
This journal is c The Royal Society of Chemistry 2013 Metallomics, 2013, 5, 1247--1253 1247

Cite this: Metallomics,2013,

5, 1247

Iron distribution through the developmental stages of
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Paramount to symbiotic nitrogen fixation (SNF) is the synthesis of a number of metalloenzymes that

use iron as a critical component of their catalytical core. Since this process is carried out by

endosymbiotic rhizobia living in legume root nodules, the mechanisms involved in iron delivery to the

rhizobia-containing cells are critical for SNF. In order to gain insight into iron transport to the nodule,

we have used synchrotron-based X-ray fluorescence to determine the spatio-temporal distribution of

this metal in nodules of the legume Medicago truncatula with hitherto unattained sensitivity and

resolution. The data support a model in which iron is released from the vasculature into the apoplast of

the infection/differentiation zone of the nodule (zone II). The infected cell subsequently takes up this

apoplastic iron and delivers it to the symbiosome and the secretory system to synthesize ferroproteins.

Upon senescence, iron is relocated to the vasculature to be reused by the shoot. These observations

highlight the important role of yet to be discovered metal transporters in iron compartmentalization in

the nodule and in the recovery of an essential and scarce nutrient for flowering and seed production.

Introduction

Symbiotic nitrogen fixation (SNF) plays a major role in the nitrogen

cycle in natural terrestrial ecosystems.1 In its most common form, it

is carried out by the Rhizobium–legume symbiosis in a differentiated

root structure, the nodule.2 The symbiosis is established upon

exchange of chemical signals that trigger the curling of a radical

hair, surrounding locally-accumulated rhizobia, from which an

infection threadwill develop to guide invasive rhizobia to the nodule

cortex.3 Rhizobia are released in the cytosol of the host cell by an

endocytic-like process.4 Subsequently, the endocytic rhizobia

differentiate into bacteroids and together with the ‘‘endocytic’’

vesicle constitute an organelle-like structure, the symbiosome.5

In the microaerobic environment achieved within the nodule,

bacteroids produce the enzyme nitrogenase, which is directly

responsible for nitrogen fixation.6

There are two main developmental types of nodule: deter-

minate and indeterminate.7 Their main difference is that the

indeterminate type, developed by Medicago and Vicia plants

among other plants, has an apical meristem that allows nodule

growth as new rhizobia are being released right after the

meristematic region. As a consequence, temporal development

of the symbiosis can be studied by observing spatial differen-

tiation along an indeterminate nodule. Four zones have been

defined in a mature indeterminate nodule (Fig. 1): zone I is the

apical meristem, zone II is where rhizobia are released into the

host cells and differentiate, zone III is where nitrogen fixation

occurs in a microaerobic environment, and zone IV is the

senescent zone.5

Iron plays an essential part in SNF.8 It is the cofactor of the

main enzymes involved in this process, from leghemoglobin,

protein responsible for the steady supply of low levels of oxygen

in the microaerobic environment in which the reaction takes

place,9 to nitrogenase, the enzyme that catalyzes the reduction

of N2 into two NH4
+.10 These and other nodule ferroproteins are

expressed at very high levels, to the extent that they induce the

iron deficiency response in the host legume.11 Consequently,

the mechanisms involved in iron delivery to the symbiosome

are critical for SNF.

However, very little is known about metal trafficking to the

symbiosome. Previous studies by Moreau, Kaiser and collaborators

identified two soybean symbiosome-specific metal transporters,

GmZIP1 and GmDMT1.12 GmDMT1 is an Nramp family member

putatively involved in Fe2+ transport. Its function has been
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suggested to be that of iron transport into the symbiosome,

although that would be the direction of transport opposite to

that of already characterized Nramp proteins.13 More recently, a

legume VIT1 homologue, SEN1 has been connected to iron

transport in the nodule.14 Although no detailed information

about its subcellular localization was provided, SEN1 is somehow

involved in providing iron to nitrogenase, since its mutation results

in fix� nodules.14 Similar observations also support a role of citrate

and citrate transporters in iron delivery to the nodule.15

To ascertain how metal transporters coordinate metal delivery

for SNF, the origin of the iron delivered must be first found out.

Theoretically, three possible routes could be followed: (i) pre-existing

iron stores formed in the nodule primordium, (ii) increased

epidermal uptake in the nodule surface, and (iii) increased

delivery through the vasculature. Elucidating which of these

three is the most important is relevant towards determining

which transporters might mediate this process and understanding

how this very scarce oligonutrient is managed in legumes.

Synchrotron-based X-ray fluorescence (S-XRF) was used to

evaluate the likelihood of each path by determining metal

distribution in the different developmental zones in the

nodule. This is a powerful technique that has provided the

explanation for a number of metal-dependent phenotypes.16 Its

resolution allows us to study submicromolar concentrations of

metals with subcellular resolution.16a,c If the first of the possibilities

outlined above is correct, iron would be localized in intracellular

stores (as hotspots) within the cytosol of infected, and of soon-to-be

infected cells; in the second scenario, relatively high levels of iron in

the epidermis of the nodule are observed; while in the third

scenario, iron would be abundant around the vasculature.

Our studies indicate that iron is provided through the

vasculature by the host plant, i.e. it is not the result of increased

iron uptake at the nodule epidermal cells. Iron is released into

the apoplast at zone II of the nodule, where from infected cells

will absorb and transfer the metal to differentiating bacteroids.

However, as the nodule senesces, the plant will recover at least

some of this iron to be most likely used in flowering and

embryo maturation.

Experimental

Biological material and growth conditions

Medicago truncatula A17 Jemalong seeds were scarified by

incubating for 7 min with concentrated H2SO4. Washed, scarified

seeds were surface sterilized with 50% bleach for 90 s and left

overnight in sterile water. After 48 h at 4 1C, seeds were germinated

in water-agar plates at 22 1C for 48 h. Seedlings were transferred to

sterilized perlite pots and inoculated with Sinorhizobium meliloti

2011. Plants were grown in a greenhouse with 16 h of light and

22 1C, and watered every two days with Jenner’s solution17 or water,

alternatively. Nodules were collected at 21 (mature) and 64

(senescent) dpi.

Nodule fixation and embedding

Nodules were fixed as in Punshon et al. (2011) with some

modifications.18 Fixation buffer contained 4% formaldehyde,

0.25% glutaraldehyde, 2.5% sucrose in 50 mM potassium

phosphate buffer pH 7.4. Nodules were incubated overnight

at 4 1C in this buffer with gentle agitation. Dehydration was

carried out using an ethanol graded series (0, 30, 50, 70, 85, 90,

95, 100, 100% in 2.5% sucrose, 50 mM phosphate buffer pH 7.4)

at 4 1C. Fixed and dehydrated nodules were infiltrated and

embedded in LR-White (London Resin Company Ltd., UK) at

4 1C. Embedded nodules were transferred to gelatin capsules

and polymerized in fresh LR-White resin for 16 h at 60 1C.

Sections were obtained using a Leica EM UC6 ultramicro-

tome. Semithin sections were stained with toluidine blue as

reference for the S-XRF 5 mm sections. The latter were trans-

ferred to 2 � 2 mm silicon nitride windows (Silson, UK) for

S-XRF analyses.

S-XRF data collection and analysis

S-XRF data were collected at beamlines 8-BM-B and 2-ID-E at the

Advanced Photon Source in Argonne National Laboratory (Argonne,

IL). Incident X-rays were focused to a spot size of 5 or 0.5 mm for

8-BM-B and 2-ID-E lines, respectively. Cells were raster-scanned in 5

(for 8-BM-B) or 0.5 mm steps (for 2-ID-E), and fluorescence spectra

were collected for either 2 s (8-BM-B) or 30 ms (2-ID-E) dwell times.

Quantification and image processing were carried out using MAPS

software.19 Standardization to convert a fluorescence signal to

concentration (mg cm�2) was performed by fitting spectra to the

signal from thin-film standards NBS-1832 and NBS-1833 (National

Bureau of Standards, Gaithersburg, MD). To take into account

biological variation, measurements were obtained from three

different areas in each of 6 nodule sections, each derived from an

individual nodule from a unique plant. A representative image for

each developmental zone of the nodule is shown in Fig. 2–6.

Results

Low resolution S-XRF at beamline 8-BM-B was used to observe

the general distribution of the elements in M. truncatula

Fig. 1 Diagram of indeterminate nodule development. The nodule grows by

meristematic cell divisions in zone I. In zone II, rhizobia are released by the

infection thread into cortical cells by an endocytic process. There, rhizobia

differentiate into bacteroids that in zone III synthesize nitrogenase and other

enzymes involved in nitrogen fixation. After some weeks, the nodule starts

senescing and bacteroids are degraded (zone IV). VB indicates Vascular Bundle.
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nodules (Fig. 2 and Fig. S1, ESI†). There was a defined localization

of each element. Calcium was especially abundant at the interface

between the cortical and the epidermal layer, where it could be

reinforcing cell walls to minimize oxygen permeability. This

element was also localized at high concentrations in bacteroid-

containing cells in zone III (Fig. 2). Potassium, in addition to

having a similar distribution to calcium, was also predominantly

localized in the meristematic, zone I, region (Fig. S1, ESI†). Zinc

was present as a number of hotspots, as well as distributed in a

more or less circular pattern in the cortical cells (Fig. 2). Finally,

iron was mostly confined to the proximities of the cortical cells,

where it could be observed in zones II and III, having a more

reticular distribution in zone II. Interestingly, very little iron

was detected in zone I, and even less in the epidermal layers of

the nodule (Fig. 2).

A closer look at higher resolution S-XRF indicated that zinc

hotspots correspond to nuclei (Fig. 3). This is consistent with

the abundance of zinc-finger domain regulatory proteins in the

nucleus and with observations in other eukaryotic cell types.20

Smaller concentrations of this element were observed in the

cell wall/apoplast regions of the cell, where calcium was the

most abundant element. This is befitting the role of calcium in

neutralizing and crosslinking negative charges, such as those of

Fig. 2 Overview of Ca, Fe and Zn metal distribution in a M. truncatula nodule.

Cross section of the nodule stained with toluidine blue (upper left panel) and the

diagram of the different nodule regions (lower left panel). Scale bars indicate

100 mm. The boxed region was analysed by S-XRF at beamline 8-BM-B. Calcium is

indicated in red, iron in green and zinc in blue (middle and right panels). Scale bar

indicates 200 mm.

Fig. 3 Metal distribution in zone I and early zone II of the M. truncatula nodule.

Cross section of the nodule stained with toluidine blue (upper left panel) and the

diagram of the different nodule regions (lower left panel). Scale bars indicate

50 mm. The boxed region was analysed by S-XRF at beamline 2-ID-E. Calcium is

indicated in red, iron in green and zinc in blue (middle and right panels). Scale bar

indicates 20 mm.

Fig. 4 Metal distribution in zone II of the M. truncatula nodule. Cross section of

the nodule stained with toluidine blue (upper left panel) and the diagram of the

different nodule regions (lower left panel). Scale bars indicate 50 mm. The boxed

region was analysed by S-XRF at beamline 2-ID-E. Calcium is indicated in red, iron

in green and zinc in blue (middle and right squares). Scale bar indicates 20 mm.

Fig. 5 Metal distribution in zone III of the M. truncatula nodule. Cross section of

the nodule stained with toluidine blue (upper left panel) and the diagram of the

different nodule regions (lower left panel). Scale bars indicate 50 mm. The boxed

region was analysed by S-XRF at beamline 2-ID-E. Calcium is indicated in red, iron

in green and zinc in blue (middle and right panels). Scale bar indicates 20 mm.
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pectins, in cell walls. Calcium was also observed in some nuclei

(Fig. 3). As a result, zinc can be used as a nuclear marker and

calcium as a cell wall marker, defining two additional compart-

ments, the cytoplasm and the apoplasm, where these elements

are present at much lower concentrations. This will enable the

comparison of iron distribution in the different zones of the

nodule.

As indicated in Fig. 2, iron was detected at very low con-

centrations in zone I, reaching much higher concentrations in

early zone II. There, it did not have a continued distribution,

but was present in a dotted pattern from the vascular bundle to

the nodule cortical cells (Fig. 3). In some instances, a thread-

like iron distribution was observed following the calcium-rich

cell wall/apoplast. This iron distribution was maintained as

zone II developed (Fig. 4). The iron-rich bodies appeared to be

confined to the vasculature and its proximities, while the

thread-like iron pattern developed between the cortical cells

walls (indicated by calcium). As a result, iron accumulated in

the apoplast at high levels. Iron hotspots were also observed

within the zinc-rich nuclei (Fig. 2) corresponding to nucleoli.21

The distribution of calcium, and zinc remained unchanged

even in older regions of zone II (Fig. 4).

Iron released into the apoplast of the zone II cortex was

incorporated by the bacteroid-containing cells in zone III. The

‘‘doughnut’’-like distribution of iron in these cells closely

followed that of its bacteroids, with very little or no iron in

the apoplast (Fig. 5). Nramp or ZIP transporters are most likely

involved in the uptake of the apoplastic iron, since they are

divalent cation importers13,22 with some of its members

induced in nodules.23 This distribution pattern indicates that

iron is released from the vasculature into the apoplast of zone II

cells, in contrast to the two other possible pathways for iron

delivery to the nodule. No metal accumulation was observed in

the epidermal layer of the nodule, nor any iron-rich organelle

appeared in the meristematic zone or in the infection/maturation

zone. It is interesting to point out that iron is localized in small

dense bodies very abundant in the vasculature. Given that iron is

toxic when free, hydrated, in the cytosol, this observation would

suggest some carrier system for iron delivery from the xylem to

the apoplast. One possibility would be that iron is transported in

vesicles and secreted to the apoplast. This system could, in

theory, transport relatively large amounts of metals with a small

energy investment while at the same time protecting the cytosol

from Fenton-style reactions. In addition, the large accumulation

of iron in a small area could explain the observed induction of

ferritin in zones II and III,10b,24 since this protein is involved in

iron accumulation and in detoxification of free-radicals produced

in Fenton reactions.25

Some iron hotspots were also observed in non-nuclear

regions of cells in early zone III (Fig. S2, ESI†). They could

correspond to intracellular membranes involved in the intense

ferroprotein synthesis concomitant to nodulation.6,9b Alterna-

tively, given the high levels of iron in the apoplast, an endocytic

process might occur. This would allow for fast iron incorpora-

tion avoiding a damaging cytosolic iron accumulation. How-

ever, it would not explain the induction of Nramp and ZIP

transporters in the nodule.32,33

One way or another, apoplastic iron clearly disappears in

zone III. Part of it is incorporated into the symbiosomes, where

it will be used to synthesize nitrogenase and other ferro-

proteins. This is a process necessarily mediated by transporters.

Kaiser et al. (2003) proposed the involvement of Nramp trans-

porter GmDMT1.12b However, biochemical evidence on Nramp

transport suggests that its direction of transport is the opposite,

towards, instead of from, the cytosol.13 A more likely candidate

is SEN1, a VIT homologue whose mutation results in a nitrogen

fixation deficient phenotype.14 The available evidence on the

transport direction of VIT and its yeast homologue CCC1

indicates that they transport iron from cytosol to orga-

nelle,16d,26 which is compatible with a symbiosome iron load-

ing function for SEN1.

In addition, iron was localized in the vascular region of zone

III in globular shapes distinct from those present in the

vasculature of zone II (Fig. 3 and 5). In these new structures,

iron had a peripheral distribution and it was frequently asso-

ciated with potassium-rich bodies (Fig. S3, ESI†). Therefore, we

might speculate that as iron has a different distribution in zone

II and zone III vasculature, its direction of transport might be

different. While zone II vascular iron vesicles would be involved

in iron release to the apoplast, zone III vesicles could play a role

in iron recycling back to the vasculature. Since this element is

an essential limiting nutrient for plant growth, it would make

sense that as little of it as possible remains ‘‘sequestered’’ in

vesicles or in the apoplast, instead being recycled back to form

new symbiosomes in zone II.

This metal distribution was altered upon senescence (Fig. 6).

In zone IV, bacteroids collapsed from the cell periphery and

their content was reused by the host plant. Calcium, zinc and

iron concentrations were greatly diminished. The iron distribu-

tion pattern in the vasculature in zone IV was also different.

Fig. 6 Metal distribution in zone IV of theM. truncatula nodule. Cross section of

the nodule stained with toluidine blue (upper left panel) and the diagram of the

different nodule regions (lower left panel). Scale bars indicate 50 mm. The boxed

region was analysed by S-XRF at beamline 2-ID-E. Calcium is indicated in red, iron

in green and zinc in blue (middle and right panels). Scale bar indicates 20 mm.
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Gone were the iron-rich hotspots or the K-rich bodies with the iron

ring. In the senescence zone vasculature, iron was localized mostly

within the vessel in a thread-like distribution. This is likely to be an

important process required for recovering essential metals and

translocating them back to the shoot. Since nodule senescence is

coupled to flowering,27 it would be expected that nodular iron is

recycled for flowering and embryogenesis as it is known to occur

with iron from leaves.28 In fact, such a recycling occurs in zone IV of

the nodule, where at least 50% of the iron is recovered.29 It has

been shown that a nicotianamine synthase gene is induced in the

senescent zone of the nodule.30 Since YSL transporters are involved

in long-distance transport of iron–nicotianamine complexes,31 it

seems probable that members of this family are involved in iron

recycling from zone IV. In addition, ferritin would also play a role in

accumulating iron in the vasculature, by controlling iron-loading of

the phloem.10b The iron released in zone IV, could also be used as a

nutrient by the saprophytic rhizobia living in close proximity.32

In our observations, we have not been able to obtain enough

information to ascertain how other essential transition metals

(zinc, copper, . . .) are delivered to nodules. This is due to the much

lower concentrations of these elements in the nodule. However,

sincemost transitionmetals use similar transportmechanisms,33 it

could be speculated that zinc, copper, manganese and similar

elements could be transported in an iron-like fashion, i.e. being

delivered by the vasculature and released into the apoplast of zone

II. Nevertheless, available S-XRF data indicate that zinc plays an

important role in the nucleus of nodular cells, as it occurs in other

eukaryotes.20 In addition, copper also colocalizes with zinc in

meristematic and zone II cell nuclei (Fig. S4, ESI†). This role of

copper is novel and surprising, since no major copper containing

protein has been associated with the nucleus, in part because the

redox potential of copper would make it a dangerous element to

have close to DNA.

Overall, S-XRF has been shown to be a suitable technique to

study metal homeostasis in plant–microbe interactions, to our

knowledge the first time that this is achieved. Data for metal

homeostasis could potentially be affected by sample preparation.

In this sense, methodologies proposed in this manuscript seem

suitable, given that: (i) some of our observations have been

reproduced by other methods, such as the nucleolar localization

of iron,21 the zinc-rich nuclei,20 or the calcium-rich cell walls,34

(ii) iron distribution is not homogenous in the nodule, and (iii)

ions were present in the locations where they were expected,

such as iron in ferroprotein-rich bacteroids or potassium in the

meristems (potassium has been linked to plant cell expansion

and division35). Similar approaches could be used to study the

role of metals in other plant, and in general host, interactions

with microorganisms, such as pathogenesis. Given the potential

of this technology and the critical role that metals play in the

pathogenic process,36 new insights could be obtained on the role

of metal partitioning in this interaction.

Conclusions

Legumes are among the most important crops in the world. Key

to their success is their symbiosis with Rhizobium that enables

them to fix atmospheric nitrogen. Paramount to symbiosis is an

appropriate supply of iron to the nodule for synthesis of all the

key ferroproteins involved in the process. Using S-XRF we have

shown that this metal reaches the maturation zone of the

nodule through the vasculature, and it is released to the

apoplast. From there, iron is taken up by the infected cells

and delivered to symbiosomes. However, since iron is a scarce

nutrient, upon flowering and the ensuing nodule senescence, it

is recovered from the nodule and translocated to the shoot. In

this work, S-XRF has proven to be an invaluable technique to

trace elements in the different areas of the nodule. All these

observations have allowed us to propose a model for iron

transport in the nodule, summarized in Fig. 7. Future work

will be directed towards identifying and characterizing the

transporters mediating iron delivery and recovery.
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