from MOSAIC within the Arctic Ocean. (B) Relative abundance % (x axis)
vs latitude in decimal degrees (y axis) from within the Pacific Ocean, the Atlantic Ocean, and Indian Ocean (C)
relative abundance (x axis) vs latitude in decimal degrees (y axis) from within the Southern Ocean.

spatiotemporal patterns in comparison to other techniques, such as flow cytometry®?, microscopy, pigments, etc.
Regarding comparison of the metabarcoding data with pigments, the data might even be used to help calibrate
and validate pigment data if collected at the same time. Finally, the data can also be used to compare and contrast
patterns between real-world data and model outputs.
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Code availability
All code is available on GitHub (https://github.com/jcmcnch/Global-rRNA-Univeral-Metabarcoding-of-
Plankton and https://github.com/Nwilliams96/Project-2-Universal-Primer-Pipeline-Modifications).
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