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Abstract: The ZIP (Zrt/Irt-like protein) family of zinc transporters is found in all three domains
of life. However, little is known about the phylogenetic relationship amongst ZIP transporters,
their distribution, or their origin. Here we employed phylogenetic analysis to explore the evolution
of ZIP transporters, with a focus on the major human fungal pathogen, Candida albicans. Pan-domain
analysis of bacterial, archaeal, fungal, and human proteins revealed a complex relationship amongst
the ZIP family members. Here we report (i) a eukaryote-wide group of cellular zinc importers,
(ii) a fungal-specific group of zinc importers having genetic association with the fungal zincophore,
and, (iii) a pan-kingdom supercluster made up of two distinct subgroups with orthologues in bacterial,
archaeal, and eukaryotic phyla.
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1. Introduction
Zinc is an essential micronutrient for all living organisms. This is because many proteins
(particularly enzymes and transcription factors) require zinc to function. In fact, 9% of eukaryotic
proteins are predicted to interact with this metal. As well as acting as an essential cofactor for proteins
involved in a large number of cellular processes, zinc can also be toxic if present in excess. Therefore,
zinc acquisition, homeostasis, and detoxification is crucial for cell survival and proliferation. However,
pathogenic microbes have to deal with extremes in zinc bioavailability due to the action of nutritional
immunity. This term describes a variety of host processes which manipulate microbial exposure to
trace metals, particularly zinc, iron, manganese, and copper. For example, following phagocytosis by
macrophages, bacterial cells can face potential zinc and copper toxicity [1]. However, most examples
of nutritional immunity involve host-driven metal sequestration together with microbial starvation [2].
Many bacterial pathogens utilise an ABC (ATP-binding cassette) transporter (ZnuABC) for
high-affinity zinc uptake during infection. These systems consist of a substrate-binding protein
ZnuA, permease ZnuB, and ATPase (ZnuC). An increasing body of literature is demonstrating an
important role for ZnuABC-mediated zinc assimilation in bacterial pathogenicity. For a recent review
on bacterial zinc assimilation, readers are directed to Capdevila et al. [3].
In contrast, with the exception of some recent studies in fungi, far less is known about how zinc
homeostasis in eukaryotic pathogens influences their virulence. Zinc import via a ZnuABC-like
system has not been reported in eukaryotes. Rather, they appear to predominantly employ
ZIP-type transporters for cellular zinc import [4]. The name derives from fungal Zrt (zinc regulated
transporter) [5] and plant Irt (iron-regulated transporter) [6] proteins.
However, the understanding of this ZIP-mediated zinc transport is complicated by the architecture
of the eukaryotic cell. Unlike most bacteria and archaea, where cellular import only occurs at the
plasma membrane, eukaryotic ZIPs can also deliver zinc from various intracellular organelles into
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Figure 1. Conserved plasma membrane importer Cluster (OG5_126707). Clustering performed using

Figure 1. Conserved plasma membrane importer Cluster (OG5_126707). Clustering performed using
OrthoMCL. Orthologues of C. albicans Zrt2 are conserved within eukaryotes. All characterised
OrthoMCL. Orthologues of C. albicans Zrt2 are conserved within eukaryotes. All characterised members
members of the clusters are implicated in plasma membrane zinc import.
of the clusters are implicated in plasma membrane zinc import.
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Figure 2. The fungal zincophore locus cluster (OG5_141027). Clustering performed using OrthoMCL.
Figure 2. The fungal zincophore locus cluster (OG5_141027). Clustering performed using OrthoMCL.
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These observations are similar to our previous study—of 16 selected species analysed in Citiulo
These observations are similar to our previous study—of 16 selected species analysed in Citiulo
et al., 10 encoded PRA1 orthologues and, of these 10 species, six maintained synteny with a ZRT1
et al., 10 encoded PRA1 orthologues and, of these 10 species, six maintained synteny with a ZRT1
orthologue. To examine how widespread the syntenic relationship is, we interrogated the NCBI
orthologue. To examine how widespread the syntenic relationship is, we interrogated the NCBI
database. Of 102 species analysed, we identified Pra1 orthologues in 87 (85.3%) species and, of the
database.
Of 102 species analysed, we identified Pra1 orthologues in 87 (85.3%) species and, of the
Pra1++ species, 61 (70.1%) have maintained a syntenic relationship between PRA1 and ZRT1 (Table S1).
Pra1 species, 61 (70.1%) have maintained a syntenic relationship between PRA1 and ZRT1 (Table S1).
The fact that only ascomycete ZIPs were identified within this OrthoMCL cluster is probably
The fact that only ascomycete ZIPs were identified within this OrthoMCL cluster is probably
due to the low number of basidiomycete species present in this database. In fact, BLASTp analysis of
due to the low number of basidiomycete species present in this database. In fact, BLASTp analysis of
C. albicans Zrt1 against non-ascomycetes identified numerous ZIPs which reciprocally hit C. albicans
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A number of bacterial (16) and archaeal (5 or 6) members were present in the OG5_127397
A number of bacterial (16) and archaeal (5 or 6) members were present in the OG5_127397
supercluster. No archaeal ZIP transporters have been studied to-date. In bacteria, the Zip transporter,
supercluster. No archaeal ZIP transporters have been studied to-date. In bacteria, the Zip transporter,
ZupT, has been characterised in Escherichia coli, Cupriavidus metallidurans, and Salmonella enterica. In
ZupT, has been characterised in Escherichia coli, Cupriavidus metallidurans, and Salmonella enterica. In all
all three species, a role in zinc import has been described [7,23,24]. E. coli ZupT appears to transport
three species, a role in zinc import has been described [7,23,24]. E. coli ZupT appears to transport
several other cations in addition to zinc [25], and S. enterica ZupT imports both zinc and manganese [7].
several other cations in addition to zinc [25], and S. enterica ZupT imports both zinc and manganese [7].
Orthologues were present throughout the fungal kingdom, but are absent from the
Orthologues were present throughout the fungal kingdom, but are absent from the Microsporidia
Microsporidia and Basidiomycota. The S. cerevisiae member, Zrt3, has been shown to transport zinc
and Basidiomycota. The S. cerevisiae member, Zrt3, has been shown to transport zinc out of the fungal
out of the fungal vacuole [26], and our own work indicates that the C. albicans orthologue plays a
vacuole [26], and our own work indicates that the C. albicans orthologue plays a similar role [27].
similar role [27]. The human member, ZIP11, has been implicated in Golgi zinc transport [28].
The human member, ZIP11, has been implicated in Golgi zinc transport [28].
Based on similarity between human ZIP11 and bacterial ZIP (ZupT) proteins, Yu et al. [27] have
Based on similarity between human ZIP11 and bacterial ZIP (ZupT) proteins, Yu et al. [27]
proposed that this family represents the most ancient ZIP [27], present in the last universal common
have proposed that this family represents the most ancient ZIP [27], present in the last universal
ancestor.
common ancestor.
Similarly, the identification of S. cerevisiae Zrt3 led to the recognition of prokaryotic ZIP-type
Similarly, the identification of S. cerevisiae Zrt3 led to the recognition of prokaryotic ZIP-type
transporters in the first place, as Zrt3 (but not the previously characterised yeast Zrt1 and Zrt2) shared
transporters in the first place, as Zrt3 (but not the previously characterised yeast Zrt1 and Zrt2) shared
sequence similarity with bacterial and archaeal proteins [26].
sequence similarity with bacterial and archaeal proteins [26].
In this context, the position of metazoan ZIP11, fungal Zrt3, and prokaryotic ZupT within the
In this context, the position of metazoan ZIP11, fungal Zrt3, and prokaryotic ZupT within the
same supercluster is in line with an ancient origin [26,29].
same supercluster is in line with an ancient origin [26,29].
Surprisingly, however, Fungal (Zrt3) and Metazoan (ZIP11) clusters were very distinct, and both
had higher similarity to prokaryotic ZIPs than to each other (Figure 3). Furthermore, direct
alignments showed that fungal Zrt3 and human ZIP11 shared only 28% sequence identity (e-value
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were
identified
in
the
fungal
Zrt3
search,
and
vice
versa.
In
most
cases,
we
identified
the
same
ZIP
as
were identified in the fungal Zrt3 search, and vice versa. In most cases, we identified the
in the previous search round, or the sequence similarity was too low to return a subject. However,
when we queried fungal Zrt3 against the Firmicute Planomicrobium flavidum and the Euryarchaeota
Methanofollis ethanolicus (two species which had metazoan ZIP11 orthologues), we identified
independent ZIP transporters. The ZIP pairs from these three species clustered on the two distinct
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same ZIP as in the previous search round, or the sequence similarity was too low to return a
subject. However, when we queried fungal Zrt3 against the Firmicute Planomicrobium flavidum and
the Euryarchaeota Methanofollis ethanolicus (two species which had metazoan ZIP11 orthologues),
we identified independent ZIP transporters. The ZIP pairs from these three species clustered on the
two distinct branches of the tree (Figure 4). Therefore, it would appear that these three prokaryotic
species encode two independent ZIP transporters.
This is interesting because it demonstrates the existence of two distinct classes of ZIP transporter
in multiple prokaryotic phyla.
Although fungal Zrt3 and metazoan ZIP11 were identified as belonging to the same
orthologue supercluster, their similarity was very low (identity 28%, e-value 3.1 × 10−2 ). Moreover,
their relationship to distinct prokaryotic proteins (Figures 3 and 4) is not suggestive of a close
phylogenetic relationship.
We therefore performed BLASTp analysis of fungal Zrt3 excluding the fungal kingdom (NCBI).
Intriguingly, outside of the fungal kingdom, Zrt3 shares highest similarity with bacterial sequences
and not with other Eukaryotes, as would be expected.
We therefore systematically analysed ZupT from Desulfovermiculus halophilus (which was one of
the bacterial ZIPs with highest similarity to fungal Zrt3) against the major eukaryotic phyla.
D. halophilus ZupT did not share sequence identity with any proteins within the Parabasalia,
Diplomonadida, Ciliophora, or Euglenozoa. Only one species within the Heterolobosea
(the Apicomplexa), and a handful of Dictyostelium and Acytostelium species within the Mycetozoa had
proteins with similarity to D. halophilus ZupT (not shown).
We retrieved a large number of hits from within the Heterokonta (e-value 7 × 10−60 [47% identity]
to e-value 4 × 10−26 [28% identity]) and Viridiplantae (10−50 , 43% identity) and, of those top hits
analysed, they aligned to the fungal Zrt3 branch of Figure 4. Within the Metazoa, we did identify ZIP
transporters with sequence similarity to D. halophilus ZupT, but (with the exception of Oikopleura dioica)
these aligned to the human ZIP11 branch of the tree (not shown).
Therefore, it appears that the origin of fungal Zrt3 is complex. It is possible that the gene was
inherited vertically into the fungi, and that it has been lost multiple times within extant eukaryotic
lineages. However, given the absence of Zrt3 orthologues from basal eukaryotes, its acquisition via
horizontal gene transfer may represent an alternative explanation.
We note that the observed similarities of ZIP11 and Zrt3 with prokaryotic proteins are in agreement
with the conclusions of both MacDiarmid (2000) and Yu (2013) [26,29], that these proteins may represent
ancient ZIP transporters in metazoans and in fungi, respectively. However, the diversity of bacterial
and archaeal protein sequences within this orthologue supercluster (Figure 4) suggests that they arose
from distinct genes.
In summary, our analysis of fungal ZIP transporters indicates that there are three major orthologue
groups with different degrees of conservation within and outside of the eukaryotes.
(i) A conserved group of eukaryotic proteins (OG5_126707) encompassing fungal, metazoan, and
parasite plasma membrane importers; (ii) A fungal-specific group of zinc importers (OG5_141027),
genetically associated with the fungal zincophore; (iii) A pan-domain supercluster (OG5_127397),
formed of two distinct groups with orthologues in all three domains of life.
At this stage, it is unclear whether eukaryotic members of this supercluster were inherited
vertically or horizontally. However, our analyses indicate the presence of two relatively distinct groups
of ZIP transporters in extant bacterial and archaeal species. Interestingly, the fungal members of this
group appear to be involved in organellar (vacuolar) zinc export, rather than plasma membrane import.
Since the emergence of the Eukarya, ZIP transporter genes have clearly undergone multiple
rounds of expansion. This is presumably to meet the requirements of an organellar lifestyle and, in the
case of metazoans (humans for example have 14 ZIP family members), multicellularity.
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Because zinc can be highly limited during infection due to the action of nutritional immunity,
understanding the nature of pathogen (and host) zinc transporters may help inform future therapeutic
or diagnostic strategies.
Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/12/2631/s1.
Table S1. ZIP and zincophore gene synteny. Table lists the presence (denoted by respective accession numbers) or
absence (N) of PRA1 and ZRT1 orthologues in 102 fungal species (NCBI). In species where both genes are present,
column 4 indicates syntenic (Y), or non-syntenic (N) relationship.
Author Contributions: Duncan Wilson and Laura E. Lehtovirta-Morley conceived the study. Duncan Wilson and
Mohammad Alsarraf acquired and analysed the data. Duncan Wilson and Laura E. Lehtovirta-Morley drafted and
critically revised the manuscript. All authors approved the final submitted version and agree to accountability for
all aspects of the work.
Conflicts of Interest: The authors declare no conflict of interest.
Funding: Duncan Wilson is supported by a Sir Henry Dale Fellowship jointly funded by the Wellcome Trust
and the Royal Society (102549/Z/13/Z), a Wellcome Trust ISSF seed corn grant (RG12723 14), the Medical
Research Council and University of Aberdeen (MR/N006364/1) and a Wellcome Trust Strategic Award for
Medical Mycology and Fungal Immunology (097377/Z/11/Z). Laura E. Lehtovirta-Morley is supported by a
Royal Society Dorothy Hodgkin Fellowship (DH150187). Mohammad Alsarraf is funded by the Public Authority
for Applied Education and Training, Kuwait.

References
1.

2.
3.
4.
5.
6.
7.

8.

9.
10.

11.
12.

13.

Botella, H.; Peyron, P.; Levillain, F.; Poincloux, R.; Poquet, Y.; Brandli, I.; Wang, C.; Tailleux, L.; Tilleul, S.;
Charriere, G.M.; et al. Mycobacterial P1 -type atpases mediate resistance to zinc poisoning in human
macrophages. Cell Host Microbe 2011, 10, 248–259. [CrossRef] [PubMed]
Hood, M.I.; Skaar, E.P. Nutritional immunity: Transition metals at the pathogen-host interface.
Nat. Rev. Microbiol. 2012, 10, 525–537. [CrossRef] [PubMed]
Capdevila, D.A.; Wang, J.; Giedroc, D.P. Bacterial strategies to maintain zinc metallostasis at the
host-pathogen interface. J. Biol. Chem. 2016, 291, 20858–20868. [CrossRef] [PubMed]
Eide, D.J. Zinc transporters and the cellular trafficking of zinc. Biochim. Biophys. Acta 2006, 1763, 711–722.
[CrossRef] [PubMed]
Zhao, H.; Eide, D. The yeast zrt1 gene encodes the zinc transporter protein of a high-affinity uptake system
induced by zinc limitation. Proc. Natl. Acad. Sci. USA 1996, 93, 2454–2458. [CrossRef] [PubMed]
Eide, D.; Broderius, M.; Fett, J.; Guerinot, M.L. A novel iron-regulated metal transporter from plants identified
by functional expression in yeast. Proc. Natl. Acad. Sci. USA 1996, 93, 5624–5628. [CrossRef] [PubMed]
Karlinsey, J.E.; Maguire, M.E.; Becker, L.A.; Crouch, M.L.; Fang, F.C. The phage shock protein pspa facilitates
divalent metal transport and is required for virulence of Salmonella enterica sv. Typhimurium. Mol. Microbiol.
2010, 78, 669–685. [CrossRef] [PubMed]
Lin, S.J.; Culotta, V.C. Suppression of oxidative damage by Saccharomyces cerevisiae atx2, which encodes
a manganese-trafficking protein that localizes to golgi-like vesicles. Mol. Cell. Biol. 1996, 16, 6303–6312.
[CrossRef] [PubMed]
Amich, J.; Calera, J.A. Zinc acquisition: A key aspect in Aspergillus fumigatus virulence. Mycopathologia 2014,
178, 379–385. [CrossRef] [PubMed]
Schneider Rde, O.; Diehl, C.; Dos Santos, F.M.; Piffer, A.C.; Garcia, A.W.; Kulmann, M.I.; Schrank, A.;
Kmetzsch, L.; Vainstein, M.H.; Staats, C.C. Effects of zinc transporters on Cryptococcus gattii virulence.
Sci. Rep. 2015, 5, 10104. [CrossRef] [PubMed]
Do, E.; Hu, G.; Caza, M.; Kronstad, J.W.; Jung, W.H. The zip family zinc transporters support the virulence of
Cryptococcus neoformans. Med. Mycol. 2016, 54, 605–615. [CrossRef] [PubMed]
Dade, J.; DuBois, J.C.; Pasula, R.; Donnell, A.M.; Caruso, J.A.; Smulian, A.G.; Deepe, G.S., Jr. Hczrt2,
a zinc responsive gene, is indispensable for the survival of Histoplasma capsulatum in vivo. Med. Mycol.
2016, 54, 865–875. [CrossRef] [PubMed]
Fischer, S.; Brunk, B.P.; Chen, F.; Gao, X.; Harb, O.S.; Iodice, J.B.; Shanmugam, D.; Roos, D.S.; Stoeckert, C.J., Jr.
Using orthomcl to assign proteins to orthomcl-db groups or to cluster proteomes into new ortholog groups.
Curr. Protoc. Bioinform. 2011. [CrossRef]

Int. J. Mol. Sci. 2017, 18, 2631

14.
15.

16.
17.

18.

19.

20.

21.

22.
23.
24.
25.

26.
27.
28.

29.

30.
31.

32.

8 of 8

Gaither, L.A.; Eide, D.J. The human zip1 transporter mediates zinc uptake in human k562 erythroleukemia
cells. J. Biol. Chem. 2001, 276, 22258–22264. [CrossRef] [PubMed]
Wang, F.; Dufner-Beattie, J.; Kim, B.E.; Petris, M.J.; Andrews, G.; Eide, D.J. Zinc-stimulated endocytosis
controls activity of the mouse zip1 and zip3 zinc uptake transporters. J. Biol. Chem. 2004, 279, 24631–24639.
[CrossRef] [PubMed]
Zhao, H.; Eide, D. The zrt2 gene encodes the low affinity zinc transporter in Saccharomyces cerevisiae.
J. Biol. Chem. 1996, 271, 23203–23210. [CrossRef] [PubMed]
Vicentefranqueira, R.; Moreno, M.A.; Leal, F.; Calera, J.A. The zrfa and zrfb genes of Aspergillus fumigatus
encode the zinc transporter proteins of a zinc uptake system induced in an acid, zinc-depleted environment.
Eukaryot. Cell 2005, 4, 837–848. [CrossRef] [PubMed]
Carvalho, S.; Barreira da Silva, R.; Shawki, A.; Castro, H.; Lamy, M.; Eide, D.; Costa, V.; Mackenzie, B.;
Tomas, A.M. Lizip3 is a cellular zinc transporter that mediates the tightly regulated import of zinc in
Leishmania infantum parasites. Mol. Microbiol. 2015, 96, 581–595. [CrossRef] [PubMed]
Crawford, A.; Lehtovirta-Morley, L.E.; Alamir, O.; Niemiec, M.J.; Alawfi, B.; Alsarraf, M.; Skrahina, V.;
Costa, A.C.B.P.; Anderson, A.; Yellagunda, S.; et al. Biphasic zinc compartmentalisation in a human fungal
pathogen. Unpublished work. 2017.
Amich, J.; Vicentefranqueira, R.; Leal, F.; Calera, J.A. Aspergillus fumigatus survival in alkaline and extreme
zinc-limiting environments relies on the induction of a zinc homeostasis system encoded by the zrfc and
aspf2 genes. Eukaryot. Cell 2010, 9, 424–437. [CrossRef] [PubMed]
Citiulo, F.; Jacobsen, I.D.; Miramon, P.; Schild, L.; Brunke, S.; Zipfel, P.; Brock, M.; Hube, B.; Wilson, D.
Candida albicans scavenges host zinc via pra1 during endothelial invasion. PLoS Pathog. 2012, 8, e1002777.
[CrossRef] [PubMed]
Wilson, D. An evolutionary perspective on zinc uptake by human fungal pathogens. Metallomics 2015,
7, 979–985. [CrossRef] [PubMed]
Grass, G.; Wong, M.D.; Rosen, B.P.; Smith, R.L.; Rensing, C. Zupt is a zn(II) uptake system in Escherichia coli.
J. Bacteriol. 2002, 184, 864–866. [CrossRef] [PubMed]
Herzberg, M.; Bauer, L.; Nies, D.H. Deletion of the zupt gene for a zinc importer influences zinc pools in
Cupriavidus metallidurans ch34. Metallomics 2014, 6, 421–436. [CrossRef] [PubMed]
Grass, G.; Franke, S.; Taudte, N.; Nies, D.H.; Kucharski, L.M.; Maguire, M.E.; Rensing, C. The metal permease
zupt from Escherichia coli is a transporter with a broad substrate spectrum. J. Bacteriol. 2005, 187, 1604–1611.
[CrossRef] [PubMed]
MacDiarmid, C.W.; Gaither, L.A.; Eide, D. Zinc transporters that regulate vacuolar zinc storage in
Saccharomyces cerevisiae. EMBO J. 2000, 19, 2845–2855. [CrossRef] [PubMed]
Alamir, O.; Wilson, D. Zrt3 mediates vacuolar zinc efflux in Candida albicans. Unpublished work, 2017.
Kelleher, S.L.; Velasquez, V.; Croxford, T.P.; McCormick, N.H.; Lopez, V.; MacDavid, J. Mapping
the zinc-transporting system in mammary cells: Molecular analysis reveals a phenotype-dependent
zinc-transporting network during lactation. J. Cell. Physiol. 2012, 227, 1761–1770. [CrossRef] [PubMed]
Yu, Y.; Wu, A.; Zhang, Z.; Yan, G.; Zhang, F.; Zhang, L.; Shen, X.; Hu, R.; Zhang, Y.; Zhang, K.; et al.
Characterization of the gufa subfamily member SLC39A11/Zip11 as a zinc transporter. J. Nutr. Biochem.
2013, 24, 1697–1708. [CrossRef] [PubMed]
Baldauf, S.L.; Roger, A.J.; Wenk-Siefert, I.; Doolittle, W.F. A kingdom-level phylogeny of eukaryotes based
on combined protein data. Science 2000, 290, 972–977. [CrossRef] [PubMed]
Dereeper, A.; Guignon, V.; Blanc, G.; Audic, S.; Buffet, S.; Chevenet, F.; Dufayard, J.F.; Guindon, S.; Lefort, V.;
Lescot, M.; et al. Phylogeny.Fr: Robust phylogenetic analysis for the non-specialist. Nucleic Acids Res.
2008, 36, W465–W469. [CrossRef] [PubMed]
Dereeper, A.; Audic, S.; Claverie, J.M.; Blanc, G. Blast-explorer helps you building datasets for phylogenetic
analysis. BMC Evol. Biol. 2010, 10, 8. [CrossRef] [PubMed]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

