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Figure 1 Phytoplankton physiological and metabolic processes that involved iron. Solid lines and arrows represent metabolic conversion or transport
processes; photosynthesis: iron presents in both photosystem Il (PS II') and photosystem I (PS 1) and involves in electron transfer; antioxidant response:
superoxide dismutases containing Fe, Mn, Cu/Zn, or Ni mitigate oxidative stress by removing reactive oxygen species; nitrate/nitrite assimilation and
nitrogen fixation: nitrate reductase (Fe—Mo) reduces nitrate (NO;™) to nitrite (NO,"); nitrite reductase (Fe) reduces NO,” to ammonia (NHj3);
nitrogenase (Fe—Mo) reduces and fixes N, to ammonia; phosphorus assimilation: Fe-containing alkaline phosphatase (Psipl) hydrolyzes extracellular
organophosphates (ROPO(OH),) and releases bioavailable inorganic phosphate (Pi); respiration: Fe—S proteins and cytochromes participate in electron
transport and ATP production
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Figure 2 Major chemical speciation of iron in seawater
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Figure 3 Eukaryotic and Prokaryotic Phytoplankton Iron Uptake Mechanisms. (a) Eukaryotic phytoplankton iron uptake mechanisms; (b) prokaryotic
phytoplankton iron uptake mechanisms. Solid lines and arrows represent Fe conversion or transport processes; dashed arrows indicate participation of
other substances; red arrows represent the pathway of Fe(1ll) reduction and Fe( Il )’ re-oxidation-Fe(lll )’ transport and uptake; green arrows represent the
pathway of Fe( )" uptake mediated by metal transport proteins; ATP: adenosine triphosphate; ADP: adenosine diphosphate; TBDT: TonB-dependent
transporters; TonB-ExbB-ExbD: TonB-ExbB-ExbD complex; Fut: Fe(lll) uptake transporters; ARTO: alternative respiratory terminal oxidase; FeoB:
ferrous iron transporter B; cFTR1: cyanobacterial Fe(lll) permease 1; Fec: ferric citrate uptake transport system
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Advances in iron acquisition by marine phytoplankton
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Marine phytoplankton, despite constituting less than 1% of the Earth’s photosynthetic biomass, are responsible for nearly
half of global net primary production each year. Serving as the foundation of the ocean’s biological carbon pump, these
microscopic organisms drive the long-term sequestration of atmospheric carbon dioxide into the deep ocean, thereby
exerting a pivotal influence on both the global carbon cycle and climate regulation. Iron, a critical micronutrient for
phytoplankton, functions as a cofactor in a range of essential metabolic activities, including photosynthesis, respiration,
and nitrogen assimilation. However, in vast regions of the surface ocean—especially High-Nutrient, Low-Chlorophyll
(HNLC) zones—the availability of dissolved iron is extremely limited, imposing a strong constraint on primary
productivity. This widespread iron scarcity has sparked decades of research, not only to illuminate the biogeochemical
dynamics of the ocean but also to evaluate the feasibility of iron fertilization as a means of climate intervention. The
efficacy of such geoengineering strategies—and our broader capacity to anticipate future trends in marine productivity—
rests upon a detailed mechanistic understanding of how phytoplankton access and metabolize iron under dynamic
environmental conditions. This review synthesizes major advances over the past two decades in elucidating the
physiological and molecular mechanisms of iron acquisition in marine phytoplankton. Our discussion begins with a
synthesis of current knowledge on the distribution and chemical speciation of marine iron, drawing on insights from large-
scale programs such as GEOTRACES. It is now widely recognized that iron bioavailability hinges not solely on total
concentration but also on its chemical form—including inorganic ions, organic complexes, and colloidal particles—each of
which presents distinct uptake challenges at the cellular level. We discuss analytical methodologies for assessing iron
bioavailability, with particular emphasis on uptake rate constants. Building on this foundation, we compare the iron uptake
mechanisms of model eukaryotic (e.g., Bacillariophyceae) and prokaryotic (e.g., Synechococcus) phytoplankton.
Eukaryotes utilize a suite of strategies, such as surface-bound reductive uptake, phytotransferrin-mediated transport of
Fe(III), siderophore-induced endocytosis, and direct uptake of Fe(Il)'. In contrast, prokaryotic taxa employ a multi-step,
coordinated transport system, integrating outer-membrane components (e.g., porins and TonB-dependent transporters) with
inner-membrane machinery such as the ferric uptake transporter (Fut) system and ferrous iron transporter B (FeoB).
Beyond physiology, we explore how global environmental shifts—including ocean acidification, warming, and alterations
in light regimes—modulate seawater iron chemistry and reshape bioavailability patterns. Acidification affects iron
solubility and ligand dynamics, frequently diminishing the concentration of dissolved unchelated inorganic iron. Elevated
temperatures accelerate Fe(Il)' oxidation rates, intensify water-column stratification, and modify photochemical reaction
kinetics. Changes in light quality and intensity, driven by factors like ozone depletion and sea-ice loss, further influence
iron redox cycling and the cellular demand for iron. The interplay of these multiple stressors constitutes an emerging and
urgent area of research. Despite substantial progress, significant gaps remain in our understanding. Much of the current
mechanistic insight stems from a narrow selection of laboratory-cultured model organisms, leaving the iron uptake
strategies of many ecologically dominant phytoplankton groups unresolved. Moreover, the in situ ecological relevance of
uptake pathways characterized in vitro remains largely untested in natural assemblages experiencing real-world iron
limitation. There is also a critical need for integrated assessments of how concurrent environmental drivers interact to
influence phytoplankton iron acquisition. Finally, the implications of iron fertilization in mid-and low-latitude marine
systems—which differ markedly from HNLC regions—require thorough evaluation. Resolving these outstanding
questions will be essential to constructing a physiologically informed framework for predicting ocean productivity and
carbon export under climate change. Future research efforts should prioritize the elucidation of iron acquisition
mechanisms under combined low-iron and multi-stressor conditions, as a basis for improving the fidelity of
biogeochemical and climate models.
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