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INTRODUCTION

The persistence of the vast pool of recalci-
trant dissolved organic carbon (RDOC)
in the deep ocean is fundamental to
both global carbon cycling and global cli-
mate. Yet, quantitative understanding of
the mechanisms that produce and utilize
RDOC is still in its infancy. Moving from
a conceptual framework to quantitative
understanding in marine carbon cycling
can take the international research com-
munity several decades—precious time
that is not available in this era of anthro-
pogenic climate change. This perspec-
tive paper sets out an implementation
strategy to move efficiently from concep-
tual hypotheses of marine carbon stor-
age to quantification of the capacity for
marine carbon storage through the mi-
crobial carbon pump (MCP), its sensi-
tivity to global change and potential for
modification. The aim is to excite and
facilitate the international scientific com-
munity to hasten this process via an inter-
nationally co-ordinated multidisciplinary
research initiative.

The marine microbial carbon pump
(MCP) [1] produces a concentration
gradient of reactivity in dissolved or-
ganic carbon (DOC) from low concen-
trations of reactive fractions of DOC
that have an average lifetime of less than
100 years (DOC_;q9) to high concen-
trations of recalcitrant DOC (RDOC)
fractions that persist for longer than
100 years (DOC-109) [2]. This gradi-
ent is maintained against the continuous
degradation of DOC.. ;o9 by photochem-
ical transformation in surface waters, el-
evated temperatures at deep hydrother-
mal vents and gradual microbial degrada-
tion throughout the water column [1-3].
The resultant pool of RDOC amounts to
the sequestration of carbon in the ocean
equivalent to the amount of carbon diox-
ide in the atmosphere. The magnitude of
the MCP is determined as the rate of pro-
duction of DOC. 1o in mol C m—2 y*1
[2]. Global warming, weakening ther-
mobhaline circulation, increasing UV ra-
diation, ocean acidification, increasing
oxygen minimum zones and increasing

nutrient concentrations are all processes
potentially affecting the magnitude of the
MCP, leading to increased or decreased
transformation of marine RDOC to at-
mospheric CO, with associated conse-
quences for global climate [3,4].

In order to quantify the MCP, and
understand its sensitivity to large-scale
environmental change, the rates of pro-
duction and loss of RDOC via each po-
tential formation and loss pathway need
to be determined and understood. This
is a major challenge, likely beyond the
ability of any individual team of re-
searchers, given the complexity and di-
versity of the substances, processes and
microbial organisms involved and the va-
riety of controlling factors. However, the
connectivity and biogeographical charac-
terization of the ocean—a consequence
of ocean circulation and mixing—allow
a co-ordinated approach where results
from multiple groups, working at differ-
ent locations and times, could be com-
pared and assembled in order to achieve
progress.
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Such a co-ordinated approach will
require a multi-component programme
of systematic experimentation linked
with related conceptual and numerical
modelling. The suggested programme
components include: (i) determination
of the chemical components of RDOC,
including ‘fingerprint’ constituents to
identify the presence of RDOC; (ii)
a standardized and intercomparable
programme of long-term microcosm
incubation  experiments  conducted
worldwide to determine loss of labile
DOC, and net accumulation or loss of
bulk RDOC, under specific environ-
mental conditions; (iii) the concurrent
determination and quantification of
RDOC production and loss pathways;
and (iv) quantification of the presence
and activity of the responsible microbial
organisms and their genetic potential.
In order to test our understanding
as well as the efficacy of our experi-
mental protocols, a linked ‘backbone’
programme of larger-scale, controlled
manipulation experiments and related,
long-term time-series studies should
be established (v). This should involve
controllable meso- and macro-cosm
facilities as well as in-situ time-series
studies where the determination of rate
processes, RDOC composition change
(and associated proxies), microbial
community composition and genetic
potential can be examined repeatedly,
under varying conditions. The pro-
gramme needs to be structured within
(vi) a framework of conceptual and
numerical models and, crucially, in order
to assess the global context of RDOC
production and loss, (vii) large spatial-
scale and long temporal-scale surveys of,
at minimum, the fingerprints or proxies
of RDOC accumulation will be required.
The surveys will allow experimental
findings to be parameterized in global
biogeochemical models to explore the
sensitivity of the MCP and associated
carbon storage to environmental change
over long timescales.

For each of these programme compo-
nents, we describe here the principle of
the approach, current limitations and fu-
ture research requirements. This perspec-
tive paper will therefore provide a route

by which to progress from the concep-
tual framework of the MCP, to the quan-
tification of the microbial processes that
produce and utilize RDOC, and the envi-
ronmental, trophic and physiological in-
fluences on them.

Identification of the components
of RDOC

The very nature of RDOC, in terms of
its complexity, diversity, low concentra-
tion and longevity, means that identifying
representative components of RDOC s a
major analytical challenge.

A variety of methods are now avail-
able to extract low-molecular-weight,
14C-depleted RDOC and nuclear mag-
netic resonance (NMR) spectrometry,
gas chromatography—mass spectrometry
(GC-MS) and Fourier transform ion
cyclotron resonance mass spectrometry
(FT-ICR-MS) can identify specific
chemical fingerprints of this material, in-
cluding carboxyl-rich alicyclic molecules
(CRAM), material derived from linear
terpenoids and a group of stable molec-
ular formulae known as the ‘island of
stability’.

However, the comprehensive analysis
of DOC and quantification of RDOC
are still far from complete. Current
techniques are limited in that existing
isolation methods including solid phase
extraction (SPE) can only isolate rep-
resentative fractions of DOC, some of
which are further discriminated during
mass spectrometry analysis. In addition,
direct injection of the DOC sample into
the mass spectrometer cannot differenti-
ate the numerous possibilities of isomer
configuration for an assigned molecular
formula, which therefore precludes
the identification of an unambiguous
chemical structure [5].

Future approaches should include the
use of combined methods for DOC iso-
lation and the development of new tech-
niques to isolate the DOC (Fig. 1) [6].
Chromatographic analysis prior to ultra-
high-resolution mass spectrometry could
help to differentiate isomers, and subse-
quent analyses by a combination of FT-
ICR-MS and high-field NMR would al-
low progress towards the ultimate goal

of revealing the structures and concentra-
tion of representative RDOC molecules.

Incubation experiments to
determine loss of labile DOC
and accumulation of RDOC

Operationally, the reactivity of DOC
is determined from the loss of DOC
over a given period of time [7], with a
biologically labile fraction (LDOC) de-
fined as that which is degraded over hours
to days, a semi-labile fraction (SLDOC)
that is removed in weeks to months
and a semi-refractory fraction (SRDOC)
with turnover times of years to decades.
Studies of the degradation of LDOC in-
volve the incubation of seawater samples
under controlled laboratory conditions
for days to years, allowing the calcula-
tion of the DOC decay constant k¢ over
time [8].

However, there is no standard method
by which to undertake these experiments
and, since both the concentration and
decay rate of DOC are dependent on
time and incubation conditions such as
temperature and nutrients, collation and
comparison of the available data are prob-
lematic. Methodological differences in-
clude the method by which a diluted sea-
water sample is obtained, such as the
composition and pore size of the filters
used, the ratio of filtrate to inoculum, the
incubation temperature, light and nutri-
ent conditions, and the volume and time
period of the incubation.

A comparison of methods and recom-
mendations for standardization are re-
quired to advance this aspect of DOC re-
activity research, following the approach
taken recently by the research commu-
nity investigating the impact of ocean
acidification on marine plankton activity
[9]. Once standardized methods are de-
fined, systematic laboratory-scale bioas-
say experiments can be undertaken to
assess the influence of environmental
conditions such as temperature, light and
nutrients on DOC reactivity, and in-
corporation of measurements of RDOC
components or proxies of RDOC will al-
low the accumulation of RDOC to be de-
termined alongside the loss of DOC.
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Figure 1. Schematic of an experimental procedure to chemically characterize RDOC. The solid lines
and boxes indicate well-established analyses, while the dashed lines and boxes indicate those that

are still to be explored.

Identification and quantification
of RDOC production and loss
pathways

The ocean reservoir of RDOC is deter-
mined by the net effect of its production
and removal processes. Therefore, it is es-
sential to investigate the mechanisms of
both production and loss pathways in or-
der to understand the influence of global
climate change on ocean carbon seques-
tration.

Potential RDOC production path-
ways include phytoplankton excretion
and autolysis, viral lysis, bacterial and ar-
chaeal transformation, and protistan and
zooplankton grazing and excretion. A sys-
tematic approach is needed to determine
the rate of production of ‘model’ RDOC
compounds from each of these path-
ways. For example, a range of RDOC
biomarker compounds that are only pro-
duced by heterotrophic bacteria, includ-
ing muramic acid and D-enantiomers of
amino acids, have been identified. Quan-
titative measurements of these bacterial
biomarkers in seawater-dissolved organic
matter indicate that about 25% of the car-
bon and 50% of the nitrogen is of bacte-
rial origin [10]. Based on biomarker data
and bioassay experiments, the rate of pro-
duction of bacterial RDOC in the upper
200 m of the ocean is estimated to be
8-23 Tg Cyear ' [11].

The persistence of RDOC in the
ocean is well known, but the reasons for
this persistence are still being explored
[4,12]. Three broad areas of research

are being investigated: (i) intrinsic prop-
erties of molecules, such as chemical
composition and structure; (ii) envi-
ronmental conditions, such as microbial
community structure and exposure to so-
lar radiation; and (iii) concentrations of
molecules that are below a critical thresh-
old for microbial utilization. Multiple and
independent approaches are needed to
delve deeper into the mysteries of RDOC
removal from the ocean. For example,
recent bioassay experiments have pro-
vided evidence that some RDOC is too
diluted for microbial utilization [13] and
that intrinsic properties of RDOC and
environmental conditions limit its mi-
crobial utilization [3]. A modelling ap-
proach addressing these same questions
provided independent evidence indicat-
ing the dilution of labile substrates likely
accounts for a relatively small fraction of
the RDOC in the deep ocean [14]. It
appears that most RDOC persists in the
deep ocean due to intrinsic properties
and environmental conditions. Ocean
mixing moves RDOC into different en-
vironmental conditions, and exposure to
solar radiation and different microbial
communities plays a critical role in its re-
moval [3].

Stable isotope probing (SIP) [15] can
be used to ascertain which organisms are
responsible for DOC degradation. SIP
tracks the incorporation of isotopically
enriched substrates into the DNA,
RNA or phospholipid fatty acids of
these organisms. Combined with high-
throughput sequencing, DNA/RNA SIP

can identify which organisms are respon-
sible for any observed biodegradation
pathway with high phylogenetic resolu-
tion. Thus, incubation experiments with
additions of '*C-labelled labile DOC and
subsequent '*C- and '*C-DNA analysis
with terminal-restriction fragment length
polymorphism (T-RFLP) and pyrose-
quencing can identify the microbial
populations that incorporate the '3C-
labelled substrate. The molecular char-
acteristics of the produced *C-labelled
DOC (relatively more refractory) can be
further determined using FT-ICR-MS,
NMR or excitation emission matrix
(EEM) fluorescence. Unfortunately, SIP
techniques are not inherently quanti-
tative. Substrate assimilation rates can
be derived from changes in §*POC
(particulate organic carbon) during
concurrent incubations to help link the
DOC-specific degradation rates to the
activity of the microbial population.

Future work should use laboratory-
controlled phytoplankton, zooplankton
and bacterial cultures to produce DOC
from each potential RDOC formation
pathway to identify potential chem-
ical biomarkers for each. The recent
connection between RDOC fractions
and precursors such as phytoplankton
carotenoids lays the foundation for
hypothesis testing of these potential
transformation pathways. Long-term
degradation incubations incorporating
DNA/RNA SIP could then be conducted
to assess the bioreactivity of DOC from
each of these formation pathways.

Microbial community
composition and genetic
potential

The microbial transformation of short-
lived particulate and dissolved organic
carbon (POC_;90 and DOC_;q9) to
DOC. ( is ultimately driven by the ac-
tivity of microbial functional genes [16].
For example, genes for the ATP-binding
cassette (ABC) transporter, including
importers and exporters, are thought to
be indicators of the capabilities of mi-
crobes to use or generate correspond-
ing DOC compounds [16]. Therefore, a
strategy to quantify the various processes
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of the MCP could depend on the quan-
tification of microbial functional genes.

The quantification methods (such as
PCR, qPCR, omics) usually used in eco-
logical studies are time-consuming and
potentially incomplete when considering
the extremely high diversity of microbial
functional genes involved in MCP pro-
cesses. Microarrays that contain numer-
ous probes targeting hundreds or thou-
sands of genes are a promising technique
in this regard. The development of a func-
tional gene microarray involves gene se-
lection and sequence retrieval from a
database, probe design and evaluation,
and microarray fabrication.

GeoChip is one of the most com-
prehensive functional gene arrays for
quantification of the functional diver-
sity, metabolic potential/activity and
dynamics of microbial communities
[17]. GeoChip 4 contains ~82000
probes covering >140000 coding
sequences from 410 functional gene
families, many of which are encoding
biogeochemically important functions,
such as carbon fixation and carbon
degradation. In addition, GeoChip 4 has
the ability to analyse targeted functional
gene families of microorganisms in
all four domains (Bacteria, Archaea,
eukaryotes and viruses). A recent case
study performed in the East China Sea
suggested a possible connection between
GeoChip data and MCP processes such
as metabolic preferences of microbes
along an environmental gradient and
the degradation of recalcitrant organic
matter (e.g. aromatic carboxylic acid and
chlorinated aromatics) at depth [18].

However, a major technical limitation
of GeoChip and other functional gene
microarrays is the inability to interrogate
novel sequences and, therefore, find
novel biogeochemical pathways. Com-
bination with high-throughput metage-
nomic analysis may be an option. In the
last decade, with the rapid progress in
sequencing techniques, microbiologists
have accumulated an unprecedented
amount of genetic data (e.g Tara
Expedition (https://oceans.
taraexpeditions.org/en/m/about-tara/ ),
Global Ocean Sampling Expedition
(GOS; http://www.jcvi.org/cms/
research/projects/gos/overview/ ) and

Oceans

provided fundamental new under-
standing of biogeochemical cycles. This
required the inclusion of probes for
newly recognized functional genes and
rapid updates of the microarray.

Assigning an exact function to a par-
ticular gene is a slow process, and sig-
nificantly impedes the linkage between
genetic sequence data and DOC trans-
formation pathways [19]. Nevertheless,
progress is being made. Recent studies
have directly linked geochemical dynam-
ics to the genetic composition of mi-
crobial communities [20] and the Tara
Ocean microbial genomic data were suc-
cessfully connected to carbon export
in the oligotrophic ocean, which could
even be predicted from a few bacte-
rial and viral genes [21]. This progress
bodes well for the future quantification
of the MCP using microbial functional
genes (Fig. 2).

Large-scale manipulation
experiments

The global ocean is experiencing a slow-
down in overturning circulation, increas-
ing temperature, decreasing pH, increas-
ing UV radiation, increasing dissolved
CO,, decreasing dissolved O, and chang-
ing inorganic and organic nutrient avail-
ability [22], with as-yet unknown con-
sequences for ocean carbon storage. A
combination of laboratory microcosm-
(1073 to 1 m?), mesocosm- (1 to 103 m?)
and macrocosm- (>10° m?) scale ma-
nipulation experiments are required to
test hypotheses related to the individ-
ual and combined effects of these mul-
tiple drivers on the MCP [23]. Meso-
cosms deployed at sea and macrocosms

i
Sequence search|

Microbial samples
DNA/RNA extraction

Hybridization
1

on land have been used successfully to
investigate the effects of ocean acidifica-
tion and nutrient additions (via, for ex-
ample, atmospheric dust deposition) on
marine plankton activity [24]. The range
of scale is required due to the trade-off
between numerous replication and full
factorial matrices available at the micro-
cosm scale and improved representation
of the complexity and depth distribution
of the microbial community, including
the potential formation of a pycnocline,
at the macrocosm scale [23,25].

Future studies of the MCP should
use at-sea mesocosms and on-land
macrocosms to bridge the gap between
data derived from microcosm bioassay
experiments and in-situ measurements.
A project to build a facility with 9 x 50 m
tall macrocosms to allow experiments
to be performed with three replicate
controls and three replicates of each of
two treatments is currently underway
in Qingdao, China [25]. This advanced
experimental system will allow the
concurrent determination of microbial
diversity, the chemical composition of
DOC and the rate processes affecting the
production and loss of RDOC over rele-
vant space scales of euphotic zone depths
and time scales of years, under two
environmental treatments in a previously
unobtainable statistically robust manner
[23]. In addition to advances in process
understanding, experiments conducted
in meso- and macrocosms can be used
as a basis for systematic comparison of
methods used elsewhere (components
(i) through (iv) above). The design of
experiments should be linked directly,
when possible, with hypotheses and
process-related questions that emerge
from field studies, including time-series
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Figure 2. An experimental microarray procedure to link gene analysis with the quantification of MCP

processes.
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Figure 3. Integration of laboratory, field and nu-
merical studies.

studies of naturally variable systems
(component (vii) above).

Modelling framework

The dynamics underpinning the MCP
are rarely considered in marine ecosys-
tem models and this limits our capac-
ity to predict carbon sequestration in
future oceans [26]. While exploratory
modelling studies on the MCP have been
published recently [26,27], we need to
embed these studies in a coherent frame-
work if we want to have reliable MCP
simulations. We propose that, in future
projects, each aspect of the model de-
velopment (formulation, calibration, val-
idation) is carried out in co-ordination
with empirical studies, in order to ex-
ploit the multiple feedbacks between data
and simulations to iteratively refine the
model and achieve reliable MCP predic-
tions (Fig. 3). Laboratory experiments
(i.e. microcosm and mesocosm batch cul-
tures and chemostats) using the tech-
niques described earlier are able to pro-
vide a detailed description of RDOC
production and microbial consumption
in a controlled environment. The un-
derstanding generated by these experi-
ments allows the formalization of a con-
ceptual model (i.e. a diagram describing
the process being investigated). The con-
ceptual model can be seen as the cen-
tral hypothesis driving subsequent mod-
elling steps. The conceptual model then
needs to be ‘translated’ into a mathemati-
cal form (process model) and calibrated
to reproduce the dynamics observed in
the experiments. The development of the
process model might highlight knowl-

edge gaps and inform new, more infor-
mative, experimental designs. When the
process model successfully reproduces
the dynamics observed in the experi-
ments, it is ready to be implemented in
a full ecosystem model. Field studies (in-
cluding incubation experiments) provide
measurements (standing stock concen-
trations and rates) to scale the concep-
tual model up to the ecosystem level and
to validate the ecosystem model. Even-
tually, after the ecosystem model is satis-
factorily validated, it can be used for cli-
mate predictions. During the validation
of the ecosystem model, it is possible to
highlight knowledge gaps and inconsis-
tencies which imply that the conceptual
model should be revised and new exper-
iments planned. Mesocosms and macro-
cosms represent a valuable compromise
between the laboratory and the real en-
vironment, providing additional informa-
tion to refine the conceptual model, in-
form the development of the process
model and validate the ecosystem model.

Global and decadal scale
perspective

In order to predict future changes
in the capacity and efficiency of the
MCP, global spatial-scale and decadal
of robust,
of RDOC
accumulation will be required along-

temporal-scale  surveys

high-throughput  proxies

side chemical fingerprints of RDOC
transformation pathways, such as D-
enantiomers of amino acids, and the
more analytically challenging compre-
hensive chemical characterization of
DOC. High-throughput proxies might
include the fluorescence intensity of
humic-like chromophoric dissolved or-
ganic material (CDOM), the production
of which correlates with apparent oxygen
utilization (i.e. microbial degradation of
organic material) in the deep ocean.
Global and decadal monitoring of the
MCP would require the development
of sensors for components of the DOM
pool (e.g. CDOM, fDOM, DOC,RDOC
fingerprints) appropriate for deployment
on a range of platforms including moor-
ings, gliders, volunteer observing ships
(such as ferries and container ships) and

biogeochemical ARGO floats (http:/ /
www.argo.ucsd.edu/), as well as remote
sensing algorithms for surface distri-
butions. An international co-ordinated
programme would be required, including
standardized methods, inter-calibration
exercises, and scientific training and
capacity building. This should be em-
bedded within established time-series
stations such as the Hawaii Ocean Time-
series (HOT;  http://hahana.soest.
hawaii.edu/hot/) and those within the
OceanSITES  (http://www.oceansites.
org/indexhtml) worldwide network, as
well as global shipboard surveys such
as those co-ordinated within GO-SHIP
(http: //www.go-ship.org/ index.html)
and GEOTRACES  (http://www.
geotraces.org/) to ensure that appro-
priate biogeochemical, biodiversity and
omics data are collected concurrently.
The Global Ocean Observing System
(GOOS; http://www.goosocean.org/)
Biogeochemistry Panel has recognized
the need for sustained ocean obser-
vations of DOC, designating it as an
essential ocean variable (EOV) required
for addressing societal drivers such as the
role of biogeochemistry in climate and
human impacts on ocean biogeochem-
istry. The future aspiration should be to
designate RDOC or a proxy of DOC
lability as an EOV.

Progress in MCP quantification
will also rely on continued advances in
quantification of the microbial processes
related to DOC and RDOC production
and transformation, including het-
erotrophic bacterial respiration, viral lysis
and chemoautotrophy. Improvements
in bioinformatics and data manipulation
and visualization tools will enhance the
opportunities for connections to be made
between the molecular complexity of
RDOC and meta-genomics, -proteomics
and -transcriptomics [20].

Given the complexity and diversity
of measurements involved (i-iii) and
the value of repeated measurement and
experimentation for model validation
(vii), a logical starting point for a sys-
tematic MCP field study would be the
addition of MCP appropriate measure-
ments at the locations of already estab-
lished moored- and ship-based multidis-
ciplinary ocean time series that examine

810Z 1800190 g0 UO Jasn M 8y} 1o uoneioossy [eaibojoig auLep ayl Aq //£0S0S/v . v/v/SNoesqe-ajonie/isu/woo dno oliwapese//:sdiy Woll papeojumoc]


http://www.argo.ucsd.edu/
http://www.argo.ucsd.edu/
http://hahana.soest.hawaii.edu/hot/
http://hahana.soest.hawaii.edu/hot/
http://www.oceansites.org/index.html
http://www.oceansites.org/index.html
http://www.go-ship.org/index.html
http://www.geotraces.org/
http://www.geotraces.org/
http://www.goosocean.org/

PERSPECTIVES

meso-, macro-cosm and in

Sr:?eron(i;cal @ RDOQ formation and loss Global mon‘iloring and %
characterisation experiments (b, c, d) undersianding (e.9) Pump
Including photochemistry Including spatial and quantification
Including and bioreactivity temporal surveys and
development of experiments linking progress to Essential Including flux
methods for chemical and genetic Ocean Variable status measurements
DOC extraction measurements and sensitivity
and analysis, to global
and RDOC . ) . Modelling framework change
biomarkers and Manipulation experiments _—_—
proxies b, e) )
Including single and Conceptual model
multiple environmental
drivers using micro-,

I:|:> situ experiments

Proces@s model EJ\
J LA

Ecosystem model

education, science-policy-society interaction

Method standardisation and inter-calibration, data quality control, open
access and tools for visualisation, capacity building, training, outreach and\

Figure 4. Schematic of a co-ordinated international research initiative linking each of these pro-
gramme components (i—vii) with data-management, capacity-building and science—policy—society

activities.

a diverse range of ocean ecosystems
and biogeochemical conditions. Overall,
MCP quantification would be most effi-
ciently achieved through a co-ordinated
international research initiative linking
each of these programme components
(i-vii) and including appropriate policies
for method standardization and inter-
calibration, data-management, capacity-
building, outreach and education, and
science—policy—society activities to ad-
dress the societal driver of understanding
the role of marine biogeochemistry in cli-
mate (Fig. 4).

CONCLUSION

Quantitative
mechanisms that produce and utilize
RDOC is still in its infancy, despite their
fundamental role in global climate. Sig-

understanding of the

nificant progress towards quantification
of the MCP requires an internation-
ally  co-ordinated  multidisciplinary
research initiative that interlinks in-situ
time-series studies and micro- and
macro-scale manipulation experiments
within a robust conceptual to numerical
analyti-
cal tools and intellectual interaction
between chemists and microbiologists

modelling framework. The

are now at a stage where this societally
driven question can, and must, become a
high priority research topic.
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