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Iron is critical for symbiotic nitrogen fixation (SNF) as a key component of multiple ferroproteins involved in this biological process.
In the model legume Medicago truncatula, iron is delivered by the vasculature to the infection/maturation zone (zone II) of the
nodule, where it is released to the apoplast. From there, plasma membrane iron transporters move it into rhizobia-containing cells,
where iron is used as the cofactor of multiple plant and rhizobial proteins (e.g. plant leghemoglobin and bacterial nitrogenase).
MitNrampl (Medtr3g088460) is the M. truncatula Natural Resistance-Associated Macrophage Protein family member, with the
highest expression levels in roots and nodules. Immunolocalization studies indicate that MtNramp1 is mainly targeted to the
plasma membrane. A loss-of-function nrampl mutant exhibited reduced growth compared with the wild type under symbiotic
conditions, but not when fertilized with mineral nitrogen. Nitrogenase activity was low in the mutant, whereas exogenous iron and
expression of wild-type MtNramp1 in mutant nodules increased nitrogen fixation to normal levels. These data are consistent with a
model in which MtNrampl is the main transporter responsible for apoplastic iron uptake by rhizobia-infected cells in zone II.

SNF is carried out by the endosymbiosis between
legumes and diazotrophic bacteria called rhizobia (van
Rhijn and Vanderleyden, 1995). Detection of rhizobial
nodulation (Nod) factors by the legume plant results in
curling of a root hair around the rhizobia and devel-
opment of an infection thread that will deliver the
rhizobia to the developing root nodule primordium,
which is also triggered by Nod factors (Kondorosi
et al., 1984; Brewin, 1991; Oldroyd, 2013). Rhizobia are
eventually released into the cytoplasm of host plant
cells via endocytosis, resulting in an organelle-like
structure known as the symbiosome, which consists
of bacteria surrounded by a plant membrane called the
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symbiosome membrane (SM; Roth and Stacey, 1989;
Vasse et al., 1990). Rhizobia within symbiosomes
eventually differentiate into nitrogen-fixing bacteroids
that produce and export ammonium to the plant for
assimilation (Vasse et al., 1990).

Two main developmental programs for nodulation
have been described (Sprent, 2007). In the determinate
type, e.g. in soybean (Glycine max), the nodule meri-
stem is active only transiently, which gives rise to a
spherical nodule. In the indeterminate nodules, e.g. in
alfalfa (Medicago sativa) and pea (Pisum sativum), the
meristem(s) remain active for much longer, resulting in
cylindrical and/or branched nodules of indeterminate
morphology. Indeterminate nodules can be divided in
spatiotemporal zones that facilitate the study of the
nodulation process. At least four zones are observed in
a mature indeterminate nodule (Vasse et al., 1990).
Zone I is the meristematic region that drives nodule
growth. In zone II, rhizobia are released from the in-
fection thread and differentiate into bacteroids. Zone
III is the site of nitrogen fixation. Finally, Zone IV is the
senescence zone, where bacteroids are degraded and
nutrients are recycled. Some authors describe two
more zones: the interzone, a transition zone between
zones II and III (Vasse et al., 1990; Roux et al., 2014), and
zone V, where saprophytic rhizobia live on the nutrients
released by senescent cells (Timmers et al., 2000).

Nodulation and nitrogen fixation are tightly regulated
processes (for review, see Oldroyd, 2013; Udvardi and
Poole, 2013; Downie, 2014) and require a relatively large
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supply of nutrients from the host: photosynthates,
macronutrients such as phosphate and sulfate, amino
acids, at least prior to nitrogen fixation, and metal mi-
cronutrients (Udvardi and Poole, 2013). Among the
latter, iron is one of the most critical (Brear et al., 2013;
Gonzélez-Guerrero et al., 2014). The activity of some of
the most abundant and important enzymes in SNF di-
rectly depends on iron as cofactor. Nitrogenase, the
enzyme directly responsible for nitrogen fixation, needs
iron-sulfur clusters and an iron-molybdenum cofactor to
reduce N, (Miller et al., 1993). The hemoprotein leghe-
moglobin, which controls O, levels in the nodule (Ott
et al., 2005), represents around 20% of total nodule
protein (Appleby, 1984). Similarly, different types of
superoxide dismutase, including an Fe-superoxide dis-
mutase, control the free radicals produced during SNF
(Rubio et al., 2007). Other ferroproteins are involved in en-
ergy transduction and recycling related to the nitrogen fix-
ation process (Ruiz-Argtieso et al., 1979; Preisig et al., 1996).

Despite its importance, iron is a growth-limiting nu-
trient for plants in most soils (Grotz and Guerinot,
2006), especially in alkaline soils. As a result, iron de-
ficiency is prevalent in plants and hampers crop pro-
duction and human health (Grotz and Guerinot, 2006;
Mayer et al., 2008). This is even more so when legumes
are nodulated (Terry et al., 1991; Tang et al., 1992). The
relatively high iron demand of nodules can trigger the
iron deficiency response, i.e. increase in iron reductase
activities in the root epidermis and acidification of the
surrounding soil (Terry et al., 1991; Andaluz et al,
2009). Consequently, knowing how iron homeostasis is
maintained in nodulated legumes, including how this
micronutrient is delivered to the nodule, is important
for understanding and improving SNF.

Taking advantage of state-of-the-art metal visualization
methods, the pathway for iron delivery to the nodule has
been elucidated (Rodriguez-Haas et al., 2013). Synchrotron-
based x-ray fluorescence studies on Medicago truncatula
indeterminate nodules indicate that most of the iron is
delivered by the vasculature to the apoplast of zone IL
In zone III, iron is mostly localized within bacteroids.
Therefore, a number of transporters must exist that move
iron through the plasma membrane of plant cells and the
SM of infected cells. Several transporters have been hy-
pothesized to mediate iron transport through the SM.
Soybean Divalent Metal Transporterl (GmDMT1) is a
nodule-induced Natural Resistance-Associated Macro-
phage Protein (Nramp) that was found in the soybean
SM using specific antibodies (Kaiser et al., 2003). How-
ever, biochemical studies on Nramp transporters suggest
that they transport substrates into the cytosol (Nevo and
Nelson, 2006), rather than outwards or into symbio-
somes. More recently, the study of stationary endosymbiont
nodulel (senl) mutants in Lotus japonicus indicated that
SEN1, a yeast (Saccharomyces cerevisine) Cross Comple-
ments CSG1/Arabidopsis (Arabidopsis thaliana) Vacuolar
Iron Transporterl homolog, could play a role in deliver-
ing iron across the SM (Hakoyama et al., 2012), albeit this
is merely based on the mutant plant phenotype and the
role of members of this family in other organisms.
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Very little is known about the molecular identity of
transporters that mediate iron uptake from the nodule
apoplast. Based on known plant metal transporters
and their biochemistry, the most likely candidates are
members of the Nramp and Zinc-Regulated Transporter],
Iron-Regulated Transporterl-Like Protein (ZIP) families,
because these can transport divalent metals into the cy-
tosol (Vert et al., 2002; Nevo and Nelson, 2006). Moreover,
given that the expression of at least one Nramp trans-
porter (GmDMT1) is activated by nodulation (Kaiser
et al., 2003), it is possible that members of this family
might mediate iron uptake into rhizobia-containing cells.
Nramp transporters are ubiquitous divalent transition
metal importers (Nevo and Nelson, 2006). Phenotypical
and electrophysiological studies indicate that they have
a wide range of possible biological (Fe**, Mn**, Zn**,
Cu?*, Co**, and Ni**) and nonbiological (Pb*" and Cd*")
substrates (Belouchi et al., 1997, Curie et al., 2000;
Thomine et al., 2000; Mizuno et al., 2005; Rosakis and
Koster, 2005; Cailliatte et al., 2009). In plants, Nramp
transporters have been associated with a number of
biological roles, such as Fe** and Mn** uptake from soil
(Curie et al., 2000; Cailliatte et al., 2010), Mn* long-
distance trafficking (Yamaji et al., 2013), metal remobi-
lization during germination (Lanquar et al., 2005), Cd**
and Ni** tolerance (Mizuno et al., 2005; Cailliatte et al.,
2009), and the immune response (Segond et al., 2009), in
addition to participating in SNF (Kaiser et al., 2003).

In this study, M. truncatula MtNrampl (Medtr3g088460)
was identified as the Nramp transporter gene expressed
at the highest levels in nodules. MtNramp1 protein was
localized in the plasma membrane of nodule cells in
zone II, where the expression reached its maximum. Its
role in iron uptake and its importance for SNF were
established using a loss-of-function mutant, nrampl-1.
This work adds to our understanding of how apoplastic
metals are imported into nodule cells.

RESULTS

MtNramp1 Transcription Is Induced during
Nodule Development

Inspection of the M. truncatula genome sequence
revealed eight genes with similarity to Nramp trans-
porters. Seven of them, MtNrampl to MtNramp7
(Medtr3g088460, Medtr3g088440, Medtr2¢g104990,
Medtr3g102620, Medtr5g016270, Medtr8g028050, and
Medtr4g095075, respectively) are similar to Nramp
transporters throughout their sequence. The eighth gene
(Medtr004150030) is an Arabidopsis Ethylene Insensitive2
homolog that shows a very high sequence similarity to
Nramp transporters only in its C terminus. Sequence
comparison of the seven MtNramp sequences with known
plant Nramp transporters showed that they cluster in two
different groups (Fig. 1A). Nodule-specific Nramp trans-
porter GmDMT1 from soybean clusters in the same branch
together with MtNramp5 and MtNramp?7. MtNramp1
structure was modeled using Staphylococcus capitis DMT
structure (Ehrnstorfer et al., 2014; Fig. 1B). The predicted
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model had a high degree of homology with ScDMT1,
sharing the same four metal-coordinating amino acids
(D60, N63, A232, and M235 in MtNrampl). The pre-
dicted structure also shows the 11 transmembrane do-
mains characteristic of Nramp transporters.

Expression levels of the seven putative transporter
genes in 28-d-postinoculation (dpi) nodules, roots fer-
tilized with nitrogen, and denodulated roots (stripped
of nodules) were measured by quantitative reverse
transcription-PCR. MtNrampl showed the highest
transcript levels in denodulated roots of the seven
genes studied (Fig. 2A). None of these genes had sig-
nificantly higher levels of expression in nodules than
in roots (Fig. 2B; Supplemental Fig. S1). However,
MtNrampl was the most highly expressed of the seven
Nramp-like genes in nodules (Fig. 2C), indicating its
preeminent role in these organs.

MitNrampl Is an Iron and Manganese Importer

MitNrampl substrate and direction of transport were
determined by complementation of yeast mutants
affected in metal transport. The closest MtNrampl ho-
molog in yeast is the manganese importer Suppressor of

Figure 1. M. truncatula Nramp family. A, Unrooted tree A
of the M. truncatula Nramp family transporters MtNramp1
to MtNramp?7 (Medtr3g088460, Medtr3g088440,
Medtr2g104990, Medtr3g102620, Medtr5g016270,
Meditr8g028050, and Medltr4g095075, respectively) and
representative plant Nramp homologs AtNramp1
(At1g80830), AtNramp2 (At1g47240), AtNramp3
(At2g23150), AtNramp4 (At5867330), AtNramp5
(At4g18790), AtNramp6 (At1g15960), OsNramp1
(0s07g0258400), OsNramp2 (Os03g0208500),
OsNramp3 (Os06g06.76000), OsNramp4 (Os01g0503400),
OsNramp5 (Os07g0257200), OsNramp6 (Os12g0581600),
and GmDMTT1 (Glyma17g18010). B, Tertiary structure
modeling of MtNramp1 (blue) and template S. capitis
DMT1 (Protein Data Bank Identification: 4WGW,
yellow). Positions of metal coordinating amino acids
are indicated.
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Mitochondria Import Functionl (SMF1; YOL122C). Mu-
tation of SMF1 results in loss of the ability to grow on
manganese-depleted medium (Supek et al., 1996; Fig.
3A). To determine whether MtNramp1 is functionally
equivalent to SMFI, its complementary DNA (cDNA)
was cloned into yeast pYPGE15 vector under the con-
trol of the yeast constitutive phosphoglycerate kinase
promoter and transformed in the smfl mutant strain.
The transformed strain possessed the ability to grow on
low manganese, like the wild-type strain (Fig. 3A).
Nramp transporters have also been implicated in iron
import, either from the cell exterior or from an organelle
(Curie et al., 2000; Forbes and Gros, 2001). Given the
importance of iron in SNF, MtNrampl iron transport
capability was tested by assessing its ability to com-
plement the yeast Fe Transport3 (fe3)/fet4 double mu-
tant. FET3 (YMRO58W) is a multicopper ferroxidase
involved in high-affinity iron uptake (Askwith et al,,
1994), while FET4 (YMR319C) is a low-affinity iron
importer (Dix et al., 1994). The double mutant has a
severe impairment in iron uptake, requiring higher iron
levels in the medium and a more acidic environment to
increase this micronutrient mobility and availability.
The expression of MtNramp1 in the fet3/fet4 background
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Figure 2. MtNramp gene family expression in roots and nodule. A, Gene
expression in denodulated roots relative to the internal standard gene
Ubiquitin carboxyl-terminal hydrolase. B, MtNramp1 expression in nitro-
gen-fertilized roots (NFR), denodulated roots (DR), and nodules (Nod) rel-
ative to the internal standard gene Ubiquitin carboxyl-terminal hydrolase.
C, Gene expression in the nodule relative to the internal standard gene
Ubiquitin carboxyl-terminal hydrolase. Data are the mean * st of three
independent experiments. n.d., No transcript was detected.

increased the iron uptake capability of the cells (Fig. 3B).
Taken together, the results indicate that MtNrampl is
able to transport iron and manganese toward the cytosol.

MtNrampl Is Localized in the Plasma Membrane of
Zone II Cells

Nramp transporters are present in a wide range of
organs and organelles (Thomine et al., 2000; Oomen
et al.,, 2009; Yang et al., 2013). The precise location of
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the transporters is key to their biological roles, which
range from metal uptake from soil (Cailliatte et al.,
2010) to metal remobilization from intracellular re-
serves (Cailliatte et al., 2010; Lanquar et al., 2010). To
determine whether MtNrampl expression is confined
to roots and nodules, reverse transcription (RT)-PCR
studies were carried out using RNA extracted from
shoots, roots, and nodules from nodulated and non-
nodulated M. truncatula plants. No MtNrampl tran-
script was detected in shoots regardless of symbiotic
status (Fig. 4A).

To determine the tissue distribution of MtNrampl
expression, M. truncatula seedlings were transformed
with Nramp1 promoter::gus fusions, where 2 kb of DNA
immediately upstream of the M{Nrampl start codon
was selected as promoter. In symbiotic conditions, GUS
activity was detected in nodulated roots and in the
apical region of the nodule (Fig. 4B). Sections of these
nodules showed that GUS expression was mostly con-
fined to zone II (Fig. 4C), while it was detected in a
perivascular layer in roots and also in a region that
might be associated with the phloem (Fig. 4D).

The apical region of the nodule contains both zone I
(meristem) and zone II (rhizobia infection and differ-
entiation into bacteroids; Vasse et al., 1990). To verify
the GUS-staining results and to determine MtNramp1
subcellular location, immunohistochemistry and con-
focal microscopy were used (Fig. 5). The complete
MtNrampl gene (exons plus introns) was cloned in
frame with three hemagglutinin (3xHA) epitopes in
its C-terminal end. To avoid misleading results due
to overexpression, MtNrampl was cloned under the
control of its own promoter, rather than the constitu-
tive ubiquitin or 35S promoters. The lack of an adverse
effect of the 3xHA epitope on protein transport capa-
bilities was verified by complementation of the yeast
smfl mutant with a plasmid constitutively expressing
the MtNramp] coding sequence fused at the C terminus
with the 3xHA tag (Supplemental Fig. S2). MtNramp1-HA
was detected using a mouse anti-HA antibody and an
Alexa594-conjugated anti-mouse secondary antibody
(red). Its position within the nodule was mapped with
the help of 4',6-diamino-phenylindole (DAPI) to stain
DNA (both eukaryotic and bacterial) and a constitutive
GFP-expressing Sinorhizobium meliloti as inoculum
(green).

As expected from the Nrampl promoter-driven
GUS activity, MtNramp-HA was localized to the api-
cal region of the nodule and, more specifically, in the
infection/differentiation zone (zone II), as indicated
by the presence of GFP-expressing rhizobia and the
abundance of infection threads (Fig. 5A). At higher
magnification (Fig. 5B), MtNrampl-HA was found in
cells where rhizobia were being released and in adja-
cent cell layers where rhizobia had increased in size
following differentiation. MtNramp1-HA was located
in the periphery of the cell, very likely in the plasma
membrane. No colocalization with mature symbiosomes
was observed (Fig. 5C). However, the tagged protein
was also detected around the nucleus and in small
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Figure 3. MtNramp1 transport assays. A, Manganese import. Yeast strain BY4741 was transformed with the pYPGE15 empty
vector, while BY4741-derived BR4742 strain mutated in smf7 was transformed either with empty pYPGE15 or with pYPGE15
containing MtNramp1 coding DNA sequence (CDS). Serial dilutions (10X) of each transformant were grown for 3 d at 30°C on
SD Glc medium with all the required amino acids. pH was buffered with 50 mm MES, and manganese levels were kept low with
6.25 mm EGTA. Manganese-replete positive controls were obtained by supplementing the plate with 500 um MnSO,. B, Iron
import. Yeast strain DEY1451 was transformed with the pYPGE15 empty vector, while DEY1451-derived DEY1453 strain
mutated in fet3 and fet4 was transformed either with empty pYPGE15 or with pYPGE15 containing MtNramp1 CDS. Serial
dilutions (10X) of each transformant were grown for 3 d at 30°C on SD Glc medium with all the required amino acids. Iron-
replete positive controls were obtained by growing on pH 3.5 medium supplemented with 100 um FeCl,.

vesicles in the cytosol, probably the result of protein
synthesis and sorting to the plasma membrane. No
Alexa594 was detected in control plants transformed
with untagged MtNrampl (Supplemental Fig. S3). To
verify the plasma membrane localization, tobacco (Ni-
cotiana benthamiana) leaves were transformed both with a

Figure 4. Organ and tissue location of MtNramp1
transcripts. A, MtNramp1 expression in shoots, roots,
and nodules of unnodulated nitrogen-fertilized and
nodulated plants. MtUbiquitin ~ carboxyl-terminal
hydrolasel (MtUbT) was used as positive control for
RT-PCR. B, Histochemical staining of GUS activity in
the root and nodules of M. truncatula plants transformed
with plasmid pBI101 containing the MtNramp1-
promoter::gus fusion. C, Longitudinal section of a GUS-
stained nodule from M. truncatula plants transformed
with plasmid pBI101 containing the MtNramp1-
promoter::gus fusion. D, Cross section of a GUS-
stained root from M. truncatula plants transformed
with plasmid pBIT01 containing the MtNrampi-
promoter::gus fusion. Bars = T mm (B) and 0.1 mm
(C and D).
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construct expressing MtNramp1 fused to GFP and plas-
mid encoding a plasma membrane-targeting motive
fused to cyan fluorescent protein (CFP). GFP signal co-
incided with CFP fluorescent pattern (Fig. 5, D-F), in-
dicating a plasma membrane localization of MtNrampl.
Recent studies on gene expression in the different regions
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Figure 5. Subcellular localization of MtNramp1-HA. A, Cross section of a 28-dpi M. truncatula nodule infected with S. meliloti
constitutively expressing GFP (green) and transformed with a vector expressing the fusion MtNramp1-HA under the regulation
of its endogenous promoter. MtNramp1 localization was determined using an Alexa-594-conjugated antibody (red). DNA was
stained with DAPI (blue). Infection threads are indicated with asterisks. B, Detailed view of rhizobia-infected cells in zone ll. C,
Three-dimensional reconstruction of a MtNramp1-HA-expressing cell. GFP-expressing S. meliloti cells are shown in green; red
indicates the position of MtNramp1-HA, and blue is DAPI-stained DNA. D, Localization of plasma membrane marker pm-CFP
transiently expressed in tobacco leaf cells. E, Localization of MtNramp1-GFP transiently expressed in the same cells. F, Overlay
of pm-CFP and MtNramp1-GFP localization in tobacco leaf cells. Bars = 100 um (A), 15 um (B), 5 um (C), and 50 um (D-F).

of the nodule (Roux et al., 2014) and the public database
derived from them (Symbimics) show that MtNrampl is
expressed from zone I to zone III. Expression maxima
of MtNrampl in late zone II and interzone II-III
(Supplemental Fig. S4) are consistent with the pattern of
distribution observed for MtNrampl-HA in the nodule.
MitNrampl-HA was not detected in the vasculature of
the nodules analyzed. However, in agreement with the
GUS reporter assay, MtNrampl-HA was localized in a
cell layer around the vasculature and, at very discrete
points, associated with phloem/pericycle (Supplemental
Materials and Methods S1; Supplemental Fig. S5, A-C).
The perivascular cells corresponded with the endoder-
mis, as Casparian strips were localized in the same layer
as MtNramp1l-HA (Supplemental Fig. S5, D and E).

Loss of MtNramp1 Function Results in Reduced
Nitrogenase Activity

To test the role of MtNrampl in nitrogen fixation,
nrampl mutants were isolated from a Transposable El-
ement from Nicotiana tabacum1 (Tnt1) insertion mutant
collection (Tadege et al., 2008). Mutant line NF20333

Plant Physiol. Vol. 168, 2015

had an insertion at position +744 within the fourth
exon of the MtNrampl gene (Fig. 6A), which encodes
the central part of the second transmembrane domain
according to the structural model (Fig. 1B). Homozy-
gous nrampl-1 mutant plants had no detectable
Nramp1 transcript (Fig. 6B), indicating complete loss of
function of this gene.

Given that MtNrampl was expressed in both nodu-
lated and nonnodulated plants, the phenotype of the
nrampl-1 mutant was assessed under both conditions.
Under nonsymbiotic conditions, nrampl-1 mutants
exhibited normal wild-type-like growth, fresh weight,
and chlorophyll content regardless of iron levels in the
nutrient solution (Supplemental Fig. S6). However,
root iron content was significantly higher in the roots
of nrampl-1 than in the wild type when plants were
grown with no additional iron in the nutrient
solution (Supplemental Fig. S6D). The reverse was true
for shoots, with iron levels lower in the mutant than
in the wild type under these growth conditions
(Supplemental Fig. S6D). Iron nutrition status was
monitored using M. truncatula Ferric Reduction Oxidasel
(MtFRO1; Medtr8g028780) expression, a marker of
M. truncatula iron deficiency response (Andaluz et al., 2009).
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Figure 6. MtNramp1 Tnt1 insertional knockout line. A, Position of the
Tnt1 insertion site for nramp1-1 (NF20333). B, RT-PCR of MtNramp1
expression in 28-dpi nodules in control (wild type [WTI) and nramp1-1
M. truncatula lines. Expression of MtUbiquitin carboxyl-terminal hydro-
lase (MtUbT) was used as positive control.

Regardless of the iron levels in the nutritive solution, no
significant differences were observed between MtFRO1
expression in wild-type and nramp1-1 lines (Supplemental
Fig. S6E).

Under symbiotic conditions, without extra added
nitrogen fertilizer, nrampl-1 plants had severe growth
defects (Fig. 7A). Mutant plants had mostly small
white nodules, in contrast to the mostly larger, pink
nodules of wild-type plants (Fig. 7B). Plant biomass
was reduced by 79% in the mutant compared with the
wild type (Fig. 7C). Nodulation was also impaired in
the mutant, with 36% fewer nodules than the wild type
(Fig. 7D). Nitrogenase activity of nodulated plants
was measured using the acetylene reduction assay
(Dilworth, 1966; Schollhorn and Burris, 1966). Mutant
plants grown under standard conditions showed a
40% reduction in nitrogenase activity compared with
control transformed plants (Fig. 7E). These aberrant
phenotypes of the nrampl-1 mutant were not the result
of insertions in other genes, as wild-type phenotypes
were restored to nrampl-1 roots transformed with
wild-type MtNrampl-HA driven by its native promoter
(the same construction used for the immunolocaliza-
tion studies; Fig. 7, A-F). Furthermore, the phenotypes
were associated with a reduction of iron uptake by the
mutant, as wild-type phenotypes were restored when
mutant plants were watered with an iron-fortified so-
lution (Supplemental Fig. S7). nrampl-1 had signifi-
cantly higher iron levels in nodulated roots than in
wild-type plants, while the reverse was true for nod-
ules (Fig. 7F). Perl-DAB staining of wild-type and
nrampl-1 nodules showed neither changes in iron
distribution nor the absence of major iron hotspots due
to the mutation in MtNrampl (Supplemental Fig. S8,
A and B). This result suggests that the difference in
nodular iron content is merely due to the smaller
nodule zone III developed by nrampl-1 plants (less
iron available means fewer ferroproteins and, there-
fore, a smaller nitrogen fixation zone). However,
nodulated roots in nrampl-1 showed some discrete
iron hotspots in the apoplast not present in wild-type
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roots (Supplemental Fig. S8, C-E), corresponding
to the increased iron concentration. No significant
differences in iron content of shoots were found be-
tween mutant and wild-type plants under symbiotic
conditions (Fig. 7F).

To determine whether reduced iron accumulation in
mutant nodules resulted from loss of Nramp1 function
in nodules, as opposed to roots, nrampl-1 plants were
transformed with MtNramp1 driven by the nodule-specific
promoter of the Multidrug and Toxic Compound Extrusion
(MATE) gene, Medtr6g081400, which is also predomi-
nantly expressed in zone II (Fig. 8A; Supplemental Fig. S4).
Targeted expression of MtNrampl to nodules of the
nrampl-1 mutant restored the normal growth to sym-
biotic nrampl-1 plants (Fig. 8B). These plants also had
active pink nodules instead of the small white nodules
shown by nrampl-1 plants (Fig. 8C), as well as an in-
crease in the biomass (Fig. 8D) and in the total number
of nodules (Fig. 8E) and an 85% increase in nitrogenase
activity compared with the nramp1-1 control (Fig. 8F).

Yeast complementation assays indicated that MtNramp1
was also a Mn®* importer. To test whether MtNramp1
mutation had an effect on M. truncatula manganese ho-
meostasis, nrampl-1 symbiotic and nonsymbiotic phe-
notypes were assessed in plants watered either with the
standard manganese concentrations or with a nutritive
solution in which no manganese was added. No signif-
icant changes in the phenotype were observed in non-
symbiotic (Supplemental Fig. S9) or symbiotic conditions
(Supplemental Fig. S10), other than a reduction in man-
ganese content in nrampl-1 roots under manganese-
deficient conditions and an increase in nrampl-1 shoots
when watered with manganese-replete nutritive solution
(Supplemental Figs. S9D and S10F).

DISCUSSION

Legumes are key to world agriculture (Graham and
Vance, 2003). They are the main protein source in
many areas of the world and, because of SNF, a viable
alternative to the use of nitrogen fertilizers in agricul-
ture (Smil, 1999). As in any plant, iron uptake and
systemic distribution is critical in legumes. Like in
other nongraminaceous plants, in legumes, iron up-
take from soil follows what is known as Strategy I,
i.e. Fe’* solubility is increased by acidification of the
surrounding soil and then Fe®" is reduced by a fer-
roreductase to Fe**, which is imported into plants via
specific transporters in the root epidermis (Andaluz
et al., 2009). Once inside the plant, iron is used in le-
gumes as in other plants, with one exception; in ad-
dition to the shoot, there is an extra iron sink during
vegetative stages of growth, namely the root nodule
(Tang et al., 1990).

Nodulation requires relatively large amounts of
iron to synthesize the key enzymes involved in SNF
(Brear et al., 2013; Gonzélez-Guerrero et al., 2014).
Synchrotron-based x-ray fluorescence results indicate
that, at least in indeterminate nodules, iron is primarily
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Figure 7. Symbiotic phenotype of M.

= M Red OOWhite truncatula wild type (WT), nramp1-1, and
100 | nrampi1-1 transformed with MtNramp1
= regulated under its endogenous promoter
e 80T (NR1p). A, Growth of representative
._.: 2 plants. Bar = 1 cm. B, Close view of rep-
5 resentative nodules of each M. truncatula
'q“:: 40 line. Bar = 1 mm. C, Fresh weight of shoots
= and roots. Data are the mean = st (n= 6-8
Z 20 plants). D, Nodule number per plant;
100% = 5.67 nodules/plant. Data are the
0 average = st (n = 7 plants). E, Nitrogenase
9 & & activity in 28-dpi nodules. Acetylene reduc-
&0“ & W tion was measured in duplicate from two sets
w\ga.\Q' of five pooled plants. Data are the mean *
st; 100% = 42.83 nmol ethylene h™' g™ F,
E Iron content (ug g~') in 28-dpi plants. Bars
120 indicate the average * st of two sets of five
< transformed plants. Asterisk indicates signif-
nramp1- }‘ ; ; 100 icant differences (P < 0.05).
NRIp:MtNrampl E %5
S
Q 60
£
§° 40
: £
. z %
= 0
WT nrampl-1 ~ nrampl-1
NRIip:MtNrampl
Cc F
nrampl-1
300 M Shoot [0 Root = B W Onrampi-1MNR Ip:MiNvampl
= £ 8001 =
£ 250 5
*= = &
5 200 -y 600 1
2 i oD
; 150 @ ot |
2 100f =
£
S 200t
50 £
0 0 —'.}'1 L i.rl L 1
>

delivered by the vasculature and released into the
apoplast of zone II (Rodriguez-Haas et al., 2013). In
this zone and probably in the interzone with the
nitrogen-fixing zone III, iron has to be delivered from
apoplast into cells before it is transported to the bac-
teria in symbiosomes. Our results indicate that MtNramp1
participates in iron translocation across the plasma
membrane.

In contrast to soybean (Kaiser et al., 2003), M. truncatula
does not encode a nodule-specific Nramp transporter.
However, among the seven identified members of the M.
truncatula Nramp family, MtNrampl showed by far the
highest expression level in nodules. Yeast
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complementation assays indicated that MtNrampl can
transport iron and manganese into cells, consistent with
a putative role in iron uptake by nodule cells infected
with rhizobia. However, for this to be the case in M.
truncatula, MtNramp1 should be localized in the plasma
membrane in zone II cells.

Because iron is released into the apoplast of zone II
cells, and because little or no iron remains in the zone
III apoplast (Rodriguez-Haas et al., 2013), the conclu-
sion is that Nramp or ZIP transporter(s) must mediate
iron uptake from the apoplast into the cytosol of cells
in this region of the nodule. Promoter:gus fusion
data and the gene expression information from the
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Figure 8. Complementation of nrampi-1 pheno- A
type by MtNramp1 under the regulation of a nodule-
specific promoter. A, Expression of Meditr6g081400,
a nodule-specific MATE transporter used as a pro-
moter source for the complementation construct.
Expression of MtUbiquitin carboxyl-terminal hydro-
lase was used as positive control (MtUb). B, Growth
of representative plants. C, Close view of represen-
tative nodules of each M. truncatula line. D, Fresh
weight of shoots and roots. Data are the mean =+ st
(n =4 plants). E, Nodule number per plant; 100% =
4.25 nodules/plant. Data are the average * st (n =4
plants). F, Nitrogenase activity in 28-dpi nodules.
Acetylene reduction was measured in duplicate
from two sets of five pooled plants. Data are the
mean = st 100% = 31.85 nmol ethylene h™' g
NFR, Nitrogen-fertilized roots; DR, denodulated
roots; Nod, nodules; NFS, nitrogen-fertilized shoots;
NS, shoots from nodulated plants; WT, wild type.
Bars =1 cm (B) and 1 mm (C).

MIMATE

Symbimics database for MtNrampl indicated that the
gene is expressed in zone II of the nodule. Further-
more, immunolocalization studies of the transporter
and its colocalization with plasma membrane markers
indicated that it is located in the plasma membrane, in
contrast to GmDMT1, which was found on the SM
(Kaiser et al., 2003). This localization in M. truncatula
does not appear to be an artifact of any of the fusions
created, because (1) the addition of the HA tag did not
have any major effect on the structure of the protein,
as evidenced by the conservation of its transport ca-
pabilities in yeast and in M. truncatula, and (2) tran-
scriptomic data on MtNrampl expression on different
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parts of the nodule (Roux et al., 2014) showed maxi-
mum expression in zone II and the interzone II-III,
precisely where iron is most prevalent in the apoplast.
These data may also explain why average MtNrampl
transcript levels in whole nodules are lower than in
roots; because MtNrampl is confined to just a few cell
layers, its mRNA is diluted by the mRNA from the
many other nodule cells that do not express this gene.

Further evidence for a role of MtNrampl in iron
delivery for SNF is provided by the analysis of nrampl-1
mutant plants. These plants accumulated higher levels
of iron in roots than wild-type plants under low-
iron growth conditions. This is consistent with the
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localization of MtNramp1 in the root endodermis (the
cell layer in which the Casparian strip was visualized).
Mutation of a transporter involved in iron transloca-
tion into endodermal cells would result in iron accu-
mulation in the root apoplast, and as a result, root iron
content would be increased. This was observed in
nramp1-1 roots, where some iron deposits were detected
in the apoplast. However, the role of MtNrampl in
nonsymbiotic conditions seems to be very limited, even
under low-iron conditions, given that no additional
phenotype was observed and that the iron deficiency

Zone I

Zone 11

Zone 111

Zone IV

Vasculature

MitNrampl Provides Iron for Symbiotic Nitrogen Fixation

response was not further induced in the mutant. Al-
ternatively, other endodermal transporters might be
masking a nonsymbiotic nrampl-1 phenotype. Regard-
less of the mechanism, the fact that the nrampI-1 mutant
had neither significant difference in chlorophyll content
compared with wild-type plants nor triggered the iron
deficiency response indicates that sufficient iron was
reaching the sink organs regardless of MtNrampl ac-
tivity. These results suggest that (1) MtNrampl might
be involved in the uptake of iron delivered to the en-
dodermis through the apoplastic pathway, and (2) the
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Figure 9. Proposed model of iron delivery to rhizobia-containing cells. Iron is incorporated from soil using Strategy 1 and
delivered symplastically and apoplastically to the endodermal layer (1). Symplastic iron reaches the cytosol of endodermal cells
(1a), while apoplastic iron is incorporated by these cells with the help of MtNramp1 (1b). This element is then transferred to the
xylem (1¢) to be transported to the rest of the plant as an iron-citrate complex (2). Iron is delivered to zone Il of the nodule (3)
and released from the vasculature in a process in which citrate efflux is likely to be necessary. A MATE family member
homologous to LMATE1 might facilitate citrate efflux (3a). MtNramp1 translocates iron across the plasma membrane (3b). In
this role, an additional metal transporter (ZIP or YSL) could also be involved. Once in the cytosol, iron is likely to be transported
across the SM by MtSENT1 in a process that might be assisted by another MATE family transporter (3c). An M. truncatula
GmDMTT1 ortholog could also participate in iron transport either by introducing iron or rather by effluxing iron to prevent
overload of the peribacteroidal space. Putative transporters predicted to play a role in metal transport in the nodule are indi-
cated in italics. PM, Plasma membrane; SM, symbiosome membrane; IM, inner membrane; OM, outer membrane; CDF, cation

diffusion facilitator.
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iron that reaches the endodermis through the sym-
plastic pathway is sufficient to fulfill the plant iron re-
quirements in nonsymbiotic conditions.

In stark contrast to nonsymbiotic plants, nrampl-1
plants grown under symbiotic conditions, without
substantial mineral nitrogen, had severe growth de-
fects, with a dramatic reduction of biomass. This was
accompanied by a reduction of nodulation and nitro-
genase activity in these plants. All these phenotypes
were suppressed by adding high levels of iron-
Sequestrene chelate to the nutrient solution or by
expressing the wild-type MtNrampl in the mutant
plants, indicating the importance of MtNrampl in
iron delivery for SNF. However, it might be argued
that this defect was due to iron not being introduced
in the vasculature and, consequently, not being
transported to the nodule, in view of the reduced iron
content in nrampl-1 nodules (Fig. 7F). To test this
hypothesis, MtNrampl was fused to a promoter from a
nodule-specific MATE gene with a similar expression
pattern to MtNrampl in nodules. This chimera was
able to improve the growth of nrampl-1 as well as
increase the number of functional nodules, as indi-
cated by the more abundant red nodules and their
increased nitrogenase activity. Therefore, although
some of the nrampl-1 phenotype is due to iron being
retained in the root, a substantial part is likely due to

an inability of nodule cells to take up iron from the
apoplast.

While playing a role in iron homeostasis, MtNramp1
does not seem to have any significant role on manga-
nese nutrition, despite its ability to transport Mn**
shown in yeast (possibly an acquired ability that could
result from overexpressing the transporter in a hetero-
logous system). The observed reduction of manganese
content in nrampl-1 roots under some conditions in-
dicated that MtNrampl is not involved in manganese
transport in planta. The changes in manganese levels
by MtNrampl mutation could be the result of the plant
adapting to an altered long-distance iron transport, a
consequence to the changes in iron distribution caused
by MtNrampl mutation.

In conclusion, MtNramp1 appears to play a major
role in iron uptake from the apoplast into rhizobia-
containing cells in zone II of the nodule and a minor
role in root-to-shoot iron translocation. This is in
contrast to another Nramp transporter, GmDMT1 of
soybean, which has been localized in the symbiosome
(Kaiser et al., 2003). Other transporters might assist
MtNrampl in transporting iron in nodules, as the
nrampl-1 mutant produced some partially functional
nodules. MtNramp?7 could potentially play this role,
because it is the only other M. truncatula Nramp
family member with a pattern of expression similar

Table I. Primers used in this study

Name Sequence

Use

5MtNramp1-Xbal
3MtNramp1-BamHI
5MtNramp1p-Hindlll
3MtNramp1p-BamHI
5GWMtNramp1p

3GWMtNramp1

5MtUBqF
3MtUBgR
5MtNramp1 + 1GW

5MtNRAMP1-1533
3MINRAMP1-1659
5MtNRAMP2-1500
3MINRAMP2-1617
5MtNRAMP3-1431
3MtNRAMP3-1598
5MINRAMP4-1427
3MINRAMP4-1586
5MtNRAMP5-1387
3MINRAMP5-1565
5MtNRAMP6-1527
3MtNRAMP6-1663
5MINRAMP7-1423
3MINRAMP7-1549
5MtFRO1qF

3MtFRO1qR

AATCTAGAATGGCACATCAAGAAGTGAAT

Cloning of MtNramp1 cDNA in pYGPE15

TTGGATCCTCACAACCTAGGTCCCTCTG

GGAAGCTTTTTTTATTTGAACTTAGAATTA

TTGGATCCGTTTACTATTACTATTCACTC

GGGGACAAGTTTGTACAAAAAAGCAGGCTATTGAACT-

TAGAATTAAACCAC

GGGGACCACTTTGTACAAGAAAGCTGGGTACAACCTA-

GGTCCCTCTGGTCG

GAACTTGTTGCATGGGTCTTGA

CATTAAGTTTGACAAAGAGAAAGAGACAGA

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCA-

CATCAAGAAGTGAAT
AAGGGGTTTGTAAACGATGGTCAGT
GCTCTCTAAAATGACTTGAAAGCAA
AACCAAGTGGAAAAAGGAATTGTGG
TTGGATCCTTTATTCTGGTAGTGGT
TTTTCAGGCATGGCAGTATATTTGG
TGGACTACTTCTCTGAGGCAATTGC
CTTCCTTTCTGAGGTGAACAGCGTA
TCCATATTTTTAATGTTGTGTAACTTGTGT
TTTCCTCTGAAGTGAGTGGAGCAGT
AACTTTGCGTGGTAGCTACTATTTG
TGTGCAACAGCATGGATTTCATTTA
CTATATATTCACATCATCATCACCAAAAA
AATAACCGCTGCATATGTTGCATTC
CTGCAGTTCTAAGGATCCATTATTCA
GGTGACACGTGGATCATCTG
TTGCAATCCACAGGAACAAA

Cloning of MtNramp1 cDNA in pYGPE15

Cloning of MtNramp1 promoter in pBI101

Cloning of MtNramp1 promoter in pBI101

Cloning of MtNramp1 promoter and coding
sequence in Gateway vectors

Cloning of MtNramp1 promoter and coding
sequence in Gateway vectors/C-terminal GFP
fusion

Quantitative reverse transcription (q)PCR of
MtUbiquitin carboxyl-terminal hydrolase

gPCR of MtUbiquitin carboxyl-terminal
hydrolase

C-terminal GFP fusion of MtNramp1

qPCR of MtNramp1
qPCR of MtNramp1
qPCR of MtNramp2
gPCR of MtNramp2
gPCR of MtNramp3
qPCR of MtNramp3
gPCR of MtNramp4
gPCR of MtNramp4
gPCR of MtNramp5
gPCR of MtNramp5
gPCR of MtNramp6
qPCR of MtNramp6
gPCR of MtNramp7
gPCR of MtNramp7
qPCR of MtFROT

gPCR of MtFRO1
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to that of MtNrampl. However, MtNramp7 exhibited
low expression levels in the nodule, and according to
the database Symbimics, it is expressed mostly in
zone III instead of zone II. Therefore, it cannot be
ruled out that a ZIP or even a Yellow Stripe-Like
(YSL) transporter may contribute to iron uptake into
nitrogen-fixing cells. Taking into account these con-
siderations, a tentative model of iron transport to
indeterminate nodules is presented in Figure 9. In this
model, iron is incorporated from soil using Strategy I
and guided to the vasculature via symplastic and
apoplastic routes. To reach the vessels, apoplastic iron
has to be taken up by endodermal cells, very likely
with the assistance of MtNrampl. Iron is released
from the vasculature in zone II of the nodule by a
yet-to-be-identified transporter. Citrate may play a
role in this release, because mutation of the MATE
transporter LiMATE1 in L. japonicus results in iron
accumulation in the nodule vasculature (Takanashi
et al., 2013). Although this observation was made in
determinate-type nodules, iron released from the
vasculature is likely to follow a similar mechanism in
indeterminate nodules. Iron accumulates in the apo-
plast, where MtNrampl and perhaps other trans-
porters move it into the cytosol. From there, a putative
homolog of LjSEN1 may be responsible for iron
translocation across the SM (Hakoyama et al., 2012).
In this process, an additional citrate transporter might
play a role, given that iron-citrate is the preferred
source of chelated iron for some rhizobia (LeVier
et al., 1996). Future studies will be directed toward
testing this model as well as toward determining the
identity of transporters responsible for iron release
from the vasculature.

MATERIALS AND METHODS
Biological Materials and Growth Conditions

Medicago truncatula R108 seeds were scarified by incubating for 7 min with
concentrated H,50,. Washed, scarified seeds were surface sterilized with 50%
(v/v) bleach for 90 s and left overnight in sterile water. After 48 h at 4°C, seeds
were germinated in water-agar plates at 22°C for 48 h. Seedlings were trans-
ferred to sterilized perlite pots and inoculated with Sinorhizobium meliloti 2011
or S. meliloti 2011 transformed with pHC60 (Cheng and Walker, 1998), as in-
dicated. Plants were grown in a greenhouse with 16 h of light and 22°C and
watered every 2 d with Jenner’s solution or water, alternatively (Brito et al.,
1994). When indicated, water was supplemented with 0.5 g L™ Sequestrene
(Syngenta). Nodules were collected 28 dpi. Nonnodulated plants were simi-
larly grown, but instead of being inoculated with S. meliloti, they were watered
every 2 weeks with solutions supplemented with 2 mm NH,NO,. For hairy-root
transformations, M. truncatula seedlings were transformed with Agrobacterium
rhizogenes ARqual carrying the appropriate binary vector as described (Boisson-
Dernier et al., 2001). Tobacco (Nicotiana benthamiana) agroinfiltration experiments
were carried out by transforming leaves with the plasmid constructs in Agro-
bacterium tumefaciens C58C1 (Deblaere et al., 1985). Tobacco plants were grown
in the greenhouse under the same conditions as M. truncatula.

For heterologous expression, the yeast (Saccharomyces cerevisiae) strains
DEY1453 (ade2/+ canl/canl his3/his3 leu2/leu2 trpl/trpl ura3/ura3 fet3-2:
HIS3/fet3-2::HIS3 fet4-1::LEU2/fet4-1::LEU2), DEY1451 (MATa/MATa ade2/+
canl/canl his3/his3 leu2 /leu2 trpl/trpl ura3/ura3; Dix et al., 1994), BY4741 (his3
leu2 met1 ura3), and BR4742 (his3 leu2 met1 ura3 Asmfl; Thermo Scientific) were
used. DEY1453 needs 100 uMm iron supplementation and pH 3.5 to grow (Dix
etal., 1994), and BY1457 cannot grow when 6.25 mM manganese-chelating EGTA
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is added to the medium unless supplemented with manganese (Portnoy et al.,
2000). All strains were grown in synthetic dextrose (SD) or yeast peptone dex-
trose (Sherman et al., 1986) medium supplemented with necessary auxotrophic
requirements with 2% (w/v) Glc as the carbon source.

RNA Extraction and qPCR

RNA was obtained using Tri-Reagent (Life Technologies), DNase treated
and cleaned with RNeasy Mini Kit (Qiagen). Putative DNA contamination was
checked by PCR on RNA extraction using M. truncatula Ubiquitin carboxyl-terminal
hydrolase (Medtr4g077320.1) primers (Table I). RNA quality was verified on a de-
naturing agarose gel. cDNA was obtained from 1 ug of DNA-free RNA using
SuperScript II reverse transcriptase (Invitrogen).

Gene expression was studied by quantitative real-time RT-PCR (9700,
Applied Biosystems) with primers indicated in Table I and standardized to the
M. truncatula Ubiquitin carboxyl-terminal hydrolase gene. Real-time cycler conditions
have been previously described (Gonzéalez-Guerrero et al., 2010). Determinations
were carried out with RNA extracted from three independent biological
samples, with the threshold cycle determined in triplicate. The relative levels
of transcription were calculated using the 27 method. In all RT-PCR reac-
tions, a non-RT control was used to detect any possible DNA contamination.

Yeast Complementation Assays

MtNrampl cDNA was cloned between the Xbal and BamHI sites of yeast
expression vector pYPGE15. Restriction sites were added to MtNrampl CDS
by PCR-using primers 5MtNramp1-Xbal and 3MtNrampl-BamHI (Table I).
Yeast transformations were performed using a lithium acetate-based method
(Schiestl and Gietz, 1989). Cells transformed with pYPGE15 or pYPGE15::
MtNramp1 were selected in SD medium by uracil autotrophy. For phenotypic
tests, DEY1453 and DEY1451 were plated in SD, pH 3.5, supplemented with
100 um FeCly, and in SD, pH 5.4. BY4741 and BR4742 transformants were
plated in SD plates supplemented with 50 mm MES, pH 6.0, and 6.25 mm
EGTA, with or without 500 um MnSO,.

GUS Staining

pMtNrampl::gus was constructed by amplifying 2 kb upstream of the
MtNramp]1 start codon using primers 5MtNramplp-HindIIl and 3MtNramplp-
BamHI (Table I). The digested product was ligated into the BamHI/HindIII sites
in pBI101 (Jefferson et al., 1987). Hairy-root transformation was performed as
described above. GUS activity was measured in roots of 28-dpi plants as de-
scribed (Vernoud et al., 1999).

Confocal Microscopy Detection of MtNramp1-HA

A DNA fragment containing the full-length MtNramp1 genomic region and the
2 kb upstream of its start codon was cloned in pPGWB13 (Nakagawa et al., 2007)
using Gateway Technology (Invitrogen). This vector adds three C-terminal HA
tags in frame. Hairy-root transformation was performed as described above.
Transformed plants were inoculated with S. meliloti 2011 containing the pHC60
plasmid that constitutively expresses GFP. Nodules from 28-dpi plants were fixed
in 4% (w/v) paraformaldehyde and 2.5% (w/v) Suc in phosphate-buffered saline
(PBS) at 4°C overnight. Nodules were then washed in PBS, and 100-um sections
were obtained with a Vibratome 1000 Plus. Sections were then dehydrated in a
methanol series (30%, 50%, 70%, and 100% [v/v] in PBS) for 5 min and then
rehydrated. Cell walls were permeabilized with 2% (w/v) cellulose in PBS for 1 h
at room temperature and treated with 0.1% (v/v) Tween 20 for 15 min.
Sections were blocked with 5% (w/v) bovine serum albumin in PBS and
incubated with an anti-HA mouse monoclonal antibody (Sigma) for 2 h at
room temperature. After washing the primary antibody, an Alexa594-conjugated
anti-mouse rabbit monoclonal antibody (Sigma) was added to the sections for
1 h at room temperature. After washing away the unbound antibody, DNA was
stained with DAPL Images were acquired with a confocal laser-scanning mi-
croscope (Leica SP8).

Transient MtNramp1 Expression by Agroinfiltration in
Tobacco Leaves

Experiments were performed as described by Voinnet et al. (2003).
MtNrampl CDS was fused to GFP at the C terminus by cloning in pGWB5
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(Nakagawa et al., 2007) using Gateway Technology (Invitrogen). These
constructs and the plasma membrane marker pm-CFP pBIN (Nelson et al.,
2007) were introduced into A. tumefaciens C58C1 (Deblaere et al., 1985) by
electroporation. Transformed cells were selected on Luria-Bertani plates sup-
plemented with Rifampicin (50 ug mL™) and Kanamycin (50 ug mL™). The
transformants were grown in liquid Luria-Bertani medium to late exponential
phase. Cells were then centrifuged and resuspended to an optical density at
600 nm of 1 in 10 mm MES, pH 5.6, containing 10 mm MgCl, and 150 um
acetosyringone. These cells were mixed with an equal volume of A. tumefaciens
C58C1 expressing the silencing suppressor pl9 of Tomato bushy stunt virus
(pCH32 35S:p19; Voinnet et al., 2003). Bacterial suspensions were incubated
for 3 h at room temperature and then injected into young leaves of 4-week-old
tobacco plants. Leaves were examined after 3 d by confocal laser-scanning
microscopy.

Isolation of a Tnt1 Mutant for MtNramp1

Insertional mutant for MtNrampl was identified in the course of reverse
genetic screening performed on retrotransposon Tntl mutant population
(Tadege et al., 2008). The procedure was based on nested PCR as described
previously (Cheng et al., 2011).

Acetylene Reduction Assay

Nitrogenase activity was measured by the acetylene reduction assay (Hardy
et al., 1968). Nitrogen fixation was assayed in mutant and control plants 28 dpi
in 25-mL tubes fitted with rubber stoppers. Each tube contained five inde-
pendently transformed plants. Two and one-half milliliters of air inside was
replaced with 2.5 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 rel-
ative to background. Each point consists of two tubes, each with five pooled
plants. After measurements, nodules were recovered from roots to measure
their weight.

Metal Content Determination

Total reflection x-ray fluorescence analysis was used to determine iron
content in 28-dpi mutant nodules isolated and pooled from 10 different plants.
Analyses were carried out at Total Reflection X-Ray Fluorescence Laboratory
(Interdepartmental Research Service, Universidad Auténoma de Madrid).
Inductively coupled plasma optical emission spectrometry was carried out at
the Unit of Metal Analysis (Scientific and Technology Centres, Universidad de
Barcelona).

Bioinformatics

To identify M. truncatula Nramp family members, BLASTN and
BLASTX searches were carried out in the M. truncatula Genome Project
site (http://www jcvi.org/medicago/index.php). Sequences from model
Nramp genes were obtained from the Transporter Classification Database
(http:/ /www.tcdb.org/; Saier et al., 2014). Protein sequence comparison
and unrooted tree visualization were carried out using ClustalW (http://
www.ebi.ac.uk/Tools/msa/clustalw2/) and FigTree (http://tree.bio.ed.
ac.uk/software/figtree/). Structural modeling was done using SWISS-
MODEL (http://swissmodel.expasy.org/; Guex et al., 2009).

Statistical Tests

Data were analyzed by Student’s unpaired t test to calculate statistical
significance of observed differences. Test results with P values less than 0.05
were considered as statistically significant.

Supplemental Data

The following supplemental materials are available.
Supplemental Figure S1. MtNramp gene family expression.
Supplemental Figure S2. MtNrampl-HA yeast complementation assay.

Supplemental Figure S3. Antibody-specific control for immunolocalization.
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Supplemental Figure S4. Expression in the different M. truncatula nodule
zones.

Supplemental Figure S5. MtNramp1-HA localization in the root.

Supplemental Figure S6. Phenotype of nrampl-1 under nonsymbiotic
conditions.

Supplemental Figure S7. Iron complementation of the nramp1-1 phenotype.

Supplemental Figure S8. Iron distribution in roots and nodules of wild-type
and nramp1-1 plants.

Supplemental Figure S9. Nonsymbiotic phenotype of nramp1-1 under Mn
deficiency conditions.

Supplemental Figure S10. Symbiotic phenotype of nrampl-1 under two
different Mn concentrations.

Supplemental Materials and Methods S1. Perl-DAB and Casparian strip
staining methods.
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