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Summary/Abstract

The need to understand how ocean global change affects marine life has exposed gaps in our knowledge
of fundamental principles. Although molecular biological techniques, particularly ‘omics (genomics to
proteomics), now dominate research in biological oceanography, physiological research has stagnated,
leading to the assumption that physiology is outmoded. However, biological rates and biogeochemical
fluxes remain the main currencies in biogeochemistry (BGC) models in which microbes play a central
role. The question we aim to address — with a focus on marine microbes — is how to translate 'omics-
based information on physiological potential into quantifiable physiological rates, and ultimately into
BGC processes that can be represented in Earth system models.

While 'omics has revealed patterns in marine microbial diversity and metabolic pathways, it largely
provides only static snapshots of physiological potential. Studies that weave ‘omics and physiological
rates together provide greater insights and improved mechanistic understanding. But despite these
advances, there is widespread frustration about the paucity of physiological metrics, as most of these
metrics were devised before the molecular biology revolution. To improve our understanding of the
roles of marine microbes in biogeochemical cycles, we need better tools to quantify physiological
activity. Physiological rates quantify the integrated activity of proteins that drive marine BGC cycles and
can bridge the gap between 'omics and biogeochemistry. We propose the development of a community
and framework for co-designing physiological metrics as currency converters to link 'omics datasets and
BGC models, a central aim of the international BioGeoSCAPES program.

Scientific Background and Rationale

The necessity to understand the influence of ocean global change on biota has exposed wide-ranging
gaps in our knowledge of the fundamental principles that underpin marine life (Cooley et al., 2022).
Concurrently, physiological research has stagnated, in part driven by the advent and subsequent rapid
evolution of molecular biological techniques (i.e., ‘omics), such that they now influence all lines of
enquiry in biological oceanography (Melzner et al., 2022). This dominance has led to an implicit
assumption that physiology is outmoded, and that ecological and BGC models can be directly informed
by ‘omics (Oremland et al., 2005). However, the main modeling currencies are biological rates and BGC
fluxes. We propose, in this working group, to address the question: how do we translate the wealth of
information on physiological potential and function from ‘omics-based studies to quantifiable
physiological rates and, ultimately, to BGC processes and their representation in Earth system models?
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In marine science, over the last two decades, ‘omics has clearly demonstrated large-scale patterns in
microbial diversity across oceanic provinces and provided insights into which metabolic pathways are
active. The history of marine nitrogen fixation research reveals the benefits and limitations of
physiological rate measurements, and also points to how these measurements can be complemented
by more recent ‘omics approaches (Zehr and Capone, 2020). But, ‘omics-based approaches provide
static ‘snap-shots' of physiological potential, and we need to improve our quantitative, process-level
understanding of the roles of marine microbes in biogeochemical cycles. Indeed, it is physiological
activity—as modified by biological species differences, environmental drivers, and the interactions
between the two—that ultimately drives biogeochemical cycles (Falkowski et al., 2008).

In contrast to the rapid evolution of ‘omics techniques, the physiological metrics used to quantify
biological rates that are the cornerstones of BGC and Earth system models, such as primary
productivity, have not fundamentally changed in decades (c.f. Boyd et al., 2022). ‘Omics provides a
surfeit of data with immense potential to enhance our understanding, but at a level of detail that is
often difficult to relate to the information provided by physiological rate measurements and the current
need to better parameterize Earth system models (Meiler et al., 2022). This growing mismatch between
the currencies of global-scale models (rates and fluxes) and the aspirations of omics (coupling cellular
potential via ‘omics to Earth system model projections) must be addressed urgently if we are to
understand the fundamental principles driving marine life and BGC cycles (Strzepek et al., 2022).

Although our current choice of physiological metrics needs urgent scrutiny, there is compelling
evidence of the utility of long-established (and overlooked) assays when interfaced with innovative
phytoplankton cellular models (Inomura et al., 2020). But can we also be inventive and use ‘omics to
interpret physiology in a more holistic way? Physiology can provide valuable insights into metabolism,
even when considering only a few cellular processes. Imagine the progress in our fundamental
understanding of the microbial ‘rules of life’ if we developed better metrics jointly with ‘omics.

Biogeochemical Currency Conversion

We propose that physiological rate measurements can bridge BGC and ‘omics. Physiological rates
quantify the integrated activity of proteins that drive marine BGC cycles in units that modelers can use.
Looking at more advanced fields than oceanography, such as systems biology or biomedicine, ‘rates
from ‘omics’ is unlikely in the next decade. On the other hand, research into the ocean’s BGC cycles
reveals the potential of using the joint expertise of the physiology and ‘omics communities (i.e., co-
design) to guide future research (Figure 1; Strzepek et al., 2022). We can extend this complementary
approach to use ‘omics datasets to develop new targeted physiological metrics that improve the
parameterization of BGC processes. We propose to develop a community and framework for co-design
of physiological metrics that may act as ‘currency converters’ to link ‘omics datasets and BGC models,
a central aim of the nascent (launch proposed for 2026) international BioGeoSCAPES program
(www.biogeoscapes.org).
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Co-design of new high-throughput metrics

Figure 1. The potential of reverse-engineering a new suite of physiological metrics to provide better
linkages with molecular tools, as exemplified by phosphorus. Potential physiological approaches (top
left green box of illustrative examples) applicable to the proposed WG include re-evaluation of long-
established metrics, developing a framework for quantitative high throughput enzyme assays, clever
experimental design (Bell, 2019), quantifying adenylate energy charge (Karl, 1980) and tracking
metabolite pools / fluxes (Moran et al., 2022). Top right panel is a KEGG map from iPath, a web-based
tool to visualize cellular pathways from ‘omics (e.g., Nunn et al., 2013). Combining approaches—
denoted by the green and blue intersecting arrows—will improve underpinning biochemical (e.g.,
metabolic, resource allocation) theory and identify candidate pathways for the co-design of new
physiological assays.

Rationale. Why a SCOR working group now?

Humanity needs us to be able to make accurate predictions about the current and future states of
marine biogeochemical cycles now. Marine microbes drive most of the key marine biogeochemical
cycles (Falkowski et al., 2008). Yet, our ability to predict the responses of marine microbes to complex
climate change is currently limited, in part, by our inability to translate the ever-growing wealth of
information we now have on physiological potential, gained from ‘omics, into an understanding of their
activity. We need to capitalize on what we have already learned from the rare studies that have
considered ‘omics and physiology jointly (e.g., Walworth et al., 2016). We are now at cross-roads — if
we don’t address the imbalance between the paucity of physiological metrics and their limited
applicability to ‘omics urgently we may soon be at an impasse for the improved parameterization of
ocean scale models needed to project the responses of microbes to complex climate change. The recent
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debate between the DARWIN modeling group from MiT (Meiler et al., 2022, 2023) and marine nitrogen
fixation genomicists (Zehr and Riemann, 2023) reveals some of the emerging challenges in converting
between ‘omics and modeling currencies that will become exacerbated if not addressed in a timely
way. The need is clear, and the opportunity is now, but we have been hindered by disciplinary silos and
language barriers between physiologists, molecular biologists, and modelers. This working group will
serve the crucial role of getting these communities in the same room, organized around the common
aim of connecting this great need to this great opportunity. The multi-disciplinary and international
work we propose would be impossible to support from national or regional funding.

This WGs goals are to:

1. Identify what physiological processes we should be paying attention to. Many physiological
approaches were developed before the ‘omics revolution. Are we still measuring the best
currencies? If so, can we measure them more efficiently? Can we currently leverage ‘omic
measurements to estimate rates effectively?

2. Develop a framework and toolset for discovering proxies of physiological processes that can
bridge ‘omics and models, leveraging expertise from physiologists, ‘omics researchers as well as
cell and BGC modelers.

The overarching aim of the WG is to identify and set the stage for the development of a core suite of
measurements that are harmonized, low-cost, easy to use, and high throughput to promote co-
measurement of ‘omics, rates, and BGC. Some of these will be new physiological measurements and
some of these will be new ways to combine ‘omic measurements and cellular modeling approaches to
understand physiology and improve the parametrization of larger scale models. The measure of success
for this WG would be to bring co-design to fruition and establish a framework for the creation of
physiological metrics that when implemented at scale and at low cost are broadly accessible.

Terms of Reference

ToR1

Review current physiological metrics, identify the key gaps in our understanding of marine microbial
metabolism as revealed by ‘omics that are candidates for the co-design of new physiological assays,
and rank these candidate assays according to their likely success for development and their
biogeochemical importance.

ToR2

Identify the physiological metrics of marine microbial metabolism best suited to convert between the
currencies of ‘omics datasets and models, from cellular (fine scale) to BGC (coarse scale) models, using
the WGs combined expertise in ‘omics, physiology and modeling, and the knowledge gained from ToR
1.
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ToR3

Determine the pathways to implementation with respect to assay development (learning the design
process from systems biology, ecotoxicology, and biomedical sciences), and in doing so develop a
framework and toolset for discovering proxies of marine microbial physiological processes that can
bridge ‘omics and models.

ToR4

As a proof of concept, identify a flagship physiological metric to develop, using the roadmap designed
in ToR 3, and assess whether this can be made high throughput and integrated with new observational
platforms to stimulate the co-measurement of marine microbe ‘omics, physiology, and the BGC
processes.

Working plan and Timeline

To address ToR 1, we will undertake 3 activities.

1.1: review the literature for existing physiological metrics, including those from other relevant
research fields (e.g., freshwater science, ecotoxicology, gut microbiome) and from other SCOR WGs
(e.g., 156, 165, 166). This review will cover classic physiological metrics routinely used in biological
oceanography, as well as novel metrics that are being developed to determine physiological rates at a
cellular and community level (e.g., click chemistry, nano-SIMS and SIP, quantitative metaproteomics).

1.2: identify knowledge gaps of key metabolic pathways, as revealed by the global ‘omics datasets,
due to the lack of physiological measurements.

1.3: combine the outcomes from Activities 1.1 and 1.2 to create a ranked list of the key metabolic
pathways to focus on. Activity 1.3 will include a detailed assessment of i) the best approach for each
physiological process (e.g., targeted assays vs. measuring substrates), ii) our ability to design such
metrics, and iii) their highest-value insight into marine microbial dynamics and biogeochemical
cycling.

To address ToR 2, we will undertake 2 activities that build on the ToR 1 deliverables.

2.1: identify improvements needed in our ability to couple ‘omics to physiological rate proxies. This
will enhance the skill of cellular-scale models that predict physiological rates, perhaps through the
leveraging of ‘omics data directly (e.g., McCain et al., 2021). This work will focus on physiological rate
proxies that are relevant to, and can be easily incorporated into, ocean scale models (e.g., nutrient
uptake, organic carbon production). WG member Levine will lead this effort, as their group develops
innovative, interdisciplinary numerical models that provide insight into how cell dynamics impact large-
scale processes (e.g., rates of global carbon cycling). The WG will discuss how to best link observations
and laboratory data to coarser grained biogeochemical models (e.g., NPZD or trait-based models),
exploring the use of proteome allocation, quota, and metabolic models. We will also work to identify
the best ways to leverage output from cell-scale models into ocean scale models (e.g., DARWIN).
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2.2: collaborate with ocean scale modelers (see NEMOO net, described below) to identify critical
physiological proxies to parameterize in their models. For the desired proxies, we can then determine
the candidate assays we need to quantify to target those proxies. In this way, we propose to ‘reverse
engineer’ physiological metrics from ‘omics with input from modelers. Ultimately, Activity 2.1 and 2.2
will allow us to create a ranked list of the priority co-designed physiological proxies to target for
method development.

To address ToR 3, we will develop a framework and toolset to design and implement the physiological
proxies identified in ToR 2. WG members with expertise in novel physiological techniques (e.g., nano-
SIMS and SIP, quantitative metaproteomics) will lead the effort. We will draw on our WG members’
knowledge of isotope and tracer labeling (e.g., Maldonado), in situ stable isotope probing techniques
to tease apart individual contributions of different taxa to community physiological rates (e.g., Wilkin),
and novel methods’ development for physiological rate determinations in marine phytoplankton (e.g.,
Behrendt), as well as insights from researchers in other disciplines (e.g., systems biology, ecotoxicology,
and biomedical sciences) that our WG members collaborate with.

To address ToR 4, we will undertake 2 activities.

4.1: identify a flagship physiological metric to develop, using the roadmap designed in activity 3.1. This
WG has the capability to conduct concomitant in situ community-based rate measurements, single-cell
physiological rate determinations, and ‘omics research. Furthermore, WG and NEMOO net members
(e.g., Bertrand, Crowe and Maldonado) have developed a novel autonomous submersible profiling and
incubation system (BioApnea) to investigate in situ microbial activity and function. This system can i)
collect samples for microbial ‘omics studies, and for dissolved and particulate trace metal and nutrient
analyses, and ii) determine in situ metabolic rates with minimal perturbation and high temporal and
spatial resolution. These combined multi-disciplinary approaches will be used to validate this flagship
physiological metric as a proxy bridging ‘omics and models.

4.2: explore whether our flagship physiological metric can be made high-throughput and scalable. Can
this assay be conducted using existing, low-cost instruments and accessible reagents? Such efforts
would enable unprecedented spatial and temporal resolution and accessibility to research communities
lacking complex instrumentation. Such accessibility could provide inspiration for our research
community in future assay co-design efforts.

Timeline

Month 1: First online working group meeting, focused on planning and identification of leadership and
sub-groups for each of the ToRs.

Months 1-12: Meet virtually each month to guide the literature review, build the online databases, and
conduct the gap analysis (ToR 1); implement a mentorship program (see below) to facilitate mentee
participation in the first annual in-person meeting, scheduled to occur in conjunction with the Marine
Microbes Gordon Research Conference in Switzerland, June 2024 (co-chaired by Levine).

Months 12-24: Identify and rank the physiological metrics best suited as ‘currency converters’ between
‘omics and models; engage with ocean scale modelers (NEMOO net, see below) to identify the desired
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physiological proxies to parameterize in their models; virtual second annual meeting, commence work
on a Perspective paper focused on ‘currency conversion’ between ‘omics and modeling.

Months 20-36: Develop an assay creation framework (ToR 3); hold a third annual in-person meeting
and host a town hall at the Ocean Sciences Meeting 2026 to present our new metric and our assay
development tool; continued work on ToR 2 deliverable.

Months 30-42: develop and validate the flagship physiological metric (ToR 4); ongoing mentorship
exchanges; commence work on web-based marine microbial assay workflow optimization tool.

Months 38-48: launch the assay workflow optimization tool (ToR 4); summarizes the outcomes and
recommendations of the WG in a synthesis paper; final meeting, and hybrid training course for ECRs
and researchers from developing countries, in UAE, 2025 (hosted by Amin, NYU Abu Dhabi); meeting
will focus on community outreach and seeking other fora to further capitalize on the synergies and
stronger collaborations emerging from the WG.

Deliverables

The WG deliverables are designed to build capacity for the co-measurement of ‘omics, rates, and BGC
processes (Fig. 2).

The deliverables for ToR 1 are: an online database of current and desired physiological metrics,
highlighting metabolic processes revealed by ‘omics that are critical for quantifying marine microbial
metabolism, but that we do not currently have assays for (D1), and an “ocean metabolism by the
numbers" database which lists and describes key physiological parameters and how they are known to
be linked to BGC processes (D2). Both D1 and D2 will be available on a freely accessible web portal.
Social media will be used to publicize these open access tools (e.g., @biogeoscapes).

The deliverable for ToR 2 is an open-access Perspective paper focused on ‘currency conversion’
between ‘omics and modeling (D3).

The deliverables for ToR 3 and 4 are a high-throughput flagship assay protocol and companion paper
(D4), which will serve as an exemplar for a freely accessible web-based marine microbial assay
workflow optimization tool (D5), with video tutorials and a training workshop to facilitate capacity
development in implementing D4 and D5 (D6). An overarching deliverable is an open-access synthesis
paper describing our co-design approach and assay workflow optimization tool (D7).
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Capacity building

Capacity Building

At the heart of our working group aims is building a community of researchers poised to ensure
microbial physiology is embedded in the next great wave of ocean discoveries. This will only be possible
through extensive capacity building across the globe and, in particular, in developing nations and
indigenous communities.

Currently, much of the work done to glean physiological information from ocean ‘omics data and to
advance microbial physiology approaches in the marine sciences appears to be coming from groups
based in the US, Japan, Europe and Canada. The historical expense of generating ‘omics data and the
specialized instrumentation required for making many of the required measurements appear to be, in
part, causative. Our approach to address this and center Capacity Building in our activities is three-
pronged. First, we will maintain focus on developing assays that can be implemented at scale and at
low cost, increasing their accessibility. Second, we will ensure that there are extensive opportunities
for early career researchers, indigenous youth and researchers from developing nations to engage with
and benefit from our WG progress and activities, and third, we will ensure that our products are freely
available, accessible and usable. Our deliverables were designed with these aims in mind.

To ensure access and engagement in our working group process from early career researchers and
researchers from developing nations, we will implement a mentorship program where each of our
members is paired with a mentee from one of those two groups, with a preference for early career
researchers from developing nations. This mentorship will begin in the first 12 months of the working
group and will last for its lifetime. We will work to raise funds, through our universities- many of which
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have already expressed interest in sponsoring this approach, and other avenues, to facilitate mentee
participation in scientific meetings (e.g. Marine Microbes Gordon Research Conference 2024) at which
we hold our annual working group meetings and at the Ocean Sciences 2026 Town Hall we will host.
Other avenues for supporting focused mentorship opportunities with our working group include the
Swedish STINT program and the Canadian MITACS program which financially support research
exchanges with developing nations

We will ensure free and open dissemination of all our deliverables. Specifically, our Perspective paper,
our comprehensive review, and our manuscript describing our co-designed assay will be published in
open access journals. Additionally, we will build a video tutorial as a how-to guide to implementing this
co-designed assay, for example in the Journal of Visualized Experiments (www.jove.com) that has an
open access option. A centerpiece of our Working Group, our assay development tool, will be created
collaboratively with lonata, a digital agency based in Hobart, Tasmania that designed the web interface
for the MEDDLE best practice guide developed by SCOR WG 149, and hosting will be initially supported
financially by the University of Tasmania (host institute of co-chair Strzepek). The burgeoning
BioGeoSCAPES program (www.biogeoscapes.org) is a viable entity that could maintain this
development tool on the web beyond the lifetime of this working group, which will be imperative for
its continued utility to the community and its continued contribution to capacity building.

We will also host a hybrid training course in the United Arab Emirates, building on our video tutorials,
for early career researchers and those from developing nations to receive tailored training in our assay
implementation and our development tool. This training course will contribute to focused capacity
building in the Persian Gulf, the hottest body of water on Earth and arguably the least studied (6
research cruises in total since the 1960s; last one in 2001). This region hosts a new environmental center
(ACCESS) to build infrastructure for data collection, which lacks qualified personnel for accomplishing
microbial rate measurements but has funds to support hosting this training course.

While developing nations around the world currently lack capacity for participating in this work,
indigenous communities within developed nations also lack this capacity in a profound way. The lack of
participation of indigenous peoples in the natural sciences has many varied and complex causes, and
there are growing calls for natural scientists to actively work against this. In an important 2020 paper,
Wong et al. lay out “10 Calls to Action to natural scientists working in Canada” to work towards
reconciliation with indigenous communities. While focused on Canada, we believe this offers valuable
perspectives for all. Their Call 5: “We call upon natural scientists to provide meaningful opportunities
for Indigenous community members, particularly youth, to experience and participate in science”
resonates with this working group. We propose to hire indigenous youth as field technicians in three
countries to implement our flagship assay in coastal regions of their territory. We will use these data
and their work in our manuscript and video tutorials describing these assays, allowing these youth to
engage in many aspects of the scientific process and making the contributions of indigenous youth
visible for all who engage with our work. We have already received positive feedback from our
universities regarding offering funding for this purpose.
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NEMOO net: Experienced researchers, in addition to those who are members of our working group,
have expressed enthusiasm for contributing to our working group activities. These include Alessandro
Tagliabue (University of Liverpool), Philip Boyd (University of Tasmania), Mick Follows (Massachusetts
Institute of Technology), Stephanie Dutkiewicz (Massachusetts Institute of Technology), Julie LaRoche
(Dalhousie University), Zoe Finkel (Dalhousie University), Mak Saito (Woods Hole Oceanographic
Institute), Sean Crowe (University of British Columbia), Brook Nunn (University of Washington), Tatiana
Rynearson (University of Rhode Island), C. Mark Moore (University of Southampton), Sinead Collins
(University of Edinburgh), and Emilio Marafién (University of Vigo). This consortium, along with our WG,
trainees and mentees form NEMOO net, which will enable us to provide high quality training and
development opportunities and benefit from extensive collaborative interactions.

Working Group composition

NEMOO includes 10 Full Members with the range of expertise needed to address the Terms of
Reference, including microbial physiology and ecology, molecular biology, biogeochemistry, and
numerical modeling, as well as experience in method development, public engagement, and capacity
building. The Full Members represent a broad geographic spread from Europe, Australia, Africa, North
America, Asia, and the Middle East. The gender balance is 5:5 female:male with two early career
researchers (ECR).

Name Gender | Place of work Expertise relevant to proposal
Erin Bertrand (co- | F Dalhousie University, marine microbial physiology and
chair; ECR) Canada biogeochemistry, proteomics,

metabolomics

Robert Strzepek M University of Tasmania, | physiological ecology of marine
(co-chair) Australia phytoplankton, biogeochemical

cycles of bioactive metals
Shady Amin M NYU Abu Dabi, UAE microbial biogeochemical cycles,

symbiotic interactions between
phytoplankton and bacteria,
multi-omics techniques

Federico Baltar M University of Vienna, role of fungi and prokaryotes in
Austria marine elemental cycles,
genomics, transcriptomics,
proteomics
Rachel Foster F University of interactions between prokaryotes
Stockholm, Sweden and photosynthetic eukaryotic
hosts, single cell microbial
physiology
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Keogh (ECR)

and Climate
Observatory, South
Africa

Naomi Levine F University of Southern single cell models of microbial
California, USA biogeochemical cycles
Aditee Mitra F Cardiff University, UK system dynamics modeling,
plankton food web models
Thomas Ryan- M Southern Ocean Carbon | microbial physiology and primary

production, algorithms on bio-
optical data, seasonal variability
in microbial dynamics

Amsterdam,
Netherlands

Koji Suzuki M Hokkaido University, interaction between
Japan phytoplankton and diazotrophs,
metabarcoding,
metatranscriptomics, stable
isotope labeling
Susanne Wilkin F University of role of mixotrophic protists in

primary production and
bacterivory, stable isotope
probing, physiological assays,
transcriptomics

Associate Member

The Associate Members provide additional expertise and experience in microbial physiology and
ecology and modeling. The Associate Members represent a broad geographic spread from Europe,
North America, Asia, and the Middle East. The gender balance is 4:6 female:male with two ECR.

Name Gender | Place of work Expertise relevant to proposal
Kai Ziervogel M University of New | bacterial metabolic rates,
Hampshire, USA secondary production and
respiration, microbial elemental
cycles
Maite Maldonado F University of phytoplankton physiology, trace
British Columbia, metal acquisition by marine
Canada phytoplankton
Lars Behrendt (ECR) M Uppsala University, | microbial ecology (single cell and
Sweden community level), microbial
community structure and
function
Tom Bibby M University of photophysiology of
Southampton, UK | phytoplankton, links between
physiology and -omics
Chuan Ku (ECR) M National Taiwan alga-microbial interactions
University, Taiwan | (symbioses and viral infections),
multi-omics approaches
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Jana Milucka F Max Planck microbial physiology and
Institute for metabolic rates (single cell and
Marine community level), metagenomics
Microbiology, and metatranscriptomics
Germany
Yeala Shaked F The Hebrew microbial ecology, nutrient and
University of trace metal uptake, -omics,
Jerusalem, Israel molecular fingerprinting
Dalin Shi M Guangxi University, | phytoplankton ecophysiology,
China physiological and biogeochemical
measurements coupled with -
omics
Taichi Yokokawa M Japan Agency for marine microbial activity
Marine-Earth (heterotrophic and autotrophic),
Science and large scale microbial community
Technology, Japan | distribution and biogeochemical
modeling
Patrizia Ziveri F Autonomous marine pelagic ecosystem
University of diversity and evolution, marine
Barcelona, Spain food web interactions

Working Group contributions

Erin Bertrand applies proteomic and metabolomic approaches in the field and the lab to understand
marine microbial physiology and biogeochemistry. She has experience using cellular models and
proteomics to estimate rates from omic data and is currently working to identify physiological rates
that can be estimated directly from quantitative proteomic measurements.

Robert Strzepek combines classic physiological tools and (meta-)proteomics in the laboratory and field
to better understand the physiological ecology of marine phytoplankton and the impact they have on
marine biogeochemical cycles, particularly of bioactive metals.

Shady Amin uses multi-omics techniques to study the role microbes play in global biogeochemical
cycles with a strong emphasis on symbiotic interactions between phytoplankton and bacteria at the
microscale and how they influence large-scale phenomena. He is currently developing techniques in
metagenomics and metabolomics at the single-cell level to understand these relationships in the ocean.

Federiko Baltar studies the role of microbes (fungi and prokaryotes) on marine elemental cycles, the
influence of mesoscale features on microbial functioning and diversity, and the anthropogenic impact
on marine microbes and organic matter cycling. He combines physiological rate measurements and
molecular tools with modern -omics approaches on natural communities and cultured isolates.
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Rachel Foster holds expertise in microbial oceanography with an emphasis on microbial interactions
between nitrogen fixing microbes and photosynthetic eukaryotic hosts (e.g., symbioses, consortia). She
works in the development of single cell methodologies that couple physiology with rate measurements
(e.g. Mass Spectrometry Imaging), microscopy, genome content, and gene expression, so that
phenotype and activity can be matched to specific cells.

Naomi Levine is developing interdisciplinary numerical models that allow us to understand how
dynamics occurring at the scale of individual microbes impact large-scale ecosystem processes such as
rates of global carbon cycling. Ultimately, these models seek to incorporate -omic information and
trade-offs that individual cells make to predict large-scale biogeochemical rates.

Aditee Mitra holds expertise in system dynamics modeling to integrate eco-physiological data into
plankton food-web models for in silico investigations. Over the last few years, her research has focused
primarily on the mixoplankton paradigm.

Thomas Ryan-Keogh works on the development and application of physiological and primary
production algorithms on bio-optical data collected in the Southern Ocean to understand seasonal
variability and long-term changes. His more recent projects include the applications of these algorithms
on a global scale.

Koji Suzuki studies phytoplankton and diazotrophs in the North Pacific through GEOTRACES-relevant
field campaigns and ship-of-opportunity observations between Japan and North America using
metabarcoding, metatranscriptome, UHPLC algal pigment, and stable isotope (13C and 15N) labeling
techniques.

Susanne Wilkin focuses on mixotrophic protists to assess their quantitative contribution to ecosystem
processes including primary production and bacterivory, as well as the balance of auto- versus
heterotrophy in individual lineages. She uses stable isotope probing approaches (RNA-SIP) in the field,
physiological assays and transcriptomics in the lab, and is planning to combine those with meta-omics
in the future.

Relationship to other international programs and SCOR Working groups

This WG links to SCOR activity “Changing Ocean Biological Systems (COBS): how will biota respond to a
changing ocean?” (formerly WG 149) by developing new methods to quantify this change. It will
contribute to WG 166 (DMS-PRO) by working to improve the accurate rate measurements of the biotic
processes involved in the cycling of sulfur compounds in the ocean; WG 165 (MixONET) by contributing
to the development of new methods and simple protocols to better quantify mixoplankton
physiological activities; WG 156 (Active Chlorophyll fluorescence) by assessing alternatives to the
methods currently used to quantify marine primary productivity; and WG 161 (Respiration in the
Mesopelagic Ocean) by developing a link between microbial rate measurements including respiration,
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and BGC models.

This WG has direct bearing on the science plan being developed for BioGeoSCAPES, which is an
international and interdisciplinary microbial biogeochemistry program to improve our understanding

of ocean metabolism. The ToRs of this WG will contribute towards the main goal of BioGeoSCAPES to
combine ‘omics and biogeochemical rate measurements on a global scale. The work within NEMOO will
also be of relevance to other international project and networks including SOLAS (Surface Ocean Lower
Atmosphere Study; Core Theme 3: Atmospheric deposition and ocean biogeochemistry; Core Theme 5:
Ocean biogeochemical control of atmospheric chemistry) and GEOTRACES (Marine Biogeochemical
Cycles of Trace Elements and Isotopes; Theme 2: Internal cycling).

This WG also addresses several of the UN Decade of Ocean Science for Sustainable Development

Priority Challenges, helping to align their goals towards the realization of a healthy ocean future.
Specifically, Challenge 2 (Protect and restore ecosystems and biodiversity): Understand the effects of

multiple stressors on ocean ecosystems, and develop solutions to monitor, protect, manage, and
restore ecosystems and their biodiversity under changing environmental, social and climate conditions.
Challenge 5 (Unlock ocean-based solutions to climate change): Enhance understanding of the ocean-
climate nexus and generate knowledge and solutions to mitigate, adapt and build resilience to the
effects of climate change across all geographies and at all scales, and to improve services including
predictions for the ocean, climate and weather, Challenge 7 (Expand the Global Ocean Observing
System): Ensure a sustainable ocean observing system across all ocean basins that delivers accessible,
timely, and actionable data and information to all users, and Challenge 9 (Skills, knowledge and
technology for all): Ensure comprehensive capacity development and equitable access to data,
information, knowledge and technology across all aspects of ocean science and for all stakeholders.

Key References

Bell, T. (2019) Next-generation experiments linking community structure and ecosystem functioning.
Environ. Microbiol. Rep., 11, 20-22.

Boyd, P.W., Doney, S.C., Eggins, S., et al. (2022) Transitioning global change experiments on Southern
Ocean phytoplankton from lab to field settings: Insights and challenges. Limnol. Oceanogr., 67, 1911-
1930.

Cooley, S., Schoeman, D., Bopp, L., et al. (2022) Ocean and Coastal Ecosystems and their Services. In:
Climate Change 2022: Impacts, Adaptation, and Vulnerability. Contribution of Working Group Il to the
Sixth Assessment Report of the Intergovernmental Panel on Climate Change [P6rtner, H.-O., Roberts,
D.C,. Tignor, M., et al. (eds.)]. Cambridge University Press, Cambridge, UK and New York, NY, USA, pp.
379-550

Page 14 of 20



NEw physiological Metrics for Oceanography from ‘Omics (NEMOO)

Falkowski, P. G., Fenchel, T., and Delong, E. F. (2008) The microbial engines that drive Earth’s
biogeochemical cycles. Science, 320(5879), 1034—1039.

Karl, D. M. (1980) Cellular nucleotide measurements and applications in microbial ecology. Microbiol.
Rev., 44, 739-796.

Inomura, K., Omta, A. W., Talmy, D, et al. (2020) A mechanistic model of macromolecular allocation,
elemental stoichiometry, and growth rate in phytoplankton. Front. Microbiol., 11, 86.

McCain, J. S. P., Tagliabue, A., Susko, E., et al. (2021) Cellular costs underpin micronutrient limitation in
phytoplankton. Sci. Adv., 7, eabg6501.

Meiler, S., Britten, G. L., Dutkiewicz, S., et al. (2022) Constraining uncertainties of diazotroph
biogeography from nifH gene abundance. Limnol. Oceanogr., 67, 816—829.

Meiler, S., Britten, G.L., Dutkiewicz, S., et al. (2023) Challenges and opportunities in connecting gene
count observations with ocean biogeochemical models: Reply to Zehr and Riemann (2023). Limnol.
Oceanogr.

Melzner, F., Podbielski, I., Mark, F. C., et al. (2022) The silent loss of cell physiology hampers marine
biosciences. PLoS Biol., 20(5), e3001641.

Moran, M. A., Kujawinski, E. B., Schroer, W. F., et al. (2022) Microbial metabolites in the marine carbon
cycle. Nat. Microbiol., 7, 508-523.

Nunn, B. L., Faux, J. F., Hippmann, A. A., et al. (2013) Diatom proteomics reveals unique acclimation
strategies to mitigate Fe limitation. PLoS One, 8, e75653.

Oremland, R., Capone, D., Stolz, J. et al. (2005) Whither or wither geomicrobiology in the era of
'community metagenomics'. Nat. Rev. Microbiol., 3, 572-578.

Strzepek, R. F., Nunn, B. L., Bach, L. T, et al. (2022) The ongoing need for rates: can physiology and
omics come together to co-designh the measurements needed to understand complex ocean
biogeochemistry? J. Plankt. Res., fbac026.

Walworth, N. G., Lee, M. D,, Fu, F. X., et al. (2016) Molecular and physiological evidence of genetic
assimilation to high CO, in the marine nitrogen fixer Trichodesmium. Proc. Natl. Acad. Sci. USA., 113,
E7367-E7374.

Wong, C., Ballegooyen, K., Ignace, L., et al. (2020) Towards reconciliation: 10 Calls to Action to natural
scientists working in Canada. FACETS. 5(1), 769-783.

Zehr, J. P. and Riemann, L. (2023) Quantification of gene copy numbers is valuable in marine microbial

Page 15 of 20



NEw physiological Metrics for Oceanography from ‘Omics (NEMOO)

ecology: A comment to Meiler et al. (2022). Limnol Oceanogr.

Zehr, J. P. and Capone, D. G. (2020) Changing perspectives in marine nitrogen fixation. Science, 368,
eaay9514.

Appendix: Five key publications for each full member

Erin Bertrand (Co-Chair)

Roberts, M, Bhatia, M, Rowland, E, White, P, Waterman, S, Cavaco, M, Williams, P, Young, JN, Spence,
J, Tremblay, JE, Montero-Serrano, JC, Bertrand, EM (In Revision) Rubisco in High Arctic tidewater
glacier-marine systems: A new window into phytoplankton dynamics. Limnol. Oceanog.

McCain, JSP, Allen, AE, and Bertrand, EM (2022) Proteomic traits vary across taxa in a coastal Antarctic
phytoplankton bloom. ISME Journal 16, 569-579.

McCain, JSP, Tagliabue, A, Susko, E, Achterberg, EP, Allen, AE, and Bertrand, EM (2021) Cellular costs
underpin micronutrient limitation in phytoplankton Science Advances 7 (32), eabg6501

Jabre, L, Allen, AE, McCain, JSP, McCrow, JP, Tenenbaum, N, Spackeen, JL, Sipler, RE, Green, BR, Bronk,
DA, Hutchins, DA, and Bertrand, EM (2021) Molecular underpinnings and biogeochemical
consequences of enhanced diatom growth in a warming Southern Ocean. PNAS 118 (30) e2107238118

Bertrand, EM, McCrow, JP, Moustafa, A, Zheng, H, McQuaid, J, Delmont, TO, Post, AF, Sipler, R,
Spackeen, J, Xu, K, Bronk, DA, Hutchins, DA, Allen, AE. Phytoplankton-bacterial interactions mediate
micronutrient colimitation at the coastal Antarctic sea ice edge PNAS 112 (32) 9938-9943

Robert Strzepek (Co-Chair)

Strzepek, RF, Nunn, BL, Bach, LT, Berges, JA, Young, EB, and PW Boyd (2022) The ongoing need for
rates: can physiology and omics come together to co-design the measurements needed to understand
complex ocean biogeochemistry? J. Plank. Res., fbac026, https://doi.org/10.1093/plankt/fbac026

Boyd, PW, Doney, SC, Eggins, S, Ellwood, MJ, Fourquez, M, Nunn, BL, Strzepek, RF, and E Timmins-
Schiffman (2022) Transitioning global change experiments on Southern Ocean phytoplankton from lab
to field settings: insights and challenges. Limnol. Oceanogr. doi:10.1002/In0.12175

Andrew, SM, Strzepek, RF, Whitney, SM, Chow, WS, Ellwood, MJ (2021). Divergent physiological and
molecular responses of light- and iron-limited Southern Ocean phytoplankton. Limnol. Oceanogr.
Letters 7: 150-158 doi: 10.1002/I012.10223

Nunn, BL, Faux, JF, Hippmann, AA, Maldonado, MT, Harvey, HR, Goodlett, DR, Boyd, PW, and Strzepek,
RF (2013) Diatom proteomics reveals unique acclimation strategies to mitigate Fe limitation. PLoS ONE,

8, art. no. 75653, https://doi.org/10.1371/journal.pone.0075653

Page 16 of 20



NEw physiological Metrics for Oceanography from ‘Omics (NEMOO)

Nunn, BL, Aker, JR, Shaffer, SA, Tsai, Y, Strzepek, RF, Boyd, PW, Freeman, TL, Brittnacher, M,
Malmstrom, L, and Goodlett, D (2009) Deciphering diatom biochemical pathways via whole-cell
proteomics. Aquatic Microb. Ecol. 55: 241-253. https://doi.org/10.1371/journal.pone.0075653

Shady Amin

Shibl, A.A., M.A. Ochenkiihn, A.R. Mohamed, L. Coe, Y. Yun, G. Skrzypek, J. Raina, J. Seymour, S.A. Amin
(2022). Molecular mechanisms of microbiome modulation by the eukaryotic secondary metabolite
azelaic acid. eLife. in review.

Moran, M.A,, E.B. Kujawinski, W.F. Schroer, S.A. Amin, N.R. Bates, E.M. Bertrand, R. Braakman, C. Titus
Brown, M.W. Covert, S.C. Doney, S.T. Dyhrman, A.S. Edison, A. Murat Eren, N.M. Levine, L. Li, A.C. Ross,
M.A. Saito, A.E. Santoro, D. Segré, A. Shade, M.B. Sullivan, A. Vardi (2022) Microbial metabolites in the
marine carbon cycle. Nature Microbiol. 7, 508-523.

Isaac, A., B. Francis, R.l. Amann, S.A. Amin (2021) Tight adherence (Tad) pilus genes indicate putative
niche differentiation in phytoplankton bloom associated Rhodobacterales. Front. Microbiol. 12,718297.

Shibl, A.A., A. Isaac, M.A. Ochsenkihn,A. Cardenas, C. Fei, G. Behringer, M. Arnoux, N. Drou, M.P.
Santos, K.C. Gunsalus, C.R. Voolstra, S.A. Amin (2020) Diatom modulation of select bacteria through
use of two unique secondary metabolites. Proc. Natl. Acad. Sci. U.S.A. 17, 27445-27455.

Amin, S.A,, L.R. Hmelo, H.M. Van Tol, B.P. Durham, L.T. Carlson, K.R. Heal, R.L. Morales, C.T. Berthiaume,
M.S. Parker, B. Djunaedi, A.E. Ingalls, M.R. Parsek, M.A. Moran, E.V. Armbrust (2015) Interactions and
signaling between a cosmopolitan phytoplankton and associated bacteria. Nature, 522, 98-101

Federiko Baltar

Baltar F, Martinez-Pérez C, Amano C, Vial M, Robaina-Estévez S, Reinthaler T, Herndl GJ, Zhao Z, Logares
R, Morales SE, Gonzalez JM (2023) A ubiquitous gammaproteobacterial clade dominates expression of
sulfur oxidation genes across the mesopelagic ocean. Nature Microbiology, doi: 10.1038/s41564-023-
01374-2.

Martinez-Pérez C, Greening C, Bay SK, Lappan RJ, Zhao Z, De Corte D, Hulbe C, Ohneiser C, Stevens C,
Thomson B, Stepanauskas R, Gonzdlez JM, Logares R, Herndl GJ, Morales SE, Baltar F (2022)
Phylogenetically and functionally diverse microorganisms reside under the Ross Ice Shelf. Nature
Communications. doi: 10.1038/s41467-021-27769-5.

Baltar F, Zhao Z, Herndl, GJ (2021) Potential and expression of carbohydrate utilization by marine fungi
in the global ocean. Microbiome 9, 106. doi: 10.1186/s40168-021-01063-4

Srivastava A, Saavedra DEM, Thomson B, Garcia JAL, Zhao Z, Patrick WM, Herndl GJ, Baltar F (2021)
Enzyme promiscuity in natural environments: alkaline phosphatase in the ocean. The ISME Journal. doi:
10.1038/s41396-021-01013-w

Page 17 of 20



NEw physiological Metrics for Oceanography from ‘Omics (NEMOO)

Baltar F, Bayer B, Bednarsek N, Deppeler N, Escribano R, Gonzalez CE, Hansman RL, Mishra RK, Moran
MA, Repeta DJ, Robinson C, Sintes E, Tamburini C, Valentin LE, Herndl GJ (2019) Towards integrating
evolution, metabolism and climate change studies of marine ecosystems. Trends in Ecology & Evolution.
doi: 10.1016/j.tree.2019.07.003.

Rachel Foster

Delmont, TO, Pierella Karlusich JJ, Veseli |, Fuessel J, Muret Eren A, Foster RA, Bowler C, Wincker P,
Pelletier E. (2021). Heterotrophic bacterial diazotrophs are more abundant than their cyanobacterial
counterparts in metagenomes covering most of the sunlit ocean. ISME J. doi.org/10.1038/s41396-021-
01135-1

Foster RA, Tienken D, Littmann S, Whitehouse MJ, Kuypers MMM, White AE. (2021). The rate and fate
of N2 and C fixation by marine diatom-diazotroph symbioses. ISME J. doi: 10.1038/5S41396-021-01086-
7.

Pierella Karlusich JJP, Pelletier E, Lombard F, Carsique M, Dvorak E, Colin S, Picheral M, Cornejo-Castillo
FM, Acinas SG, Pepperkok R, Karsenti E, de Vargas C, Wincker P, Bowler C, Foster RA. (2021) Global
distribution patterns of marine nitrogen-fixers by imaging and molecular methods. Nat Commun 12(1):
1-18.

Schlogelhofer HL, Peaudecerf FJ, Bunbury F, Whitehouse MJ, Foster RA, Smith AG, Croze OA. (2021).
Combining SIMS and mechanistic modelling to reveal nutrient kinetics in an algal-bacterial mutualism.
PloS one. 16(5): e0251643.

Thompson A, Foster RA, Krupke A, Carter BJ, Musat N, Vaulot D, Kuypers MMM, Zehr JP. 2012.
Unicellular cyanobacterium symbiotic with a single-celled eukaryotic alga. Science 337, (6101): 1546-
1550.

Naomi Levine

Nguyen, T, EJ Zakem, A Ebrahimi, J Schwartzman, T Calgar, K Amarnath, U Alcolombri, F Peaudecerf, T
Hwa, R Stocker, OX Cordero, and NM Levine. (2022). The effect of microbial activities on ocean-scale
ocean carbon transport, Nature Communications, doi.org/10.1038/s41467-022-29297-2

Norris N, NM Levine, VI Fernandez and R Stocker (2021). Mechanistic model of nutrient uptake explains
dichotomy between marine oligotrophic and copiotrophic bacteria, PLOS Computational Biology, doi:
10.1371/journal.pcbi.1009023

Zakem, EJ, BB Cael, and NM Levine (2021), A unified theory for organic matter accumulation, PNAS, doi:
10.1073/pnas.2016896118

McParland, EL, A Wright, K Art, M He, and NM Levine, (2020) Evidence for differential physiological
roles for dimethylsulfoniopropionate (DMSP) in Emiliania huxleyi and Thalassiosira oceanica, New
Phytologist, doi:10.1111/nph.16374

Page 18 of 20



NEw physiological Metrics for Oceanography from ‘Omics (NEMOO)

Walworth, N, EJ Zakem, JP Dunne, S Collins, and NM Levine (2020), Microbial evolutionary strategies in
a dynamic ocean, PNAS, doi:10.1073/pnas.1919332117

Aditee Mitra

Mitra, A., Caron, D.A., Faure, E., Flynn, K.J., Leles, S.G., Hansen, P.J., McManus, G.B., Not, F., Gomes,
H.R., Santoferrara, L., Stoecker, D.K. & Tillmann, U. (2023). The Mixoplankton Database — diversity of
photo-phago-trophic plankton in form, function and distribution across the global ocean. Journal or
Eukaryote Microbiology, 12972 https://doi.org/10.1111/jeu.12972

Mitra, A., Flynn, K.J., Stoecker, D.K., & Raven, J.A. (2023) Trait trade-offs in phagotrophic microalgae:
the mixoplankton conundrum. European Journal of Phycology. Accepted for publication.

Mitra, A. & Flynn, K.J. (2023). Low rates of bacterivory enhances phototrophy and competitive
advantage for mixoplankton growing in oligotrophic waters. Scientific Reports, 13: 6900.
https://doi.org/10.1038/s41598-023-33962-x

Glibert, P.M. & Mitra, A. (2022). From webs, loops, shunts, and pumps to microbial multitasking:
Evolving concepts of marine microbial ecology, the mixoplankton paradigm, and implications for a
future ocean. Limnology and Oceanography, 67: 585-597.

Mitra, A., Flynn, K.J., Anestis, K., Mansour, J.S., Ferreira G.D., & Calbet, A. (2021) Novel approaches for
investigating marine planktonic mixotrophy. Zenodo. https://doi.or/10.5281/zenodo.5148500

Thomas Ryan-Keogh

Ryan-Keogh, T.J., Thomalla, S.J., Monteiro, P.M.S. and Tagliabue, A. (2023) Multi-decadal trend of
increasing iron stress in Southern Ocean phytoplankton. Science, doi: 10.1126/science.abl5237.

Ryan-Keogh, T.J., Bone, E.L., Thomalla, S.J., Lain, L., Smith, M.E., Bernard, S., and Vichi, M. (2023) Spatial
and temporal drivers of fluorescence quantum yield variability in the Southern Ocean. Limnology &
Oceanography, doi: 10.1002/In0.12295.

Ryan-Keogh, T.J., Thomalla, S.J., Little, H.J. and Melanson, J.-R. (2018) Seasonal regulation of the
coupling of photosynthetic electron transport and carbon fixation in the Southern Ocean. Limnology
and Oceanography, doi: 10.1002/In0.10812.

Ryan-Keogh, T.J.,, Delizo, L.M., Smith Jr., W.O., Sedwick, P.N., McGillicuddy Jr., D. J., Moore, C.M. and
Bibby, T.S. (2017) Temporal progression of photosynthetic strategy by phytoplankton in the Ross Sea,
Antarctica. Journal of Marine Systems, doi: 10.1016/j.jmarsys.2016.08.014.

Ryan-Keogh, T.J., Macey, A.l., Cockshutt, A.M., Moore, C.M. and Bibby, T.S. (2012) The cyanobacterial

chlorophyll-binding-protein IsiA acts to increase the in vivo effective absorption cross-section of PSI
under iron limitation. Journal of Phycology, doi: 10.1111/j.1529-8817.2011.01092.x.

Page 19 of 20



NEw physiological Metrics for Oceanography from ‘Omics (NEMOO)
Koji Suzuki

Endo, H., Y. Umezawa, S. Takeda, and K. Suzuki (2023) Haptophyte communities along the Kuroshio
Current reveal their geographical sources and ecological traits. Molecular Ecology, 32, 110-123, doi:
10.1111/mec.16734.

Yan, D., J. Nishioka, T. Toyota, and K. Suzuki (2022) Winter microalgal communities of the southern Sea
of Okhotsk: a comparison of sea ice, coastal, and basinal seawater. Progress in Oceanography, 204,
102806, doi: 10.1016/j.pocean.2022.102806.

Suzuki, K., Y. Yoshino, Y. Nosaka, J. Nishioka, S. B. Hooker, and T. Hirawake (2021) Diatoms contributing
to new production in surface waters of the northern Bering and Chukchi Seas during summer with
reference to water column stratification. Progress in Oceanography, 199, 102692, doi:
10.1016/j.pocean.2021.102692.

Cheung, S., J. P. Zehr, X. Xia, C. Tsurumoto, H. Endo, S. Nakaoka, W. Mark, K. Suzuki, and H. Liu (2021)
Gamma4: a genetically versatile Gammaproteobacterial nifH phylotype that is widely distributed in the
North Pacific Ocean. Environmental Microbiology, 23, 4246-4259, doi: 10.1111/1462-2920.15604.

Cheung, S., R. Nitanai, C. Tsurumoto, H. Endo, S. Nakaoka, W. Cheah, J.-F. Lorda, X. Xia, H. Liu, and K.
Suzuki (2020) Physical forcing controls the basin-scale occurrence of nitrogen-fixing organisms in the
North Pacific Ocean. Global Biogeochemical Cycles, 34, e2019GB006452, doi: 10.1029/2019GB006452.

Susanne Wilken

Koppelle S, Lépez-Escardé D, Brussaard CPD, Huisman J, Philippart CJM, Massana R, Wilken S.
(2022) Mixotrophy in the bloom-forming genus Phaeocystis and other haptophytes. Harmful Algae
117:102292.

Labarre A, Obiol A, Wilken S, Forn I, Massana R. (2020) Expression of genes involved in phagocytosis in
uncultured heterotrophic flagellates. Limnology and Oceanography 65: $149-S160

Wilken S, Yung C, Hamilton M, Hoadley K, Nzongo J, Eckmann C, Corrochano Luque M, Poirier C,
Worden AZ. (2019) The need to account for cell biology in identifying phagotrophic mixotrophy in the
marine environment. Philosophical Transactions of the Royal Society B 374: 20190090.

Guo J, Wilken S, Jimenez V, Choi CJ, Ansong CK, Dannebaum R, Sudek L, Milner DS, Bachy C, Nahas
Reistetter E, Elrod VA, Klimov D, Purvine SO, Wei CL, Kunde-Ramamoorthy G, Richards TA, Goodenough
U, Smith RD, Callister SJ, Worden AZ. (2018) Specialized proteomic responses and an ancient
photoprotection mechanism sustain marine green algal growth during phosphate limitation. Nature
Microbiology 3:781-790.

Worden AZ, Follows MJ, Giovannoni SJ, Wilken S, Zimmerman A, Keeling PJ. (2015) Rethinking the
marine carbon cycle: factoring in the multifarious lifestyles of microbes. Science 347: 735.

Page 20 of 20



