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through 16S rRNA and 16S rRNA
gene metabarcoding

Ro Allen1†, Kimberley E. Bird1,2†, J. Colin Murrell2

and Michael Cunliffe1,3*

1Marine Biological Association, The Laboratory, Citadel Hill, Plymouth, United Kingdom, 2School of
Environmental Sciences, University of East Anglia, Norwich, United Kingdom, 3School of Biological
and Marine Sciences, University of Plymouth, Plymouth, United Kingdom
The activities of bacterioplankton sustain open ocean biogeochemical and

ecological processes, however, little is known about the activity of specific

bacterioplankton, especially related to their biogeography across oceanic

scales. The Atlantic is the second largest of the world’s oceans and has an

essential role in the global carbon cycle. Here, we show congruence in the

structure of 16S rRNA and 16S rRNA gene derived bacterioplankton communities

throughout the Atlantic Ocean from temperate to tropical regions. We used 16S

rRNA:16S rRNA gene ratios as a phylogenetically resolved proxy for potential

activity, demonstrating ocean-scale patterns of putative oligotrophy and

copiotrophy in major bacterioplankton groups, with spatial niche partitioning

being evident at single-nucleotide resolution within some groups, including the

Flavobacteria and SAR86. This study examines the potential structure of the

active microbiome of the Atlantic Ocean, providing novel insights into the

ecology and life history strategies of both well-known and currently

understudied bacterioplankton taxa.

KEYWORDS
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1 Introduction

Bacterioplankton regulate biogeochemical and ecological processes in the oceans at local

and global scales (Falkowski et al., 2008). For example, approximately 50% of global primary

production occurs in the marine environment (Field et al., 1998), a large fraction of which is

converted to dissolved organic matter (DOM) that is processed by heterotrophic

bacterioplankton through the microbial loop (Azam and Malfatti, 2007). Important

ecological interactions in planktonic ecosystems depend on the activity of bacterioplankton,

including the production and exchange of metabolites (Kazamia et al., 2016), growth inhibiting
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compounds (Van Tol et al., 2017), and the provision of ‘public-good’

functions (Reintjes et al., 2019). Despite their established functional

importance, the diversity and distribution of active open ocean

bacterioplankton remain poorly understood.

High-throughput sequencing of 16S rRNA genes amplified

from genomic DNA (gDNA) is a standard approach to survey the

diversity and distribution of bacterioplankton in the marine

environment (Sunagawa et al., 2015). However, in addition to

metabolically-active cells, 16S rRNA gene surveys capture

dormant cells (i.e. metabolically-inactive), dead cells, and cell-free

DNA. A large proportion of bacterioplankton are dormant in

oceanic ecosystems (Lennon and Jones, 2011), ranging from ~50–

95% of cells in oligotrophic regions (Del Giorgio and Scarborough,

1995; Longnecker et al., 2010; Alonso-Sáez et al., 2012), and cell-free

DNA can accumulate in substantial concentrations in seawater,

despite rapid turnover rates (Taylor et al., 2018). Consequently, the

recovery of dormant cells, dead cells, and cell-free DNA from 16S

rRNA gene surveys can mask important patterns in the diversity

and distribution of the active bacterioplankton that underpin

biogeochemical and ecological processes.

High-throughput sequencing of complementary DNA (cDNA)

synthesised from 16S rRNA is an approach used to characterize the

active components of bacterial communities, whilst minimizing the

influence of dormant cells, dead cells, and cell-free DNA as outlined

above (Bowsher et al., 2019). While dormant cells still contain some

ribosomes (Chambon et al., 1968; Sukenik et al., 2012), 16S rRNA

concentrations generally correlate with growth rates in cultured marine

bacteria (Kemp et al., 1993; Kerkhof and Ward, 1993; Worden and

Binder, 2003; Lin et al., 2013; Salter et al., 2015). However, the

relationship between 16S rRNA and growth rate is often non-linear

and can differ substantially between taxa (Kerkhof and Kemp, 1999;

Blazewicz et al., 2013; Lankiewicz et al., 2016). Despite these caveats,

16S rRNA surveys can provide a more refined view of active bacterial

communities than DNA-based 16S rRNA gene surveys. Furthermore,

the ratio of 16S rRNA to 16S rRNA genes (hereafter 16S rRNA:16S

rRNA gene ratios) can act as an in situ proxy for the protein synthesis

potential (potential activity) of specific bacterial populations (Jones and

Lennon, 2010; Campbell et al., 2011).

In the South China Sea, cDNA derived bacterioplankton

communities display stronger coupling to prevailing environmental

conditions than gDNA derived communities (Zhang et al., 2014).

This suggests that 16S rRNA surveys may reduce stochasticity

introduced by dormant cells, dead cells, and cell-free DNA, to

more accurately resolve the relationships between bacterioplankton

communities and their environment. In coastal waters, 16S rRNA:16S

rRNA gene ratios have been used to demonstrate that large

proportions of bacterioplankton operational taxonomic units

(OTUs) cycle between states of high and low potential activity

(Campbell et al., 2011). Whilst at the Hawaii Ocean Time-Series

station ALOHA, 16S rRNA:16S rRNA gene ratios indicated that

some rare populations display high potential activity, suggesting that

they contribute disproportionately to biogeochemical processes

relative to their abundance (Hunt et al., 2013). Importantly, these

studies were focused on local or regional environments, and

employed 97% similarity clustering of OTUs which is does not
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resolve ecologically relevant microdiversity within bacterioplankton

communities (Needham et al., 2017). The biogeographic relationship

between active and total bacterioplankton communities, and the

potential activity of specific bacterioplankton populations at high

phylogenetic resolution, remain poorly understood across

oceanic basin.

The Atlantic is the second largest oceanic basin on Earth, and

plays a major role in the global carbon cycle (Hoppe et al., 2002;

Tilstone et al., 2017). The Atlantic is a net sink for atmospheric CO2

and is responsible for the drawdown of approximately 0.5 Pg C yr−1

(Landschützer et al., 2014). The biogeochemical function of the

Atlantic Ocean is primarily modulated by the balance between

phytoplankton primary production and the metabolic activity of

heterotrophic bacterioplankton (Hoppe et al., 2002). Current

understanding of the structure and function of Atlantic Ocean

bacterioplankton communities is primarily founded on DNA-based

16S rRNA gene surveys (Milici et al., 2016a; Milici et al., 2016b;

Logares et al., 2020; Bolaños et al., 2021) and in situ estimates of

secondary production and respiration (Hoppe et al., 2002; Garcıá-

Martıń et al., 2017). The biogeography of potentially active

bacterioplankton is poorly understood across the Atlantic,

limiting efforts to comprehensively link bacterioplankton

community structure and function across this regionally and

globally important ocean.

Here, we present an ocean-scale survey of cDNA and gDNA

derived bacterioplankton communities, from samples collected

across three variable depths dependent on light levels (97%, 55%

and 1% photosynthetically active radiation; PAR) throughout the

Atlantic Ocean during the Austral spring. We show congruence in

the structure of cDNA and gDNA derived communities across

oceanic scales, which was greatest in the nutrient-rich waters of the

Southwest Atlantic Shelves where cDNA and gDNA derived

bacterioplankton diversity also converge. We then explore the use

16S rRNA:16S rRNA gene ratios to examine patterns in the protein

synthesis potential (potential activity) of bacterioplankton groups

and populations through space. Based on 16S rRNA:16S rRNA gene

ratios, we speculate on possible signatures of putative oligotrophy

and copiotrophy in biogeochemically important bacterioplankton

groups, and propose how spatial niche partitioning underlies broad-

scale patterns in potential activity and distribution.
2 Methods

2.1 Sample collection

Seawater sampling was conducted between 18th September and

4th November 2015 aboard the RRS James Clark Ross during the

Atlantic Meridional Transect (AMT) research voyage from the UK

to the Falkland Islands (AMT25/JR15001). Forty eight seawater

samples were collected from 16 stations spanning 8 oceanographic

provinces, ranging from the North Atlantic Drift to the South

Subtropical Convergence and Southwest Atlantic Shelves

(Reygondeau et al., 2013) (Figure 1A; Supplementary Figure 1).

At each station, 9 litre seawater samples were collected from three
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light-dependent depths (97%, 55%, and 1% PAR) using Niskin

bottles attached to a CTD rosette system. Seawater samples were

immediately filtered through 0.2 µm cellulose nitrate filters and

transferred to sterile 2 ml microcentrifuge tubes containing 1 ml of

RNAlater (Merck, Germany) before storage at −80°C. Filtration

took on average 2hr 22 min (range 1hr11 to 3hr11).

Depth profiles for temperature (Figure 1B) and salinity

(Figure 1C) were measured using a Sea-Bird SBE 911 plus CTD

(Sea-Bird Scientific, USA), and dissolved oxygen was measured

using a Sea-Bird SBE 43 dissolved oxygen sensor. Fluorescence

(Figure 1D) was measured using an Aquatracka III Fluorometer

(Chelsea Technologies, United Kingdom) and PAR was measured

using a QCD-905L sensor (Biospherical Instruments, USA).

Inorganic nutrient (nitrate NO3
−, nitrite NO2

−, phosphate PO4
3−

and silicate SiO2) concentrations were measured onboard from

discrete water samples using an AutoAnalyzer 3 (Bran+Luebbe,

Germany) according to GO-SHIP protocols and determined

according to standard analytical techniques (Hydes et al., 2010).
2.2 Nucleic acid extraction and sequencing

Filters were thawed on ice and transferred to sterile 2 ml

FastPrep Lysing Matrix B tubes (MP Biomedicals, USA) before
Frontiers in Marine Science 03
being snap frozen in liquid nitrogen and fragmented using a sterile

pellet pestle. GTC lysis buffer (700 µl) (Omega Bio-Tek, USA) was

added to the filters followed by further mechanical disruption using

a Mini-BeadBeater-8 (BioSpec, USA) for 3 minutes at maximum

speed. RNA and DNA were co-extracted from the lysate using the

E.Z.N.A. DNA/RNA isolation kit (Omega Bio-Tek, USA) according

to the manufacturer’s instructions, including an on-column DNase

digestion with RNase-Free DNase (Omega Bio-Tek, USA). cDNA

was synthesised from 200 ng of extracted RNA using the

Omniscript Reverse Transcription kit (Qiagen, Germany)

according to the manufacturer’s instructions, with the primer

PROK1492R (GGWTACCTTGTTACGACTT) (Suzuki

et al., 2000).

Sequencing libraries were constructed from gDNA and the raised

cDNA according to protocols described in Comeau et al. (2017). In

brief, the V4–V5 regions of the 16S rRNA gene were PCR amplified in

duplicate using the primers 515F-Y (GTGYCAGCMGCCGCGGTAA)

and 926R (CCGYCAATTYMTTTRAGTTT) (Parada et al., 2016)

modified to include Illumina Nextera adaptors and indices. Pooled

duplicate PCR products were purified and normalised in one-step

using the SequalPrep 96-well plate kit (Invitrogen, USA) according to

manufacturer’s instructions and then pooled to generate a single

library, which was quantified using the Qubit dsDNA High

Sensitivity Assay (ThermoFisher Scientific, USA). Sequencing was
A B

D

C

FIGURE 1

(A) Map of 16 stations sampled during the AMT25 latitudinal transect of the Atlantic Ocean during the Austral spring of 2015. Colour represents
MODIS-Aqua satellite-derived chlorophyll-a concentration averaged from 21/09/2015 to 21/12/2015 at 4 km resolution. (B–D) Temperature, salinity,
and fluorescence depth profiles throughout the Atlantic Ocean measured using the Sea-Bird SBE 911plus CTD and Aquatracka III Fluorometer,
respectively.
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performed on the Illumina MiSeq platform using the V3 reagent kit,

yielding 2 × 300 bp paired-end reads (Illumina, USA).
2.3 Bioinformatics

A total of 7,997,448 paired-end reads were recovered from 96

samples (48 cDNA, 48 gDNA) and were processed according to the

Bioconductor workflow (Callahan et al., 2016; Bioconductor version

3.11). Primer sequences were trimmed (forward reads: position 19,

reverse reads: position 20), low-quality bases were truncated (forward

reads: position 270, reverse reads: position 210), and reads with

greater than 2 expected errors were removed, using the ‘filterandtrim’

function in the R package DADA2 (Callahan et al., 2016; DADA2

version 1.18). The DADA2 algorithm was used to resolve amplicon

sequence variants (ASVs) at single-nucleotide resolution. Paired-end

reads were merged using the ‘mergePairs’ function, and chimeras

were removed using the ‘removeBimeraDenovo’ function in DADA2.

Taxonomy was assigned according to the SILVA version 132

database (Quast et al., 2013) using the RDP naïve Bayseian

classifier (Wang et al., 2007). Read count, taxonomic and sample

data, were assembled as a single object in the R package phyloseq

(McMurdie and Holmes, 2013). ASVs not classified as bacteria were

excluded. Samples were rarefied to a depth of 15,973 reads, resulting

in the exclusion of two samples (Station 5, 1% PAR, cDNA and

gDNA). ASVs which did not account for a minimum of 0.01% of

reads in at least one sample were excluded from the total dataset prior

to downstream analysis.
2.4 Statistical analyses

The effect of latitude (continuous), light-dependent depth

(categorical: 1%, 55%, or 97% PAR), and nucleic acid type

(categorical: cDNA or gDNA) on bacterioplankton community

composition was tested using a permutational multivariate

analysis of variance (PERMANOVA) (Anderson, 2001) based on

Bray-Curtis dissimilarity, implemented through the R package

vegan (Oksanen et al., 2014). Principal coordinates analysis

(PCoA) based on Bray-Curtis dissimilarity was then conducted

for cDNA and gDNA communities independently, to visualize the

structuring of these communities across latitudes and light-

dependent depths. To examine congruence in potentially active

and total community structure throughout the Atlantic Ocean, the

first two principal coordinates were extracted from each PCoA and

subjected to Procrustes analysis (Peres-Neto and Jackson, 2001).

Procrustes analysis is a form of multivariate correlation analysis that

aims to minimize the sum of squared deviations between samples in

two multivariate matrices, through translation, rotation, and

dilation of one matrix to match the other. Significance testing was

performed using a procrustean randomization test (PROTEST)

(Peres-Neto and Jackson, 2001). Procrustes residuals were then

extracted and used to examine the effect of latitude and light-

dependent depth on the congruence between communities using a

generalised additive model (GAM) implemented using the R

package mgcv (Wood, 2012) and ANOVA with Tukey’s HSD,
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respectively. Chao1 richness (Chao, 1984) and Pielou’s evenness

(Pielou, 1966) were calculated as components of alpha diversity.

The effect of light-dependent depth and nucleic acid type on

richness and evenness was compared using a two-way ANOVA

with Tukey’s HSD. The relationship between cDNA and gDNA

richness and evenness was further examined using a linear model.

As a proxy for in situ potential activity (that is, protein synthesis

potential), 16S rRNA:16S rRNA gene ratios were calculated by

dividing the cDNA read count by corresponding gDNA read count

for each ASV in each sample (Bowsher et al., 2019). For a given ASV

in each sample, if the cDNA read count was equal to or greater than

1, but the gDNA read count was 0, 1 was added to gDNA read count

prior to ratio calculation. Based on 16S rRNA:16S rRNA gene ratios,

trends in the potential activity of biogeochemically and ecologically

significant bacterioplankton groups, selected to represent a range

from known copiotrophs (e.g. Flavobacteriaceae) to known

oligotrophs (e.g. SAR11) and taxa with understudied life history

strategies (e.g. SAR86), are described in detail. All statistical

analyses were performed in R (version 3.3.6) (R-Core-Team,

2017). Maximum likelihood trees were constructed in RAxML

using the GTRGAMMA model (Stamatakis, 2014), based on 16S

ASV sequences.
3 Results and discussion

3.1 Bacterioplankton community structure

cDNA and gDNA derived bacterioplankton community

composition was surveyed at sixteen stations across three light-

dependent depths throughout the Atlantic Ocean during the

Austral spring 2015 (Figure 1A) by sequencing cDNA synthesised

from 16S rRNA, and the 16S rRNA gene, respectively.

Bacterioplankton community composition significantly differed

between nucleic acid types (i .e . cDNA versus gDNA;

PERMANOVA; R2 = 0.05, p < 0.001), latitudes (R2 = 0.13, p <

0.001), and light-dependent depths (R2 = 0.09, p < 0.001)

throughout the Atlantic Ocean, with no significant interaction

between these variables (p > 0.05). Independent principal

coordinates analyses for cDNA and gDNA communities revealed

distinct clustering according to latitude and light-dependent depth

(Figures 2A, B). Northern temperate regions (S1–S2), southern

temperate regions (S13–S16), the fringe of the North Atlantic Gyre

and South Atlantic Gyre (S3–S4 and S11–S12), and the centre of the

North Atlantic Gyre and tropical North Atlantic (S5–S10) each

formed distinct clusters (Figures 2A, B), reflecting the different

environmental regimes of these provinces (Figure 1A). In stratified

waters, bacterioplankton communities at 1% PAR were distinct

from those at 55% PAR and 97% PAR, and displayed less variation

across the transect (S3–S12). In temperate regions where 1% PAR

fell within the mixed layer, this trend was less pronounced (S1–S2,

S13–S16; Figures 2A, B).

The structure of cDNA and gDNA communities was highly

congruent throughout the Atlantic Ocean (PROTEST; r = 0.98, p <

0.001; Figure 2C). Procrustes residuals were extracted to examine

the effect of latitude and light-dependent depth on congruence
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between cDNA and gDNA community structure, revealing a

significant linear decrease from temperate Northern hemisphere

latitudes to temperate Southern hemisphere latitudes (GAM;

adjusted R2 = 0.36, p < 0.001; Figure 2D). Congruence between

cDNA and gDNA derived communities was greatest in the

productive South Subtropical Convergence and Southwest

Atlantic Shelves (S13–S16; Figure 1A). These data align with a

survey of the Indian sector of the Southern Ocean, which suggested

that cDNA and gDNA bacterioplankton communities display

similar structuring in highly productive waters (Liu et al., 2019).

Comparisons of cDNA and gDNA bacterioplankton

biogeography across basin scales are scarce. However, distinct

biogeographic patterns in cDNA and gDNA bacterioplankton

communities have been shown on regional scales in the South

China Sea, where cDNA bacterioplankton communities were

structured predominantly by prevailing environmental conditions,

whilst gDNA communities were comparatively more influenced by

water mass identity (Zhang et al., 2014). Thus, differences in the

relative importance of environmental and spatial processes at a

regional scale underpinned the distinct biogeography of cDNA and

gDNA bacterioplankton communities. The congruence between

cDNA and gDNA bacterioplankton communities demonstrated in

this study across the Atlantic basin indicates that similar processes

structure cDNA and gDNA bacterioplankton communities across

oceanic scales (Supplementary Figure 2), suggesting that the

relationship between these communities may be scale-dependent
Frontiers in Marine Science 05
in the marine environment. Our data show that the structure of

both cDNA and gDNA bacterioplankton communities reflects the

oceanographic province from which samples were collected

(Reygondeau et al., 2013).
3.2 Bacterioplankton richness
and evenness

The overall richness of gDNA communities was greater than of

cDNA communities (ANOVA; p < 0.005; Supplementary Figure 3),

and pairwise comparisons revealed that gDNA community richness

and evenness were greater than cDNA community richness

evenness at each light-dependent depth (Tukey’s HSD; p < 0.05;

Supplementary Figure3). cDNA communities consisted of a subset

of the gDNA community, dominated by a small cohort of ASVs

with high potential activity that are apparently able to capitalize on

prevailing environmental conditions. Both richness and evenness

were greater at 1% PAR, which closely tracked the position of the

deep chlorophyll maximum over the transect (Figure 1D), than at

55% or 97% PAR (Tukey’s HSD; p < 0.001).

cDNA and gDNA community richness were significantly

related (linear model; slope = 0.50, R2 = 0.56, p < 0.001;

Figure 3A) but displayed a shallow slope indicating that as gDNA

community richness increased, the disparity between cDNA and

gDNA community richness also increased. cDNA and gDNA
A B

DC

FIGURE 2

Principle coordinates analysis of (A) gDNA (n = 47) and (B) cDNA (n = 47) community structure based on Bray-Curtis dissimilarity. Shapes represent
light-dependent depth (squares = 97% PAR, diamonds = 55% PAR, circles = 1% PAR), colours indicate latitude. (C) Procrustes superimposition of
cDNA data onto gDNA data. Segments connect pairs of cDNA and gDNA samples and represent Procrustes residual values. Point colours indicate
nucleic acid (grey: gDNA, white: cDNA), segment colours correspond to latitude. (D) Generalised additive model of Procrustes residuals against
latitude (n = 47). Shading represents 95% confidence interval.
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community evenness displayed a stronger relationship (linear

model; slope = 1.11, R2 = 0.52, p < 0.001; Figure 3B) including a

slope of ~1. cDNA and gDNA community richness and evenness

converged in nutrient-rich waters of the Southwest Atlantic Shelves

where large phytoplankton dominate primary production

(Marañón et al., 2000; Marañón et al., 2001; Tilstone et al., 2017).

This convergence was driven by the high relative abundance and

potential activity of copiotrophic bacterioplankton (see below),

which likely capitalize on phytoplankton-derived organic carbon

and nutrient availability.
3.3 Potential activity of bacterioplankton
groups and populations

The potential activity and relative abundance of selected

biogeochemically and ecologically important bacterioplankton

groups was structured by both latitude and light-dependent depth

(Figure 4). An inverse relationship between the potential activity of

the cyanobacteria Prochlorococcus and Synechococcus was evident

throughout the transect. Prochlorococcus displayed high potential

activity north of the South Subtropical Convergence, whilst

Synechococcus displayed high potential activity at the South

Subtropical Convergence and Southwest Atlantic Shelves (S13–

S16), aligning with their characteristically distinct thermal niches

(Flombaum et al., 2013). Interestingly, the potential activity of

Synechococcus was highest at the Southwest Atlantic Shelves

despite low relative abundance, which may suggest that local

environmental conditions are optimal for the growth of

Synechococcus, but that top-down controls, such as viral infection

(Suttle, 2007) and grazing (Apple et al., 2011), constrain relative

abundance. However, these data must be interpreted carefully as the

relationship between growth rate and cellular 16S rRNA content is

non-linear in Synechococcus (Binder and Liu, 1998; Worden and

Binder, 2003).

The filamentous diazotrophic cyanobacteria Trichodesmium

displayed high potential activity in the tropical North Atlantic

(S7–S8; Figure 4), corresponding to areas of known iron supply

from atmospheric dust deposition (Fernández et al., 2010). These
Frontiers in Marine Science 06
data underscore the crucial role that Trichodesmium play in

nitrogen fixation in this region and suggest that they may

contribute disproportionately to biogeochemical function relative

to their abundance. Conversely, the unicellular diazotroph UCYN-

A (Candidatus Atelocyanobacterium thalassa) were restricted to

surface water masses, and displayed high potential activity in the

South Atlantic Subtropical Gyre (S11–S12) (Figure 4), illustrating

latitudinal switching in the potential activity of the two major

nitrogen fixing cyanobacteria in the Atlantic Ocean.

The potential activity of NS4, NS5, NS9, and NS10 marine

group Flavobacteria was enhanced at the Southwest Atlantic Shelves

(S15–S16; Figure 4) and was related to nutrient availability

(Supplementary Figure 4). The observed pattern of enhanced

potential activity in nutrient-rich waters where large

phytoplankton dominate primary production likely reflects the

copiotrophic life history strategy of these taxa, which possess

physiological adaptations to capitalize on the availability of

phytoplankton-derived organic carbon (Buchan et al., 2014) and

are frequently associated with diatom blooms (Teeling et al., 2012;

Teeling et al., 2016). Possible niche partitioning was indicated

between phylogenetically coherent clusters of active NS4 and NS5

marine group Flavobacteria ASVs, aligning with evidence of

ecologically distinct units within these groups (Dıéz-Vives et al.,

2019). ASVs displaying the highest potential activity at the

Southwest Atlantic Shelves were largely absent from subtropical

and tropical latitudes. In contrast, ASVs distributed throughout the

subtropical and tropical Atlantic were absent at the Southwest

Atlantic Shelves (Figure 5A). These findings indicate that the

cosmopolitan distribution of NS4 and NS5 Marine Groups

throughout the Atlantic Ocean (Figure 4) is underpinned by

ecological niche partitioning between specific ASVs (Figure 5A)

and highlights the value of detailed phylogenetic resolution when

investigating bacterioplankton ecology.

The ubiquitous SAR86 are proteorhodopsin-containing

Gammaproteobacteria with streamlined genomes that lack

biosynthesis pathways for key vitamins, cofactors, and amino

acids (Dupont et al., 2012). As SAR86 have only relatively

recently been cultivated, significant questions remain about their

ecology and life history strategies. We show that SAR86 are
A B

FIGURE 3

Linear model of (A) Chao1 Richness and (B) Pielou’s evenness from gDNA (n = 47) and cDNA (n = 47) samples. Solid line represents linear model fit,
shading represents 95% confidence interval. Dotted guideline represents 1:1 cDNA:gDNA ratio. Shapes represent light-dependent depth.
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A B

C

FIGURE 5

The potential activity and abundance of bacterioplankton ASVs at single-nucleotide resolution within (A) Flavobacteriaceae, (B) SAR86, and (C) SAR11
Ia. Point size represents the average relative abundance in cDNA and gDNA derived bacterioplankton communities. Colours represent 16S rRNA:16S
rRNA gene ratios, a proxy for protein synthesis potential (potential activity). 16S rRNA:16S rRNA gene ratios greater than 10 are represented by a dark
plum colour.
FIGURE 4

The potential activity and abundance of major bacterioplankton groups. Point size represents the average relative abundance in cDNA and gDNA
derived bacterioplankton communities. Colours represent 16S rRNA:16S rRNA gene ratios, a proxy for protein synthesis potential (potential activity).
16S rRNA:16S rRNA gene ratios greater than 10 are represented by a dark plum colour (e.g. in Trichodesmium).
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cosmopolitan in their distribution throughout the Atlantic Ocean

yet display enhanced potential activity at the Southwest Atlantic

Shelves (Figure 4). Group-level patterns in the potential activity of

SAR86 resemble those of typical copiotrophic bacterioplankton,

suggesting that SAR86 are capable of substantially upregulating

potential activity in response to resource availability. Recent

evidence indicates that SAR86 can be subdivided into ecotypes

based on functional gene content, and that these ecotypes possess

distinct biogeographic distributions (Hoarfrost et al., 2020). In this

study, niche partitioning was indicated between SAR86 ASVs,

which were typically constrained to either tropical and

subtropical latitudes, or temperate latitudes (Figure 5B). A cohort

of SAR86 ASVs displayed enhanced potential activity in the

Southwest Atlantic Shelves, suggesting that they may play an

important role in processing phytoplankton-derived organic

carbon. Many SAR86 ASVs were restricted to surface water

masses (97% and 55% PAR) in oligotrophic tropical and

subtropical regions (Figure 5B). We speculate that this trend may

relate to the role of proteorhodopsins, a light-driven proton pump,

which contributes to cellular energy budget of SAR86 in these

regions (Beja et al., 2000; Sabehi et al., 2004). Single-cell and

metagenomic evidence indicates substantial variation in organic

carbon utilization capabilities and proteorhodopsin content within

SAR86 (Hoarfrost et al., 2020), suggesting that a wide array of life

history strategies may coexist within the group. Here, we provide

ocean scale insights into the potential activity of SAR86, revealing

distinct clusters putatively adapted to oligotrophic surface waters

and nutrient-rich waters, respectively (Figure 5B).

TheGammaproteobacteria clade SUP05 play an important role in

open ocean sulfur metabolism (Moran and Durham, 2019),

degrading algal-derived dimethylsulphoniopropionate (DMSP), and

utilising energy generated from sulfur oxidation to drive autotrophic

carbon fixation (Walsh et al., 2009; Spietz et al., 2019). Heterotrophic

carbon metabolism has also been demonstrated in the SUP05 clade

member Thioglobus singularis strain PS1, indicative of their ability to

utilise diatom cell lysate to support heterotrophic growth (Spietz

et al., 2019). To date, most studies of SUP05 are related to the deep

ocean and oxygen minimum zones (Walsh et al., 2009; Shah et al.,

2019), though viable SUP05 cells have been cultivated from surface

waters (Marshall and Morris, 2013). Here we show that SUP05

display high potential activity at the Southwest Atlantic Shelves

(Figure 4) where large phytoplankton dominate primary

production (Marañón et al., 2000; Marañón et al., 2001; Tilstone

et al., 2017). The high potential activity of SUP05 may be

underpinned by the production of DMSP and associated organic

sulfur compounds by diatoms and other large phytoplankton.

Alternatively, the high potential activity of SUP05 may be resultant

of heterotrophic growth fuelled by phytoplankton primary

production. Regardless of mechanism, these data suggest that

SUP05 play an important role in biogeochemical cycling during

phytoplankton blooms in these regions, highlighting the need for

further investigation to elucidate the role of this enigmatic group.

SAR11 clades Ia, Ib, and II generally displayed uniform relative

abundance and low potential activity throughout the Atlantic Ocean

(Figure 4). Similar uniformity in activity and abundance of SAR11 has

been demonstrated across the Atlantic Ocean using flow-cytometry
Frontiers in Marine Science 08
and 35S-methionine uptake (Mary et al., 2006). These trends may

emerge from the generally limited ability of SAR11 to respond to

transient increases in substrate availability, and their survival through

scavenging widespread labile organic compounds and nutrients present

at low background concentrations (Cottrell and Kirchman, 2016;

Giovannoni, 2017). SAR11 Ia ASVs displayed distinct distribution

patterns, despite minimal variability in potential activity (Figure 5C).

Interestingly, we identified aminor increase in the potential activity of a

small cluster of SAR11 Ia ASVs at the Southwest Atlantic Shelves

(Figure 5C), suggesting that these populations possess some capacity

for metabolic upregulation. We speculate that this may be the result of

differences between carbon-source utilization pathways in SAR11

genomes (Schwalbach et al., 2010), which may elicit subtle responses

to phytoplankton-derived organic carbon for some specialised ASVs.

Some SAR11 populations can be particle-associated and therefore may

occupy alternative niches other than the generalized archetypical free-

living oligotroph (Yeh and Fuhrman, 2022). Our findings provide

additional evidence supporting the paradigm that SAR11 generally

maintain a consistent state of low metabolic activity across oceanic

scales, but some SAR11 have the ability to respond to changes in

environmental conditions or substrate availability (Brown et al., 2012;

Bolaños et al., 2021; Bolaños et al., 2022). Given that the 16S rRNA

gene has limited taxonomic resolution for SAR 11 (Eren et al., 2013) we

should be cautious in interpretation of these data and complementary

approaches to assess SAR11 diversity should also considered.
4 Summary

This study provides an investigation of the relationship between

cDNA and gDNA derived bacterioplankton communities on an

oceanic scale. We showed congruence in cDNA and gDNA

community structure throughout the Atlantic Ocean, indicating

that similar processes structure these communities across oceanic

scales. We used 16S rRNA:16S rRNA gene ratios to explore patterns

in the potential activity of bacterioplankton groups, from which

cyanobacteria, copiotrophic, and oligotrophic bacterioplankton

could be broadly distinguished. Furthermore, we provide ASV-

level investigation of potential activity in the marine environment,

demonstrating possible niche partitioning of Flavobacteria and

SAR86 ASVs that underlie the cosmopolitan distribution of these

taxa. While potential activity derived through 16S rRNA:16S rRNA

gene ratios are indirect indicators of metabolic activity, they are

possible proxies of protein synthesis potential providing important

ecological insights at detailed phylogenetic resolution which can be

used to guide the development of hypotheses for further

investigation (Blazewicz et al., 2013). Integrating 16S rRNA:16S

rRNA gene ratios with other molecular tools such as

metatranscriptomics, which offers insights into the transcription

of specific genes within a community but does not directly indicate

translation, and metaproteomics, which offers insights into the

realised expression of proteins but do not directly indicate the

activity of these proteins, are clear avenues for developing a more

holistic understanding of bacterioplankton metabolic activity on the

community level. Combined, the findings of this study shed light on

the active microbiome of the Atlantic Ocean and provide insights
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towards the ecology and life history strategies of biogeochemically

and ecologically significant bacterioplankton.
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SUPPLEMENTARY FIGURE 1

Map of 16 stations sampled during the AMT25 latitudinal transect of the

Atlantic Ocean during the Austral spring of 2015 with Longhurst

oceanographical spatial codes (NADR, North Atlantic Drift; NASTE,
Northeast Atlantic subtropical gyral; NASTW, Northwest Atlantic subtropical

gyral; NATR, North Atlantic tropical gyral; ETRA, Eastern Tropical Atlantic;
SATL, South Atlantic gyral; SSTC, South subtropical convergence; FKLD,

Southwest Atlantic shelves).

SUPPLEMENTARY FIGURE 2

Canonical correspondence analysis (CCA) of (A) gDNA (n = 47) and (B) cDNA
(n = 47) derived bacterioplankton community composition. Vectors represent

statistically significant environmental variables (p < 0.01).

SUPPLEMENTARY FIGURE 3

(A) Chao1 Richness and (B) Pielou’s evenness at each light-dependent depth

from gDNA (n = 47; white) and cDNA (n = 47; grey) samples. Crossbar
represents median value.

SUPPLEMENTARY FIGURE 4

The relative activity (16S ratio) of copiotrophic (top row), oligotrophic (middle

row) and understudied (bottom row) ASVs against nitrate/nitrite
concentration (n = 38). Black lines indicate significant linear model fits (p <

0.05), shaded areas represent 95% confidence intervals. Red guidelines
indicate threshold above which ASVs are considered active (16S ratio ≥ 1).
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