














































































Figure 3. Citrate efflux activity of MtMATE67 in Xenopus oocytes. A, Anti-FLAG tag Western blot analysis of Xenopus oocytes microinjected with 
sterile water (control;1) or MtMATE67 cRNA with a carboxyl terminal FLAG tag (2). B, Radiolabeled [14C]-citrate efflux assay. Negative control and 
MtMATE67-expressing oocytes were injected with [14C]-labeled citrate or ferric citrate, and the efflux of radiolabel was assayed after two-hour incu-
bation in Ringer’s solution pH 5.5. Error bars represent Standard Error of the Mean (SEM), n=2-3 (n=2: Fe-citrate control). **Two-way ANOVA test 
with correction for multiple comparisons, with correction for multiple comparisons, p-value < 0.01. C, Current-voltage plots from two-electrode voltage clamp recordings of MtMATE67-ex-
pressing oocytes injected with citrate or Fe-citrate as in panel B. Steady state currents at the indicated clamped potentials were measured 30 min 
after substrate injection. Recordings were done in Ringers solution buffered either at pH 5.5 or 7.5. D, Comparison of steady state inward currents 
generated by citric acid- or Fe-citrate-injected oocytes at -80 mV. The currents were background corrected by subtraction of currents measured 
with negative control oocytes. Error bars represent SEM (n=2-4; n=2: pH 7.5 data; n=4: pH 5.5 data). ***Two-way ANOVA test with correction for 
multiple comparisons, p-value < 0.001. The data shown in this figure are representative results consistent with multiple assays using other oocyte 
batches.
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Figure 4.  MtMATE67 transports citrate but not Fe and is activated by Fe on the cytosolic side. A, 

Efflux of radiolabeled substrates from Xenopus oocytes microinjected with [14C]-Fe-citrate, [14C]-citrate, 

or with [55Fe]-citrate. The rate of efflux was assayed over a two-hour period. Crosshatched bars 

represent MtMATE67-expressing oocytes and solid bars are negative control oocytes. Error bars 

represent SEM (n=3-4). ****Two-way ANOVA test with correction for multiple comparisons, p-value < 

0.0001. B, Current-voltage plots of MtMATE67-expressing oocytes. Citrate, oocytes injected with 2.5 

mM citrate; Fe-citrateout, oocytes injected with 2.5 mM citrate, with 2 mM Fe-citrate in the bath; Fe-

citratein, oocytes injected with 2.5 mM Fe-citrate. All recordings were done in modified Ringer’s 

solution, pH 5.5. Data were background corrected by subtraction of currents obtained with control 

oocytes. C, The mean steady state inward currents at -100 mV. The error bars represent SEM (n=5-6). 

****One-way ANOVA test with correction for multiple comparisons, p-value < 0.0001.  
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Figure 5 M 

Figure 5. Subcellular localization of MtMATE67-HA fusion driven by the native promoter and 

visualized with an anti-HA antibody. Images were acquired with a confocal laser scanning 

microscope. Rhizobia in these images express GFP. The anti-HA antibody is coupled with the 

Alexa 594 fluorescent dye. A-C, Whole-nodule image (28 dpi). D-F, Zoom-in regions that 

correspond to rectangles in A-C. G-I, Close view of an infected nodule cell. Red channel: anti-HA 

antibody. Green channel: GFP-expressing rhizobia. A, D, Overlay images of bright field, red and 

green channels. C, F, I, Overlay images of red and green channels. Anti-HA antibody co-localizes 

with the PMs of infected, non-infected and cortical cells throughout the nodule (A-F). The tag also 

localizes to the periphery of bacteroids, presumably the SM (H-I). Bars: A-C, 100 μm; D-F, 50 μm; 

G-I, 20 μm.  

B C 

E F 

I G 

A 

D 

H 

 www.plantphysiol.orgon January 9, 2018 - Published by Downloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


Figure 6. Nitrogenase acetylene reduction activity (ARA) measured 15 dpi in wild-type (R108) and 

two mutant lines of MtMATE67 (NF3177 and NF11278). Error bars indicate SEM (n=34-37). 

****One-way ANOVA test with correction for multiple comparisons, p-value < 0.0001, comparison 

with R108. 
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Figure 7. Complementation of mate67 mutants with nitrate. A, Plants representing mutant line 

NF11278 and corresponding wild-type-like sibblings (WT). Left-hand side: plants grown with 

rhizobia (+nod). Right-hand side: plants grown with 2M KNO3 (+KNO3). Bar: 1 cm. B, Whole plant 

fresh weight of the mutant and wild-type-like plants (WT). Error bars indicate SEM (n=7-12). 

****Two-way ANOVA test with correction for multiple comparisons, p-value < 0.0001, comparison 

with NF3177+nod and NF11278+nod, respectively. Note that there was no significant difference 

between KNO3 -treated WT and mutant plants, indicative of full rescue of the mutant phenotype by 

addition of nitrogen. 
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Figure 8. Synchrotron X-Ray Fluorescence (SXRF) microspectrometry imaging of Fe nuclei, along 

with Ca and Zn, in nodules (12 dpi) of wild-type R108 (A-D) and mate67 line NF3177 (E-H). 

Images in A-D represent a border region between the nodule cortex (NC) and colonized cells from 

the nitrogen-fixation zone (zone III). Images in E-H represent the nitrogen-fixation zone. Green 

color indicates Fe, while images showing Ca (red) and Zn (blue) distribution were added to outline 

cell walls and the plasma membranes, respectively. Bars: 20 µm. Note accumulation of Fe around 

infected cells of the mutant (apparently apoplasm). 
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