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ABSTRACT

At present, the planet faces a change in the composition and bioavailability of nutrients. Zinc
deficiency is a widespread problem throughout the world. It is imperative to understand the
mechanisms that organisms use to adapt to the deficiency of this micronutrient. In the
Ascomycetes fungi, the ZIP family of proteins is one of the most important for zinc transport
and includes high affinity Zrt1p and low zinc affinity Zrt2p transporters. After identification and
characterization of ZRT1/ZRT2-like genes in Ustilago maydis we conclude that they encode for
high and low zinc affinity transporters, with no apparent iron transport activity. These conclu-
sions were supported by the gene deletion in Ustilago and the functional characterization of
ZRT1/ZRT2-like genes by measuring the intracellular zinc content over a range of zinc availabil-
ity. The functional complementation of the S. cerevisiae ZRTIA ZRT2A mutant with U. maydis
genes supports this as well. U. maydis ZRT2 gene, was found to be regulated by pH through
Rim101 pathway, thus providing novel insights into how this Basidiomycota fungus can adapt
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to different levels of Zn availability.

Introduction

Zn deficiency is a serious problem worldwide
(Alloway, 2008; Hamid & Ahmad, 2001; Kabala &
Singh, 2001; Velu et al,, 2011). Poor food supply and
cereal-based diets with low micronutrient content, are
considered to be major causes of nutritional deficien-
cies affecting 3 billion humans and contributing to
over 450,000 children deaths each year (Biesalski,
2013; Cakmak et al., 2010; Eide, 2006; Hotz & Brown,
2004; Kramer & Clemens, 2005; Stein et al, 2007;
Welch & Graham, 2004). Zinc bioavailability for plants
depends on many factors like Zn content in soil, pH,
organic matter, soil temperature and moisture
regimes, root distribution, and rhizosphere effects
including microbial composition (Adiloglu & Adiloglu,
2006; Alloway, 2004, 2008, 2009).

An alternative mechanism to improve zinc bioavail-
ability for plants is through their association with
mycorrhizas, which increase the surface area for nutri-
ent uptake (Baslam et al., 2014; Cavagnaro, 2008;

Raklami et al, 2019). Several fungi belonging to the
Basidiomycota division, form symbiotic associations
with plants (Jin et al., 2019), and most of the mecha-
nisms used by these fungi to obtain nutrients have
not yet been described. U. maydis is a Basidiomycete
fungus that causes the common disease known as
corn smut (Ruiz-Herrera, 2008), and it is also used as a
fungal model system to study how other organisms
face challenging environmental conditions such as
variations in temperature, humidity, pH, and nutrient
availability, including metals like zinc (Kamper et al.,
2006).

Zinc is an essential micronutrient for all organisms
because it plays key roles as a structural or catalytic
cofactor of numerous proteins within several cellular
processes including replication, transcription, RNA
processing, metabolism, and cell differentiation
(Tapiero & Tew, 2003; Kramer & Clemens, 2005;
Figueiredo et al., 2012). Organisms can be adversely
affected not only by zinc-limiting conditions, but also
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by Zn excess. The optimum zinc content for cell
growth is called the “zinc quota”, and in yeast, it has
been estimated to be approximately 10" atoms per
cell (Eide, 2006). In the last few years, it has been
found that cells achieve intracellular zinc homeostasis
by fine-tuning metal transport systems (Amich et al,
2014; MacDiarmid et al, 2000; Zhao & Eide,
19963, 1996b).

An important group of zinc and/or iron transporters
is the ZIP superfamily. ZIP transporters are found at all
phylogenetic levels including bacteria, fungi, plants,
and mammals (Gaither & Eide, 2001). Two of the ear-
liest known ZIP representatives are transporters
located at the plasma membrane of S. cerevisiae, Zrt1p
and Zrt2p. Zrt1p has a high affinity for zinc, while
Zrt2p has a lower affinity (Zhao & Eide, 1996a, 1996b).
Both are expressed in metal-limiting conditions. Their
activity and regulation have been described in
Ascomycetes fungi, such as S. cerevisiae. In zinc-limit-
ing medium at acidic pH their expression is induced
by the transcription factor Zap1p; however, this induc-
tion does not occur in alkaline pH (Lamb et al,, 2001;
Lamb & Mitchell, 2003; Serrano et al, 2002). In
Aspergillus nidulans, and in contrast to S. cerevisiae, the
transcription of the orthologous genes ZRFA and
ZRFB, is reduced at neutral or alkaline zinc-limiting
medium by the PacCp transcription factor (Amich
et al., 2009). Characterization of orthologue proteins in
organisms of the Basidiomycota phylum is scarce due
to their complexity in life cycles and growth at lab
conditions (de Mattos-Shipley et al., 2016).

Here, we report the identification and characteriza-
tion of two zinc transporters from U. maydis expressed
during zinc starvation conditions. UmZrt1p (GenBank
accession number MF177953) behaves as a high affin-
ity transporter, while UmZrt2p (GenBank accession
number MF177954) shows properties of a lower affin-
ity transport for zinc. In our conditions, both proteins
showed no ability to transport iron. Furthermore, we
demonstrate that the transcription factor Rim101/
PacCp is required for the repression of UmZRT2 in
acidic environments but acts as an activator in neutral
pH. UmZRT1 on the other hand, is not PacC/Rim101p-
responsive. Our results provide novel insights into
how U. maydis achieves zinc homeostasis and offer
new avenues to improve zinc nutrition outside of trad-
itional fungal model systems such as budding yeast.

Materials and methods

Strains of U. maydis used were wild-type FB1 (alb1)
(Banuett & Herskowitz, 1989), BMA2 (a2b2ARIM101::hyq)

(Aréchiga & Ruiz-Herrera, 2005) AUmMZRT1 (alb1
AZRT1:hyg) and AUmMZRT2 (a1b1AZRT2:hyg). From S.
cerevisiae, BY4743 (MATwo/a his3/his3 leu2/leu2 ura3/
ura3met15/MET15 lys2/LYS2) (Brachmann et al., 1998)
and ZHY3 (MATa ade6 canl his3 leu2 trpl ura3
zrtl:LEU2 zrt2::HIS3) (Zhao & Eide, 1996a) were used.
Escherichia coli strain was DH5a (F- ®80lacZAM15
A(lacZYA-argF) U169 recA1 endA1 hsdR17 (rK-, mK+)
phoA supE44 A- thi-1 gyrA96 relA1) (Invitrogen,
Carlsband, CA).

S. cerevisiae cells were grown in standard culture
media (yeast minimal media/synthetic defined (SD)
and yeast extract peptone dextrose (YPD)) supple-
mented with necessary auxotrophic requirements and
2% glucose (Amberg et al., 2005). U. maydis cells were
grown in complete medium (Holliday, 1961) and YPD;
both fungi were subjected to zinc-limiting conditions
(Low zinc medium, LZM) using different concentra-
tions of ZnCl, (Eide & Guarente, 1992; Zhao & Eide,
1996a). E. coli was grown in Luria Bertani medium
(Sezonov et al.,, 2007). Cell number in liquid cultures
was determined measuring the optical density at
600 nm (ODgqgo) in @ Beckman DU800 spectrophotom-
eter and using a Multiskan MCC 355 microplate reader
(Thermo Fisher Scientific, Waltham, MA).

Zinc transport activity assessment by functional
complementation in S. cerevisiae

DNA fragments of the UmZRTI and UmZRT2 open
reading frames were amplified by PCR, from the FB1
strain using primers with flanking sequences for
recombination with pDR195 plasmid. Oligonucleotides
used are shown in Supplementary data (primers 1 and
2, Table S1). Resulting fragments were inserted into
Not1-linearized pDR195 plasmid by recombination in
vivo in S. cerevisiae BY4743. pDR195 contains the
strong PMAT promoter, ampicillin-resistance, and URA3
selection markers (Rentsch et al., 1995). Plasmids were
then transformed into E. coli DH5a by standard meth-
ods (Green & Sambrook, 2012). Constructions were
confirmed by restriction analysis (Sall and EcoRV
enzymes for UmZRT1 and Ndel and EcoRI for UmZRT2)
and by DNA sequencing using the primers 3 and 4 for
UmZRT1 and 3, 4, 5 for UmZRT2 (Table S1).

The S. cerevisiae ZHY3 strain was transformed with
the UmZRT1 and UmZRT2 constructions. pMC5 plas-
mid containing a S. cerevisiae genomic ZRT1 fragment
was used as positive control and the pDR195 empty
vector served as negative control. The ability of
UmZRT1 and UmZRT2 to confer zinc uptake activity in
ZHY3 was tested. The experiment was carried out in
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two different biological experiments, with triplicate
cultures in each treatment. Cells were grown first in
zinc-replete Synthetic Defined medium (SD) (Amberg
et al.,, 2005) at 30°C, and then washed and inoculated
(starting at ODggp = 0.01) into liquid LZM supple-
mented with different ZnCl, concentrations (1, 10, 100
and 1000 uM) and grown for 15h. ODgge was then
measured for each culture and results were validated
through descriptive and inferential analysis, with the
use of the program SPSS version 17 (SPSS Inc, 2008).
The ANOVA and Tukey tests were performed to deter-
mine significant differences in absorbance mean val-
ues. Growth of these cells was also assessed by drop
assay; 5pul drops containing 1x10°, 1x 10% 1x 10
and 1x 10% cells of each transformant were applied
on to solid LZM with concentrations mentioned before
(Eide & Guarente, 1992; Zhao & Eide, 1996a).

Generation of Ustilago maydis mutants

Mutants of ZRT1 and ZRT2 genes in Ustilago maydis
(FB1) were obtained using the split marker technique
(Catlett et al., 2003; Fairhead et al., 1996, 1998). The
generation of the gene replacement cassettes was per-
formed as described previously by (Yu et al., 2004). As
shown in Figure S1, using the primers listed in Table
S2, the cassettes were constructed by homologous
recombination of the region upstream and down-
stream of the gene of interest ORF and hygromycin B
phosphotransferase gene (hph), afterwards using the
cassette as template we amplified two fragments:
from the start of the 5 region to the middle of the
selective marker and then from the middle of selective
marker to the final of the 3’ region, transforming
Ustilago maydis protoplast with these two fragments
to get a triple recombination and less background
during transformant selection. Mutations were con-
firmed by PCR, enzyme restriction analysis, and
sequencing PCR fragments from the genome region.

Functional characterization in Ustilago maydis

For gene functional determination, U. maydis wild-type
(@1b1), AUmZRT1 and AUmZRT2 strains were sub-
jected to nutrient stress; first they were grown in YPD
medium for 24 h, then washed twice with deionized
water. Cells were resuspended in 5ml of deionized
water and incubated for 15h, and then washed again
twice with deionized water before their inoculation.
The treatments were YNB supplemented with 0, 1, 10,
100 and 1000 puM of ZnCl,, and three different bio-
logical experiments were performed, starting the
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inoculation at ODgyo = 0.5 and incubated for 15h at
28°C, subsequently washed three times with 5mM
ethylenediaminetetraacetic acid (EDTA)-25 mM Tris (pH
= 8), and three times with deionized water to elimin-
ate extracellular metals. The cell pellets were dried for
3days at 60°C and dry weights were determined.
Digestion was accomplished with HNO; trace metal
grade (Fisher Scientificc Hampton, NH) and we pro-
ceeded with micronutrient (Fe, Mn, Zn) quantification
by inductively coupled plasma-optical emission spec-
troscopy (ICP-OES) (protocol modified from Mendoza-
Cozatl et al., 2014). Data were validated through one
way ANOVA followed by Tukey multiple comparisons
test using GraphPad Prism Version 6.01 (La Jolla, CA).

Ustilago maydis cellular drop assay

To characterize qualitative zinc transport capability,
cellular drop assay was made in YNB with 0, 1, 10,
100, and 1000 uM of ZnCl, added. The inoculated cells
were subjected to the same nutritive stress than the
analyzed by ICP-OES, and also started at ODggo = 0.5
and then serial dilutions were inoculated.

RNA isolation and gene expression analysis

U. maydis FB1 (WT) (Banuett & Herskowitz, 1989) and
BMA2 (RIM101) (Aréchiga & Ruiz-Herrera, 2005) strains
were cultured first in SD medium overnight (12h) at
28°C, washed and then inoculated (starting at ODggg
= 0.01) into LZM medium modified to expose cells to
the same free zinc concentration at the pH values pro-
vided. The acidic medium was at pH 4.0 (LZM4) and
contained 1 mM EDTA as a zinc-buffering chelator. The
pH 7.0 medium (LZM7) was prepared with 1 mM ethyl-
eneglycoltetraacetic acid (EGTA) as the chelator. The
free zinc concentration was estimated to be ~1
x10"'2 M in both media using the MaxChelator pro-
gram (Bers et al, 2010; Zhao & Eide, 1996a, 1996b).
Following 15h growth, total RNA was obtained with
standard methods (Green & Sambrook, 2012) and
treated with RQ1 RNase free DNase (Promega, Madison,
WI) to eliminate any trace of DNA following the manu-
facturer protocol. For the cDNA synthesis, random hex-
amers were used (QIAGEN, Hilden, Germany). Real-Time
Quantitative PCR (qPCR) assay was implemented to
analyze the gene expression of Actin, UmZRTI,
UmZRT2, NRG1 and RIM101 genes of FB1 and BMA2
strains, in two biological experiments and triplicates of
each gene, using SsoAdvanced™ Universal SYBR®
Green Supermix (BIO-RAD, Hercules, CA) in a CFX96
Touch™ Real Time PCR Detection System (BIO-RAD,
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Hercules, CA). The primer sets used are shown in Table
S3 and all the reactions for the qRT-PCR were carried
out as described in the manufacturer protocol of the
reagents mentioned before. Relative gene expression
quantification was performed with the Livak method
(Livak & Schmittgen, 2001) using FB1 as calibrator and
actin as reference gene for normalization.

Proteins structure prediction

For the prediction of proteins topology, we used the
University College London PSIPRED server with the
MEMSAT-SVM algorithm (Buchan et al.,, 2013), and then
we compared the results with the transmembrane
domain prediction programs ExpasyTMpred (Hofmann &
Stoffel, 1993), HMMTOP (Tusnady & Simon, 2001), Protter
version 1.0 (Omasits et al., 2014) and finally with the pre-
dicted structure annotated in UniProt database (The
UniProt Consortium, 2018). In order to predict the pro-
tein cellular location, we use the DeeplLoc1.0: Eukaryotic
protein subcellular localization predictor (Almagro
Armenteros et al, 2017). The prediction of functional
domains and determination of identity percentages was
carried out through alignments using the NCBIs Basic
Local Alignment Search Tool (BLAST®) and protein
BLAST algorithm (NCBI Resource Coordinators, 2016).

Prediction of transcription factor binding in
UmZRT1 and UmZRT2 promoters

In order to determine if Rim101p and Nrg1p influence
the expression of the interest genes, 1000bp
upstream of the UmZRT1 and UmZRT2 ORFs were ana-
lyzed in the YEASTRACT database (Yeast Search for

(@) UmZrt1

Extracellular space

N-term

C-term

Membrane

Transcriptional Regulators and Consensus Tracking)
(Teixeira et al., 2018).

Results

Identification and analysis of genes that encode
zinc transporters in U. maydis

In silico analysis revealed two genes with putative zinc
transport function in the U. maydis genome sequence
(Kamper et al., 2006; Mewes et al., 2004). These genes
correspond to the open reading frame identification
numbers um00096 and umo03110, which based on
their predicted function were re-named to UmZRT1
and UmZRT2, respectively. These genes are located on
chromosome 1 (UmZRT1) and 7 (UmZRT2) and their pre-
dicted topology of both proteins, UmZrtlp and
UmZrt2p, suggested eight putative transmembrane
domains on the plasma membrane, with a large cyto-
solic loop between the 3rd and 4th domains. Both of
their amino and carboxyl termini are predicted to face
the extracellular space. UmZrt2p displayed a larger extra-
cellular amino acid chain before the first transmembrane
domain compared with umZrt1p (Figure 1). Structure
predictions were performed as described in Materials
and Methods and showed slight variations between pre-
diction methods regarding the endpoints of amino acids
in each transmembrane domain (Table S4).

A comparative analysis of the U. maydis putative
zinc transporters showed expected high identity per-
centage with other metal transporters. For instance,
UmZRT1 coding sequence (GenBank accession number
MF177953) predicts a protein of 362 amino acids and
most of UmZrt1p’s amino acid sequence (amino acids

(b) UmZrt2

N-term

C-term

Cytoplasm

Figure 1. In silico prediction of UmZrt1p and UmZrt2p membrane topology. Both proteins a) UmZrt1 and b) UmZrt2 have eight
predicted transmembrane domains (D1-D8) with the N- and C-terminal ends facing the extracellular space. The numbers shown in

each domain correspond to the amino acids that make them up.
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18-359) has 32.81% of identity percentage to the char-
acteristic functional domain of the ZIP family. Similarly,
the CDS of the UmZRT2 gene (GenBank accession
number MF177954) predicts a 506 amino acid protein
and NCBI Basic Local Alignment Search Tool (BLAST)
identified the presence of various conserved domains.
One domain corresponds to the typical ZIP superfam-
ily (aa 182-506) with 32.54% of identity, a second
domain (aa 182-506) has 29.79% of identity to
PLNO02159 in Arabidopsis, characteristic of Fe?* trans-
porter proteins and a third domain (aa 352-502) is
related to COG0428 of the cl00437 superfamily with
29.50% of identity, whose hypothetical function is
divalent metal transport in Archaea organisms. Finally,
amino acids 141-166 of UmZrt2p also share 36% iden-
tity with a portion of the periplasmic ZnuA compo-
nent of high affinity ZnuABC zinc transporters found
in prokaryotic organisms (NCBI Resource Coordinators,
2016) (Finn et al., 2014) (Figure 2).

UmZrt1p and UmZrt2p amino acid sequences
share similarity with zrt/irt proteins from
other organisms

By amino acid sequence comparison analysis through
the NCBI's BLAST tool and blastp algorithm, we found
that proteins from various other organisms have sig-
nificant percentages of identity with UmZrtlp and
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UmZrt2p. However, major differences were also found.
For instance, at the amino acid level, these Ustilago
maydis proteins showed only 30-44% of identity com-
pared to Zrt proteins from S. cerevisiae as is shown in
the amino acid sequences alignments (Figure S2, S3).
Furthermore variations with Arabidopsis thaliana and
Mus musculus were found despite having the typical
ZIP functional domain (Figure 3). Also, UmZrt1p only
shared 31% of identity with its putative homolog
UmZrt2p. These major differences prompted us to
functionally characterize UmZrt1p and UmZrt2p at the
molecular and physiological level.

Functional characterization of UmZRT1 and
UmZRT2 by complementation assay in
S. cerevisiae

To determine whether the functions of the UmZRT1
and UmZRT2 genes are equivalent to those described
for ZRT1 and ZRT2 in S. cerevisiae, the open reading
frames of these U. maydis genes were amplified and
cloned into the shuttle plasmid pDR195 suitable for
expression in S. cerevisiae and driven by the strong
PMAT promoter (Rentsch et al., 1995). After sequence
confirmation, these plasmids were used to test for
functional complementation in the double mutant S.
cerevisiae strain ZHY3 (zrt1A zrt2A). Growth analysis in
liquid low zinc media (LZM) was performed over a

1 50 100 150 200 250 300 350 400 450 500 550
l 1 14 | l 1 Ld 1 l | I — l 1 1 | BB | l 1 Ll 1 l Ll Ll l Ll Ll l 1 Ll 1 l Ll 1 1 l Ll ! E | I | Ll 1 I
UmZRTI (362 aa)
L ZIp )
UmZRT2 (506 aa

( Z1P )

E ( PLNO2139 )

U ( C0G0428 )

Figure 2. Functional domains predictions of UmZrt1p and UmZrt2. The length and functional domains of both proteins are shown

in black and gray colors respectively.

Identity (%)
: Protei .

Organism rotein Accession UmZRT1 UmZRT2
Saccharomyces  Zrtlp  AIR76875.1 .
cerevisiae
Saccharomyces Zt2p  AIVS3S01 . ) : o
cerevisiae
Arabidopsis  Irtlp NP 5675903 (R . ; ————
thaliana
Mus musculus  Zip2p NP _001034765.2 —————— I F——— 1.

Mus musculus  Zip3p NP_001345827.2 D O

Figure 3. Amino acid sequence comparison of UmZrt1p and UmZrt2p. Percentage of identity shared by the Ustilago maydis pro-
teins with Zrt/Irt-like proteins of yeast, plants and animals is shown.
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range of zinc concentrations. UmZRT1 and UmZRT2
were transformed into ZHY3 and their growth was
independently measured in triplicate experiments for

a) 0.6
(@) Il zi1v3 + Empty vector
ZHY3 +S. c. ZRT1

E 0 zHY3 + UmzRTI
wn

+ 04

> ZHY3 + UmZRT2
=

=
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=
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«
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z *
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x - =
00

each set of transformants. Figure 4 shows the means
of cell densities of two independent transformations
per construct after 15h of culture. While the ZHY3

Kkkk

kR

e

I
‘I

10 1
ZnCl, concentration (uM)

1000

(b) M r\\

Negative control
ZHY3 + Empty vector

Positive control
ZHY3 +S.c. ZRTI

ZHY3 + UmZRT1

ZHY3 + UmZRT2

Negative control

ZHY3 + Empty vector

Positive control
ZHY3 +S.c. ZRTI

ZHY3 + UmZRT1

ZHY3 + UmZRT2

/]

Figure 4. Complementation assays of ability to transport zinc in Saccharomyces cerevisiae cells expressing Ustilago maydis zinc
transporters. a) ZHY3 (zrt1A zrt2A) cells were transformed with the pDR195 vector (negative control), pMC5 (positive control, S.
cerevisiage ZRT1), pDR195-UmZRT1, and pDR195-UmZRT2. Each bar represents the mean of the triplicates of two biological experi-
ments for each treatment and the statistical difference between treatments and the negative control is shown (*p < 0.05 and
kkikn < 0.0001). b) Yeast transformants described before (a) were inoculated onto LZM plates in drops containing 1 x 10°,
1x10% 1x10% and 1 x 10? cells. Panels i, i, iii and iv correspond to LZM plus 1, 10, 100, 1000 uM ZnCl,, respectively.



cells transformed with empty vector grew poorly at all
tested zinc concentrations, cells expressing UmZRT1
showed a dose response growth similar to S. cerevisiae
ZRT1-expressing cells. In contrast, cells complemented
with UmZRT2 showed no complementation phenotype
at low zinc concentrations (1-100uM), but strong
complementation at a higher concentration of ZnCl,
(1000 uM) (Figure 4(a)). Similar zinc dose dependence
was observed for complementation on this mutant
strain with S. cerevisiae ZRT2 (Zhao & Eide, 1996b).
These results suggest that both UmZRT1 and UmZRT2
encode functional zinc transporters and provide evi-
dence suggesting that UmZrt1p is a high affinity zinc
transporter, similar to S. cerevisiae Zrt1p, while
UmZrt2p has a lower affinity for zinc. These assays
were also performed on solid media (LZM) and results
were consistent with those obtained from liquid cul-
tures (Figure 4(b)). While S. cerevisiae ZRT1 and
UmZRT1 complemented the mutant strain at 1, 10,
100 and 1000 uM added zinc, UmZRT2 only presented
complementation when 1000 uM of zinc was added.

Functional characterization of UmZRT1 and
UmZRT2 genes in Ustilago maydis

To gain more insight into the native function of
UmZRT1 and UmZRT2, we generated mutants where
the corresponding ORF in U. maydis was replaced by
homologous recombination of a selection marker.
After confirming by PCR and sequencing that the
insertions had taken place at the correct loci, we per-
formed elemental composition of cells by ICP-OES.
Figure 5 shows that AUMZRT1 cells grown in YNB for
15 hrs without additional zinc added presented levels
of Zn below the limit of detection (0.005ppm) and
significantly different compared to the wild-type strain
FB1 (Figure 5(a)). Interestingly, AUmMZRT2 have detect-
able levels of Zn but these were also significantly lower
than FB1. A similar pattern was observed with cells
grown in YNB with additional 1, 10 and 100 uM of
ZndCl, (Figure S4). In YNB media containing additional
1000 uM of ZnCl,, AUmMZRT1 showed a slight increase of
zinc concentration, compared to YNB without Zn added,
while  AUMZRT2 showed higher zinc concentrations
although these were still significantly lower than wild-
type (Figure 5(b)). Notably, deletion of either UmZRT1
or UmZRT2 had no impact on iron accumulation com-
pared to wild-type (Figure S5), suggesting that these
proteins play little or no role in the transport of iron.
Manganese levels were under the limit of detection for
all strains. Altogether, these results support the hypoth-
esis that UmZRT1 encodes a high zinc affinity
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Figure 5. Quantification of zinc by ICP-OES. a) Determination
of zinc abundance in dry weight of cells grown in YNB with-
out zinc addition. b) Measure of zinc content in dry weight of
cells grown in YNB supplemented with 1000 uM ZnCl, Each
bar represents the mean of the biological triplicates in each
treatment and the statistical difference between FB1 and ZRT
mutants is shown (**p < 0.01 and ***p < 0.001).

transporter while UmZRT2 a low zinc affinity transporter
as predicted by sequence homology and functional
complementation experiments in S. cerevisiae.

The growth ability of U. maydis wild-type and
UmZrt1 and UmZrt2 mutants was also determined on
solid YNB plates supplemented with 1, 10, 100, and
1000 uM of ZnCl,. AUMZRT1 showed less growth than
the AUMZRT2 or the wild-type strain except at the
highest zinc concentration tested where AUmZRT1
showed growth comparable to the other strains. These
results were consistent with a defective high affinity
zinc transporter, and further supports that UmZRT2
encode a low affinity zinc transporter (Figure 6).

In silico analysis of the UmZRT1 and
UmZRT2 promoters

Because the regulation of ZRT-like genes by Zapip
and PacC/Rim101p transcription factors has been
reported previously, through in silico analysis, it was
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Figure 6. The effect of mutations in putative zinc transporters on growth of Ustilago maydis. a-d) correspond to YNB supple-
mented with 1, 10, 100 and 1000 uM of ZnCl, Strains were spotted on the plates starting at ODggo = 0.5 followed by 10-fold

serial dilutions.

possible to look for potential binding sites for these tran-
scription factors in the regions upstream of the UmZRT1
and UmZRT2 open reading frames. The UmZRT1 pro-
moter region did not have any consensus Rim101/PacCp
binding sites but did have several putative Nrg1p ones.
Nrg1p is known to be regulated by Rim101p in S. cerevi-
siae (Vyas et al., 2005). In contrast, the UmZRT2 promoter
had possible binding sites for both Rim101p and Nrg1p
transcription factors. It should be noted that unlike S.
cerevisiae ZRT1 and ZRT2 promoters, U. maydis genes do
not contain any of the previously reported consensus
sequences for Zap1p transcription factor binding; which
is responsible for regulating many of the zinc transport-
ers genes in most fungal organisms studied to date
(Zhao et al.,, 1998) (Table 1).

UmZRT1 and UmZRT2 expression analysis

To evaluate UmZRT1 and UmZRT2 relative expression
levels in response to changes in zinc concentration
under acidic and neutral conditions, we measured
their mRNA levels along with those of RIM101 and
NRG1 in a wild-type (FB1) and BMA2 strain (ARIM101).
In order to obtain the fold change in expression of
these genes, data were analyzed by Livak method. As

Table 1. Location of potential binding sites for transcription
factors with possible regulatory functions in the U. maydis
zinc transporter UmZRT1 and UmZRT2 promoter regions.
Consensus binding sites for Nrg1p and Rim101p transcription
factors in UmZRT1 and UmZRT2 promoters and their distance
(bp) upstream relative of the ATG initiation codon.

Gene Transcription factor Consensus region Position
Nrg1p CCCTC 273
Nrg1p CCCTC 214

UmZRT1 Nrg1p CCCTC 207
Nrg1p CCCTC 54
Nrg1p CCCTC 256
Nrg1p CCCTC 129

UmZRT2 Nrg1p CCCTC 951
Nrg1p CCcTC 255
Rim101p TGCCAAG 363

described in Materials and Methods actin gene was
used as reference gene, and constant levels of its
expression were exhibit in all samples. The calibrator
used was FB1, and after normalization the fold change
of the control was 1 as a constant. Finally data of the
controls were incorporated in the interest genes fold
change. At acidic pH (LZM pH 4.0) UmZRT2 was
increased in expression ~800-fold in BMA2 compared
with the FB1 calibrator, which suggests that PacC/
Rim101p is responsible of UmZRT2 repression at low
zinc concentration and acidic pH in the wild-type
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Figure 7. Relative gene expression of BMA2 at acidic and neu-
tral pH. Each bar represents the mean fold change (by Livak
method) for triplicate measurements of two biological experi-
ments corresponding to each gene in FB1 (calibrator) and
BMA2 (ARIM101). The fold change of the control is 1 as a con-
stant and data of the control are incorporated in the interest
genes fold change. a) Fold differences in expression at pH 4.0
and low zinc concentrations in BMA2 compared with FB1.
Repression effect of Rim101p on UmZRT2 is shown. b) Fold
differences in expression at pH 7.0 and low zinc concentra-
tions of BMA2. The activator effect of Rim101p on FB1 is
exhibited, since BMA2 shows more than 1000 fold of repres-
sion at this condition.

strain (FB1). UmZRT1 and NRG1 did not show signifi-
cant expression variations at this pH (Figure 7(a)).
Under neutral conditions (LZM pH 7.0), no expression
differences were observed of the measured genes
except UmZRT2, which presented repression of greater
than 1000-fold compared with calibrator. This result,
revealed the potential role of Rim101p as activator of
UmZRT2 expression also at neutral pH (Figure 7(b)).

Discussion

Intracellular ion homeostasis is essential for a stable
physiology of living cells, so organisms have evolved
different strategies to achieve such homeostasis. One
strategy often used by organisms across different
phyla is the expression of transporters with different
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substrate affinities to traffic them into the cytosol,
organelles, or to the extracellular space. The ZIP family
of transporters (Zrt/Irt-like Proteins) was first identified
in plants and their members transport various metals,
such as cadmium, iron, manganese, and/or zinc
(Guerinot, 2000), from the extracellular space or organ-
ellar lumen into the cytosol (Balaji & Colvin, 2005). ZIP
transporters have been described in organisms
belonging to diverse phyla (Eide, 2005; Gaither & Eide,
2001). Founding members of the ZIP family include
the S. cerevisiae Zrt1p and Zrt2p (zinc-regulated trans-
porters) proteins, which have been well characterized
(Zhao & Eide, 1996a, 1996b). Also, ZIP orthologs are
reported in other fungi, mainly in other Ascomycetes,
such as A. fumigatus (ZrfA and ZrfB) (Amich, 2010).
However, the study of ZIP orthologs in Basidiomycetes
remains scarce (Wilson et al., 2012).

In this work, two Zn®>" uptake systems in the
Basidiomycete U. maydis, corresponding to accession
number MF177953 (UmZRT1) and MF177954
(UmZRT2), were identified by amino acid similarity
with other transporters reported. Similarity with mem-
bers of the ZIP family was evident by the presence of
ZIP domains in both proteins (Figure 2). Most ZIP
transporters have similar topologies, characterized by
the presence of eight predicted transmembrane
domains, with N- and C-termini located on the outside
of the plasma membrane (Nishida et al., 2008). ZIP pro-
teins can range widely in length; main differences in
length are located between domains Ill and IV (termed
the “variable region”), which has a potential metal-bind-
ing site located in the cytoplasm, and at their N-ter-
minal ends (Guerinot, 2000). In U. maydis, we found by
in silico analysis that these proteins likely contain eight
transmembrane domains, located in the plasma mem-
brane with N- and C terminal chains on the extracellu-
lar side and both with an extensive variable region
between the domains mentioned before, on the cyto-
solic side and marked differences in length and amino
acid content at their N-termini (Figure 1). UmZRT1 enc-
odes a protein of 362 amino acids and UmZRT2 con-
sists of 506 amino acid residues. Length differences are
primarily due to the mentioned N-termini chains varia-
tions, which are 19 residues long for UmZrt1p and 184
residues long for UmZrt2. When compared with S. cere-
visiae Zrt1/Zrt2, these proteins have more identity and
similarity at the ZIP domain (Figure S2 and S3) (Buchan
et al,, 2013; The UniProt Consortium, 2018).

Kinetic studies of zinc uptake by S. cerevisiae cells
grown with different amounts of substrate in the
medium had suggested the distinctive functionalities
of the two main zinc transporters; Zrt1p has a high
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affinity for Zn®>" and is only active in zinc limited cells
(Zhao & Eide, 1996a) and Zrt2p has a lower affinity sys-
tem for zinc uptake and is more active in zinc-replete
cells (Zhao & Eide, 1996b). Our complementation ana-
lysis suggested that UmZRT1 gene is an ortholog of S.
cerevisiae ZRT1, as it was able to restore metal trans-
port in the ZHY3 (ZRT1A ZRT2A) strain at low ZnCl,
concentrations (Figure 4). Moreover, growth of the
AUmZRT1 strain was severely affected at low Zn con-
centrations (Figures 5 & 6). Additionally, we found that
UmZRT2 gene encodes a transporter whose affinity for
Zn*" appears to be lower than UmZRT1, because com-
plementation was only observed at high zinc concen-
trations (1000 uM ZnCl,) (Figure 4), and growth of the
AUmMZRT2 was less affected at different Zn concentra-
tions tested (Figure 6). Thus, UmZrt2 is a likely ortho-
log of the low affinity S. cerevisiae Zrt2 transporter.
The intracellular zinc content measured after growth
with increasing ZnCl, concentrations in Ustilago may-
dis wild-type, AUmMZRT1, and AUmZRT2 strains by
ICP-OES further supported this hypothesis of high
and low zinc affinities for UmZRT1 and UmZRT2,
respectively. Notably, there were no variations
observed in the content of another metal commonly
transported by ZIP members (i.e. iron), so these pro-
teins are not likely to be involved in iron transport
(Figure S5).

In all organisms, zinc uptake is controlled to ensure
the optimum levels of this metal, while preventing its
potentially toxic over-accumulation. Zinc uptake in
S. cerevisiae is controlled at the transcriptional level in
response to intracellular zinc concentrations (Zhao &
Eide, 1996a, 1996b), and the regulation of these genes
is mediated by the Zap1 transcription factor, which
responds to zinc concentration regardless of the ambi-
ent pH (Zhao & Eide, 1997). However, other transcrip-
tion factors involved in regulating ZIP transporter
expression in Aspergillus fumigatus include the pH
responsive PacC/Rim101p. ZRFA and ZRFB (ZRT1 and
ZRT2 orthologs respectively) are also required for
acidic zinc-limiting conditions growth, whereas they
are dispensable for neutral or alkaline pH zinc-limiting
media growth, being repressed by PacC transcriptional
regulator (Amich, 2010).

In Ustilago maydis we found that UmZRT1 and
UmZRT2 were expressed in acidic and neutral zinc-lim-
iting media. At pH 4.0, UmZRT1 and NRG1 expression
levels did not present considerable variations between
FB1 and BMA2 (ARIM101) in our experimental condi-
tions. Therefore, UmZRT1 is unlikely to be regulated
by Rim101p or by Nrg1p. In contrast, UmZRT2 showed
an ~800-fold increased expression in BMA2 (Figure

7(a)), so its expression is likely regulated by Rim101p,
as repressor of UmZRT2 at acidic pH and low zinc con-
centrations in the WT FB1 strain, either directly or
indirectly by activating another regulator expression in
this specific condition. This observation suggests that
there could be an active form of PacC/Rim101p able
to regulate its target genes not only at neutral/alka-
line environment, but also under acidic conditions.
This represents more evidence for Rim101/PacCp
activity at acidic pH and it reinforces previous data
when septum deposition has been observed at acid
pH in U. maydis RIM101 mutants (Aréchiga & Ruiz-
Herrera, 2005). Additionally, probable PacCp activity
under acidic conditions in Trichoderma viridens was
also reported (Trushina et al., 2013). It was expected
that the ZRT2 ortholog in U. maydis would be
expressed at a lower level than UmZRT1 at low zinc
concentrations in acidic environments because Zrtl1p
is the primary system for the acquisition of Zn** at
low concentrations of the metal in S. cerevisiae. Also
in that yeast, Zrt1p accumulation is about 100-fold
elevated (Zhao & Eide, 1996b) while Zrt2p is
repressed to low expression levels in severe zinc defi-
ciency, probably because of its low zinc affinity (Bird
et al., 2004). In A. fumigatus, at neutral and alkaline
pH, PacCp represses the expression of those genes
expressed in acidic conditions, among them ZRFA/
ZRFB (Amich, 2010). In contrast we found that in
Ustilago maydis FB1, UmZRT2 expression is upregu-
lated at neutral pH and low zinc concentration more
than 1000-fold (Figure 7(b)), providing evidence of
divergence with other systems previously reported in
the acquisition of zinc.

Zinc is an essential metal for cell physiology and
while few studies on Zn homeostasis are available for
Basidiomycetes, our data provides an avenue to fur-
ther Zn homeostasis studies in nontraditional fungi
models. Our results also identify novel potential tran-
scriptional regulators such as Rim101p at non-canon-
ical conditions such as acidic pH. Further studies are
required to assess if our observations can be extrapo-
lated to other members of the phylum.
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