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1 | INTRODUCTION

Bastian Meier |

Minh Thi Thanh Hoang | Edgar Peiter

Abstract

Manganese (Mn), iron (Fe), and zinc (Zn) are essential for diverse processes in plants,
but their availability is often limiting or excessive. Cation diffusion facilitator (CDF)
proteins have been implicated in the allocation of those metals in plants, whereby
most of our mechanistic understanding has been obtained in Arabidopsis. It is
unclear to what extent this can be generalized to other dicots. We characterized all
CDFs/metal tolerance proteins of sugar beet (Beta vulgaris spp. vulgaris), which is
phylogenetically distant from Arabidopsis. Analysis of subcellular localization,
substrate selectivities, and transcriptional regulation upon exposure to metal
deficiencies and toxicities revealed unexpected deviations from their Arabidopsis
counterparts. Localization and selectivity of some members were modulated by
alternative splicing. Notably, unlike in Arabidopsis, Mn- and Zn-sequestrating
members were not induced in Fe-deficient roots, pointing to differences in the Fe
acquisition machinery. This was supported by low Zn and Mn accumulation under Fe
deficiency and a strikingly increased Fe accumulation under Mn and Zn excess,
coinciding with an induction of BvIRT1. High Zn load caused a massive upregulation
of Zn-BvMTPs. The results suggest that the employment of the CDF toolbox is highly
diverse amongst dicots, which questions the general applicability of metal

homeostasis models derived from Arabidopsis.
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CuZnSOD, respectively, which act as reactive oxygen species (ROS)
scavengers in chloroplasts (Andresen et al., 2018). Fe is also required

Various transition metals are essential for photosynthetic organisms.
For instance, in the chloroplast, manganese (Mn) is an essential
cofactor of the oxygen-evolving complex (OEC), which catalyzes the
water-splitting reaction in photosystem Il (PSll), iron (Fe) is integral to
the photosynthetic electron transfer chain, and zinc (Zn) is necessary
for the repair of PSII (Yruela, 2013). Furthermore, Fe, Zn, and copper

(Cu) are cofactors of the Fe superoxide dismutase (FeSOD) and the

for biogenesis of Fe-S clusters, Fe-heme groups and di-iron centers in
mitochondria, and it is a cofactor of the peroxisomal FeSOD (Corpas
et al., 2017). On the other hand, Mn is essential for numerous Golgi-
localized glycosyl transferases involved in protein glycosylation and
biosynthesis of pectin and hemicellulose polymers, and it is also the
cofactor of MnSOD in mitochondria and peroxisomes (He et al.,

2022; He et al, 2021). However, when their concentrations in
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cytosol or organelles are above the physiologically acceptable range,
those metals may exert cellular damage and induce deficiencies of
other metals (Andresen et al., 2018). Therefore, the uptake and
intracellular distribution of the micronutrients must be tightly
regulated to achieve optimum growth.

The availability of Mn and Fe may vary between limiting and
excessive, as dependent on soil conditions. Mn is bioavailable to
plants only in the reduced state (Mn?*), but in soils with high organic
matter content, high redox potential, or alkaline reaction, MnZ* is
rapidly oxidized, generating insoluble oxidation forms (Alejandro
et al., 2020). Conversely, in acidic or waterlogged soils, soluble Mn
concentrations may reach toxic levels. Fe availability is similarly
dependent on soil pH and redox potential (Colombo et al., 2014). All
plants except graminaceous monocots acquire Fe as Fe2*, which is
made available by the release of protons and Fe(lll) chelators, and by
a membrane-bound Fe(lll) chelate reductase activity (Andresen et al.,
2018). By contrast, Zn exhibits only one oxidation state (+2), its
availability being low on calcareous soils (Cakmak, 2000).

Since Fe, Mn, and Zn deficiency are widespread plant nutritional
disorders, adaptative responses to counter a short supply have been
studied in the model plant species, Arabidopsis thaliana (Arabidopsis)
and Oryza sativa (rice). Mechanisms to cope with the nutritional
imbalances include the transcriptional regulation of specific transport
proteins to control the uptake, translocation, and distribution of
these micronutrients into the different subcellular compartments
(Andresen et al., 2018). In particular, transcriptional responses to low
Fe availability and the function of Fe deficiency-responsive genes
have been extensively explored (Schwarz & Bauer, 2020). In contrast,
the available information on transcriptional responses to low Mn or
Zn availability is limited to few studies on Zn (Mager et al., 2018;
Sinclair et al., 2018; van de Mortel et al., 2006) and Mn deficiency
(Rodriguez-Celma et al., 2016; Yang et al., 2008).

Among the players involved in micronutrient distribution and
homeostasis, members of the cation diffusion facilitator (CDF)
family play crucial roles in bacteria, archae, and eukaryotes
(Gustin et al., 2011). These transporters, called metal tolerance
proteins (MTPs) in plants, have a wide range of divalent metal
cation substrates, including Mn?*, Fe?*, and Zn?*, which they
generally transport out of the cytoplasm, either into subcellular
compartments or the apoplast (Ricachenevsky et al., 2013). The
proteins usually contain four to six transmembrane domains
(TMDs) with cytoplasmic N- and C-termini (Kolaj-Robin et al,,
2015). MTP family members in all kingdoms have been grouped
into three clusters: Zn-MTP, Mn/Fe-MTP, and Fe/Zn-MTP, based
on their confirmed or putative metal specificities (Eroglu et al.,
2017; Montanini et al., 2007; Ricachenevsky et al., 2013). Fe/Zn-
MTP proteins have been identified in different plant species, but
their function and subcellular localization have not been deter-
mined yet. More information is available on Zn-MTPs and Mn/Fe-
MTPs in plants. The Arabidopsis Zn-MTPs AtMTP1 and AtMTP3
are localized to the tonoplast and function in the vacuolar
sequestration of excess Zn (Arrivault et al., 2006; Kobae et al.,
2004). Thereby AtMTP3 is required to detoxify Zn in Fe-deficient

plants, which overaccumulate Zn and Mn due to the activity of
the poorly selective Fe transporter iron-regulated transporterl
(IRT1). In contrast, the endoplasmic reticulum (ER)-localized
AtMTP2 is an important factor for Zn efficiency and suggested
to promote symplastic Zn tunneling within the ER of root cells
(Sinclair et al., 2018). Furthermore, it has been reported that
AtMTP12 is part of a functional complex with AtMTP5 to
transport Zn into the Golgi apparatus (Fujiwara et al., 2015).
Mn/Fe-MTP transporters operate in the tonoplast and in diverse
endomembranes (Alejandro et al, 2020; He et al, 2021).
Arabidopsis AtMTP8 detoxifies Mn by sequestration in root
vacuoles (Eroglu et al., 2016). As this process is particularly
important in Fe-deficient Arabidopsis, AtMTP8 is highly upregu-
lated under Fe deficiency. This transporter is also pivotal in the
accumulation of Mn in specific tissues of developing embryos and
in the interim storage of Fe during germination (Eroglu et al,,
2017; Holler et al., 2022). The rice orthologs OsMTP8.1 and
OsMTP8.2 have also been characterized as transporters impli-
cated in vacuolar Mn sequestration, albeit not related to the Fe
deficiency response (Chen et al., 2013; Takemoto et al., 2017). In
Lupinus albus, which mobilizes large amounts of Mn by P-
starvation-induced root exudates, LaMTP8 detoxifies Mn in leaf
vacuoles (Olt et al., 2022). In contrast to the vacuolar MTP8
proteins, the barley orthologs HYMTP8.1 and HvVMTP8.2 have
been localized to the Golgi (Pedas et al.,, 2014). The closely
related AtMTP9 and AtMTP10 were shown to transport Mn2* in
yeast, but their function and subcellular localization in plants
have not been determined yet (Chu et al., 2017). However, the
AtMTP9/10 ortholog in rice, OsMTP9, has been described as a
plasma membrane-localized transporter implicated in root-to-
shoot translocation of Mn (Ueno et al.,, 2015). Moreover,
AtMTP11 has been localized to the Golgi apparatus, where it
functions in the detoxification of excess Mn likely mediated by
vesicular trafficking (Peiter et al., 2007). Transporters belonging
to the MTP family have been characterized in other plant species,
such as wheat, sweet orange, and grape (Fu et al., 2017; Shirazi
et al., 2019; Vatansever et al., 2017). However, those studies are
largely based on in silico analyses and mostly do not take into
account physiological roles of the genes.

Physiological roles of dicot MTP transporters in the handling of Fe,
Mn, and Zn have thus been analysed almost exclusively in Arabidopsis. It
is unclear, if the functional models derived from these studies are
universally valid for dicots in general. Such conservation would be
fundamentally important for translational approaches employing our
knowledge of Arabidopsis to improve micronutrient efficiency and metal
tolerance of crops. We chose sugar beet (Beta vulgaris L ssp. vulgaris), a
dicot that is phylogenetically distant to Arabidopsis, to explore this
question. Sugar beet is a root crop which is agriculturally important
because of its ability to accumulate high concentrations of sugar in the
taproot. To date, sugar beet research has been targeted mainly at
increasing yield and extractable sugar, as well as pathogen resistance
(Monteiro et al., 2018). However, although sugar beet is prone to boron
(B), Fe, Mn, and Zn deficiency in the field (Draycott, 2006), physiological
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effects of low supply and the involvement of players known from
Arabidopsis in responses to nutritional imbalances are largely obscure.
Here, we characterize the impact of Fe, Mn, and Zn deficiency on
photosynthesis and nutrient homeostasis of sugar beet, and assess the
involvement of MTP proteins under those conditions. This analysis
revealed that localization, regulation, and hence physiological roles, of
some family members differ markedly from those in Arabidopsis,
indicating a greater heterogeneity in transition metal handling in the

plant kingdom as previously assumed.

2 | MATERIALS AND METHODS

2.1 | Identification and sequence analysis of MTP
genes and proteins in sugar beet

To identify MTP homologs in B. vulgaris, all 12 AtMTP amino acid
sequences were used as query sequences in BLASTP searches of the
KWS2320 sugar beet protein sequence RefBeet-1.2 (http://bvseq.
molgen.mpg.de/blast/) with a cut-off E-value of 1e™>. All obtained
sequences were sorted as unique sequences for further cation efflux
protein domain search using InterProScan Sequence Search (http://
www.ebi.ac.uk/Tools/pfa/iprscan/). The molecular weight (MW) and
isoelectric point (pl) of the MTP proteins were calculated using
ExPASy (http://web.expasy.org/compute_pi/). The gene code, splice
variants, and chromosomal positions of the genes were obtained
from the sugar beet genome database BeetSet_2 (https://jbrowse.
cebitec.uni-bielefeld.de/RefBeet1.5) and the NCBI Beta vulgaris
subsp. vulgaris Annotation Release 100 database (https://www.ncbi.
nlm.nih.gov/genome/annotation_euk/Beta_vulgaris_subsp._vulgaris/
100/). The transmembrane domains of the proteins were assessed by
using Phobius (http://phobius.sbc.su.se/), and the transit peptides
were predicted by using TargetP 1.1 (http://www.cbs.dtu.dk/
services/TargetP/). Gene structure analysis was performed by GSDS
2.0 (http://gsds.cbi.pku.edu.cn/). Multiple sequence alignment was
performed with ClustalW (https://embnet.vital-it.ch/software/
ClustalW.html) and drawn in Genedoc (http://genedoc.software.

informer.com/).

2.2 | Phylogenetic analyses and sequence
alignments

Phylogenetic trees were constructed from ClustalW-aligned full-length
proteins by MEGA7.0 (http://www.megasoftware.net/history.php) using
the neighbor-joining (NJ) method, with 1000 bootstrap replicates with
pairwise deletion option for handling alignment gaps, and with the
Poisson correction model for distance computation (homogeneous
substitution pattern among lineages), to infer phylogeny on all lineages,
since several pairwise distances could not be assigned with the equal
input correction mode. BvMTPs were named based on the phylogenetic

analysis and sequence homology with Arabidopsis MTP proteins.

B9-wiLey—

2.3 | Plant material and growth conditions

Sugar beet seeds (KWS2320) were germinated on wet filter paper
at 16°C in darkness for 6 days. Then, the hypocotyl of seedlings
was inserted into a sliced polyethylene foam plug, and 40
seedlings were placed into a 1L container filled with hydroponic
solution composed of 1.3 mM KNOj;, 1 mM Ca(NOs3),, 0.4 mM
MgS0O,, 0.26 mM NH4NO3, 0.2 mM KH,PO,4, 25 uM Fe-EDTA,
19 uM H3BO3;, 10uM MgCl,, 5uM MnSO,4, 0.3uM ZnSOy,
0.13uM CuSOy4, and 0.05uM MoOj;. The pH of the solution
was adjusted to 5.5 with KOH. Media was aerated with
atmospheric air controlled by a flow-meter (Cole-Parmer).
Hydroponic trays were placed in a plant growth cabinet (VB
1014, Votsch) set to 23°C/19°C day/night cycle and a 16-h light

2571 for 9 days to allow further growth. For

period (300 umol m~
micronutrient deficiency treatments, eight seedlings were trans-
ferred to a 4.5-L container filled with aerated hydroponic solution
with no added Fe-EDTA (-Fe), MnSQO4 (-Mn), or ZnSO4 (-Zn), and
those grown in hydroponic solution containing all nutrients were
used as control. For metal excess treatments, sugar beet
seedlings were grown for 17 days before treatment. Solutions
were changed every 7 days. Photosynthetic activity, gene
expression levels, chlorophyll, and element concentrations were
measured in the youngest fully developed leaves.

For hydroponic experiments with Arabidopsis, seeds were
sown on % MS vertical plates and placed in the growth cabinet
used for sugar beet set to 23°C/19°C day/night cycle and a 16-h
light period (100 umolm™2s™). Then, seedlings were inserted
into a sliced polyethylene foam plug, and 15 seedlings were
placed into a 4.5-L container filled with the hydroponic solution
described above. For plate experiments, Arabidopsis seeds were
grown on % MS vertical plates at 21°C/19°C and a 16-h light
period (100 umol m™2s71).

2.4 | Measurements of chlorophyll and
photosynthetic parameters

A chlorophyll meter (SPAD-502Plus, Konica-Minolta) was used to
take SPAD values from two fully expanded young leaves on each
plant. A total of four plants were measured for each growth
condition, and three SPAD values per leaf were averaged as the
mean SPAD value of the leaf. An Imaging Pulse-Amplitude-
Modulation (PAM) chlorophyll fluorometer and the software
ImagingWIN version 2.47 (both Heinz Walz) were employed to
determine photosynthetic parameters. Before the experiment,
plants were dark-adapted for 30 min. Fluorescence measure-
ments of young detached leaves were recorded by illumination

for 2s with 3000 umol photonsm™2s™?

at a wavelength of
650 nm. PSIl maximum efficiency (F,/F,,) and F, were calculated
from the recorded fluorescence parameters. The experiment was

replicated with comparable results.
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2.5 | Mineral element analyses

Roots and young leaves of plants were separated. Leaves were rinsed
with deionized water and dried at 70°C. Roots were washed in cold
1mM MES (pH 5.7) for 10 min, then rinsed with deionized water,
washed in cold 10 mM EGTA, 1 mM MES (pH 5.7) for 10 min, and
dried at 70°C. Dry leaves and roots were weighed into poly-
tetrafluoroethylene (PTFE) tubes and digested in a solution of HNOs3,
H,0,, and ultrapure water (3:1:1) using a microwave digester (Mars 5
Xpress, CEM). Elemental analysis was performed using microwave
plasma-atomic emission spectrometry (4210 MP-AES, Agilent). The
experiments were replicated with comparable results.

2.6 | RNA extraction and quantitative reverse
transcription polymerase chain reaction (QRT-PCR)
analysis

Total RNA was isolated from young leaves and roots using a
Spectrum™ Plant Total RNA kit (Sigma-Aldrich). Then, first strand
complementary DNA (cDNA) was synthesized using M-MulLV
Reverse Transcriptase (New England Biolabs) according to the
manufacturer's protocol. PCR reactions were conducted on a
MasterCycler ep RealPlex* S system (Eppendorf) using a final volume
of 10 pL containing 5uL PerfeCTa SYBR Green Supermix Reagent
(Quantabio), 1uL of cDNA, and 0.2uM gene-specific primers
(Supporting Information: Table S1). The PCR reaction conditions
were 95°C for 30 s, followed by 40 cycles of 95°C for 30's, 55°C for
30s, and 72°C for 25s. The relative expression levels were
normalized by using the average of three housekeeping genes
(BVACT?7, BvEF1, BvGAPDH for sugar beet and AtACT2, AtTUB6, and
AtUBQ10 for Arabidopsis) as reference values. The comparative C;
(2244%) method was applied for quantification. Three technical
replicates were performed for each qRT-PCR reaction. The experi-
ments were replicated with comparable results.

2.7 | Yeast complementation

Sequences encoding BvMTPs, BvIRTs, and AtMTP1 were PCR-
amplified from sugar beet and Arabidopsis cDNA by using gene-
specific primers (Supporting Information: Table S1), and inserted by
the USER cloning reaction into a USER-compatible modified pFL61
vector (Nour-Eldin et al., 2006). The pFL61-AtMTP8 construct was
described previously (Eroglu et al., 2016). The pFL61-MTP constructs
were then transformed into the Saccharomyces cerevisiae yeast
strains Azrc1 (Y00829), Acccl (YO4169), and Apmrl (YO4534). The
pFL61-BVIRT constructs were transformed into the yeast mutants
Afet3Afet4 (DDY4) and Asmfl (Y06272). The pFL61 empty vector
was used as a negative control, and the wild type strain BY4741
(YO0000) harboring pFL61 was used as positive control. In the case of
the Afet3Afet4 mutant, the DY150 strain was used as wild type.
Cultures of each yeast strain containing one of the genes of interest

were grown in liquid SC-URA medium. Then 10-pL aliquots of each
yeast culture at optical densities (ODg¢gg) of 1.0, 0.1, and 0.01 were
spotted onto the respective restrictive media. The experiments were

replicated with comparable results.

2.8 | Subcellular localization

To determine the subcellular localization of sugar beet and
Arabidopsis MTP proteins, the coding region of BvMTP and
AtMTP1 genes were amplified with the gene-specific primers
shown in Supporting Information: Table S1. These CDS sequences
were cloned by the USER cloning reaction into a USER-
compatible modified pART7 vector in-frame with an mCherry
tag in the C-terminus. In the case of AtMTP1, an EGFP tag was
used. Constructs were transiently expressed in freshly isolated
protoplasts from 3- to 4-week-old sugar beet seedlings or 4- to
5-week-old Arabidopsis plants, as previously described (Peiter
et al., 2007). After transformation, protoplasts were observed
with a confocal laser scanning microscope (LSM 880 Airyscan,
Carl Zeiss) equipped with a Plan-apochromatic lens (x63/1.4 Qil).
The pART7-AtMTP8-GFP construct was obtained by amplifica-
tion of AtMTP8 from pART7:MTP8 (Eroglu et al., 2016) and
cloning into the pART7:mGFP5 vector (Peiter et al., 2007). A
vector derived from pFGC5941 carrying the first 29 amino acids
of cytochrome c oxidase IV from S. cerevisiae fused to GFP
(Nelson et al., 2007) was used as mitochondrial marker. The ER
marker consisted of a combination of the signal peptide of
AtWAK?2 at the N-terminus of GFP and the ER retention signal
His-Asp-Glu-Leu at its C-terminus (Nelson et al., 2007).

2.9 | Transgenic Arabidopsis lines

A cassette including the 35S promoter, the coding region of the
BVMTP genes, and the 3'ocs terminator was subcloned from
pART7-BvMTP1, pART7-BvMTP11qa, and pART7-BvMTP118 into
the pBART vector (Peiter et al.,, 2007) by Notl digestion.
Constructs were transformed in Agrobacterium tumefaciens
GV3101 by electroporation, and Arabidopsis mutants ozsl
(Weber et al., 2013) and mtp11-1 (Peiter et al., 2007) were
transformed by the floral-dip method (Clough & Bent, 1998). The
resulting seeds were selected by BASTA, and the T2 generation

was used for further analyses.

3 | RESULTS

3.1 | Identification and classification of MTP genes
in sugar beet

To identify sugar beet MTP genes, a BLASTP search on the Beta
vulgaris resource database was performed using the 12 MTP proteins
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TABLE 1

Name
BvMTP1
BvMTP4
BvMTP5
BvMTPé6
BvMTP7a
BvMTP7
BvMTP8.1
BvMTP8.2
BvMTP9a
BvMTP9B
BvMTP11a
BvMTP11pB
BvMTP12

Gene code
Bv1_002330_xpwe
Bv7_188800_eexc
Bv3_066040_gndu
Bv7_178970_wncp
Bv7_193680_mnog
Bv7_193680_mnog
Bv3_075740_ryth
Bv4_078380_yiwe
Bv1_023100_scux
Bv1_023100_scux
Bv2_040710_ecai
Bv2_040710_ecai
Bv3_055170_rawz

Mn/Fe-MTP

Fe/Zn-MTP

Zn-MTP

Amino
Acids

419
356
400
504
452
456
417
402
378
401
408
351
873

Summary of the sugar beet BvMTP gene family.

MwW

(kDa) pl
46.0 6.1
39.9 6.1
44.8 8.6
55.5 6.7
50.0 6.5
50.6 6.6
47.0 5.3
45.5 5.5
43.7 7.7
46.2 6.3
45.9 4.9
39.7 4.9
98.7 6.6

BVMTPYa
BvMTP9

BVMTP11a

BVMTP11p

BvMTP8.1
BvMTP8.2
BvMTP6

BVMTP78
BVMTP7a

AtMTP12

100 E AtMTP5

BvMTP4

BVMTP1
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FIGURE 1 Phylogeny and intron-exon structure of MTP genes of Arabidopsis thaliana and sugar beet (Beta vulgaris). BYMTP and AtMTP
proteins were used to construct the neighbor-joining tree. Blue boxes, red boxes, and black lines represent untranslated regions, exons, and
introns, respectively, and their lengths are shown proportionally. The Zn-MTP proteins are divided into two subgroups according to their

phylogenetic relationships.

from Arabidopsis thaliana as queries. After a validation to confirm the
presence of a cation efflux protein domain, 10 BvMTP genes were
identified (Table 1). A second analysis using the NCBI sugar beet
database revealed that three BvMTPs have two splice variants,

denoted as a and B, as result of alternative start codons. A

phylogenetic analysis of Arabidopsis and sugar beet MTP proteins

was performed to systematically classify them, and BvMTPs were

named according to their similarity to AtMTPs (Figure 1). The
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phylogenetic tree shows that BvMTP8.1, BvMTP8.2, BvMTP%a/B,
and BvMTP11a/B belong to the Mn/Fe-MTP cluster; BvMTP6 and
BvMTP7a/B to the Fe/Zn-MTP cluster; and BvMTP1, BvMTP4,
BvMTP5, and BvMTP12 to the Zn-MTP cluster. The exon-intron
organization is conserved between Arabidopsis and sugar beet MTP
genes. However, exons are more widely dispersed with larger introns
in BvMTP genes as compared to AtMTPs. In particular, the BYMTP6
gene has a length of 32 kb. The BvMTP genes are distributed across
five of the nine sugar beet chromosomes (Supporting Information:
Figure S1) with no BvMTP genes located close to each other. It is
therefore suggested that no tandem duplication events occurred in
the evolutionary history of sugar beet MTP genes.

3.2 | Sequence analysis of BvMTP proteins

BvMTP proteins are predicted to have 5-6 TMDs, with a length
ranging from 356 to 504 amino acids, and molecular masses from
39.9 to 55.5 kDa (Table 1). As exception, BvMTP12 as the largest
member of the family has approximately twice the number of
amino acids and putative TMDs compared to other sugar beet
MTPs. BvMTP7B is four amino acids (MQWR) longer than
BvMTP7a, whereas the amino acid sequences of BvMTP9 and
BvMTP11 splice variants differ in the N-terminal region (Support-
ing Information: Figure S2). These splice variants were confirmed
by PCR-amplification from cDNA using specific primers and
sequencing. Interestingly, BvMTP5 and BvMTP7a/f have a
predicted chloroplastic and mitochondrial transit peptide, respec-
tively. Since the BYMTP7 splice variants only differ in four amino
acids in the N-terminal region, it was not possible to design
specific primers for gRT-PCR analyses of the BvMTP7 splice
variants.

An alignment of AtMTP and BvMTP sequences showed that
Zn-MTPs are conserved with the exception of At/BvMTP5, which
are more divergent in the TMD region and contain a shorter
cytosolic loop between TMD |V and V (Supporting Information:
Figure S3a). The Zn-MTP cluster can generally be discerned by
the presence of two consensus motifs, HxxxD (x =any amino
acid), and a histidine/serine-rich (H/S) region between TMD IV
and V (Montanini et al.,, 2007). Here, both consensus motifs as
well as the H/S region are present in most Zn-MTPs, except for
MTPS5 of both species.

Proteins of the sugar beet Mn/Fe-MTP subfamily have highly
conserved sequences (Supporting Information: Figure S3b). All of
them contain the two DxxxD consensus motifs specific for this
subgroup (Montanini et al., 2007). By contrast, members of the
plant Fe/Zn cluster exhibit a high degree of sequence divergence
with no specific domains or conserved residues (Gustin et al.,
2011; Ricachenevsky et al., 2013). Therefore, BYyMTP6 and
BvMTP7 were independently aligned with their respective
closest homologs from Arabidopsis (Supporting Information:
Figure S4). This alignment analysis shows a high degree of

conservation in TMDs, but not in N-termini.

3.3 | BvMTP genes complement yeast mutants
defective in Fe, Mn, and Zn transport

The in silico analyses indicated a high degree of conservation of
the MTP family in Arabidopsis and sugar beet, with some notable
differences, such as a duplication of MTP8, and less Mn/Fe-MTPs
and Zn-MTPs in sugar beet. This provoked the question whether
their substrate specificity is conserved. To determine the
proteins' selectivities, the BvMTP genes were expressed in yeast
mutants defective in vacuolar sequestration of Fe (Acccl) and Zn
(Azrc1), and in the loading of Golgi vesicles with Mn (Apmr1). In
the presence of 1 mM MnSQy, the growth defect of Apmr1 cells
was abolished by all Mn/Fe-MTP genes and splice variants, that
is, BYMTP8.1, ByMTP8.2, ByMTP9a/B, and BYMTP11a/B (Figure 2).
This is in agreement with an analysis of two Mn/Fe-MTPs that
were described as Mn transporters in the sugar beet relative Beta
vulgaris spp. maritima (Erbasol et al., 2013). On medium contain-
ing 10mM FeSQy4, only BvMTP8.1, BYMTP8.2, and BvMTP9f
rescued the growth of Acccl. Interestingly, the splice variant
BvMTP9a was unable to do so, indicating an essential function of
the N-terminus in the discrimination of Mn versus Fe by BvMTP9
(Figure 2). Finally, only BvMTP1 was able to complement the
Azrc1 mutant on medium containing 15 mM ZnSO,4. As Arabi-
dopsis AtMTP8 and AtMTP1 have been described as Fe/Mn and
Zn transporters, respectively, these proteins were used as
positive controls in yeast complementation assays (Supporting
Information: Figure S5).

The in silico analysis showed that BYMTP5 and BvMTP7( harbor
a putative chloroplastic and mitochondrial transit peptide, respec-
tively. Since this may interfere with their transport activity, the yeast
mutants were transformed with a truncated version of those genes,
devoid of the transit peptide. However, neither BvMTP541-¢1 nor
BvMTP741-190 \was able to rescue any of the yeast strains (Supporting
Information: Figure Sé6).

Taken together, these results suggest that all members of the
sugar beet Mn/Fe-MTP cluster transport Mn. A subset of those
has the ability to transport Fe, whereas only one sugar beet MTP
transports Zn in our assays. The transported substrate of a
number of BVMTPs, including all of the Fe/Zn subgroup, remains

obscure.

3.4 | BvMTP1 and BvMTP11a/B complement the
metal sensitivities of Arabidopsis mtp1 and mtp11
mutants

Arabidopsis AtMTP1 and AtMTP11 are well-characterized Zn and
Mn transporters, respectively. To further analyse if their sugar
beet counterparts share these substrates, as indicated by the
yeast complementation assays (Figure 2), BvMTP1 and
BvMTP11a/B were stably expressed in Arabidopsis knockout
mutants. Heterologous expression of rice OsMTP1 in Arabidopsis
has previously been shown to rescue Zn sensitivity of a mtp1
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FIGURE 2 BvMTP genes complement yeast strains sensitive to Mn, Fe, and Zn. Apmr1, Accc1, and Azrc1 yeast mutants were transformed
with the pFL61 empty vector (e.v.), or with pFL61 containing BvMTPs. Yeast cells were grown on selective media (SC-Ura) with metal
supplementation as indicated. Precultured cells were diluted to an ODgg of 1.0, 0.1, and 0.01, and spotted onto plates. Plates were incubated

for 72 h at 30°C.

mutant (Menguer et al., 2013), consistent with the function of
MTP1 in the transport of Zn into the vacuole for sequestration.
To define the function of BvMTP1 in planta, an Arabidopsis
AtMTP1 loss-of-function allele, ozs1 (Weber et al., 2013), was
stably transformed with BvMTP1 under the control of a constitu-
tive 35S promoter. The ozs1 mutant is sensitive to elevated Zn,
suffering stunted growth and reduced fresh weight compared
with the wild type (Figure 3a). The tolerance to high Zn was
restored when ozs1 was transformed with BvMTP1. In addition,
we examined whether sugar beet BYMTP11a/B function in planta
as Mn transporters, like their Arabidopsis homolog, AtMTP11,
which plays a role in the detoxification of excess Mn (Peiter et al.,
2007). This was explored by expressing BvMTP11a/B in the
Arabidopsis mtp11-1 mutant, which has previously been shown
to display reduced shoot weight and root growth rate compared
to wild type under high Mn load (Peiter et al., 2007). Stable
expression of both BYMTP11 splice variants clearly rescued the
Mn-hypersensitive phenotype of mtp11-1 (Figure 3b,c).

The results substantiate the notion that BvMTP1 and
BvMTP11a/B function as transporters for Zn and Mn, respectively,

and mediate the detoxification of those metals, as their Arabidopsis
homologs.

3.5 | BvVMTP proteins localize to diverse
subcellular compartments

The substrate selectivities of BvMTPs resembled those of
their Arabidopsis counterparts, with a notable reduction of Zn-
transporting members to only one. We next queried the locations of
their operation. In Arabidopsis, MTPs operate in a range of
organelles, including the vacuole, ER, and vesicular compartments,
with known functions in these membranes. To determine the
subcellular localization of BvMTPs, we chose to avoid heterologous
expression, and transiently expressed BvMTP-mCherry fusions in
sugar beet mesophyll protoplasts. Microscopic observations revealed
that BvMTPs were all localized in various endomembranes (Support-
ing Information: Figure S7 and Table 1).

To get a closer insight into the subcellular localization, some
BvMTP fusions were coexpressed with subcellular markers and
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FIGURE 3 Functional complementation of Arabidopsis mutants by BvMTPs. The mtp1 (ozs1) and the mtp11-1 mutant were stably

transformed with BvMTP1 and BvMTP11a/B, respectively. Representative images and fresh weights of 14-day-old seedlings grown on media
containing 150 uM Zn (a) and 1 mM Mn (b), (c). Two independent lines for each construct are shown. MTP1-1, MTP1-2: 0sz1 355:BvMTP1; 11a-1,
11a-2: mtp11-1 355:BvyMTP11a; 11B-2, 11B-4: mtp11-1 355:BvMTP11p. Asterisks indicate statistically significant differences (Student's t test;

*p < 0.05 and **p < 0.01).

Arabidopsis MTPs. Surprisingly, BYMTP1-mCherry colocalized with
AtMTP1-GFP in a vesicular pattern (Figure 4a). However, when both
were coexpressed in Arabidopsis protoplasts, they colocalized in the
tonoplast, which has been described before as target of AtMTP1
(Desbrosses-Fonrouge et al., 2005). Interestingly, of the closely
related BvMTP8.1 and BvMTP8.2, only the former was localized in
the tonoplast (Supporting Information: Figure S7). Likewise, a
tonoplast localization was found for BvMTP11a, but not for its
splice variant BMTP11B which showed a punctate pattern (Support-
ing Information: Figure S7). Expression in Arabidopsis protoplasts
showed that the localization of BvMTP11 coincided with that of
AtMTP11, which resides in the Golgi (Peiter et al., 2007), while
BvMTP11a colocalized with the vacuolar AtMTP1 (Figure 4b). Hence,
unlike BvMTP1, localization of BvMTP11 variants was independent

of the expression system. The different localizations of the BvMTP8
paralogs and of the BvMTP11 splice variants are suggestive of neo-
functionalizations and point to a role of the differential protein parts
in their targeting.

As predicted by in silico analyses (Table 1), two family members
were found in bioenergetic organelles: BvMTP5 was targeted to
chloroplasts, and BvMTP73 to mitochondria, as evidenced by
colocalization with a mitochondrial marker (Figure 4b). In addition,
BvMTP12 colocalized with a ER marker. Proteins for which a precise
localization was not determined are denoted as “endomembrane” in
Table 1. These members also have not been localized in Arabidop-
sis yet.

Taken together, subcellular localization of sugar beet MTPs
cannot be directly inferred from their closest Arabidopsis homologs,
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and intriguingly, MTP1 transporters showed a punctate pattern or
vacuolar localization depending of the plant species in which they
were expressed. These results provoke the assumption that the

proteins have taken on divergent roles in both plants.

3.6 | BVMTP genes have tissue- and age-specific
expression patterns

Given the differential substrates and localization of the BvMTP
members, we were interested in where and when the genes are
expressed. Public RNAseq data of different organs (Dohm et al,,
2014) revealed that BvMTPs are generally more highly expressed
in taproots and seedlings as compared to leaves (Supporting
Information: Figure S8a). BvMTP1 and BvMTP11a/pB are expressed
most homogeneously across tissues, whereas BvYMTP4 shows a
low expression, particularly in leaves. Expression in roots and
juvenile leaves of 3- to 5-week-old plants, as analysed by qRT-
PCR, again differed substantially between family members
(Supporting Information: Figure S8b). Interestingly, the splice
variants of BvMTP9 and BvMTP11 were differentially expressed in
leaves and roots. While BYMTP9B was detected exclusively in
roots, BvMTP9a was mainly expressed in leaves at early stages
and in roots only at the latest time point analysed in this study.
Likewise, BvMTP11B was expressed mainly in older roots,
whereas BvMTP11a was detected in both leaves and roots. In
summary, the expression of BvMTP genes is dependent on plant
tissue and age, what is likely related to differences in micro-

nutrient requirements and homeostasis.

3.7 | Mn-deficient sugar beet accumulates less Fe
in roots

In Arabidopsis, MTPs have been associated with the distribution and
utilization of micronutrients, and their expression responds to
micronutrient availability (Andresen et al., 2018). It is obscure if this
extends to other dicot species. In terms of family members,
substrates, and localizations, the MTP family in sugar beet has
similarities and differences to the phylogenetically distant Arabidop-
sis. This provoked the question if the responses of MTPs to
nutritional imbalances are conserved. However, physiological
responses of sugar beet to Mn, Zn, or Fe limitation have not been
intensively studied yet, and thus were addressed first.

In other crops, like barley, Mn deficiency often occurs as a latent

disorder, without clear visual symptoms in early stages (Schmidt et al.,

2013). To investigate the impact of Mn deficiency on sugar beet,
seedlings were grown hydroponically on nutrient-replete media and
then exposed to Mn-sufficient (+Mn) or Mn-deficient (-Mn) condi-
tions for 12-18 days. The plants displayed typical Mn deficiency
symptoms, such as interveinal chlorosis, after 18 days of Mn
starvation (Figure 5a,b). Although leaves showed a decrease in
chlorophyll content as early as 12 days on —Mn (Figure 5c), no visual
chlorotic symptoms were observed at that time. Shoot biomass was
not reduced by Mn deficiency in the experimental period, whereas
root biomass was decreased relative to +Mn conditions (Figure 5d,e).
Thus, sugar beet development was only mildly affected at early
stages of Mn deficiency.

To test how Mn deficiency affects the accumulation of
macro- and micronutrients in sugar beet, concentrations were
analysed in roots and leaves. As expected, the Mn concentration
in both plant parts was drastically reduced under low Mn supply
(Figure 5f,g). In these plants, Mn concentrations were clearly
below the critical threshold described for sugar beet (Draycott,
2006). Unexpectedly, Mn-deficient roots showed a strongly
decreased Fe concentration, while no significant differences
were observed in leaves. Zn concentrations in leaves and roots
remained unaffected by the Mn concentration. In the case of
macronutrients, 18 days of Mn deficiency caused a strong
depression of K concentrations in roots and leaves (Supporting
Information: Figure S9). In roots, but not in leaves, P concentra-
tions were also reduced at both time points, and Mg concentra-
tions at 18 days. The data demonstrate that Mn deficiency causes
major alterations in the ionome, particularly a reduction of Fe, K,
P, and Mg in roots.

3.8 | Mn deficiency strongly impacts
photosynthetic activity in sugar beet leaves

Since Mn is the catalytically active element in the OEC of PSII, minimal
fluorescence in the absence of light (F,), maximal fluorescence (F,), and
maximum quantum yield of PSII photochemistry (F,/F,,) were analysed by
Imaging-PAM fluorometry (Baker, 2008). Interestingly, leaves of plants
grown for 12 days in ~Mn media showed a decrease in F,/F,, mainly in
the interveinal regions of the proximal part, while the distal area remained
largely unchanged compared to +Mn leaves (Figure 6a). Nevertheless,
when the whole leaf was averaged, a decrease in F,/F,, was observed
under -Mn, which is mainly due to an increase in F,, while F,, values
remained unchanged (Figure 6b-d). After 18 days of Mn deficiency, F,
was further increased, leading to a further reduction of F,/F,. These

results demonstrate a close coincidence of loss in chlorophyll and

FIGURE 4 BvMTP proteins are localized to diverse cellular compartments. BYMTP-mCherry and AtMTP1-GFP expressed in sugar beet and
Arabidopsis protoplasts (a). Diverse BYMTPs coexpressed with subcellular markers and Arabidopsis AtMTPs (b). mCherry and GFP fusion
constructs were transiently expressed in sugar beet or Arabidopsis mesophyll protoplasts for 18 h. The source of the protoplasts is stated on the
left. Pixel intensity profiles of GFP (green) and mCherry (magenta) were determined along a virtual line scan. Scale bars represent 10 um.
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FIGURE 5 Mn deficiency impinges on growth, leaf greenness, and iron accumulation in sugar beet. Shoots (a) and roots (b) of sugar beet
plants grown under Mn-replete (+Mn) and Mn-deficient (-Mn) conditions for 12 and 18 days. SPAD index of leaves (c). Fresh weight of leaves (d)
and roots (e). Micronutrient concentrations in leaves (f) and roots (g). Values represent the mean + SD of four biological replicates. Asterisks
indicate statistically significant differences of ~-Mn and +Mn values (Student's t test; *p < 0.05 and **p < 0.01). DW, dry weight.
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FIGURE 6 Mn-deficient sugar beet plants
are defective in PSII activity. Minimum
chlorophyll fluorescence (Fp) and maximum PSlI
efficiency (F,/Fp,) in young leaves grown under
Mn sufficiency (+Mn) and Mn deficiency (-Mn)
(a). The color scale indicates the relative signal
intensities between O (black) and 1 (purple).
Quantification of Fy (b), Fp,, (c), and F,/F,, (d).
Asterisks indicate statistically significant
differences of -Mn and +Mn values (Student's t
test; **p < 0.01).
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reduction of photosynthetic activity at early stages of Mn deficiency in

sugar beet.

3.9 | Mn/Fe-BvMTP genes are differentially and
splice variant-specifically regulated by low Mn supply

Having established growth conditions to induce Mn deficiency, we
determined a possible involvement of BvMTPs in the response to
those conditions. Transcript levels of the genes were determined in
roots and young leaves of plants grown hydroponically under -Mn
for 12 days. In young leaves, none of the genes was transcriptionally
affected (Figure 7). In contrast, BYMTP8.2, which is highly expressed
in roots, was upregulated further, whereas its close relative
BvMTP8.1 was downregulated. In BvMTP11, only the splice variant
BvMTP11a was upregulated under Mn starvation. Taken together,
transporters of the Mn/Fe subfamily were differentially regulated,
which points to their direct involvement in the response to Mn
limitation. Intriguingly, the homologs of those transporters in
Arabidopsis, AtMTP8 and AtMTP11, are involved in Mn detoxifica-

tion rather than its efficient utilization.

12 days 18 days

3.10 | Zn deficiency affects leaf growth without
alteration of photosynthetic activity

To analyse the effect of Zn deficiency, sugar beet seedlings
germinated on complete media were exposed to Zn-sufficient
(+Zn) or Zn-deficient (-Zn) conditions for 12 days. Under Zn
deficiency, leaves were smaller, and necrotic areas in leaf margins
were observed (Figure 8a). Shoot biomass was significantly
reduced, whereas root growth was unaffected (Figure 8b,c).
Although leaf growth was reduced in Zn-deficient plants, leaf
greenness (SPAD index) and photosynthetic efficiency (F,/F,,;) in
nonnecrotic areas was unaffected (Supporting Information:
Figure S10a,b), suggesting that the photosynthetic activity in
sugar beet plants is not primarily impaired by Zn deficiency.

In Zn-deficient leaves, Zn concentration was reduced to 15%
of that in Zn-sufficient plants (Figure 8d); the reduction in
roots amounted to 50% (Figure 8e). Interestingly, Zn deficiency
caused a significant decrease in Fe and Mn concentrations in
leaves and roots, respectively. In addition, macronutrient levels
were altered in leaves and roots. While K concentrations were

decreased in both parts, Ca concentrations were lower in leaves,
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FIGURE 7 Expression of specific BPMTP genes is altered by Mn starvation in roots but not in leaves of sugar beet. Plants were cultivated for
12 days under Mn-sufficient (+Mn) or Mn-deficient (-Mn) conditions. Expression of BvMTPs was quantified by gqRT-PCR. Values represent the
mean + SD of nine gRT-PCR assessments from three independent biological replicates. The average of three housekeeping genes (BVACT7,

BVvEF1, BvGAPDH) was used as reference value. Asterisks indicate statistically significant differences of ~Mn and +Mn values (Student's t test;

*p < 0.05).

and phosphate concentrations strongly reduced in roots (Sup-
porting Information: Figure S10c,d).

To confirm the Zn-deficient status of the sugar beet plants, a
close homolog to the Zn deficiency marker gene AtIRT3 was
identified and named BvIRT3. Consistent with the Zn deficiency
response in Arabidopsis, BVIRT3 was upregulated in leaves and roots
of sugar beet (Figure 8f).

3.11 | BvMTPs of the Zn subgroup are not induced
under Zn deficiency

To investigate whether BYMTP genes are transcriptionally regulated
by Zn limitation, their expression pattern was determined in roots
and leaves of Zn-sufficient and Zn-deficient plants. In leaves
BvMTP1, BvMTP7, and BvMTP12 were slightly upregulated, whereas
BvMTP6 and BvMTP9a were downregulated (Figure 9). The only
regulated gene in roots was the Mn/Fe-MTP member BvMTP9a, but
not its splice variant BYMTP98 (Figure 9). This gene, which is usually
lowly expressed in roots, was highly upregulated there, whereas in
leaves its expression was slightly reduced. Given the decrease of Mn
concentration in roots under low Zn conditions (Figure 8), the
transcriptional regulation of the Mn-transporting BvMTP%a is likely
related to Mn homeostasis under low Zn conditions.

Notably, none of the Zn-MTPs was transcriptionally affected in roots,
which deviates from the situation in Arabidopsis, where AtMTP2 is an
important component of the Zn deficiency response (Sinclair et al., 2018).
The different Zn-responsiveness of Arabidopsis and sugar beet Zn-MTPs
was confirmed by cultivating Arabidopsis in the same Zn-deficient
medium, whereby AtMTP2 expression in roots showed the previously
demonstrated upregulation (Supporting Information: Figure S11).

3.12 | Plant performance and micronutrient
homeostasis of sugar beet are severely affected
under Fe deficiency

In Fe-deficient Arabidopsis, low specificity of the Fe uptake
transporter IRT1 causes a high accumulation of transition metals
which are detoxified by MTP members. To analyse the impact of
Fe deficiency on growth and metal accumulation of sugar
beet, seedlings grown in complete medium were exposed to
Fe-sufficient (+Fe) or Fe-deficient (-Fe) conditions for 5-9 days.
Low-Fe plants displayed a strong growth inhibition and leaf
chlorosis (Figure 10a-d), reflected in decreased greenness values
(Figure 10e). However, unlike in Mn-deficient leaves (Figure 6),
F./F, and F, were not affected in the experimental period
(Figure 10f and Supporting Information: Figure S12a,b).
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FIGURE 8 Zn deficiency causes necrosis
and reduced shoot growth in sugar beet.
Shoot (a) and roots (b) of sugar beet plants
grown under Zn-sufficient (+Zn) or Zn-
deficient (-Zn) conditions. Fresh weight of
shoot and roots (c). Concentrations of
micronutrients in young leaves (d) and roots
(e). Values represent the mean + SD of four
biological replicates. Expression of the Zn
deficiency marker gene BvIRT3 is increased in
leaves and roots under Zn starvation (f). Plants
were cultivated for 12 days under Zn-
sufficient (+Zn) or Zn-deficient (-Zn)
conditions. Gene expression was quantified by
gRT-PCR. Values represent the mean + SD of
nine qRT-PCR assessments of three biological
replicates. The average of three housekeeping
genes (BVACT7, BvEF1, and BvGAPDH) was
used as reference value. Asterisks indicate
statistically significant differences of -Zn and
+Zn values (Student's t test; *p < 0.05 and

**p < 0.01). DW, dry weight.

mg.g' DW
o

* %

0.0 -
Fe Mn Zn

Relative expression =
- - N N w
o a1 o [$)] o
o o o o o
|_| * *
*

a
o

Leaves Roots

o

Metal accumulation was distinctl altered by Fe deficiency.
The Fe concentration decreased strongly in young leaves and
even more so in roots under low Fe supply (Figure 10g,h). In
parallel, Zn concentration was increased at a low level in roots

after 9 days of Fe limitation, while Mn levels were increased

already at the first time point and to higher amounts after 9 days.
This increase was more pronounced in roots than in leaves, being
c. fivefold higher in Fe-deficient plants. Concentrations of Ca, K,
Mg, and P were not affected by Fe deficiency (Supporting
Information: Figure S12c,d).
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FIGURE 9 Expression of BYMTPs is mainly altered in leaves under
Zn starvation. Gene expression profile of BvMTPs in root and leaves
(a). Plants were cultivated for 12 days under Zn-sufficient (+Zn) or
Zn-deficient (-Zn) conditions. Gene expression was quantified by
gRT-PCR. Values represent the mean + SD of nine gRT-PCR
assessments of three biological replicates. The average of three
housekeeping genes (BvACT7, BvEF1, and BvGAPDH) was used as
reference value. Asterisks indicate statistically significant differences
of -Zn and +Zn values (Student's t test; *p < 0.05 and **p < 0.01).

These results confirm that the chlorotic phenotype was due to
primary Fe deficiency and also suggest that sugar beet plants

accumulate more Mn when Fe is limiting.

3.13 | Fe deficiency does not induce expression of
BvMTPs in sugar beet roots

In Arabidopsis, detoxification of the secondary IRT1 substrates is
mediated by AtMTP3 and AtMTP8, which handle Zn and Mn,
respectively, by sequestration in root vacuoles (Arrivault et al.,
2006; Eroglu et al., 2016). It is unknown if this concept extends to
dicots in general. Therefore, transcript levels of BvMTPs after 9
days of Fe limitation were analysed. Most surprisingly, in roots,
the expression of none of the BYMTP genes was significantly
increased upon Fe starvation (Figure 11a). This also held true for
BvMTP1 and BvMTP8.1/8.2, the closest relatives of AtMTP3 and
AtMTP8, respectively. In contrast, BYMTP8.2 was induced c.
twofold in leaves. To evaluate if the absent upregulation of
BvMTP1 and BvMTP8.1/8.2 may have been caused by the
experimental conditions, Arabidopsis plants were cultivated in
the same Fe-deficient medium. The results show that AtMTP3 and
AtMTP8 expression in roots were induced, as previously
described (Supporting Information: Figure S13). These results
suggest that positive transcriptional responses of MTPs to Fe

B9-wiLey— 2%

deficiency in sugar beet occur exclusively in leaves, albeit not

very pronounced, which is in stark contrast to Arabidopsis.

3.14 | Fe deficiency-responsive genes are
differentially regulated in leaves and roots of
sugar beet

The unresponsiveness of Mn/Fe- and Zn-MTP members to Fe
deficiency provoked the question if other parts of the Fe deficiency
response are conserved. In Arabidopsis, the expression of the ZIP
transporter genes IRT1 and IRT2 is under control of the transcription
factor FIT, which itself is transcriptionally upregulated, whereas the
Fe storage protein FERRITIN1 (FER1) is downregulated by Fe
deficiency (Schwarz & Bauer, 2020). To gain an insight into the
sugar beet response to Fe deficiency, IRT, FIT, and FER1 homologs
were identified and their expression analysed. Consistent with the Fe
deficiency response in Arabidopsis, BvFIT and BvFER1 were upregu-
lated in roots and downregulated in leaves, respectively
(Figure 11b,c). In addition to IRT3, another two BVIRT genes were
identified in the sugar beet genome and named BvIRT1 and BVIRT2,
according to their similarity to Arabidopsis IRTs. In roots, BVvIRT1 was
upregulated, while BvIRT3 expression was unaffected under Fe
deficiency (Figure 11c). Conversely, BVIRT3 was upregulated, albeit
on a low absolute expression level, in young leaves (Figure 11b).
BVIRT2 was expressed neither in root nor young leaves regardless of
the Fe treatment. These results strongly suggest that BvIRT1 is the
main Fe uptake transporter under Fe deficiency. Key players of the
Fe deficiency response known from Arabidopsis are thus also
induced in sugar beet, albeit differences are apparent, such as absent

expression of BvIRT2.

3.15 | Mn and Zn excess promote Fe accumulation
in sugar beet, and Zn surplus induces expression of
BvMTPs

In Arabidopsis, Mn and Zn excess provoke Fe deficiency and induce
MTP genes. While Mn excess causes a FIT-dependent upregulation of
AtMTP8 expression (Eroglu et al., 2016), Zn toxicity induces AtMTP3
(Arrivault et al., 2006; Shanmugam et al., 2011). Since MTPs were
largely unresponsive to primary Fe deficiency in sugar beet
(Figure 11a), we asked if its response to either Mn or Zn excess
also differs from that in Arabidopsis. To this end, plants were grown
for three days with high Mn (500 uM MnSQ,), high Zn (200 uM
ZnSQ,), and standard supply (5 uM MnSOy, 0.3 uM ZnSOy,). In high-
Mn media, Mn was increased c. 10-fold in leaves and c. threefold in
roots (Figure 12a,b). Even more severely, Zn concentration was
increased up to 20-fold in leaves and 70-fold in roots of plants grown
under high Zn. In leaves, Mn and Zn excess led to a decrease in Fe
and Mn, respectively (Figure 12a). Unexpectedly, the Fe concentra-
tion in roots was increased under both high Mn and Zn, which is in
contrast to Arabidopsis and other species, where it is unaffected or
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FIGURE 10 Sugar beet plants show
growth defects in leaves under low Fe
conditions. Shoot (a) and roots (b) of sugar
beet plants grown under Fe-sufficient (+Fe) or
Fe-deficient (-Fe) conditions. Fresh weight of
shoot (c) and roots (d). SPAD index of leaves
(e). Minimum chlorophyll fluorescence (Fo) and
maximum photosystem Il (PSIl) efficiency
(F./F.) in young leaves (f). The color scale
indicates relative signal intensities from O
(black) to 1 (purple). Concentrations of
micronutrients in young leaves (g) and roots
(h). Values represent the mean + SD of four
biological replicates. Asterisks indicate
statistically significant differences of —-Fe and
+Fe values (Student's t test; *p < 0.05 and

**p < 0.01). DW, dry weight.
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reduced by Mn and Zn toxicity (Eroglu et al., 2016; Leskova et al.,
2017). Concentrations of the macronutrients K, Ca, Mg, and P
remained unchanged under Mn excess (Supporting Information:
Figure S14a,b), while the K concentration was reduced in roots and
the concentrations of Ca, K, and Mg were reduced in leaves of high-
Zn plants.

In Arabidopsis, excess Mn is detoxified by AtMTP8, which is
transcriptionally upregulated (Eroglu et al., 2016). Again, this was not
found in sugar beet, where none of the BvMTPs responded notably

(Figure 12c). By contrast, very strong upregulation of Zn-MTP
transporters, in particular BYMTP1 and BvMTP4, was observed under
Zn excess in leaves and roots. Intriguingly, the Mn transporter
BvMTP9aq, that was induced in roots by Zn deficiency (Figure 9), was
also strongly upregulated by Zn excess (Figure 12c).

As Mn and Zn excess caused an unexpected rise in root Fe
accumulation (Figure 12a), we determined the expression of
genes involved in the plant's Fe deficiency response. In leaves,

BvFER1 expression was downregulated and BvIRT3 unaffected
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FIGURE 11 Expression of specific BPMTPs and Fe deficiency
marker genes is altered by Fe starvation. Plants were cultivated for 9
days under Fe-sufficient (+Fe) or Fe-deficient (-Fe) conditions.
Expression of BvMTPs (a). Expression of Fe deficiency marker genes
in leaves (b) and roots (c). Gene expression was quantified by qRT-
PCR. Values represent the mean * SD of nine gRT-PCR assessments
of three biological replicates. The average of three housekeeping
genes (BVACT7, BvEF1, and BvGAPDH) was used as reference value.
Asterisks indicate statistically significant differences of -Fe and +Fe
values (Student's t test; *p < 0.05 and **p < 0.01).

under both conditions (Supporting Information: Figure S14c),
while in roots, BvIRT1, BvIRT3, and BvFIT1 were upregulated
(Supporting Information: Figure S14d), causing, very likely, the
increased Fe level in roots.

3.16 | BvVIRTs complement yeast mutants defective
in Fe, Mn, and Zn uptake

MTP-based detoxification mechanisms for Mn and Zn were not
activated in sugar beet subjected to Fe limitation or Mn excess, albeit
BvIRT1 was induced. Also, Fe accumulation was increased in high-Mn

B9-wiLey—

and high-Zn plants, coinciding with an upregulation of BvIRT1. Since
in Arabidopsis, this transporter imports large amounts of Mn and Zn,
besides Fe, we hypothesized that sugar beet IRT1 may be more Fe-
selective. To determine the substrate specificity of the IRT
transporters, yeast complementation assays were performed. Ex-
pression of the splice variants BvIRT1a and B, as well as BvIRT3a and
B restored the ability of the Fe uptake-defective mutant Afet3Afet4
to grow on a medium supplemented with the Fe chelator BPDS
(Supporting Information: Figure S15a). However, BvIRT1a and B only
partially complemented the Afet3Afet4 phenotype, as compared to
AtIRT1, whereas BvIRT3a and B were more efficient.

To assess Mn transport, the BvIRTs were expressed in the Mn
uptake-defective mutant Asmf1, which is unable to grow under low
Mn supply. Interestingly, only BvIRT1a and B were able to rescue the
growth of Asmfl as efficiently as the Mn uptake transporter
AtNRAMP1 on medium containing the Mn chelator EGTA (Supporting
Information: Figure S15a). Moreover, BvIRT1s and BvIRT3s fully
complemented the Zn uptake-defective mutant Azrt1Azrt2, which is
unable to grow under low Zn supply (Supporting Information:
Figure S15b). BvIRT2 partially complemented the Azrt1Azrt2 mutant,
but was not able to complement the Fe or Mn uptake-defective yeast
mutants. These results indicate that BvIRT1a and 8 may mediate Fe,
Mn, and Zn transport, whereas BvIRT3a and 8 may only transport Fe
and Zn, alike their Arabidopsis counterparts (Lin et al., 2009; Vert
et al.,, 2002). The observed differences in Fe accumulation between
Arabidopsis and sugar beet cannot be explained by different

substrate spectra of their IRT1 proteins.

4 | DISCUSSION

Essential metal imbalances affect plant performance. They may
decrease photosynthetic activity and other processes, which in turn
leads to a reduced plant growth. Short-term deficiencies of Fe and
Zn, but not Mn affected leaf biomass accumulation of sugar beet,
while only the latter reduced PS Il efficiency and in particular root
growth to a large extent. Elemental concentrations were also altered,
sometimes in unexpected ways. However, mechanisms of transition
metal homeostasis are largely obscure in this non-model plant.
Numerous studies have led to models in which MTP proteins are
central to metal handling in plants, which is also reflected in their
transcriptional regulation. Although MTP proteins have been
described in diverse plant species, those concepts are primarily
derived from work on Arabidopsis and rice. This focus on a very
limited number of model species provokes the question to what
extent our mechanistic understanding derived from those studies can
be extrapolated to other plants, in particular economically important
crops. We addressed this issue for sugar beet, which, belonging to
the Caryophyllales, is phylogenetically distant from Arabidopsis.
Following the identification of all BvMTP members and splice
variants, the analysis of subcellular localization, substrate spectrum,
and transcriptional regulation upon defined nutritional imbalances

revealed unexpected deviations from their Arabidopsis counterparts.
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FIGURE 12 Elemental concentrations and expression of BYMTPs are affected under Mn and Zn excess. Sugar beet plants were treated for
5 days with 500 uM MnSQ, (++Mn) or 200 uM ZnSO,4 (++Zn). Concentrations of micronutrients in young leaves (a) and roots (b).

Expression of BvMTPs quantified by gqRT-PCR (c). Values represent the mean = SD of nine gqRT-PCR assessments of three biological replicates.
The average of three housekeeping genes (BvVACT7, BvEF1, and BvGAPDH) was used as reference value. Asterisks indicate statistically
significant differences (Student's t test; *p < 0.05 and **p < 0.01).
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4.1 | A functional characterization of sugar beet
MTP transporters

A phylogenetic analysis showed that all BYMTP proteins of sugar
beet have a homolog in Arabidopsis (but not vice versa) and that
these proteins can be classified into three subgroups: Zn-MTPs, Fe/
Zn-MTPs, and Mn/Fe-MTPs (Figure 1). BvMTP1 and BvMTP4
contain the conserved motifs in TMD-Il and TMD-V, as well as the
H/S region present in other Zn-MTPs (Montanini et al., 2007). As
expected for a member of the Zn-MTP cluster, BYMTP1 comple-
mented the Zn hypersensitivity phenotype of the Azrc1 yeast mutant
(Figure 2). BvMTP1 is most closely related to AtMTP1, 3, and 2 of
Arabidopsis, of which the former two are localized in the tonoplast
(Arrivault et al., 2006; Desbrosses-Fonrouge et al., 2005), and the
latter one in the ER (Sinclair et al., 2018). Interestingly, BvMTP1 is
localized in a non-vacuolar endomembrane compartment when
expressed in sugar beet protoplasts, but it was targeted to the
tonoplast when expressed heterologously in Arabidopsis protoplasts
(Figure 4a). Intriguingly, AtMTP1 also displayed these divergent
localization patterns in both species. This might indicate that MTP1
transporters recycle from tonoplast to nonvacular endomembranes,
possibly determined by internal Zn status, and that protoplasts of
both species reflected a different physiological state. Alternatively,
MTP1 may continuously reside in a vesicular compartment in sugar
beet. The Zn-MTP member BvMTP4, which also localized to an
endomembrane compartment, did not complement any of the tested
yeast mutants. In contrast, its Arabidopsis homolog AtMTP4 allowed
a Azrcl1Acotl strain to grow on Zn-supplemented medium and
rescued a growth defect of a yeast lacking MSC2, the ortholog of
AtMTP12 (Fujiwara et al., 2015). Therefore, BYMTP4 is likely
involved in Zn supply of a metabolically active compartment. A role
of BVMTP4 in Zn detoxification may be indicated by its strong
upregulation under high Zn load (Figure 12).

Similar to AtMTP12, the Zn-MTP protein BvMTP12 has unique
structural characteristics, such as twice the length compared to the
other BvMTPs and a long cytosolic loop between TMDs IV and V.
Interestingly, while BvMTP12 presents all specific domains of
Zn-MTP proteins, its closest relative BYMTP5 harbors a change from
D to G in the HxxxD motif inTMD Il and has no cytosolic loop. These
particular characteristics are also present in MTP5 and MTP12
homologs of other species (Fujiwara et al., 2015; Ram et al., 2019). In
Arabidopsis, both proteins are believed to form a heteromeric
complex with Zn transport activity in the Golgi (Fujiwara et al.,
2015). Owing to the lack of Zn-MTP domains, MTP5 may serve as
regulatory subunit for MTP12 rather than operating as Zn trans-
porter. Surprisingly, in sugar beet, BvMTP5 is localized in chloro-
plasts, while BvMTP12 is located in the ER, pointing to a function in
its own right (Figure 4b). In plants, no MTP has been localized to the
chloroplast so far. Further investigations are necessary to understand
the physiological role of BYvMTP5 in chloroplasts, in particular as its
presumed interaction partner is localized in a different compartment.

The plant Fe/Zn-MTP cluster can be divided into two groups,
containing MTP6é and MTP7 proteins (Ricachenevsky et al., 2013).
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Interestingly, AtMTP6 and AtMTP7 contain a putative mitochondrial
transit peptide, but experimental evidence of their subcellular
localization and substrates are missing. In the present study, sugar
beet BvMTP7B was indeed localized to mitochondria (Figure 4),
consistent with the presence of a mitochondrial targeting sequence.
By contrast, BvMTPé6 was located in endomembranes. Similar to their
Arabidopsis homologs (Fujiwara et al., 2015), these proteins did not
restore the growth of any metal-sensitive yeast mutant, asking for
further analyses to determine their substrates and physiological roles.

Mn/Fe-MTPs are well-known to mediate Mn transport in
different plant species, and AtMTP8 has also been described to
transport Fe (Alejandro et al., 2020; Eroglu et al., 2017). In sugar beet,
all proteins belonging to the Mn/Fe-MTP cluster contain the
conserved motif DxxxD, and all Mn/Fe-BvMTPs alleviated the Mn
hypersensitivity of a Apmr1 yeast mutant (Figure 2). Sugar beet owns
two AtMTP8 homologs, BvMTP8.1 and 8.2, that are both able to
transport Mn and Fe when are expressed in yeast cells. However,
these proteins are located in different subcellular compartments
(Figure 4). While BvMTP8.1 is localized in the tonoplast, BvMTP8.2
shows a punctate localization pattern. Localization of MTP8 proteins
has been observed before to differ between species: tonoplast-
localized MTP8 homologs in Arabidopsis, rice, and white lupin are
implicated in vacuolar Mn sequestration (Chen et al., 2013; Eroglu
et al.,, 2016; Olt et al., 2022; Takemoto et al., 2017), while in barley,
HvMTP8.1 and HYMTP8.2 are located in the Golgi with unknown
function (Pedas et al., 2014). So far sugar beet is the only plant with
two differently localized MTP8 proteins, indicating a diversification in
their roles. However, it cannot be excluded that their subcellular
localization is regulated by metal concentrations, as previously shown
for IRT1 and NRAMP1 in Arabidopsis (Agorio et al., 2017; Barberon &
Geldner, 2014).

Alternative splicing, by which multiple messenger RNA variants
are produced from a single gene, increases protein diversity and is an
additional regulatory point of gene function. It occurs mainly in
response to environmental stresses such as heat, cold, salt, drought,
and nutrient deficiency (Filichkin et al., 2015). Indeed, recent studies
have shown that nutrient-specific regulation of splicing contributes
to the homeostasis of nutrients in rice, including Fe, Mn, and Zn
(Dong et al., 2018). MTP splice variants have been annotated in
Arabidopsis (http://aramemnon.uni-koeln.de/index) and rice (http://
rice.plantbiology.msu.edu/), suggesting that selective splicing of MTP
proteins may be a common regulatory mechanism in plants. In sugar
beet, two Mn/Fe-MTPs, BYMTP9 and 11, show a pair of splice
variants resulting from alternative start codons. As the first exon
encodes a putative cytosolic N-terminus, BvMTP9a and B, as well as
BvMTP11a and B, share TMDs and conserved domains. The BvMTP9
variants resulted in a similar punctate localization pattern. Both were
able to transport Mn in Apmr1 yeast, but, intriguingly, only BPMTP9
complemented the Fe-sensitive phenotype of Acccl. An effect of
splicing on transport competence has previously been shown for
AtNRAMPé6 (Cailliatte et al., 2009); however, the determination of
substrate selectivity by alternative splicing has not been described
yet, and may present another layer of regulation yet to be addressed.
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In Arabidopsis and rice, MTP9/10 homologs have been described
to only transport Mn, but not Fe (Chu et al., 2017; Ueno et al., 2015).
By contrast, PbMTP9 and 10 of pear transport both Mn and Fe (Hou
et al., 2019). It has been proposed that the presence of a conserved
D/ExxD/E motif is crucial for the ability of Mn/Fe-MTPs to transport
Fe (Chu et al., 2017). This motif is present in AtMTP8, but not in
AtMTP9, 10, and 11. Interestingly, the motif is also found in the
N-terminus of BVMTP9, but not a, which supports its function as
determinant of Fe transport.

Both splice variants of BvMTP11 complemented the Mn-
sensitive phenotype of the Apmrl mutant (Figure 2), but while
BvMTP11B showed a punctate pattern which colocalized with
AtMTP11, BvMTP11a is located in the tonoplast (Figure 3b and
Supporting Information: Figure S8). This finding is again intriguing, as
it suggests that targeting may be governed by alternative splicing,
another layer of regulation yet to be addressed. In Arabidopsis, a
dileucine motif [(D/E)X3_sL(L/1)] in the N-terminus has been identi-
fied to sort plant membrane proteins to the tonoplast (Komarova
et al., 2012; Midsam et al.,, 2018). The presence of this motif in
BvMTP11a but not B (Supporting Information: Figure S2b) is the
likely factor for its targeting to the tonoplast, which needs to be
experimentally confirmed. Since no other MTP11 homolog has been
found in the vacuole yet (Delhaize et al., 2007; Farthing et al., 2017;
Ma et al., 2018; Peiter et al., 2007), BvMTP11a may perform a role in
sugar beet that is not taken on by MTP11s in other species. However,
as both splice variants complement the Mn sensitivity of the
Arabidopsis mtp11-1 mutant (Figure 3), it can be assumed that the
both remove Mn from the cytosol under toxic concentrations.

4.2 | The impact of micronutrient deficiencies
on sugar beet

Mn-deficient sugar beet leaves showed interveinal chlorosis and a
decrease in chlorophyll content (Figure 5), which is a typical symptom
for this disorder. It has been proposed that the reduced activity of the
OEC by low Mn availability causes the disintegration of PSII
complexes which directly affects thylakoid structure and promotes
chlorophyll degradation leading to the development of chlorotic
leaves (Alejandro et al., 2020). Similarly, Fe deficiency induces
interveinal chlorosis owing to its essential role in chlorophyll
biosynthesis (Briat et al., 2015). As expected, sugar beet plants with
low Fe supply were smaller and contained less chlorophyll compared
to Fe-sufficient plants (Figure 10). Visual Fe deficiency symptoms in
leaves were observed after as early as five days, while symptoms of
Mn deficiency appeared only after a prolonged treatment of 18 days.
At an earlier time point, changes in photosynthetic parameters were
apparent despite the absence of visually discernible symptoms, what
has been called “latent Mn deficiency” in barley (Hebbern et al.,
2009). The appearance of Mn deficiency in sugar beet is thus highly
influenced by the length and strength of the limitation. Since root Mn
pools may be remobilized to supply the shoot (Maillard et al., 2015;
Pottier et al., 2019), the length of the growth period in Mn-replete

medium before Mn shortage is likely to determine the onset of Mn
deficiency symptoms. Further experiments are required to determine
the importance of the root Mn pool in sugar beet, and indeed any
species, for Mn remobilization under Mn limitation. Also, the
mechanisms that mediate this remobilization are not clear yet.

Unlike early Fe deficiency, Mn deficiency causes a specific
inactivation of the photochemical reaction in PS II, which leads to a
strong reduction of the electron flow (Schmidt et al., 2016). Hence, a
decrease in the F,/F, value (whereby F,=F,-F,) is a useful
parameter to detect Mn deficiency in plants before visual deficiency
symptoms, what has found practical applications in barley (Schmidt
et al., 2013). Barley plants grown under Mn-limited conditions
showed lower F,, values, while F, remains largely unaffected (Schmidt
et al, 2013). Interestingly, although sugar beet leaves showed
similarly decreased F,/F,, values under Mn deficiency (Figure 6), this
was due to an increase in F, instead of a decrease in F,,. Further work
is required to understand the mechanistic basis of the different Mn-
inflicted changes in the chlorophyll fluorescence parameters in
different plant species.

Low Zn supply generally causes the inhibition of protein
synthesis and leads to increased ROS levels resulting from lower
Cu/Zn-SOD activity (Cakmak, 2000). Zn deficiency also reduces
chlorophyll content and inhibits PSII activity. Consequently, typical
deficiency symptoms include leaf chlorosis, necrotic spots, photo-
synthesis inhibition, and impaired growth (Alloway, 2009). In this
study, sugar beet plants also showed necrotic areas in leaves and a
decrease in biomass under Zn deficiency (Figure 8). However,
although Zn concentrations in leaves were below the critical
threshold (Draycott, 2006), chlorophyll content and photosynthetic
activity were not affected by Zn deficiency. It would thus be
interesting to determine whether mechanisms to maintain photo-
synthesis under Zn starvation are superior in sugar beet as compared
to other plants, likely either by improving subcellular Zn allocation or

better Mn and Fe homeostasis in chloroplasts.

4.3 | Micronutrient homeostasis in sugar beet and
the involvement of BvMTPs

The nutritional imbalances imposed in the present study triggered
specific changes in the ionome and transcriptional responses of
BvMTPs, with a number of notable differences to responses of
Arabidopsis. While not affecting Fe concentrations in shoots, Mn
deficiency may cause increased Fe levels in roots of Arabidopsis
(Cailliatte et al., 2010), which, however, is not always observed
(Lanquar et al., 2010). In sugar beet leaves, Fe concentrations
remained similarly unaffected by Mn deficiency, but roots showed an
unexpected decrease in Fe (Figure 4). Such a decreased accumulation
of Fe under Mn deficiency has not been described before, and
requires further investigations. It may be hypothesized that under Mn
deficiency, Fe is remobilized from root vacuoles alongside Mn by
poorly selective NRAMP transporters (Lanquar et al., 2010), in
parallel with a reduced Fe uptake. A decreased Mn and Fe
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sequestration in Mn-deficient roots, hence increasing Mn trans-
location to the shoot, is supported by the downregulation of the
vacuolar Mn/Fe-MTP BvMTP8.1 (Figure 7). This parallels the down-
regulation of its Arabidopsis homolog, AtMTP8, upon Mn deficiency
(Yang et al, 2008). A similar mechanism has been proposed to
operate under Fe deficiency in Arabidopsis, whereby the expression
of vacuolar Fe transporters (AtVTLs) is decreased (Gollhofer et al.,
2014). However, Mn/Fe-MTP,
BvMTP11a, was upregulated in Mn-deficient roots (Figure 7), what

another  tonoplast-localized

apparently contradicts this hypothesis and asks for an expression
analysis with higher spatiotemporal resolution. The selectivity of
BvMTP11a against Fe (Figure 2) may explain the decreased Fe
accumulation in  Mn-deficient roots. The strongly expressed
BvMTP8.2, encoding a Mn/Fe transporter in endomembranes
(Supporting Information: Figure S7), is also upregulated under Mn
deficiency (Figure 7). This renders it highly unlikely that it has a
comparable function as its Arabidopsis counterpart, AtMTP8. Instead,
BvMTP8.2 may contribute to Mn efficiency by mediating its transfer
towards the shoot, similar to OsMTP9 in rice (Ueno et al., 2015).

Arabidopsis responds to Zn deficiency with a systemically
controlled upregulation of AtHMA2, encoding a heavy metal ATPase
to load the xylem, and AtMTP2, which encodes an ER-localized
transporter of the Zn-MTP subgroup (Sinclair et al., 2018). The
response of AtMTP2 to Zn deficiency was confirmed in this work
(Supporting Information: Figure S11). AtMTP2 is proposed to
facilitate movement of Zn within the root ER, which may improve
Zn translocation. Several pieces of evidence point to an absence of
the latter mechanism in sugar beet. First, only one homolog of
AtMTP1, 2, and 3 is present in the genome (Figure 1); second, this
protein, BvMTP1, is not localized in the ER (Figure 4); third, BvMTP1
is not upregulated under Zn deficiency in roots. This puts the general
importance of intra-ER Zn translocation into question, what is of
particular importance in the endeavor to improve Zn accumulation in
edible parts of crops (Sinclair et al., 2018). It remains to be studied
how widespread a Zn translocation mechanism based on MTP2 is
amongst plant and crop species.

In Arabidopsis, Fe deficiency provokes major disruptions in the
ionome. It entails an accumulation of Zn in shoots, and even more so
in roots (Eroglu et al., 2016; Leskova et al., 2017; Vert et al., 2002),
caused by the induction of the poorly specific Fe uptake transporter
AtIRT1. The inevitably accumulated Zn is detoxified by vacuolar
sequestration mediated by AtMTP3, a Zn-MTP whose expression is
strongly upregulated under Fe deficiency (Arrivault et al., 2006; Yang
et al, 2010), as also found in this study (Supporting Information:
Figure S13). As expected, the sugar beet IRT1 homolog was also
transcriptionally upregulated in plants that suffered Fe deficiency, as
evident from chlorosis and growth depression (Figures 10 and 11).
However, Zn concentrations in leaves were not increased, and those
in roots, albeit elevated, remained on a low level (Figure 10).
Furthermore, no Zn-MTP was induced in Fe-deficient roots
(Figure 11). Since neither BYMTP1 (the closest relative of AtMTP3),
nor any other BVMTP of the Zn-subgroup is located in the tonoplast
(Supporting Information: Figure S7), MTP-mediated vacuolar Zn
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sequestration may not exist in sugar beet. However, vacuolar
localization of BvMTP1 upon heterologous expression in Arabidopsis
(Figure 4) suggests that this transporter may reach the tonoplast
under specific conditions. The mechanistic basis of the limited Zn
uptake by Fe-deficient sugar beet is unclear and may be due to a
higher selectivity of the sugar beet Fe acquisition system. This notion
is supported by the finding that high Zn load did not suppress Fe
uptake in sugar beet (Figure 12 and Sagardoy et al., 2009), which is in
contrast to a negative impact in Arabidopsis (Leskova et al., 2017).
Yeast complementation experiments indicated that BvIRT1 also
transports Zn like its Arabidopsis counterpart (Supporting Informa-
tion: Figure S15). The lower Zn accumulation is thus unlikely to be
based on the selectivity of BvIRT1. An alternative mechanism may lie
in the release of flavins by roots of sugar beet, but not Arabidopsis
(Sisé-Terraza et al., 2016). These act as redox shuttles, increasing the
efficiency of Fe (lll) reduction. In consequence, flavins may rise the
ratio of Fe?* to competing divalent cations for uptake by IRT1. In line
with this, the removal of flavins decreased Fe acquisition, but
increased the accumulation of Zn and Mn by Fe-deficient sugar beet
(Sis6-Terraza et al., 2016).

Such a selectivity mechanism of the sugar beet Fe acquisition
machinery would not be specific for Zn, but extend to other
secondary IRT1 substrates. In Arabidopsis, Mn concentrations are
tremendously increased under Fe deficiency, in particular in roots,
where 15- to 25-fold higher levels have been reported (Eroglu et al.,
2016; Vert et al., 2002), whereas in shoots, Mn concentrations are
increased less drastically by two- to threefold (Eroglu et al., 2016;
Leskova et al., 2017). The strong accumulation of Mn in vacuoles of
Fe-deficient roots is primarily mediated by AtMTP8 (Eroglu et al,,
2016), which is amongst the most strongly upregulated genes upon
Fe deficiency in Arabidopsis (Yang et al., 2010), also under the
conditions of this study (Supporting Information: Figure S13).
AtMTPS8 is essential to avoid Fe chlorosis in the presence of Mn,
most likely by preventing an inhibition of the ferric chelate reductase
by Mn (Eroglu et al., 2016). In sugar beet, Fe deficiency provoked an
increase in shoot and root Mn concentrations (Figure 10), but the
latter was much less pronounced than found in Arabidopsis. In
another study, Fe deficiency even did not induce any Mn accumula-
tion in sugar beet roots (Sisé-Terraza et al., 2016). This lower Mn
accumulation was paralleled by the surprising absence of transcrip-
tional activation of BvMTP8.1, in roots, the vacuolar homolog of
AtMTP8 (Figure 11). The second vacuolar Mn/Fe-MTP identified in
this study, BvMTP11a, was also unresponsive to Fe deficiency.
Hence, MTP-mediated sequestration of Mn in root vacuoles is not
part of the Fe deficiency response in sugar beet. The mechanism of
Mn accumulation in sugar beet, alike that of the residual Mn
accumulation Arabidopsis mtp8 mutants (Eroglu et al., 2016), is
unresolved. It may rely on the constitutively expressed Mn/Fe-MTPs,
which may be regulated on a posttranslational level by phosphoryl-
ation, as was described recently for AtMTP8 (Zhang et al., 2021).
Alternatively, Mn may be accumulated in other compartments, for
example by the endomembrane-localized BvMTP8.2, which is

induced in Fe-deficient sugar beet leaves (Figure 11). Owing to its
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capability for Fe transport (Figure 2), a role of BvMTP8.2 in Fe
handling can also not be excluded, as hypothesized above for Mn-
deficient roots.

High Mn and Zn load have been shown to reduce Fe uptake and
to induce the Fe deficiency response in Arabidopsis, including the
upregulation of AtMTP8 and AtIRT1 in a FIT-dependent manner
(Eroglu et al., 2016). In sugar beet, no vacuolar Mn/Fe-MTP was
transcriptionally induced by high Mn (Figure 12), reflecting the
situation under Fe deficiency. This was tremendously different under
high Zn load, where members of the Zn-MTP family (BvMTP1, 4, and
5) were upregulated extraordinarily in roots and leaves (Figure 12).
This response is in stark contrast to Arabidopsis and poplar, where
Zn-MTP transporters are not transcriptionally regulated by Zn excess
(Blaudez et al., 2003; Drager et al., 2004; van der Zaal et al., 1999).
The activation of BvMTP1 by Zn overload, but not by Fe deficiency,
points to its regulation by Zn rather than by Zn-induced Fe
deficiency.

Intriguingly, despite the competition by Mn or Zn, Fe accumula-
tion was not hampered, but promoted in roots of high-Mn and high-
Zn media (Figure 12). The observed upregulation of BvIRT1 by Mn or
Zn excess was unlikely to have mediated this effect alone, since Zn or
Mn accumulation, respectively, were not increased. Similar to Fe
deficiency, a high competitiveness of Fe for uptake, presumably
mediated by exudated flavins, may have been instrumental for this Fe
accumulation.

Taken together, this study, which combined an analysis of the
MTP family and responses to transition metal imbalances in sugar
beet, has revealed a number of surprising insights. It identified a
chloroplast-localized MTP protein and pointed to a role of alternative
splicing in determining the localization and substrate selectivity of the
transporters. Most importantly, it relativizes current models of metal
homeostasis. Neither ER-tunneling-based Zn translocation, nor Zn
and Mn sequestration by FIT-dependent MTP activation are
conserved between Arabidopsis and sugar beet. Conversely, sugar
beet displays a strong transcriptional activation of MTPs by Zn
toxicity not found in Arabidopsis. This limited generalizability of
Arabidopsis-based metal homeostasis concepts calls for further
mechanistic studies on nonmodel species to uncover the phyloge-
netic diversity of metal homeostasis networks. A crop-specific
understanding of metal handling will also be fundamental for crop
improvement strategies.
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