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Abstract

 
 

Nutritional immunity describes the host-driven manipulation of essential micronutrients, including
iron, zinc and manganese. To withstand nutritional immunity and proliferate within their hosts,
pathogenic microbes must express efficient micronutrient uptake and homeostatic systems. Here
we have elucidated the pathway of cellular zinc assimilation in the major human fungal pathogen
Candida albicans. Bioinformatics analysis identified nine putative zinc transporters: four
cytoplasmic-import Zip proteins (Zrt1, Zrt2, Zrt3 and orf19.5428) and five cytoplasmic-export ZnT
proteins (orf19.1536/Zrc1, orf19.3874, orf19.3769, orf19.3132 and orf19.52). Only Zrt1 and Zrt2
are predicted to localise to the plasma membrane and here we demonstrate that Zrt2 is essential
for C. albicans zinc uptake and growth at acidic pH. In contrast, ZRT1 expression was found to be
highly pH-dependent and could support growth of the ZRT2-null strain at pH 7 and above. This
regulatory paradigm is analogous to the distantly related pathogenic mould, Aspergillus fumigatus,
suggesting that pH-adaptation of zinc transport may be conserved in fungi and we propose that
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environmental pH has shaped the evolution of zinc import systems in fungi. Deletion of C. albicans
ZRT2 reduced kidney fungal burden in wild type, but not in mice lacking the zinc-chelating
antimicrobial protein calprotectin. Inhibition of zrt2Δ growth by neutrophil extracellular traps was
calprotectin-dependent. This suggests that, within the kidney, C. albicans growth is determined by
pathogen-Zrt2 and host-calprotectin. As well as serving as an essential micronutrient, zinc can
also be highly toxic and we show that C. albicans deals with this potential threat by rapidly
compartmentalising zinc within vesicular stores called zincosomes. In order to understand
mechanistically how this process occurs, we created deletion mutants of all five ZnT-type
transporters in C. albicans. Here we show that, unlike in Saccharomyces cerevisiae, C. albicans
Zrc1 mediates zinc tolerance via zincosomal zinc compartmentalisation. This novel transporter
was also essential for virulence and liver colonisation in vivo. In summary, we show that zinc
homeostasis in a major human fungal pathogen is a multi-stage process initiated by
Zrt1/Zrt2-cellular import, followed by Zrc1-dependent intracellular compartmentalisation.
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