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Microalgae: a resilient & dense source of iron
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Abstract
Climate change and the growing human population have increased pressure on global food production systems. Resilient technologies are needed to ensure food security by producing more food with fewer resources and lower environmental impact. Microalgae are emerging as a resilient solution to various niches within the global food system, ranging from food to feed to biofertilizers. They can utilize fertilizers with 100 % efficiency, be cultivated on non-arable land or in the sea, and most species do not require fresh water for growth. Microalgae are among the richest known sources of iron. They contain 350-2340 mg kg⁻¹ of iron, while conventional food contains 15-157 mg kg⁻¹ (e.g. legumes 62-157 Fe mg kg⁻¹, beef 13-29 Fe mg kg⁻¹).1 Iron deficiency is the most common nutrient deficiency globally, affecting 25% of the population.2 Therefore, microalgae offer a promising, resilient solution to one of the biggest nutritional challenges of our time.
This work explores several heterotrophic bioprocesses to induce iron accumulation in Auxenochlorella protothecoides and Galdieria sulphuraria. A. protothecoides is a GRAS-certified microalgal species that can be cultivated heterotrophically using a broad range of carbon and nitrogen sources, including food side-stream hydrolysates, to produce yellow, nutrient-rich biomass suitable for food applications. G. sulphuraria is an emerging poly-extremophilic microalgae which can grow at low pH (0-3), high temperature (up to 56°C), high salinity (up to 3 M) and has been reported to grow using over 50 different carbon sources. The biomass consumption of this species is currently under GRAS and Novel Food evaluation, while its phycocyanin-rich extract recently received the GRAS status and a positive opinion letter from EFSA.
In A. protothecoides, direct iron supplementation in the cultivation medium was largely ineffective because ferric ions are poorly soluble at near-neutral pH and readily form complexes with organic matter, limiting cellular uptake. To overcome this limitation, four cultivation strategies were compared, revealing that transfer to a nitrogen- and organic- free medium and supplementation with iron via ferric ammonium citrate at 200 μg mL−1 resulted in efficient iron accumulation, yielding the highest intracellular iron content (3,170 ± 254 mg kg−1).3 
G. sulphuraria instead can be cultivated in a defined, mineral medium at low pH (1-2), using FeSO4 without Fe precipitation or chelation by organic matter. Moreover, G. sulphuraria has been shown to be extremely tolerant to acute exposure to high iron (up to 3,000 mg kg−1) with minimal growth inhibition (-12.6%).1 When exposed to acute 2,000 Fe mg kg−1 G. sulphuraria accumulates up to 1,472 ± 160 Fe mg kg−1, about 7.6 times higher than the control (193 ± 1 Fe mg kg−1 ).1 After six weeks of adaptation to chronic exposure to a medium containing 2,000 Fe mg kg−1, the growth rate slightly decreased (-16.3%), while the iron content reached 7,800 ± 50 Fe mg kg−1. Moreover, the low pH and the high iron concentration created a selective environment that limits the risk of microbial contamination.
The results clearly indicate that it is possible to design innovative heterotrophic bioprocesses that induce iron accumulation in microalgae, making these organisms a promising tool for combating iron deficiency.   
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