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Zinc (Zn) is an essential nutrient for plants that is involved in almost every
biological process. This includes symbiotic nitrogen fixation, a process carried out by
endosymbiotic bacteria (rhizobia) living within differentiated plant cells of legume root
nodules. Zn transport in nodules involves delivery from the root, via the vasculature,
release into the apoplast and uptake into nodule cells. Once in the cytosol, Zn can be
used directly by cytosolic proteins or delivered into organelles, including symbiosomes of
infected cells, by Zn efflux transporters. Medicago truncatula MtMTP2 (Medtr4g064893)
is a nodule-induced Zn-efflux protein that was localized to an intracellular compartment
in root epidermal and endodermal cells, as well as in nodule cells. Although the MtMTP2
gene is expressed in roots, shoots, and nodules, mtp2 mutants exhibited growth defects
only under symbiotic, nitrogen-fixing conditions. Loss of MtMTP2 function resulted in
altered nodule development, defects in bacteroid differentiation, and severe reduction of
nitrogenase activity. The results presented here support a role of MtMTP2 in intracellular
compartmentation of Zn, which is required for effective symbiotic nitrogen fixation in
M. truncatula.

Keywords: zinc, cation diffusion facilitator, metal transport protein, symbiotic nitrogen fixation, metal nutrition,
nodulation

INTRODUCTION

Zinc (Zn) is an essential nutrient for plants as a cofactor of enzymes or as a structural element
(Coleman, 1998; Broadley et al., 2007). Consequently, plants grown in soils with low Zn
bioavailability, which include some of the main agricultural areas of the world, have severe growth
defects (Alloway, 2008; Marschner, 2012). These include interveinal chlorosis, necrotic leaves, and
stunted growth, the result of alterations in the plethora of processes mediated by Zn proteins
(Coleman, 1998; Broadley et al., 2007). To prevent this and ensure proper Zn allocation, plants
have developed a complex network of transcription factors, transporters, and small Zn-chelating
molecules that direct this metal to the proper tissue, cell compartments, and apoproteins (Assunção
et al., 2010; Sinclair and Krämer, 2012; Olsen and Palmgren, 2014).
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Zinc transport is mediated typically by four different
transporter families: the Zrt1/Irt1-like (ZIP) and the yellow
stripe-like (YSL) families for transport into the cytosol; and the
metal tolerance protein (MTP) and Zn2+-ATPase families for
efflux out of the cytosol (DiDonato et al., 2004; Eren and Argüello,
2004; Desbrosses-Fonrouge et al., 2005; Ishimaru et al., 2005;
Olsen and Palmgren, 2014). Uptake of Zn from soils in dicots
is mediated by ZIP proteins (Korshunova et al., 1999), in a
process induced by soil acidification (Pedas and Husted, 2009).
Zn can move symplastically from cell to cell and is released from
endodermal cells into the xylem, via Zn2+-ATPases (Hussain
et al., 2004). YSL transporters are likely candidates to mediate Zn
loading into the phloem, as a Zn-nicotianamine complex (Waters
et al., 2006). Within cells, Zn is transported into organelles by
MTP or Zn2+-ATPases, either to be stored when in excess, or to
be used to assemble Zn-proteins (Blaudez et al., 2003; Desbrosses-
Fonrouge et al., 2005; Morel et al., 2009). Overall, these processes
are regulated by a set of transcription factors that orchestrate Zn
homeostasis (Assunção et al., 2010).

While leaves are the main Zn sink in most plants during
vegetative growth (Broadley et al., 2007), legumes have an
additional one: nitrogen-fixing root nodules (González-Guerrero
et al., 2014, 2016). Nodules are root- or stem-associated organs
that develop as a result of complex chemical exchanges with
soil bacteria known as rhizobia (Downie, 2014). After detection
of specific nodulation factors synthesized by the colonizing
rhizobia (Oldroyd, 2013), cells of the root pericycle and cortex
proliferate to originate the nodule primordia (Xiao et al., 2014).
As the nodule develops, a root hair curls to surround the
rhizobia in the root rhizoplane. The plasma membrane of this
hair cell retracts into the cytosol, forming an infection thread
that guides the rhizobia from the epidermis into the nodule
core (Gage, 2002). There, in an endocytic-like process, rhizobia
are released into the cytosol of cortical cells (Limpens et al.,
2009). Under the proper physico-chemical conditions, rhizobia
differentiate into bacteroids (Kereszt et al., 2011). Surrounded
by a specialized plant-derived membrane, the symbiosome
membrane, and protected from oxygen, bacteroids are able to
synthesize nitrogenase, the iron-molybdenum enzyme complex
responsible for converting atmospheric N2 into NH4

+ (Rubio
and Ludden, 2005). Fixed nitrogen is transferred to the host plant,
in exchange for photosynthate and mineral nutrients from the
plant (Udvardi and Poole, 2013). Two morphological types of
nodules are known as follows: determinate and indeterminate
(Brewin, 1991). Indeterminate nodules, such as those present in
the genera Medicago or Pisum, are characterized by the presence
of a persistent apical meristem(s) that produce cylindrical or
coralloid-shaped organs (Vasse et al., 1990). As a consequence,
different developmental zones can be distinguished in such
nodules: the meristem or Zone I, the region where rhizobia
colonize the nodule and differentiate into bacteroids or Zone
II, the nitrogen fixation zone or Zone III, and, in old nodules,
the senescent zone or Zone IV (Vasse et al., 1990). To this,
some authors add an Interzone between Zones II and III,
were oxygen levels transition from atmospheric levels (20%) to
microaerobiosis (<1%); and a Zone V, where the rhizobia grow
saprophytically (Timmers et al., 2000; Roux et al., 2014). In

addition to the zonation pattern, determinate and indeterminate
nodules differ in the process of bacteroid differentiation, that
is irreversible for the majority of indeterminate nodules, to the
extent that they cannot proliferate if released from the nodules.
These bacteroids also have a higher ploidy level and larger size, as
a consequence of cysteine-rich peptides released by the host cell
that participate in bacteroid development (Van de Velde et al.,
2010; Kereszt et al., 2011; Kondorosi et al., 2013; Stonoha-Arther
and Wang, 2018).

The specific role(s) of Zn in symbiotic nitrogen fixation is
not clear. Given the multitude of Zn-proteins in a cell, Zn could
act at several different levels. It has been reported that plants
growing under Zn deficiency suffer reduced growth and reduced
nitrogenase activity (Ibrikci and Moraghan, 1993; O’Hara, 2001).
Similar effects result from silencing the expression of MtZIP6,
a Medicago truncatula Zn transporter located in the plasma
membrane of nitrogen-fixing nodule cells (Abreu et al., 2017).
Nodule development in these silenced plants was also affected,
resulting in smaller nodules compared to wild-type controls.
Understanding how reduced uptake of Zn into cells affects nodule
development and symbiotic nitrogen fixation is complicated by
the fact that Zn plays a role in numerous intracellular processes.
Knowledge of the intracellular fate of Zn would help in this
regard. To this end, we are characterizing Zn transporters likely
to be involved in organelle loading, especially be members of the
MTP and Zn2+-ATPase families.

Exploration of publicly available transcriptome databases
(Benedito et al., 2008; Roux et al., 2014) revealed no Zn2+-
ATPase to be upregulated during nodule development. In
contrast, M. truncatula MtMTP2 (Medtr4g064893) was found to
be expressed at higher levels in nodules than in any other organ.
Here, we show that MtMTP2 is a Zn efflux protein located in
an intracellular compartment, with an important role in nodule
development and bacteroid differentiation.

MATERIALS AND METHODS

Biological Materials and Growth
Conditions
Medicago truncatula R108 ecotype, the Tnt1-insertion mutants
mtp2-1 (NF11171) and mtp2-2 (NF18305) were used in this
study. Seeds were scarified in concentrated H2SO4 for 7 min
and washed in dH2O. Later, seeds were surface sterilized using
50% bleach for 90 s, washed in sterile dH2O, and left overnight
in sterile water to facilitate imbibition. After 48 h at 4◦C,
seeds were germinated in water-agar plates at 22◦C for 48 h.
Seedlings were then transplanted to sterilized perlite pots and
inoculated with Sinorhizobium meliloti 2011, S. meliloti 2011
transformed with the GFP expressing pHC60 vector (Cheng
and Walker, 1998), or S. meliloti 1021 expressing pCMB13
DsRED (Gage, 2002), as indicated. Plants were cultivated in a
greenhouse in 16 h of light and 22◦C conditions, and watered
every 2 days with Jenner’s solution or water, alternatively (Brito
et al., 1994). This nutrient solution contained 5 mM CaSO4,
1 mM KCl, 1 mM K2HPO4, 1 mM MgSO4, 11.5 µM H3BO3,
7.3 µM Fe-citrate, 3.6 µM MnSO4, 0.38 µM ZnSO4, 0.16 mM
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CuSO4, and 4 nM (NH4)6Mo2O24. Nodules were collected
28 dpi. Non-nodulated plants were watered every 2 weeks
with solutions supplemented with 20 mM NH4NO3. For hairy-
root transformations, M. truncatula seedlings were transformed
with Agrobacterium rhizogenes ARqua1 carrying the appropriate
binary vector as described (Boisson-Dernier et al., 2001).

Complementation assays were performed using the yeast
(Saccharomyces cerevisiae) strains DY1457 (MATa ade6 can1 his3
leu2 trp1 ura3), the yeast double mutant zrc1cot1 (MATa ade6
can1 his3 leu2 trp1 ura3 zrc1::his3 cot1::ura3) (MacDiarmid et al.,
2000), DY150 (MATa ade2-1 his3-11 leu2-3,112 trp1-1 ura3-52
can1-100(oc)), the mutant ccc1 (MATa ade2-1 his3-11 leu2-3,112
trp1-1 ura3-52 can1-100(oc) ccc1::his3; Li et al., 2001), BY4741
(his3 leu2 met1 ura3), and the strain 1smf1 (his3 leu2 met1
ura3 1smf1; ThermoFisher). All strains were grown in synthetic
dextrose (SD) medium (Sherman et al., 1981) supplemented with
necessary auxotrophic requirements, with 2% (w/v) glucose as the
carbon source, and supplemented with Zn, iron, or manganese,
when required.

Sequence Analysis and Protein Structure
Prediction
To identify M. truncatula MTP family members, BLASTN
and BLASTX searches were carried out in the M. truncatula
Genome Project site1 and include 13 members: MtMTP1,
Medtr8g024240; MtMTP2, Medtr4g064893; MtMTP3,
Medtr2g036390; MtMTP4, Medtr3g080090; MtMTP5,
Medtr7g093290; MtMTP6, Medtr1g088870; MtMTP7,
Medtr4g008150; MtMTP8, Medtr3g062610; MtMTP9,
Medtr2g064405; MtMTP10, Medtr8g046550; MtMTP11,
Medtr7g022890; MtMTP12, Medtr6g463330, MtMTP13,
Medtr5g075680. Sequences from model MTP genes were
obtained from the Transporter Classification Database2 (Saier
et al., 2014), NCBI3 and Phytozome4, and include A. thaliana
MTPs (AtMTP1, At2g46800; AtMTP2, At3g61940, AtMTP3,
At3g58810; AtMTP4, At2g29410; AtMTP5, At3g12100; AtMTP6,
At2g4783; AtMTP7, At1g51610; AtMTP8, At3g58060; AtMTP9,
At1g79520; AtMTP10, At1g16310; AtMTP11, At2g39450;
AtMTP12, At2g04620), Oryza sativa MTPs (OsMTP1,
LOC_Os05g03780; OsMTP8, LOC_Os05g03780) Cucumis
sativus MTPs (CsMTP1, Cucsa.362220; CsMTP4, Cucsa.146570;
CsMTP8, Medtr3g062610; CsMTP9, Cucsa.118550), Anemone
halleri MTPs (AhMTP1-A, FN428855; AhMTP1-B, Fn386317;
AhMTP1-C, Fn386316; AhMTP1-D, Fn386315), Hordeum
vulgare MTPs (HvMTP1, HORVU1Hr1G015500; HvMTP8.1,
HORVU4Hr1G065110.1), and Populus trichocarpa MTPs
(PtdMTP1, Potri.014G106200; PtMTP11, POPTR_0010s21810).
All these protein sequences were processed with MEGA75.
First, protein sequences were aligned using the Clustal Omega
algorithm6 (Sievers et al., 2011), and the alignment was visually

1http://www.jcvi.org/medicago/index.php
2http://www.tcdb.org/
3http://www.ncbi.nlm.nih.gov/
4https://phytozome.jgi.doe.gov/pz/portal.html
5http://www.megasoftware.net
6https://www.ebi.ac.uk/Tools/msa/clustalo/

examined to exclude alignment artifacts. Then, phylogenetic
reconstruction was performed using the Neighbor-joining
method, the Jones–Taylor–Thornton (JTT) substitution model,
and assuming uniform rates (Saitou and Nei, 1987; Jones et al.,
1992). Deletion sites were excluded from the alignment following
the partial deletion method (95% site coverage cutoff). Unrooted
tree visualization was carried out using FigTree7.

MtMTP2 protein sequence from R108 was obtained from the
Medicago Hapmap website8. The automated protein homology-
modeling server SWISS-model9 (Biasini et al., 2014) was
used to predict the MtMTP2 protein structure based on the
template 3h90 from the Escherichia coli Zn transporter YiiP
(Lu et al., 2009). Protein structure was visualized using PyMOL
(Schörindeger LLC, United States).

RNA Extraction and RT-qPCR
RNA was isolated from leaves, roots, or nodules from three-
pooled plants (from independent experiments each) following
the protocol previously described by Abreu et al. (2017). Briefly,
RNA was extracted using Tri-Reagent R© (Life Technologies,
Carlsbad, CA) followed by a DNase treatment and later
cleaned with RNeasy Minikit (Qiagen, Valencia, CA). Denaturing
agarose gel was used to verify RNA quality. One microgram
of DNA-free RNA was employed to generate cDNA by using
PrimeScript RT Reagent Kit (Takara). Gene expression was
determined by quantitative Real time RT-PCR (9700, Applied
Biosystems, Carlsbad, CA, United States) using primers listed in
Supplementary Table S1. The M. truncatula ubiquitin carboxyl-
terminal hydrolase gene was used to normalize the results. Real-
time cycler conditions have been previously described (González-
Guerrero et al., 2010). The threshold cycle (Ct) was determined
in triplicate. The relative levels of transcription were calculated
using the 2−11Ct method (Livak and Schmittgen, 2001). As
control, a non-RT sample was used to detect any possible DNA
contamination.

Yeast Complementation Assays
Yeast complementation was performed by cloning the MtMTP2
cDNA between the XbaI and BamHI sites of the yeast expression
vector pAMBV or pDR196. Cloning in pAMBV was carried
out by homologous recombination of MtMT2 cDNA using
primers 5 MtMTP2 XbaI pMBV and 3 MtMTP2 BamHI
pAMBV (Supplementary Table S1). Cloning in pDR196 was
carried out by restriction digestion and T4 ligation of the
DNA fragment resulting from the XbaI and BamHI digestion
of the amplicon resulting from amplifying by PCR MtMTP2
cDNA with primers 5MtMTP2-XbaI and 3MtMTP2-BamHI
(Supplementary Table S1). Yeast transformations were performed
using a lithium acetate-based method (Schiestl and Gietz,
1989). Cells transformed with pAMBV or pAMBV::MtMTP2
(in Zn phenotypic assays) or pDR196 or pDR196 (in the
case of iron or manganese phenotypic assays) were selected
in SD medium by leucine or uracil autotrophy, respectively.

7http://tree.bio.ed.ac.uk/software/figtree/
8www.medicagohapmap.org
9https://swissmodel.expasy.org
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For phenotypic tests, DY1457 and zrc1cot1 transformants were
plated in SD with or without supplementation of 500 µM
ZnSO4, DY150, and ccc1 transformants were plated in SD with
or without supplementation with 4 mM FeSO4 and BY4741
and 1smf1 transformants were plated in SD with or without
supplementation with 10 mM MnCl2.

GUS Staining
A transcriptional fusion was constructed by amplifying 889 bases
upstream of MtMTP2 start codon using primers indicated on
Supplementary Table S1, cloned in pDONR207 (Invitrogen), and
transferred to pGWB3 (Nakagawa et al., 2007) using Gateway
technology R© (Invitrogen). This led to the fusion of the promoter
region of MtMTP2 with the β-glucoronidase (gus) gene in
pGWB3. pGWB3::MtMTP2 was transformed in A. rhizogenes
ARqua1 and used to obtain M. truncatula composite root plants
as indicated (Boisson-Dernier et al., 2001). GUS activity was
determined in 28 dpi plants as described (Vernoud et al., 1999).
The process was carried out from biological material originated
from three independent assays carried out at different times of
the year to select a representative image.

Immunolocalization of MtMTP2-HA
By using Gateway Technology R© (Invitrogen), a DNA fragment
of the full length MtMTP2 genomic region and the 1,961
bases upstream of its start codon, was cloned into the plasmid
pGWB13 (Nakagawa et al., 2007). Hairy-root transformation
was performed as previously described (Boisson-Dernier et al.,
2001). For confocal microscopy, transformed plants were
inoculated with S. meliloti 2011 containing the pHC60 plasmid
that constitutively expresses GFP (Cheng and Walker, 1998)
or DsRED (Gage, 2002). Roots and nodules collected from
28 dpi plants were fixed by overnight incubation in 4%
paraformaldehyde, 2.5% sucrose in phosphate buffer saline (PBS)
at 4◦C. After washing in PBS, nodules were cut in 100 µm
sections with a Vibratome 1000 plus (Vibratome, St. Louis, MO,
United States). Sections were dehydrated in a methanol series (30,
50, 70, 100% in PBS) for 5 min and then rehydrated. Cell walls
were treated with 4% cellulase in PBS for 1 h at room temperature
and with 0.1% Tween 20 in PBS for an additional 15 min. Sections
were blocked with 5% bovine serum albumin (BSA) in PBS before
their incubation with an anti-HA mouse monoclonal antibody
(Sigma, St. Louis, MO) for 2 h at room temperature. After
washing, an Alexa 594-conjugated anti-mouse rabbit monoclonal
antibody (Sigma) was added to the sections for 1 h at room
temperature. DNA was stained with DAPI after washing. Images
were acquired with a confocal laser-scanning microscope (Leica
SP8, Wetzlar, Germany). The process was carried out from
biological material originated from three independent assays
carried out at different times of the year to select a representative
image.

Immunolocalization of MtMTP2-HA in an electron-
microscope was carried out with M. truncatula plants
transformed with A. rhizogenes ARqua1 pGWB13 carrying
MtMTP2 full gene and the 1,961 bases upstream the start codon.
Transformed plants were inoculated with S. meliloti 2011 and
28 dpi nodules were collected and fixed in 1% formaldehyde and

0.5% glutaraldehyde in 50 mM potassium phosphate (pH 7.4)
for 2 h. After that, the fixation solution was renewed for 1.5 h.
Samples were washed in 50 mM potassium phosphate (pH 7.4)
3 × 30 min and 3 × 10 min. Nodules were dehydrated by
incubation with ethanol dilution series of 30, 50, 70, 90 (10 min
each), 96 (30 min), and 100% (1 h). Nodules were included in a
series of ethanol and LR–white resin (London Resin Company
Ltd., United Kingdom) dilutions: 1:3 (3 h), 1:1 (overnight), and
3:1 (3 h). Samples were included in resin during 48 h. All the
process was performed at 4◦C. Nodules were placed in gelatine
capsules and filled with resin and polymerized at 60◦C for 24 h.
One-micron thin sections were prepared at Centro Nacional
de Microscopía Electrónica (Madrid, Spain) with a Reichert
Ultracut S-ultramicrotome fitted with a diamond knife. Thin
sections were blocked in 2% bovine serum albumin in PBS
for 30 min. Anti-HA rabbit monoclonal antibody (Sigma) was
used as primary antibody, a 1:20 dilution in PBS. Samples were
washed 10 times in PBS for 2 min. Anti-rabbit goat conjugated
to a 15-nm gold particle (BBI solutions) was used as secondary
antibody diluted 1:150 in PBS. Incubation was performed for 1 h
followed by 10 washes in PBS for 2 min and 15 times in water for
2 min. Sections were stained with 2% uranyl acetate and imaged
in a JEM 1400 electron microscope at 80 kV.

Acetylene Reduction Assay
Nitrogenase activity was measured by the acetylene reduction
assay (Hardy et al., 1968). Nitrogen fixation was assayed in
28 dpi wild-type and mutant plants in 30 ml tubes fitted
with rubber stoppers. Each tube contained roots from five
independently transformed plants. Three milliliters of air inside
were replaced with 3 ml of acetylene. Tubes were incubated at
room temperature for 30 min. Gas samples (0.5 ml) were analyzed
in a Shimadzu GC-8A gas chromatograph fitted with a Porapak
N column. The amount of ethylene produced was determined by
measuring the height of the ethylene peak relative to background.
Each point consists of three tubes each with five pooled plants
measured in triplicate.

Metal Content Determination
Inductively coupled plasma mass spectrometry (ICP-MS) was
carried out at the Metal Analysis Unit of the Scientific
and Technology Centre, Universidad de Barcelona (Barcelona,
Spain). These samples were digested with HNO3, H2O2, HF in
a Teflon reactor at 90◦C. The sample was diluted with deionized
water. The final volume of the solution was calculated by weight
difference with the original sample, and with the measured
density of the solution, obtained from weighting a small aliquot
of known volume. Samples were digested with three blanks in
parallel. Metal determination was carried out in Agilent 7500ce
instrument under standard conditions (RF power 1550 W,
Nebulizer Burgener AriMist HP, Nebulizer Ar flow 0.75 l/min,
sample pump 0.1 rps, QP resolution 0.7 amu at 10% height (7Li,
89Y, 205Tl), integration time 0.9 s, reading replicates 3, calibration
linear through zero, internal standard online addition 103Rh, gas
cell mode He collision). Calibration was carried out with five
measurements using commercial certified solutions analyzed and
compared with reference NIST solutions.
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Confocal Imaging of Bacteroids and
Colony-Forming-Units Assays
Confocal microscopy images of bacteroids were obtained from
28 dpi nodules. Nodules were ground with a micropestle in
TY medium to release the bacteroids. The nodule homogenate
was filtered using CellTrics R© 30 µm columns and stained using
propidium iodide (50 µg/ml) to visualize the bacteroids by using
confocal microscopy at a 535 nm Ex/617 nm Em. Colony-
forming-units (CFU) were obtained from fresh nodules harvested
at 28 dpi. Nodules were weighed and surface-sterilized in 70%
ethanol for 10 min followed by five washes with distillated water.
The tissue was later ground with a micropestle in 200 µl TY
medium. Serial dilutions of the homogenate were plated on TY
solid media. Plates were incubated 48 h at 30◦C, and the number
of colonies was recorded (Montiel et al., 2016).

Statistical Tests
Results are presented as mean value ± standard deviation.
Multiple comparisons were performed by one-way analysis of
variance (ANOVA) followed by Tukey HSD post hoc at a
probability level of 5% (P < 0.05). Pairwise comparisons were
done by using Student’s t-test at a probability level of 5%
(P< 0.05). The JMP R© (ver.11.0) statistical package (SAS Institute)
was used for statistical analyses.

RESULTS

MtMTP2 Is Up-Regulated During Nodule
Development
Out of the thirteen MTP genes in the M. truncatula genome,
MtMTP2 was the one with the highest expression levels in
nodules, as reported in the Medicago Gene Expression Atlas
(Benedito et al., 2008) and in the Symbimics database (Roux et al.,
2014; Supplementary Figure S1). MtMTP2 expression analysis
was performed to identify organs in which the gene/protein
operates. Relatively high levels of MtMTP2 transcripts were
found in nodules compared to shoots and roots of inoculated
plants (Figure 1). Shoots of nitrogen-fertilized, non-nodulated
plants exhibited higher transcript levels than those of nodulated
plants, although levels were still much lower than in nodules
(Figure 1).

MTP proteins fall into seven groups, based on sequence
similarity, which roughly correspond to putative metal substrates
and subcellular localizations (Ricachenevsky et al., 2013). To
gain insight into the possible metal substrates of MtMTP2,
phylogenetic analysis was performed on 13 M. truncatula
MTPs and homologous proteins in Arabidopsis thaliana, Oryza
sativa, Crocus sativus, Arabidopsis halleri, Populus trichocarpa,
and Hordeum vulgare. MtMTP2 showed strong similarity to
CsMTP4 (54% similarity) described as a protein involved in Zn
homeostasis in cucumber (Migocka et al., 2015) and AtMTP4
(48% similarity), a predicted Zn transporter of A. thaliana
(Waters and Grusak, 2008; Figure 1B). To explore further Zn as
a candidate substrate, a predicted tertiary structure of MtMTP2
was obtained by homology modeling based on the known crystal

structure of the E. coli Zn transporter YiiP (Lu et al., 2009). The
generated model revealed a Zn-binding domain made of residues
H88, D92, H271, and D275 that corresponded to the YiiP site
Z1 (D45, D49, H153, and D157; Figure 1C). The substitution of
YiiP D45 residue by a histidine, H88, observed in MtMTP2 is also
conserved in other plant MTP proteins (Figure 1D).

MtMTP2 Complements a Zinc
Detoxification-Deficient Yeast Mutant
In S. cerevisiae, ZRC1 and COT1 are tonoplast transporters
responsible for the storage of Zn in vacuoles (MacDiarmid et al.,
2000). Yeast zrc1/cot1 double mutants are hyper-sensitive to
Zn in the growth medium. Genetic complementation assays
using a yeast zrc1/cot1 double mutant showed that expression
of MtMTP2 enabled the mutant strain to grow on otherwise
toxic levels of Zn (500 µM ZnSO4), consistent with a role of
MtMTP2 in Zn efflux out of the cytosol (Figure 2A). In contrast,
complementation assays using a yeast ccc1 mutant affected in the
transport of iron into the vacuole (Li et al., 2001), and an smf1
mutant strain, which is unable to store manganese in the vacuole
(Portnoy et al., 2000), showed no recovery of growth on media
supplemented with 4 mM FeSO4 or 10 mM MnCl2, respectively
(Figures 2B,C), indicating that MtMTP2 does not transport Fe or
Mn in yeast.

MtMTP2 Is Located in an
Endomembrane Compartment in Cells of
Nodule Zones II to III
To determine MtMTP2 expression distribution in nodules and
roots, a segment of 889 bp upstream of the MtMTP2 start
codon was fused to the gus reporter gene and subsequently
expressed in roots of M. truncatula inoculated with rhizobia.
MtMTP2 promoter activity was detected in roots and nodules
(Figure 3A) and was most active in the segment from late Zone
II to early Zone III, while lower GUS signal was detected at
the meristematic zone and late zone III (Figure 3B). In silico
analysis of MtMTP2 expression in nodules using data obtained
from the Symbimics database10 (Roux et al., 2014) was consistent
with GUS assays showing an increased expression pattern in
the late differentiation zone (proximal Zone II) and in Zone III
(Supplementary Figure S2). In roots, MtMTP2-regulated GUS
activity was faintly detected at the epidermis, pericycle, and
vascular tissue (Figure 3C).

Subcellular localization of MtMTP2 was performed by fusing
the DNA segment from 1,961 bp upstream of the MtMTP2
start codon to the last codon before the stop codon to
either GFP or to 3 hemagglutinin (HA) epitopes, resulting
in pMtMTP2::MtMTP2-GFP and pMtMTP2:: MtMTP2-HA,
respectively. Plants were transformed with these constructs
and inoculated with S. meliloti strains constitutively expressing
DsRED or GFP, followed by DAPI staining (Figure 4). Subcellular
localization using both constructs was consistent with the results
obtained with the GUS reporter assays. pMtMTP2::MtMTP2-
GFP was localized intracellularly from the infection and

10https://iant.toulouse.inra.fr/symbimics/
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FIGURE 1 | Medicago truncatula metal tolerance protein 2 (MtMTP2), a member of the MTP protein family, is highly expressed in the nodule. (A) MtMTP2 expression
in nitrogen-fertilized and 28 dpi nodulated M. truncatula plants relative to the internal standard gene Ubiquitin carboxyl-terminal hydrolase. Values with different letters
are significantly different (Tukey’s HSD p < 0.05; n = 4). (B) Unrooted phylogenetic tree of the plant metal tolerance protein family. (C) Tertiary structure model of
MtMTP2 and its template YiiP (3h90). Positions of metal coordinating amino acids and Zn(II) elements are indicated. (D) Alignment of the conserved amino acids in
MTP members. The amino acid sequences were aligned using the ClustalW method.
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FIGURE 2 | MtMTP2 yeast complementation assays. (A) Yeast strain DY1457
was transformed with the pYPGE15 empty vector, while the double mutant
zrt1/cot1 was transformed with the empty pYPGE15 or with pYPEG15
containing MtMTP2 coding DNA sequence. Serial dilutions (10×) of each
transformant were grown for 3 days at 28◦C on SD media with all the required
amino acids and 500 µM ZnSO4. Positive control was obtained without
supplementing the media with ZnSO4. (B) Yeast strain DY150 was
transformed with the pDR196 empty vector, while ccc1 mutant was
transformed either with the empty pDR196 or with pDR196 containing
MtMTP2 coding DNA sequence. Serial dilutions (10×) of each transformant
were grown for 3 days at 28◦C on SD media with all the required amino acids
and 4 mM FeSO4. Positive control was obtained without supplementing the
media with FeSO4. (C) Yeast strain BY4741 was transformed with the
pDR196 empty vector, while a deletion strain in smf1 was transformed either
with empty pDR196 or with pDR196 containing MtMTP2 coding DNA
sequence. Serial dilutions (10×) of each transformant were grown for 3 days
at 28◦C on SD media with all the required amino acids and 10 µM MnCl2.
Positive control was obtained without MnCl2 supplementation.

differentiation zones and into the fixation zone in 28 dpi
nodules, while no signal was found at the meristematic
zone (Figure 4A). Localization using the pMtMTP2::MtMTP2-
HA construct by immunostaining with Alexa594-conjugated
antibody (Supplementary Figure S3), showed an identical pattern
of distribution to that observed with pMtMTP2::MtMTP2-
GFP. High magnification imaging of nodules 28 dpi allowed
the visualization of MtMTP2 intracellularly in infected cells
(Figures 4B,C). No autofluorescence signal was detected under
the experimental conditions used, as shown when primary
anti-HA antibody for MtMTP2-HA detection was removed
(Supplementary Figure S4), or when no MtMTP2-GFP protein
was present (Supplementary Figure S5). In roots, MtMTP2-
HA was detected in the epidermis and around the vasculature
(Figure 4D), consistent with the promoter-GUS assays.

To further clarify the subcellular localization of MtMTP2,
immunolocalization of MtMTP2-HA with a gold-conjugated
antibody and transmission electron microscopy was used

FIGURE 3 | Organ and tissue expression localization of MtMTP2. (A) GUS
expression assay in roots and nodules of plants transformed with pGWB3
containing the pMtMTP2::GUS construct. Bar: 1 µm. (B) GUS expression
assay in a longitudinal section of a nodule transformed with pGWB3
containing pMtMTP2::GUS construct. Bar: 100 mm. (C) Cross section of a
M. truncatula root transformed with the plasmid pGWB3 containing the
pMtMTP2::GUS construct. Bar: 50 µm.

(Figure 4E). Gold particles were found concentrated in electron
dense structures corresponding to intracellular compartments
resembling endoplasmic reticulum (or associated domains)
of infected cells and non-infected cells. No gold particles
were detected associated with symbiosomes. When no primary
antibody was used, no gold particles were found to be
concentrated in any cell sections (Supplementary Figure S6).

MtMTP2 Mutants Exhibit Abnormal
Accumulation of Zinc in Nodules and
Impaired Nitrogen Fixation and Growth
To determine the physiological role of MtMTP2, two
homozygous mutant lines of MtMTP2, mtpt2-1 (NF11171),
and mtp2-2 (NF18305) were evaluated. Mutant line mtpt2-1
harbors the tnt1 insertion at the promoter region (−69 upstream
of the start codon) while mtp2-2 contains a tnt1 insertion at the
unique exon of the gene (+623 downstream the start codon;
Figure 5A). These insertions resulted in a reduced level of
MtMTP2 expression in nodules, 80% reduction in the case of
mtpt2-1 and more than 99% in mtpt2-2 (Figure 5B). Accordingly,
they were designated as a knock-down and a knock-out MtMTP2
mutants, respectively. Plant phenotypes were analyzed when
nitrogen was provided in the nutrient solution as ammonium
nitrate. Under these non-symbiotic conditions, no changes in the
plant phenotype were detected in the mtp2 mutants compared
to wild-type plants (Figure 5C). Plant biomass (determined by
the dry weight of shoots and roots) did not show significant
differences among the genotypes analyzed (Figure 5D). Similarly,
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FIGURE 4 | Subcellular localization of MtMTP2 in Medicago truncatula. (A) Cross section of a 28-dpi M. truncatula nodule expressing pMtMTP2::MtMTP2-GFP
(green) (A) inoculated with a Sinorhizobium meliloti 1021 strain constitutively expressing DsRed (red). DNA was stained using 4′-6-diamino-phenylindole (DAPI) (blue).
Left panel, GFP channel; central panel, DsRed channel; right panel, overlay of the previous two panels with DAPI channel and transillumination image. Bars: 100 µm.
(B) Closer view of infection zone of a 28-dpi M. truncatula nodule expressing pMtMTP2::MtMTP2-GFP (green) inoculated with a Sinorhizobium meliloti 1021 strain
constitutively expressing DsRed (red). DNA was stained using 4′-6-diamino-phenylindole (DAPI) (blue). Left panel, GFP channel; central panel, DsRed channel; right
panel, overlay of the previous two panels with DAPI channel image. Bars: 25 µm. (C) Detail of an infected area of M. truncatula nodules transformed with
pMtMTP2::MtMTP2-HA. Sections were immunostained with the antibody Alexa 594 (red). Transformed plants were inoculated with S. meliloti 2011 pHC60 strain
constitutively expressing GFP (green). Bars: 10 µm. (D) Cross section of a 28-dpi M. truncatula root transiently expressing pMtMTP2::MtMTP2-GFP (green) overlaid
with transillumination image. Bar: 50 µm. (E) Transmission electron microscopy (TEM) image of an infected cell of a 28 dpi M. truncatula nodule expressing the
pMtMTP2::MtMTP2-HA construct, inoculated with S. meliloti 2011. Gold particles are indicated by arrows; bacteroids are indicated by asterisks. Left panel, general
overview of an infected (left) and un-infected (right) cells; central panel, closer view of the region boxed with continuous line from the previous panel; right panel,
closer view of the region boxed with discontinuous line in the left panel.
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FIGURE 5 | MtMTP2 mutants grown under non-symbiotic conditions did not
show an altered phenotype. (A) Position of the transposable element of
tobacco (Nicotiana tabacum) cell type 1 (Tnt1) in the MtMTP2 genomic region
in mtp2-1 and mtp2-2 mutants. (B) MtMTP2 expression in roots (black) and
nodules (white) of WT, mtp2-1, and mtp2-2 plants relative to the internal gene
Ubiquitin carboxyl-terminal hydrolase 1. Data are the mean ± SD of two
independent experiments with four pooled plants. (C) From the left to the
right, representative plants of M. truncatula WT, mtp2-1, and mtp2-2
N-fertilized plants. Bars: 1 cm. (D) Dry weight of shoots (black) and roots
(white). Data represent the mean ± SD of three experiments pooling, at least,
ten independent plants (n = 10).

no significant differences between wild type and mutant lines
were observed when either no Zn or excess Zn (100×) were
added to the nutrient solution (Supplementary Figure S7).

In contrast, under symbiotic conditions without mineral-N,
mutant plants exhibited reduced growth and an altered nodule
development (Figure 6). Nodules of the mtp2-2 mutant were
small, round, and white, in contrast to the long, cylindrical, pink
nodules of the wild-type (Figures 6A,B). A time-course analysis
of nodule growth was performed, which showed a progressive
delay in nodule growth, but no delay in the start of nodulation
of the mutants (Supplementary Figure S8). Consistent with the
plant phenotypes observed, plant biomass (determined as dry
weight) was reduced in both mutants (Figure 6C). Shoot biomass
suffered a more drastic decrease linked to the mutation than did
root biomass (a 36% reduction in the case of mtpt2-1 and 55%
for mtpt2-2 shoots). However, root biomass was still significantly
diminished in both mutants, and to a similar extent (20%). In
order to determine if the phenotypic alterations observed were
a consequence of a decline in nitrogenase activity, acetylene
reduction assays were performed (Hardy et al., 1968). The
knock-down mutant, mtpt2-1 exhibited a reduction of 60% in
nitrogenase activity while the knock-out mutant, mtpt2-2 barely
showed detectable enzyme activity (Figure 6D). Similar activity
profile was observed when data were normalized to nodule
number per root (Supplementary Figure S9). Zn content in
shoots, roots, and nodules were determined in order to evaluate
changes in the putative metal substrate of MtMTP2. While no
significant changes in Zn content were detected in roots, and a

FIGURE 6 | Medicago truncatula MTP2 mutation impairs nitrogen fixation.
(A) Representative WT, mtp2-1, and mtp2-2 plants. Bars: 1 cm.
(B) Representative nodules of WT, mtp2-1, and mtp2-2 plants. Bars: 500 µm.
(C) Dry weight of shoots (black) and roots (white). Data are the mean ± SD of,
at least, 10 plants. Comparisons have been made among the shoots and
among the roots. (D) Nitrogenase activity of 28-dpi nodules. Acetylene
reduction was measured in duplicate from three sets of four pooled plants.
Data are the mean ± SD. (E) Zn content in shoots, roots and nodules of WT
(black), mtp2-1 (white), and mtp2-2 (gray). Data are the mean ± SD of three
sets of at least ten pooled plants. Values with different letters are significantly
different (Tukey’s HSD, p < 0.05).

slight increase was detected in the shoots of mtpt2-2, nodules
of knock-out plants showed a substantial accumulation of Zn
(∼40% increase; Figure 6E). This phenotype was not the result
of additional insertions in the tnt1 lines. Both mutant lines only
share insertions inMtMTP2.Moreover, segregants containing the
two wild-type copies of MtMTP2 did not show any significant
differences with wild-type plants (Supplementary Figure S10).
A Zn gradient including suboptimal (0 µM added ZnSO4),
control (0.38 µM ZnSO4) and supra-optimal Zn conditions
(38 µM ZnSO4) was applied in an attempt to complement the
mtp2 mutants’ defective symbiotic phenotype (Supplementary
Figure S11). None of the Zn conditions tested enabled recovery in
growth (including biomass; Supplementary Figure S11A,B) nor
in nitrogenase activity (Supplementary Figure S11C).

Absence of MTP2 Alters Nodule and
Bacteroid Development
The smaller size of mtp2 mutant nodules indicated altered
nodule development. To explore this further, nodules were
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FIGURE 7 | Nodule and bacteroid development in MtMTP2 mutants. (A) Longitudinal sections of M. truncatula WT, mtp2-1, and mtp2-2 nodules stained with
toluidine blue and visualized by light microscopy. Bars: 100 µm. (B) Detail of infected nodule cells of M. truncatula WT, mtp2-1, and mtp2-2 nodules stained with
toluidine blue and visualized by light microscopy. Bars: 10 µm. (C) Confocal image of S. meliloti stained with propidium iodide from 28-dpi M. truncatula WT, mtp2-1,
and mtp2-2 nodules. (D) Cell length of S. meliloti bacteroids isolated from WT, mtp2-1, and mtp2-2 nodules. Data are the mean ± SD of at least 100 cells.
(E) S. meliloti CFU per mg fresh weight of 28-dpi nodules from WT, mtp2-1, and mtp2-2 plants. Data are the mean of three independent experiments ± SE. Values
with different letters are significantly different (Tukey’s HSD, p < 0.05). (F) Expression of the senescence marker genes Chit2 (chitinase Medtr5g022560) and CysProt
(cysteine protease Medtr6g079630) in 28 dpi M. truncatula nodules of WT, mtp2-1, and mtp2-2 plants relative to the internal standard gene Ubiquitin
carboxyl-terminal hydrolase. Data are the mean of three independent experiments ± SE. Values with different letters are significantly different (Tukey’s HSD, p < 0.05).
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sectioned, stained with toluidine blue, and observed by light
microscopy. Nodules of mtpt2-2 a reduced infection zone and
the disappearance of the fixation zone compared to WT nodules
(Figures 7A,B).

The lack of a fixation zone in mtp2-2 suggested that rhizobia
may not have differentiated fully into bacteroids in these
nodules. To test this idea, bacteroids were isolated from WT
and mtp2 mutant nodules and characterized (Figures 7C,D).
Bacteroids from mtp2-2 nodules were shorter in length than
those of wild-type nodules, longer than free-living rhizobia
(Figure 7D) and formed more colonies on solid growth
medium (Figure 7E). These results are consistent with lack of
full differentiation of rhizobia into nitrogen-fixing bacteroids
within mtp2-2 mutant nodules, or with early senescence that
would hamper further nodule development. To test the later,
gene expression of a chitinase (Medtr5g022560) and cystine
protease (Medtr6g079630), two genes induced in senescence
(Xi et al., 2013), was determined in 28 dpi nodules from
wild-type and mtp2-1 and mtp2-2 plants (Figure 7F). The
result showed an induction of senescent genes in mtpt2-2
nodules.

DISCUSSION

MTP proteins are members of the Cation Diffusion
Facilitator (CDF) family and known in plants
(Ricachenevsky et al., 2013).These proteins are typically involved
in Zn2+, Mn2+, or Fe2+ efflux from the cytosol, either out
of the cell or into organelles (Desbrosses-Fonrouge et al.,
2005; Eroglu et al., 2015). From a physiological point of view,
their functions can be diverse, including metal detoxification
(Desbrosses-Fonrouge et al., 2005), metal storage and allocation
to sink organs (Eroglu et al., 2017), and metalation of apo-
metalloproteins (Ellis et al., 2004). From a structural point of
view, they seem to function as homodimers (Wei et al., 2004; Lu
and Fu, 2007; Lu et al., 2009), in which each of the monomers
is able to independently pump cations. This is made possible by
transmembrane metal binding sites that, by being arranged in a
specific geometry, confer specificity to the transporter (Argüello
et al., 2012).

The genome of M. truncatula encodes 13 MTP proteins of
which only one, MtMTP1, was previously characterized (Chen
et al., 2009). MtMTP1 is a Zn transporter also involved in Zn
efflux from the cytosol. It is expressed in roots and shoots.
Zn modulates MtMTP1 transcription: in roots, it is down-
regulated, while it is up-regulated in shoots in response to
Zn supply. Although there is no published information on
its expression in nodules, its overall expression decreases with
S. meliloti inoculation, and the ˆMedicago Gene Expression Atlas
and the Symbimics databases indicate that it is downregulated
in nodules. In this manuscript, we characterized MtMTP2 as
an additional Zn2+-transporting MTP family member that is
involved in nodule development. Homology modeling of the
structure of MtMTP2 shows that its metal substrate would
likely be tetrahedrally coordinated by two histidine and two
glutamate residues, since they occupy a similar location to the

transmembrane metal binding site of template E. coli YiiP (Lu
and Fu, 2007; Lu et al., 2009). Three of the four amino acid
residues are conserved between both proteins, and the fourth,
a change from glutamate to histidine, is consistent with Zn
binding, both by its occurrence in many Zn-coordinating sites,
and by its being conserved in other plant Zn-transporting MTPs
(Ricachenevsky et al., 2013). Further supporting this ability to
transport Zn are two related observations: the capability of
MtMTP2 to functionally complement the Zn transport defect
of the yeast zrc1/cot1 double mutant (MacDiarmid et al., 2000);
as well as the changes in Zn concentration in nodules of the
mtp2-2 mutant line. Although MTP proteins have been shown
to be able to transport more than one substrate, MtMTP2 did
not complement defects in Fe or Mn transport of specific yeast
mutants (Podar et al., 2012; Migocka et al., 2015; Eroglu et al.,
2017).

MtMTP2 is expressed in different plant organs. In roots, it
is located in the epidermal and in vascular and endodermal
cells; in nodules, in cells in Zones II and III, as indicated by
promoter::gus fusions, fluorescence of a GFP-labeled MtMTP2,
and immunolocalization of a HA-tagged protein. The latter two
approaches also provide insight into the subcellular localization
of MtMTP2, which is associated with an endomembrane
compartment. Given the importance of Zn in symbiotic nitrogen
fixation (Ibrikci and Moraghan, 1993; O’Hara, 2001), and the
direction of transport of MTPs in general and MtMTP2 in
particular (Wei and Fu, 2006), it was tempting to speculate that
MtMTP2 might deliver Zn across the symbiosome membrane.
However, electron microscopy analyses of the localization of
HA-tagged MtMTP2 indicated that this is not the case, since
no protein was associated with symbiosomes. Instead, signal
was located in electron-dense bodies in the cell cytosol, that
are distributed all over the cells. This allows us to discard
plastids or mitochondria as putative locations based on their
unique morphology, as well as the nucleus (based on its
uniqueness), Golgi cisternae (very few in a cell), or late
endosomal compartment (with a close distribution to the plasma
membrane). Putative localization would be the endoplasmic
reticulum. Considering that transport into the vacuole would
mean a role in Zn storage, rather than a more active role in
the cell functioning, and the severe phenotype observed by
MtMTP2 mutation, it can be speculated that the intracellular
compartment would correspond to the endoplasmic reticulum.
Previously, other MTP/CDF proteins have been associated to
the endoplasmic reticulum, where they would play a role
in metallating metalloproteins. Mutation of yeast Msc2 gene
results in the induction of the unfolded protein response,
as a consequence of the Zn cofactor not being inserted in
the proteins (Ellis et al., 2004, 2005). Similar roles of CDF
proteins being involved in metallation of proteins have been
attributed to Schizosaccharomyces pombe Zhf1 (Choi et al.,
2018), or to mammalian ZnT5 and ZnT6 (Suzuki et al.,
2005). However, co-localization with ER-specific markers would
be needed to conclusively demonstrate MtMTP2 subcellular
localization.

In spite of being expressed in many plant organs, MtMTP2
is primarily involved in nodule development. No aberrant
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phenotype was observed for mtp2 mutants under non-symbiotic
conditions, indicating that either MtMTP2 is not required for
key physiological processes in plants in the vegetative stage
of growth when watered with NH4NO3, or that another, yet-
to-be-determined protein can serve as a substitute for MTP2.
However, when nitrogen is provided by endosymbiotic rhizobia
in root nodules, mutating MtMTP2 has a dramatic effect. As
was the case with silencing the Zn transporter MtZIP6 (Abreu
et al., 2017), altering Zn homeostasis in the nodule resulted
in reduced nodule development and a substantial decrease in
nitrogenase activity. However, the effect of mutating MtMTP2
was more severe because its loss lead to alterations in nodule
development, in bacteroid maturation, and nodule senescence.
Phenotypic differences between MtZIP6 silenced plants and the
MtMTP2 knock-out mutant seem to result from the inability
to completely silence gene expression, since an activity of just
40% in the knock-down mtp2-1 line is enough to allow for
bacteroid development, a situation similar to what was reported
for MtZIP6 RNAi plants. This result is striking since it indicates
the existence of one or several Zn proteins that receive Zn
in an endomembrane compartment (likely the endoplasmic
reticulum) that have an effect on bacteroid differentiation and/or
nodule development, leading to early senescence. Alternatively,
it could be argued that MtMTP2 might be protecting the
nodule against Zn toxicity by sequestering the metal, as has
been proposed for other MTP transporters (Blaudez et al.,
2003; Desbrosses-Fonrouge et al., 2005). However, when no Zn
was provided in the nutrient solution, no improvement of the
mutant phenotype was observed, suggesting that no toxicity
effect was at play. Moreover, altered nodule development has
also been reported when mutating iron transporter SEN1 in
Lotus japonicus (Hakoyama et al., 2012). Lowering Zn levels
in the nutrient solution did not have any effect on plant
growth or nitrogen fixation. This could be due to not being
able to diminish enough the Zn levels (traces in perlite) or
to already having achieved the bare minimum nitrogenase
activity in mtp2-2 plants. Future work will be directed toward
characterizing the nodulation Zn-proteome to identify the

Zn-proteins that might be governing nodule development and
bacteroid differentiation.
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